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Variation of hadron masses in finite nuclei
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The quark-meson coupling model, based on a mean-field description of nonoverlapping nucleon bags bound
by the self-consistent exchange ofs, v, and r mesons, is extended to investigate the change of hadron
properties in finite nuclei. Relativistic Hartree equations for spherical nuclei have been derived from a relativ-
istic quark model of the structure of bound nucleons and mesons. Using this unified, self-consistent description
of both infinite nuclear matter and finite nuclei, we investigate the properties of some closed-shell nuclei and
study the changes in the hadron masses of the nonstrange vector mesons, the hyperons, and the nucleon in
those nuclei. We find a new, simple scaling relation for the changes of the hadron masses, which can be
described in terms of the number of nonstrange quarks in the hadron and the value of the scalar mean field in
a nucleus.@S0556-2813~97!04305-7#
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I. INTRODUCTION

One of the most exciting topics in nuclear physics is
study of the variation of hadron properties as the nucl
environment changes. In particular, the medium modificat
of the light vector mesons is receiving a lot of attention, bo
theoretically and experimentally. Recent experiments fr
the HELIOS-3@1# and the CERES@2# Collaborations at SPS
CERN energies have shown that there exists a large ex
of e1e2 pairs in central S1 Au collisions. Those experi-
mental results may give a hint of some change of had
properties in nuclei@3#. Forthcoming, ultrarelativistic heavy
ion experiments~e.g., at RHIC! are also expected to giv
significant information on the strong interaction~QCD!
through the detection of changes in hadronic properties~for a
review, see Ref.@4#!.

Theoretically, lattice QCD simulations may eventua
give the most reliable information on the density and/or te
perature dependence of hadron properties in matter. H
ever, current simulations have been performed only for fin
temperature systems with zero baryon density@5#. Therefore,
many authors have studied hadron masses in matter u
effective theories—the vector dominance model@6#, QCD
sum rules@7#, and the Walecka model@8–11#—and have
reported that the mass decreases in the nuclear medium~see
also Ref.@12#!.

In the approach based on QCD sum rules, the reductio
the mass is mainly due to the four-quark condensates
one of the twist-2 condensates. However, it has been
gested that there may be considerable, intrinsic uncertain
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the standard assumptions underlying the QCD sum-
analyses@13#. In hadronic models, like quantum hadrod
namics ~QHD! @14#, the on-shell properties of the scala
(s) and vector (v) mesons with vacuum polarization wer
first studied by Saito, Maruyama, and Soutome@8#, and later
by many authors@9–11#. ~Good physical arguments concer
ing thev meson in a medium are found in Ref.@10#.! The
main reason for the reduction in masses in QHD is the
larization of the Dirac sea, where theantinucleonsin matter
play a crucial role. From the point of view of the qua
model, however, the strong excitation ofN-N̄ pairs in a me-
dium is difficult to understand@15#.

Recently Guichonet al. @16# have developed an entirel
different model for both nuclear matter and finite nuclei,
which quarks in nonoverlapping nucleon bags interactself-
consistentlywith ~structureless! scalar (s) and vector (v and
r) mesons in the mean-field approximation~MFA!—the
quark-meson coupling~QMC! model.~The original idea was
proposed by Guichon in 1988@17#. Several interesting appli
cations to the properties of nuclear matter and finite nu
are also given in a series of papers by Saito and Tho
@15,18–20#.! This model was recently used to calculate d
tailed properties of static, closed-shell nuclei from16O to
208Pb, where it was shown that the model can reprod
fairly well the observed charge density distributions, neutr
density distributions, etc.@21#. Blunden and Miller@22# have
also considered a model for finite nuclei along this line.

To investigate the properties of hadrons, particularly
changes in their masses in a nuclear medium, one must
consider the structure of the mesons, as well as the nucl
Saito and Thomas@20# have studied variations of hadro
masses and matter properties ininfinite nuclear matter, in
which the vector mesons are also described by bags, bu
scalar-meson mass is kept constant, and have shown tha
hadron masses decrease. Now it would be most desirab
2637 © 1997 The American Physical Society
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2638 55K. SAITO, K. TSUSHIMA, AND A. W. THOMAS
extend this picture tofinite nuclei to study the changes o
hadron properties in the medium,quantitatively.

Our main aim in this paper is to give an effective L
grangian density for finite nuclei, in which the structure e
fects of the mesons (s, v, andr) as well as the nucleon ar
involved, and to study quantitative changes in the had
~including the hyperon! masses by solving relativistic Har
tree equations for spherical nuclei derived from the Lagra
ian density.~Using this model, we also calculate some sta
properties of closed-shell nuclei.! In the present model the
change in the hadron mass can be described by a sim
formula, which is expressed in terms of the number of n
strange quarks and the value of the scalar mean field~see
also Ref.@20#!. This is accurate over a wide range of nucle
density. We then find a new, simple scaling relation for
changes of hadron masses in the medium:

dmv,r
!

dMN
! ;

dML,S
!

dMN
! ;

2

3
,

dMJ
!

dMN
! ;

1

3
, etc., ~1!

wheredMi
![Mi2Mi

! , with the effective hadron massMi
!

( i5N,v,r, . . . ).
An outline of the paper is as follows. In Sec. II, the id

of the QMC model is first reviewed. Then, the model
extended to include the effect of meson structure. In Sec.
parameters in the model are first determined to reproduce
properties of infinite nuclear matter, and the hadron mas
in the medium are then discussed. A new scaling relations
among them is also derived. The static properties of sev
closed-shell nuclei are studied in Sec. IIIC, where we a
show the changes of the masses of the nucleon, the me
(s, v, andr), and the hyperons (L, S, andJ) in 40Ca and
208Pb. The last section gives our conclusions.

