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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 MIT
bags bound by the self-consistent exchange of scalar and vector mesons, is modified by introducing medium
modification of the bag constant. We model the density dependence of the bag constant in two different ways:
One invokes a direct coupling of the bag constant to the scalar meson field, and the other relates the bag
constant to the in-medium nucleon mass. Both models feature a decreasing bag constant with increasing
density. We find that when the bag constant is significantly reduced in nuclear medium with respect to its
free-space value, large canceling isoscalar Lorentz scalar and vector potentials for the nucleon in nuclear
matter emerge naturally. Such potentials are comparable to those suggested by relativistic nuclear phenom-
enology and finite-density QCD sum rules. This suggests that the reduction of bag constant in nuclear medium
may play an important role in low- and medium-energy nuclear phys3556-28186)02009-3

PACS numbds): 24.85+p, 21.65:+f, 12.39.Ba, 12.38.Lg

I. INTRODUCTION ing. It predicts much smaller scalar and vector potentials for
the nucleon than obtained in relativistic nuclear phenomenol-

Ultimately, the physics of nuclear matter and finite nucleiogy. Unless there is a large isoscalar anomalous coupling
is an exercise in applied quantum chromodynani@€D), (ruled out by other considerationghis implies a much
which governs the underlying strong interactions of quarksmaller nucleon spin-orbit force in finite nuclei. To lowest
and gluons. In reality, however, knowledge of QCD has hadrder in the nucleon velocity and potential depth the nucleon
very little impact, to date, on the study of low- and medium- spin-orbit potential can be obtained in a model-independent
energy nuclear phenomena. The reason is that QCD is intragray from the strengths of the scalar and vector potentials.
table at the nuclear physics energy scales due to the nonpeFhe spin-orbit potential from the QMC model is too weak to
turbative features of QCD. A reasonable consensus is that theiccessfully explain spin-orbit splittings in finite nuclei and
relevant degrees of freedom for low-energy QCD are hadthe spin observables in nucleon-nucleus scattering.
rons instead of quarks and gluons. Relativistic nuclear phenomenology is a general approach

While the description of nuclear phenomena has been ebased on nucleons and mesons and has gained tremendous
ficiently formulated using the hadronic degrees of freedomgredibility during last 20 years. In this framework, the nucle-
new challenges arise from the observed small but interestingns in a nuclear environment are treated as pointlike Dirac
corrections to the standard hadronic picture such as the EM@articles interacting with large canceling isoscalar Lorentz
effect which reveals the medium modification of the internalscalar and vector potentials. This approach has been success-
structure of nucleofl]. To address these new challenges, itful in describing the spin observables of nucleon-nucleus
is necessary to build theories that incorporate quark-gluoscattering in the context of relativistic optical potentials
degrees of freedom, yet respect the established theori¢$1,12. Moreover, such potentials can be derived from the
based on hadronic degrees of freedom. relativistic impulse approximatiofL2]. The relativistic field-

A few years ago, Guichofi2] proposed a quark-meson theoretical models based on nucleons and mesons, quantum
coupling (QMC) model to investigate the direct “quark ef- hydrodynamic§QHD), also feature Dirac nucleons interact-
fects” in nuclei. This model describes nuclear matter as noning through the exchange of scalar and vector me$b&k
overlapping MIT bags interacting through the self-consistenQHD, at the mean-field level, has proved to be a powerful
exchange of mesons in the mean-field approximation. Thisool for describing the bulk properties of nuclear matter and
simple model was refined later by including nucleon Fermispin-orbit splittings of finite nucl€il3]. It is known that the
motion and the center-of-mass corrections to the bag enerdgrge and canceling scalar and vector potentials are central to
[3] and applied to variety of problemd—7]. Recently, the the success of the relativistic nuclear phenomenology. Re-
QMC model has been applied to finite nucl8i9]. (There cent progress in understanding the origin of these large po-
have been several works that also discuss the quark effects iantials for propagating nucleons in nuclear matter has been
nuclei, based on other effective models for the nucledi.) made via the analysis of the finite-density QCD sum rules

Although it provides a simple and attractive framework to[14].
incorporate the quark structure of the nucleon in the study of In a recent papef15], the present authors have pointed
nuclear phenomena, the QMC model has a serious shortcorout that the resulting small nucleon potentials in the QMC

model stem from the assumption of fixing the bag constant at

its free-space value, and that this assumption is questionable.