II. QUARK-MESON COUPLING MODEL

A. Effect of nucleon structure in finite nuclei

Let us suppose that a free nucleon~at the origin! consists
of three light (u andd) quarks under a~Lorentz scalar! con-
finement potentialVc . Then, the Dirac equation for th
quark fieldcq is given by

@ ig•]2mq2Vc~r !#cq~r !50, ~2!

wheremq is the bare quark mass.
Next we consider how Eq.~2! is modified when the

nucleon is bound in static, uniformly distributed~isosymmet-
ric! nuclear matter. In the QMC model@17# it is assumed tha
each quark feels scalar,Vs

q , and vector,Vv
q , potentials,

which are generated by the surrounding nucleons, as we
the confinement potential~see also Ref.@22#!. Since the typi-
cal distance between two nucleons around normal nuc
density (r050.15 fm23) is surely larger than the typical siz
of the nucleon~the radiusRN is about 0.8 fm!, the interaction
~except for the short-range part! between the nucleons shou
be color singlet, e.g., a meson-exchange potential. There
this assumption seems appropriate when the baryon de
rB is not high. If we use the mean-field approximation f
the meson fields, Eq.~2! may be rewritten as

@ ig•]2~mq2Vs
q!2Vc~rW !2g0Vv

q#cq~rW !50. ~3!
-
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The potentials generated by the medium are constants
cause the matter distributes uniformly. As the nucleon
static, the time-derivative operator in the Dirac equation c
be replaced by the quark energy2 i eq . By analogy with the
procedure applied to the nucleon in QHD@14#, if we intro-
duce the effective quark mass bymq

!5mq2Vs
q , the Dirac

equation, Eq.~3!, can be rewritten in the same form as that
free space, with the massmq

! and the energyeq2Vv
q , instead

of mq andeq . In other words, the vector interaction hasno
effect on the nucleon structureexcept for an overall phase i
the quark wave function, which gives a shift in the nucle
energy. This factdoes notdepend on how to choose th
confinement potentialVc . Then, the nucleon energy~at rest!
EN in the medium is@19#

EN5MN
! ~Vs

q!13Vv
q , ~4!

where the effective nucleon massMN
! depends ononly the

scalar potentialin the medium.
Now we extend this idea to finite nuclei. The solution

the general problem of a composite, quantum particle m
ing in background scalar and vector fields that vary w
position is extremely difficult. One has, however, a chance
solve the particular problem of interest to us, namely, lig
quarks confined in a nucleon which is itself bound in a fin
nucleus, only because the nucleon motion is relatively s
and the quarks highly relativistic@16#. Thus the Born-
Oppenheimer approximation, in which the nucleon inter
structure has time to adjust to the local fields, is natura
suited to the problem. It is relatively easy to establish that
method should be reliable at the level of a few percent@16#.

Even within the Born-Oppenheimer approximation, t
nuclear surface gives rise to external fields that may v
appreciably across the finite size of the nucleon. Our
proach in Ref.@16# was to start with a classical nucleon an
to allow its internal structure to adjust to minimize the e
ergy of three quarks in the ground state of a system un
constant scalar and vector fields, with values equal to th
at the center of the nucleon. In Ref.@16#, the MIT bag model
was used to describe the nucleon structure. Blunden
Miller have also examined a relativistic oscillator model
an alternative model@22#. Of course, the major problem with
the MIT bag ~as with many other relativistic models o
nucleon structure! is that it is difficult to boost. We therefore
solve the bag equations in the instantaneous rest frame~IRF!
of the nucleon using a standard Lorentz transformation
find the energy and momentum of the classical nucleon
in the nuclear rest frame. Having solved the problem us
the meson fields at the center of the ‘‘nucleon’’~which is a
quasiparticle with nucleon quantum numbers!, one can use
perturbation theory to correct for the variation of the sca
and vector fields across the nucleon bag. In first-order p
turbation theory only the spatial components of the vec
potential give a nonvanishing contribution.~Note that, al-
though in the nuclear rest frame only the time componen
the vector field is nonzero, in the IRF of the nucleon the
are also nonvanishing spatial components.! This extra term is
a correction to the spin-orbit force.

As shown in Refs.@16,21#, the basic result in the QMC
model is that, in the scalar (s) and vector (v) meson fields,
the nucleon behaves essentially as a pointlike particle w
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an effective massMN
! , which depends on the positio

through only thes field, moving in a vector potential gen
erated by thev meson, as mentioned near Eq.~4!. Although
we discussed the QMC model using the specific mod
namely, the bag model, in Refs.@16,21#, the qualitative fea-
tures we found are correct in any modelin which the
nucleon containsrelativistic quarksand the ~middle- and
long-range! attractiveand~short-range! repulsive N-N forces
haveLorentz-scalar and -vector characters, respectively.

Let us suppose that the scalar and vector potentials in
he
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~3! are mediated by thes andv mesons, and introduce the
mean-field values, which now depend on positionrW, by
Vs
q(rW)5gs

qs(rW) and Vv
q(rW)5gv

qv(rW), respectively, where
gs
q (gv

q ) is the coupling constant of the quark-s ~-v) meson.
Furthermore, we shall add the isovector, vector mesonr, and
the Coulomb fieldA(rW) to describe finite nuclei realistically
@16,21#. Then, the effective Lagrangian density for finite n
clei, involving the quark degrees of freedom in the nucle
and the~structureless! meson fields, in the MFA would be
given by @21#
LQMC-I5c̄F ig•]2MN
!
„s~rW !…2gvv~rW !g02gr

t3
N

2
b~rW !g02

e

2
~11t3

N!A~rW !g0Gc2 1
2 @„¹s~rW !…21ms

2s~rW !2#1 1
2 @„¹v~rW !…2

1mv
2v~rW !2#1 1

2 @„¹b~rW !…21mr
2b~rW !2#1 1

2 „¹A~rW !…2, ~5!
the
,

tio

in

ess,

n

HD.
o-
n

ou-

el,

k
the
wherec(rW) andb(rW) are, respectively, the nucleon and t
r ~the time component in the third direction of isospi!
fields. ms , mv , and mr are, respectively, the~constant!
masses of thes, v, andr mesons.gv andgr are, respec-
tively, the v-N and r-N coupling constants, which are re
lated to the corresponding quark-v, gv

q , and quark-r, gr
q ,

coupling constants asgv53gv
q andgr5gr

q @16,21#. We call
this model the QMC-I model. If we define the field
dependents-N coupling constantgs(s) by

MN
!
„s~rW !…[MN2gs„s~rW !…s~rW !, ~6!

whereMN is the free nucleon mass, it is easy to comp
with QHD @14#. gs(s) will be discussed further below.

The difference between QMC-I and QHD lies only in th
coupling constantgs , which depends on the scalar field
QMC-I while it is constant in QHD.~The relationship be-
tween QMC and QHD has been already clarified in Ref.@19#.
See also Ref.@23#.! However, this difference leads to a lot o
favorable results, notably the nuclear compressibi
@16,18,19,21#. Detailed calculated properties of both infini
nuclear matter and finite nuclei can be found in Re
@16,21#.

Here we consider the nucleon mass in matter further.
nucleon mass is a function of the scalar field. Because
scalar field is small at low density the nucleon mass can
expanded in terms ofs as

MN
! 5MN1S ]MN

!

]s D
s50

s1
1

2S ]2MN
!

]s2 D
s50

s21•••. ~7!

In the QMC model the interaction Hamiltonian between t
nucleon and thes field at the quark level is given by
H int523gs

q*drWc̄qscq , and the derivative ofMN
! with re-

spect tos is

S ]MN
!

]s D 523gs
qE drWc̄qcq[23gs

qSN~s!. ~8!
e

y

.

e
e
e

Here we have defined the quark-scalar density in
nucleon,SN(s), which is itself a function of the scalar field
by Eq. ~8!. Because of a negative value of (]MN

! /]s), the
nucleon mass decreases in matter at low density.

Furthermore, we define the scalar-density ra
SN(s)/SN(0) to beCN(s) and thes-N coupling constant at
s50 to begs @i.e., gs[gs(s50)#:

CN~s!5SN~s!/SN~0! andgs53gs
qSN~0!. ~9!

Comparing with Eq.~6!, we find that

S ]MN
!

]s D 52gsCN~s!52
]

]s
@gs~s!s#, ~10!

and that the nucleon mass is

MN
! 5MN2gss2 1

2gsCN8 ~0!s21•••. ~11!

In general,CN is a decreasing function because the quark
matter is more relativistic than in free space. Thus,CN8 (0)
takes a negative value. If the nucleon were structurel
CN would not depend on the scalar field; that is,CN would
be constant (CN51). Therefore, only the first two terms o
the right-hand side of Eq.~11! remain, which is exactly the
same as the equation for the effective nucleon mass in Q
By taking the heavy-quark-mass limit in QMC we can repr
duce the QHD results@19#. We recall that this decrease i
CN constitutes a new saturation mechanism@17#—different
from pure QHD—and is the main reason why the scalar c
pling constant is somewhat smaller in QMC than QHD.

If the MIT bag model is adopted as the nucleon mod
SN is explicitly given by@19,24#

SN~s!5
V!/21mq

!RN
! ~V!21!

V!~V!21!1mq
!RN

! /2
, ~12!

where V!5AxN!21(RN
!mq

!)2 is the kinetic energy of the
quark in units of 1/RN

! andxN
! is the eigenvalue of the quar

in the nucleon in matter. We denote the bag radius of
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2640 55K. SAITO, K. TSUSHIMA, AND A. W. THOMAS
nucleon in free space~matter! by RN (RN
! ). In actual numeri-

cal calculations we found that the scalar-density ra
CN(s) decreases linearly~to a very good approximation!
with gss @16,21#. Then, it is very useful to have a simp
parametrization forCN :

CN~s!512aN3~gss!, ~13!

with gss in MeV @recall gs5gs(s50)# and
aN;931024 ~MeV21) for mq 5 5 MeV andRN 5 0.8 fm.
This is quite accurate up to;3r0.

As a practical matter, it is easy to solve Eq.~10! for
gs(s) in the case whereC(s) is linear in gss, as in Eq.
~13!. Then one finds

MN
! 5MN2gsF12

aN
2

~gss!Gs, ~14!

so that the effectives-N coupling constantgs(s) decreases
at half the rate ofCN(s).

B. Effect of meson structure

In the previous section we have considered the effec
nucleon structure. It is, however, true that the mesons
also built of quarks and antiquarks, and that they may cha
their properties in matter.
d

e

n

o

f
re
ge

To incorporate the effect of meson structure in the QM
model, we suppose that the vector mesons are again
scribed by a relativistic quark model withcommonscalar and
vector mean fields@20#, like the nucleon@see Eq.~3!#. Then,
again, the effective vector-meson mass in mat
mv

!(v5v,r), depends on only the scalar mean field.
However, for the scalar (s) meson it may not be easy t

describe it by a simple quark model~like a bag! because it
couples strongly to the pseudoscalar (2p) channel, which
requires a direct treatment of chiral symmetry in the medi
@25#. Since according to the Nambu–Jona-Lasinio mo
@25,26# or the Walecka model@8# one might expect the
s-meson mass in the medium,ms

! , to be less than the free
one, we shall here parametrize it using a quadratic func
of the scalar field,

Sms
!

ms
D 512as~gss!1bs~gss!2, ~15!

with gss in MeV, and we introduce two parameters,as ~in
MeV21) andbs ~in MeV22). ~We will determine these pa
rameters in the next section.!