*Present address: Center for Theoretical Physics, Laboratory fde then included a density-dependent bag constant and
Nuclear Science and Department of Physics, Massachusetts Insfound that when the bag constant drops significantly in
tute of Technology, Cambridge, MA 02139. nuclear matter relative to its free-space value, the large po-
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tentials for nucleons in nuclear matter, as seen in the relativ- Qq 5
istic nuclear phenomenology and finite-density-QCD sum Evag=3 g ~gT37RB (2.9
rules, can be recovered. This suggests that the reduction of

the bag constant in nu_clear matter relative to its free-_spa(_:\%herez is a parameter which accounts for zero-point motion
value may be essential for the successes of reIaﬂwsUgndB is the bag constant. In the discussions to follow, we

fwr]ui:cl)eza_r;:;r;ggjen;l?egnye;and ;hlélseg]rayhplz.)ésanl:]mtﬂzrtarrgsgisel?o, By, andZ, to denote the corresponding bag param-
In low u 9y nu physics. P ters for the free nucleon. After the corrections of spurious

paper, we present further details and model the density d‘?:’enter—of—mass motion in the bag, the effective mass of a
pendence of the bag constant in two different ways: On ,

invokes a direct coupling of the bag constant to the scala?rmcjeOn bag at rest s taken to [&4]

meson field, and the other relates the bag constant to the *_\/ﬁ
in-medium nucleon mass. MR = VEbag~ (Pem): 2.7

This paper is organized as follows: In Sec. Il we sketch . .
the QMC model for nuclear matter. We then modify the Where(pg ) ==q(pg) and(pg) is t2he expectation value of
QMC model by introducing a density-dependent bag conth® quark momentum squared/R)~. _ -
stant in nuclear matter in Sec. Ill. The results are presented 1Ne équilibrium condltlo:] for the bag is obtained by mini-
in Sec. IV. Further discussions are given in Sec. V. Sectionnizing the effective masly with respect to the bag radius:

VI is a summary. .
=0. (2.8

Il. QUARK-MESON COUPLING MODEL IR
FOR NUCLEAR MATTER
In free space, one may fiky at its experimental value
In this section, we give a brief introduction to the quark- 939 MeV and use the equilibrium condition to determine the
meson coupling model for nuclear matter. The reader is rebag parameters. For several choices of bag radius,

ferred to Refs[2-5] for further details and justifications for R,=0.6,0.8, and 1.0 fm, theesults forBéM and Z, are

using a simple bag model for the in-medium nucleon. 188.1,157.5, and36.3 MeV and2.030,1.628, and 1.153,
In the QMC model, the nucleon in nuclear medium is yegpectively.

assumed to be a static spherical MIT bag in which quarks The total energy per nucleon at finite densijy,, includ-

interact with the scalar and vector fieldsandw and these jng the Fermi motion of the nucleons, can be writter{ 4s

fields are treated as classical fields in the mean-field approxi-

mation. (Here we only consider up and down quajkshe y ke 92 m2

quark fieldy,(t,r) inside the bag then satisfies the equation Etot:—3f dBkVMEZ+H K2+ — pnt+ 5— 07,

of motion (27)°py 2me, 2 pn 09
2.9

id—(mP=a%) —g%w~° =
[1d=(mg=0gs0) — g0y 1q(t,r)=0, @D where y is the spin-isospin degeneracy ampek4 for sym-