Using these effective meson masses, we can find a
Lagrangian density for finite nuclei, which involves th
structure effects of not only the nucleons but also the m
sons, in the MFA:
LQMC-II5c̄F ig•]2MN
! 2gvv~rW !g02gr

t3
N

2
b~rW !g02

e

2
~11t3

N!A~rW !g0Gc2 1
2 @„¹s~rW !…21ms

!2s~rW !2#

1 1
2 @„¹v~rW !…21mv

!2v~rW !2#1 1
2 @„¹b~rW !…21mr

!2b~rW !2#1 1
2 „¹A~rW !…2, ~16!
g
d-
son
al-
fs.

for

-

where the masses of the mesons and the nucleon depen
the scalar mean-fields. We call this model QMC-II.

At low density the vector-meson mass can be again
panded in the same way as in the nucleon case@Eq. ~7!#:

mv
!5mv1S ]mv

!

]s D
s50

s1
1

2S ]2mv
!

]s2 D
s50

s21•••

.mv22gs
qSv~0!s2gs

qSv8~0!s2

[mv2
2

3
gsGv/Ns2

1

3
gsGv/NCv8~0!s2, ~17!

whereSv(s) is the quark-scalar density in the vector meso

S ]mv
!

]s D 52
2

3
gsGv/NCv~s!, ~18!

andCv(s)5Sv(s)/Sv(0). In Eqs. ~17! and ~18!, we intro-
duce a correction factorGv/N , which is given by
on

x-

,

Sv(0)/SN(0), because the coupling constantgs is defined
specifically for the nucleon by Eq.~9!.

III. NUMERICAL RESULTS

In this section we will show our numerical results usin
the Lagrangian density of the QMC-II model, that is, inclu
ing self-consistently the density dependence of the me
masses. We have studied the QMC-I model, and have
ready shown the calculated properties of finite nuclei in Re
@16,21#.

A. Infinite nuclear matter

For infinite nuclear matter we take the Fermi momenta
protons and neutrons to bekFi ( i5p or n). This is defined by

r i5kFi
3 /(3p2), wherer i is the density of protons or neu

trons, and the total baryon densityrB is then given by
rp1rn . Let theconstantmean-field values for thes, v, and
r fields bes̄, v̄, andb̄, respectively.

From the Lagrangian density, Eq.~16!, the total energy
per nucleon,Etot /A, can be written~without the Coulomb
force!
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Etot /A5
2

rB~2p!3 (
i5p,n

EkFi
dkWAMi

!21kW21
ms

!2

2rB
s̄2

1
gv
2

2mv
!2 rB1

gr
2

8mr
!2rB

r3
2 , ~19!

where the value of thev field is now determined by baryo
number conservation asv̄5gvrB /mv

!2 , and the r-field
value by the difference in proton and neutron densiti
r35rp2rn , asb̄5grr3 /(2mr

!2) @20#.
On the other hand, the scalar mean field is given b

self-consistency condition~SCC!

s̄52
2

~2p!3ms
!2F (

i5p,n
EkFi

dkW
Mi

!

AMi
!21kW2

S ]Mi
!

]s̄
D G

1
gv
2rB

2

mv
!3ms

!2S ]mv
!

]s̄
D 1

gr
2r3

2

4mr
!3ms

!2S ]mr
!

]s̄
D 2

s̄2

ms
!S ]ms

!

]s̄
D .

~20!

Using Eqs.~10!, ~15!, and~18!, Eq. ~20! can be rewritten

s̄5
2gs

~2p!3ms
!2F (

i5p,n
Ci~ s̄ !EkFi

dkW
Mi

!

AMi
!21kW2

G1gsSms

ms
! D

3@as22bs~gss̄!#s̄22
2

3S gs

ms
!2D Fgv

2rB
2

mv
!3 Gv/NCv~s̄ !

1
gr
2r3

2

4mr
!3Gr/NCr~ s̄ !G . ~21!

Now we need a model for the structure of the hadro
involved. We use the MIT bag model in a static, spheri
cavity approximation@27#. As in Ref.@21#, the bag constan
B and the parameterzN ~which accounts for the sum of th
c.m. and gluon fluctuation corrections@16#! in the familiar
form of the MIT bag model Lagrangian are fixed to repr
duce the free nucleon mass (MN 5 939 MeV! under the
condition that the hadron mass be stationary under varia
of the free bag radius (RN in the case of the nucleon!. Fur-
thermore, to fit the free vector-meson massesmv 5 783
MeV andmr 5 770 MeV, we introduce newz parameters
for them,zv andzr . In the following we chooseRN50.8 fm
and the free quark massmq 5 5 MeV. Variations of the
quark mass andRN only lead to numerically small changes
the calculated results@21#. We then find thatB1/4 5 170.0
MeV, zN 5 3.295,zv 5 1.907, andzr 5 1.857. Thus,CN is
given by Eq.~12!, andCv is given by a similar form, with
the kinetic energy of quark and the bag radius for the vec
meson. We find that the bag model givesGv,r/N 5 0.9996.
Therefore, we may discard those correction factors in pr
tical calculations.

Next we must choose the two parameters in the par
etrization for thes-meson mass in matter@see Eq.~15!#. In
this paper, we consider three parameter sets:~A!
as53.031024 ~MeV21) and bs510031028 ~MeV22),
~B! as55.031024 ~MeV21) and bs55031028
,

a

s
l

n

r

c-

-

~MeV22), and ~C! as57.531024 ~MeV21) and
bs510031028 ~MeV22). The parameter sets A, B, and C
give about 2%, 7%, and 10% decreases of thes mass at
saturation density, respectively. We will revisit this issue
the next subsection.

Now we are in a position to determine the coupling co
stants. gs

2 and gv
2 are fixed to fit the binding energy

(215.7 MeV! at the saturation density (r050.15 fm23) for
symmetric nuclear matter. Furthermore, ther-meson cou-
pling constant is used to reproduce the bulk symmetry
ergy, 35 MeV. We takems 5 550 MeV. The coupling con-
stants and some calculated properties for matter are liste
Table I. The last three columns show the relative chan
~from their values at zero density! of the nucleon-bag radius
(dRN

! /RN), the lowest eigenvalue (dxN
! /xN), and the root-

mean-square radius~rms radius! of the nucleon calculated
using the quark wave function (dr q

!/r q) at saturation density.
We note that the nuclear compressibility is higher than t
in QMC-I (K; 200–300 MeV! @21#. However, it is still
much lower than in QHD@14#. As in QMC-I, the bag radius
of the nucleon shrinks a little, while its rms radius swells
little. On the other hand, because of the scalar field, the
genvalue is reduced more than 10%~at r0) from that in free
space.

The strength of the scalar mean field,gss̄, in medium is
shown in Fig. 1. At small density it is well approximated b

TABLE I. Coupling constants and calculated properties f
symmetric nuclear matter at normal nuclear density (mq 5 5 MeV,
RN 5 0.8 fm, andms 5 550 MeV!. The effective nucleon mass
MN

! and the nuclear compressibilityK are quoted in MeV. The
bottom row is for QHD.

Type gs
2/4p gv

2 /4p gr
2/4p MN

! K dRN
! /RN dxN

! /xN dr q
!/r q

A 3.84 2.70 5.54 801 32520.01 20.11 0.02
B 3.94 3.17 5.27 781 38220.01 20.13 0.02
C 3.84 3.31 5.18 775 43320.02 20.14 0.02
QHD 7.29 10.8 2.93 522 540 — — —

FIG. 1. Scalar mean-field values. The dotted, solid, and das
curves are, respectively, for type A, B, and C, as discussed be
Eq. ~21!.
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a linear function of the density:

gss̄'200~MeV! S rB
r0

D . ~22!

B. New scaling phenomenon for hadron masses in matter

First, we show the dependence of thes-meson mass on
the nuclear density in Fig. 2. Using Eqs.~15! and ~22!, we
find thes mass at low density is

Sms
!

ms
D .12asS rB

r0
D , ~23!

whereas 5 ~0.06, 0.1, 0.15! for parameter set~A, B, C!,
respectively.

The effective nucleon mass is shown in Fig. 3. It d
creases as the density goes up, and behaves like a const
large density. At small density it is approximately given b
using Eqs.~14! and ~22!:

FIG. 2. Effectives-meson mass in symmetric nuclear matte
The curves are labeled as in Fig. 1.

FIG. 3. Effective nucleon mass in symmetric nuclear matt
The curves are labeled as in Fig. 1.
-
t at

SMN
!

MN
D .120.21S rB

r0
D . ~24!

In Fig. 4 the effectivev-meson mass is shown as a fun
tion of the density.~Since the difference between the effe
tive v- and r-meson masses at the same density is v
small, we show only one curve for both mesons in the fi
ure.! As the density increases the vector-meson mass
creases~as several authors have previously noticed@6–12#!
and seems to become flat like the effective nucleon ma
Again, using Eqs.~17! and ~22!, the mass reduction can b
well approximated by a linear form at small density:

Smv
!

mv
D .120.17S rB

r0
D . ~25!

The reduction factor 0.17 is consistent with other mod
which have been applied to the same problem@12#.

In Fig. 5 we show the ratios of the quark-scalar density

.

.

FIG. 4. Effective (r- or! v-meson mass in symmetric nuclea
matter. The curves are labeled as in Fig. 1.

FIG. 5. The ratios of the quark-scalar density in medium to th
in free space for the nucleon~solid curve! and thev meson~dotted
curve! using parameter set B.
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medium to that in free space for the nucleon (CN) and the
v meson (Cv). As pointed out previously, we can easily s
that the ratio for the nucleon is well approximated by a line
function of gss. It is also true that the ratio for the vecto
meson can be well described by a similar, linear function
gss:

Cv~s!512av3~gss!. ~26!

We will see this parametrization again later.
In the present model it is possible to calculate masse

other hadrons. In particular, there is considerable interes
studying the masses of hyperons in medium—e.g.,L, S, and
J. For the hyperons themselves we again use the MIT
model. We assume that the strange quark in the hyperon
not directly couple to the scalar field in MFA, as one wou
expect if thes meson represented a two-pion-exchange
tential. ~We note that explicit comparison of microscop
two-pion exchange withs-meson exchange has shown th
these two approaches yield results which are very cl
@28#.! It is also assumed that the addition of a single hype
to nuclear matter of densityrB does not alter the values o
the scalar and vector mean fields; namely, we take the lo
density approximation to the hyperons@29#. The mass of the
strange quark,ms , is taken to bems 5 250 MeV, and new
z parameters in the mass formula are again introduce
reproduce the free hyperon masses:zL 5 3.131,zS 5 2.810,
andzJ 5 2.860. Using those parameters, we have calcula
the masses ofL, S, andJ in symmetric nuclear matter
They are presented in Fig. 6. As for the nucleon and
vector mesons, the effective mass of the hyperon is de
mined by only the scalar field.

In general, we thus find that the effective hadron mas
medium is given by

M j
!5M j1S ]M j

!

]s D
s50

s1
1

2S ]2M j
!

]s2 D
s50

s21•••

.M j2
n0
3
gsG j /Ns2

n0
6
gsG j /NCj8~0!s2, ~27!

FIG. 6. The ratio of the hyperon mass in medium to that in f
space. The dotted, solid, and dashed curves are, respectively, fo
L, S, andJ hyperons, using parameter set B.
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where j stands forN, v, r, L, S, J, etc.,n0 is the number
of nonstrange quarks in the hadronj , G j /N5Sj (0)/SN(0)
with the quark-scalar densitySj in j , and the scalar density
ratio Cj (s)5Sj (s)/Sj (0).

Using Eqs.~22! and~27!, we find that the hyperon masse
at low density are given by

SML
!

ML
D .120.12S rB

r0
D , ~28!

SMS
!

MS
D .120.11S rB

r0
D , ~29!

and

SMJ
!

MJ
D .120.05S rB

r0
D , ~30!

where we takeGL,S,J/N51, because we find that theG fac-
tor for the hyperon is again quite close to unity~e.g.,
GL/N51.0001, in our actual calculations!.

As seen in Fig. 5 the linear approximation to the scal
density ratio,Cj , is very convenient. We find that it is nu
merically relevant to not only the nucleon and the vec
mesons but also the hyperons:

Cj~s!512aj3~gss!, ~31!

whereaj is the slope parameter for the hadronj . We list
them in Table II. We should note that the dependence oaj
on the hadrons is quite weak, and it ranges around 8
9.531024 ~MeV21).

If we ignore the weak dependence ofaj on the hadrons
and takeG j /N51 in Eq. ~27!, the effective hadron mass ca
be rewritten in a quite simple form

M j
!.M j2

n0
3

~gss!F12
a

2
~gss!G , ~32!

wherea.9.031024 ~MeV21). This mass formula can re
produce the hadron masses in matter quite well over a w
range ofrB , up to;3r0.

Since the scalar field is common to all hadrons, Eq.~32!
leads to a new, simple scaling relationship among the had
masses:

S dmv
!

dMN
! D .S dML

!

dMN
! D .S dMS

!

dMN
! D .

2

3
and S dMJ

!

dMN
! D .

1

3
,

~33!

wheredM j
![M j2M j

! . The factors 2/3 and 1/3 in Eq.~33!
come from the ratio of the number of nonstrange quarks

TABLE II. Slope parameters for the hadrons (31024

MeV21).

Type aN av ar aL aS aJ

A 9.01 8.63 8.59 9.27 9.52 9.41
B 8.98 8.63 8.58 9.29 9.53 9.43
C 8.97 8.63 8.58 9.29 9.53 9.43

e
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j to that in the nucleon. This means that the hadron mas
practically determined by only the number of nonstran
quarks, which ‘‘feel’’ the common scalar field generated
surrounding nucleons in the medium and the strength of
scalar field@20#. On the other hand, the change in the co
finement mechanism due to the environment gives a sm
contribution to the above ratio. It would be very interesti
to see whether this scaling relationship is correct in for
coming experiments.

C. Finite nuclei

In this subsection we will show our results for some fini
closed-shell nuclei. The Lagrangian density, Eq.~16!, leads
to the following equations for finite nuclei:

d2

dr2
s~r !1

2

r

d

dr
s~r !2ms

!2s~r !

52gsCNrs~r !2msms
!gs@as22bsgss~r !#s~r !2

1 2
3gs@mv

! Gv/NCvv~r !21mr
!Gr/NCrb~r !2#, ~34!

d2

dr2
v~r !1

2

r

d

dr
v~r !2mv

!2v~r !52gvrB~r !, ~35!

d2

dr2
b~r !1

2

r

d

dr
b~r !2mr

!2b~r !52
gr

2
r3~r !, ~36!

d2

dr2
A~r !1

2

r

d

dr
A~r !52erp~r !, ~37!

where

rs~r !5(
a

occ

da~r !@ uGa~r !u22uFa~r !u2#, ~38!

rB~r !5(
a

occ

da~r !@ uGa~r !u21uFa~r !u2#, ~39!

r3~r !5(
a

occ

da~r !~2 ! ta21/2@ uGa~r !u21uFa~r !u2#, ~40!

rp~r !5(
a

occ

da~r !~ ta1 1
2 !@ uGa~r !u21uFa~r !u2#, ~41!

with da(r )5(2 j a11)/4pr 2, and

TABLE III. Model parameters for finite nuclei~for mq 5 5
MeV andRN 5 0.8 fm!.

Type gs
2/4p gv

2 /4p gr
2/4p ms ~MeV!

A 1.67 2.70 5.54 363
B 2.01 3.17 5.27 393
C 2.19 3.31 5.18 416
is
e

e
-
ll

-

,

d

dr
Ga~r !1

k

r
Ga~r !2@ea2gvv~r !2tagrb~r !

2~ ta1 1
2 !eA~r !1MN2gs„s~r !…s~r !#Fa~r !50,

~42!

d

dr
Fa~r !2

k

r
Fa~r !1@ea2gvv~r !2tagrb~r !

2~ ta1 1
2 !eA~r !2MN1gs„s~r !…s~r !#Ga~r !50.

~43!

HereGa(r )/r andFa(r )/r are, respectively, the radial pa
of the upper and lower components of the solution to
Dirac equation for the nucleon:

c~rW !5S i @Ga~r !/r #Fkm

2@Fa~r !/r #F2km
D j ta, ~44!

wherej ta is a two-component isospinor andFkm is a spin

spherical harmonic@30# (a labeling the quantum number
andea being the energy!. Then, the normalization condition
is

FIG. 7. Scalar and vector strength for40Ca and208Pb ~for type
B!.

FIG. 8. Charge density distribution for40Ca compared with the
experimental data.
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E dr@ uGa~r !u21uFa~r !u2#51. ~45!

As usual,k specifies the angular quantum numbers andta
the eigenvalue of the isospin operatort3

N/2. Practically,
ms

! , mv
! , andCj are, respectively, given by Eqs.~15!, ~27!,

and ~31!, andgs„s(r )… is

gs„s~r !…5gsF12
aN
2
„gss~r !…G . ~46!

The total energy of the system is then given by

Etot5(
a

occ

~2 j a11!ea2
1

2E drW@2gsD„s~r !…s~r !

1gvv~r !rB~r !1 1
2grb~r !r3~r !1eA~r !rp~r !#,

~47!

where

D„s~r !…5CNrs~r !1msms
!@as22bsgss~r !#s~r !2

2 2
3 @mv

! Gv/NCvv~r !21mr
!Gr/NCrb~r !2#.

~48!

There are seven parameters to be determined:gs , gv ,
gr , e,ms , mv , andmr . As in the case of infinite matter w
take the experimental valuesmv 5 783 MeV,mr 5 770
MeV, ande2/4p 5 1/137.036. The coupling constantsgs ,

FIG. 9. Same as Fig. 8 but for208Pb. The parameter set B i
used.
 gv , andgr are fixed to describe the nuclear matter propert

and the bulk symmetry energy per baryon of 35 MeV~see
Table I!.

Thes-meson mass, however, determines the range of
attractive interaction and changes inms affect the nuclear-
surface slope and its thickness. Therefore, as in the pape
Horowitz and Serot@30#, we adjustms to fit the measured
rms charge radius of40Ca,r ch(

40Ca! 5 3.48 fm@31#. @Notice
that variations ofms at fixed (gs /ms) have no effect on the
infinite nuclear matter properties@21#.# We summarize the
parameters in Table III.

Equations~34!–~45! give a set of coupled nonlinear dif
ferential equations, which may be solved by a standard ite
tion procedure@32#. In Fig. 7 we first show the calculate
strength of thes andv fields in 40Ca and208Pb. Next we
show calculated charge density distributionsrch of

40Ca and
208Pb in comparison with those of the experimental data
Figs. 8 and 9. To see the difference among the results f
the three parametrizations ofms

! ~A, B, and C!, in Fig. 8 we
present only the interior part ofrch(

40Ca!. As in Ref. @21#,
we have used a convolution of the point-proton dens
which is given by solving Eqs.~35!–~45!, with the proton
charge distribution to calculaterch. For

40Ca the QMC-II
model with parameter sets A and B give similar charge d
tributions to those in QMC-I, while the result of QMC-I
with parameter set C is closer to that in QHD. From Fig
we see that the present model also yields a charge distr
tion for 208Pb which is similar to those calculated usin
QMC-I or QHD.

In Table IV, the calculated spectrum of40Ca is presented
Because of the relatively smaller scalar and vector fields
the present model than in QHD, the spin-orbit splittings a

TABLE IV. Calculated proton and neutron spectra of40Ca ~for
type B! compared with QMC-I and the experimental data (mq 5 5
MeV andRN 5 0.8 fm!. Here, I and II denote, respectively, QMC
and QMC-II. All energies are in MeV.

Neutron Proton
Shell I II Expt. I II Expt.

1s1/2 43.1 41.1 51.9 35.2 33.2 50610
1p3/2 31.4 30.0 36.6 23.8 22.3 3466
1p1/2 30.2 29.0 34.5 22.5 21.4 3466
1d5/2 19.1 18.0 21.6 11.7 10.6 15.5
2s1/2 15.8 14.7 18.9 8.5 7.4 10.9
1d3/2 17.0 16.4 18.4 9.7 9.0 8.3
,

TABLE V. Binding energy per nucleon,2E/A ~in MeV!, rms charge radiusr ch ~in fm!, and the differ-

ence betweenr n and r p ~in fm! for type B,mq 5 5 MeV, andRB 5 0.8 fm. I and II denote, respectively
QMC-I and QMC-II (* fit!.

2E/A rch r n2r p
Model I II Expt. I II Expt. I II Expt.

16O 5.84 5.11 7.98 2.79 2.77 2.73 20.03 20.03 0.0
40Ca 7.36 6.54 8.45 3.48* 3.48* 3.48 20.05 20.05 0.0560.05
48Ca 7.26 6.27 8.57 3.52 3.53 3.47 0.23 0.24 0.260.05
90Zr 7.79 6.99 8.66 4.27 4.28 4.27 0.11 0.12 0.0560.1
208Pb 7.25 6.52 7.86 5.49 5.49 5.50 0.26 0.27 0.1660.05
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2646 55K. SAITO, K. TSUSHIMA, AND A. W. THOMAS
smaller~in this respect the model is very similar to QMC-I!.
We should note that there is a strong correlation between
effective nucleon mass and the spin-orbit force@21#. The
problem concerning the spin-orbit force in the QMC mod
has been studied in Refs.@16,21–23#. It remains to be seen
whether the higher order corrections, as studied by Phil
et al. @33#, will help to resolve it.

Table V gives a summary of the calculated binding e
ergy per nucleon (E/A), rms charge radii and the differenc
between nuclear rms radii for neutrons and proto
(r n2r p), for several closed-shell nuclei. While there are s
some discrepancies between the results and data, the pr
model provides reasonable results. In particular, as
QMC-I, it reproduces the rms charge radii, for medium a
heavy nuclei quite well. In fact, the results in QMC-I an
QMC-II are surprisingly close—most probably because
both cases the free parameters are adjusted to fit the obs
saturation density and binding energy of nuclear matter.

In Figs. 10 and 11 we present the changes of the nuc
s- andv-meson masses in40Ca and208Pb, respectively. The
interior density of40Ca is much higher thanr0, while that in
208Pb is quite close tor0. Accordingly, in the interior the
effective hadron masses in40Ca are smaller than in208Pb.

FIG. 10. Changes of the nucleon ands- andv-meson masses in
40Ca. The nuclear baryon density is also illustrated~solid curve!.
The right~left! scale is for the effective mass~the baryon density!.
The parameter set B is used.

FIG. 11. Same as Fig. 10 but for208Pb.
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We can also see this in Fig. 7, where the strength of
scalar field in the interior part of40Ca is stronger than in
208Pb.
Using the local-density approximation and Eq.~32!, it is

possible to calculate the changes of the hyperon (L, S, and
J) masses in40Ca and208Pb, which are respectively illus
trated in Figs. 12 and 13. Our quantitative calculations
the changes of the hyperon masses in finite nuclei may
quite important in forthcoming experiments concerning h
pernuclei@29#.

IV. CONCLUSION

We have extended the quark-meson coupling~QMC!
model to include quark degrees of freedom within the sca
and vector mesons, as well as in the nucleons, and h
investigated the density dependence of hadron masse
nuclear medium. As several authors have sugges
@6–12,20#, the hadron mass is reduced because of the sc
mean field in a medium. Our results are quite consistent w
the other models. In the present model the hadron mass
be related to the number of nonstrange quarks and
strength of the scalar mean field@see Eq.~32!#. We have

FIG. 12. Changes of the hyperon (L, S, and J) masses in
40Ca. The solid curve is for the nuclear baryon density. The ri
~left! scale is for the effective mass~the baryon density!. The pa-
rameter set B is used.

FIG. 13. Same as Fig. 12 but for208Pb.
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55 2647VARIATION OF HADRON MASSES IN FINITE NUCLEI
found a new, simple formula to describe the hadron mas
in the medium, and this led to a new scaling relations
among them@see Eq.~33!#. Furthermore, we have calculate
the changes of not only the nucleon,s, v, andr masses but
also the hyperon (L, S, andJ) masses in finite nuclei. I
would be very interesting to compare our results with for
coming experiments on hypernuclei. In addition, we n
that the origins of the reduction of the vector meson mas
in QMC and QHD are completely different@15#—in QHD it
is a consequence of vacuum polarization, whereas in Q
the vector mesons have quark structure in exactly the s
way as the baryons. It would therefore be extremely inter
ing to have data on the mass shift of vector mesons in fi
nuclei.

By applying this extended QMC model to finite nucle
we have studied the properties of some static, closed-s
nuclei. Our~self-consistent! calculations reproduce well th
observed static properties of nuclei such as the charge
sity distributions. In the present model, there are, howe
still some discrepancies in energy spectra of nuclei, in p
ticular, the spin-orbit splittings. To overcome this defect,
have discussed one possible way, in which a constitu
quark mass (;300 MeV! is adopted, in Refs.@16,21#. As an
alternative, Jin and Jennings@23# and Blunden and Miller
@22# have proposed variations of the bag constant andz pa-
rameter in medium, which have been suggested by the
that quarks are partially deconfined in matter. To help se
this problem, one should perhaps consider the change o
vacuum properties in the medium@25#.

Our Lagrangian density, Eq.~16!, provides a lot of effec-
tive coupling terms among the meson fields because the
sons have structure~cf. Ref.@34#!. In particular, the Lagrang
ian automatically offers self-coupling terms~or nonlinear
terms! with respect to thes field. Using Eq.~15!, the La-
grangian density gives the nonlinears terms@up toO(s4)#
as

LQMC-IINLs 52 1
2ms

!~s!2s2

.2 1
2ms

2s21gsasms
2s32 1

2gs
2~as

212bs!ms
2s4.

~49!

On the other hand, in nuclear physics, QHD with nonl
ear s terms has been extensively used in the MFA to
scribe realistic nuclei@35#. The most popular parametriza
ev
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tions are called NL1, NL2@36#, and NL-SH @37#, and the
nonlinear terms in those parametrizations are given as

LQHDNLs 52 1
2ms

2s21 1
3g2s

31 1
4g3s

4, ~50!

where g2 and g3 take, respectively, a positive~negative!
@positive# and positive~negative! @positive# values in NL1
~NL2! @NL-SH#. Since the nonlinears terms provide the
self-energy ofs meson, it changes thes mass in matter.
Comparing Eq.~50! with Eq. ~49!, we can see that the effec
tive s mass in NL2increasesat low nuclear density while
thes massdecreasesin NL1 and NL-SH in the MFA.

However, from the point of view of a field theory, like th
Nambu–Jona-Lasinio model, an increase of thes mass in
the medium seems unlikely@25,26#. @We should note that the
values ofg2 in those parametrizations are small compar
with the corresponding one in Eq.~49!.# Furthermore, from
the point of view of field theory,g3 in Eq. ~50! should be
negative because the vacuum must be stable@38#. Therefore,
we can conclude that one would expect to findg2>0 and
g3<0 in Eq. ~50!. Unfortunately, the above three paramet
zations used in nuclear physics do not satisfy the condit
while our Lagrangian, Eq.~49!, does. It will be very inter-
esting to explore the connection between various coup
strengths found empirically in earlier work and those fou
in our approach.

Finally, we would like to give some caveats concerni
the present calculation. The basic idea of the model is
the mesons are locally coupled to the quarks. Therefore
the present model the effects of short-range correlati
among the quarks, which would be associated with over
of the hadrons, are completely neglected. At very high d
sity these would be expected to dominate and the pre
model must eventually break down there~probably beyond
;3r/r0!. Furthermore, the pionic cloud of the hadron@39#
should be considered explicitly in any truly quantitativ
study of hadron properties in the medium. We note t
subtleties such as scalar-vector mixing in the medium
the splitting between longitudinal and transverse masse
the vector mesons@10# have been ignored in the prese
mean-field study. Although the former appears to be qu
small in QHD, the latter will certainly be important in an
attempt to actually measure the mass shift.

This work was supported by the Australian Resea
Council.
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