0. q metric nuclear matter ang=2 for neutron mattet. Note
wherem, is the current quark mass agfl andg;, denote the 4t the mean field created by uniformly distributed nucle-

quark-meson coupling constants. We will neglect isospinyns js determined by baryon number conservation to be

breaking and takenj=(mg+mgq)/2 hereafter. The normal- [2_g]

ized ground state for a quark in the bag is given[®y4]
__ 3dipn 9upn

_ Jo(Xr/R) W=—a—=—3, (2.10
wq<t,r>=Ne'Eq”R(- i AL 22 m, m,
iBqo Tja(XIIR) | \J4m
whereg,=3gJ . The scalar mean field is determined by the
where thermodynamic condition
_ Q _RrT’G (?Etot
€=+ 9%0R, Be=\/ 2.3 (—_ =0. 2.1
R e ol (2.11
N2=2R35(0[Qg(Qq=D+RME/2]/X2, (24 £ one assumes
with Qq=+/x*+(Rn})?, m} =mi—glo, R the bag radius, B=B, (2.12
and x4 the quark spinor. The value is determined by the
boundary condition at the bag surface: andZ=2Z,, Eq. (2.1]) yields the self-consistency condition
Jo(X) = Bgj1(X). (2.9

IHere we only consider symmetric nuclear matter and neutron
The energy of a static bag consisting of three ground statmatter. The generalization to a general asymmetric nuclear matter is
guarks can be expressed as straightforward(see, for example, Ref4]).
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gy [k M [9].) Note thatg® differs fromg? (or g,)). Wheng®=0, the
o= %C(cr)—gj d3sz, (2.13 usual QMC model is recovered.
My (2) MN“+k This direct coupling can be partially motivated from con-
. sidering a nontopological soliton model for the nucleon
with where a scalar soliton field provides the confinement of the

. quarks. Roughly speaking, the bag constant in the MIT bag
mqj (2.14 model mimics the effect of the scalar soliton field in the
Epad soliton model. Now, when a nucleon soliton is put into

nuclear environment, the scalar soliton field will interact

_ Epag Qg )
9,C(7) =0,y [(1— EbagR)sw>+

whereg,=3gJ and with the scalar mean fiel(see, for example, Ref§16,10).
Therefore, it is reasonable to couple the bag constant directly
— Q¢2+Rj(Q4—1) to the scalar mean field.
S(o)= (2.19 The factor C(o) of Eq. (2.14), appearing in the self-

B -1)+ ' . .
04(Qq=1)+ R /2 consistency conditiofi2.13), then becomes
The two coupling constantg, andg, can be chosen to fit "
the nuclear matter binding energy at the saturation density. 9.C(0) =g bag[( 1— Qq )S(U)Jr My
For a given density, Eq$2.5), (2.8), and(2.13 form a set of v 7MY EpaR Eba

equations for calculating, R, ando. B—T—1
gEbagl® . B 49,0
+g TR —1— - . (3.2
S My

lIl. MODIFIED QUARK-MESON COUPLING MODEL My 3 My
In this section, we modify the QMC model by introducing The other equations are not affected. In the limitsof o,
a density-dependent bag constant. We propose two modetsy. (3.1) reduces to an exponential form with a single pa-
for the modification of the bag constant, featuring a decreasyymeterg®:
ing bag constant with increasing nuclear matter density. In 7
principle, the parameteZ may also be modified in the B o
nuclear medium. However, it is unclear h@wchanges with B—=e*49<r"”"'N. (3.3
the density. Here we assume that the medium modification of 0
Z is small at low and moderate densities and fake Z,,.

In the limit of zero current quark madse., m3=0) and
g,=0, the nucleon mass scales lig¢"* from dimensional
argumentgsee also the AppendixThen from Eq.(3.1) we
The bag constant in the MIT bag model contributesget

~200-300 MeV to the nucleon energy and provides the

necessary pressure to confine the quarks. Thus, the bag con- . va

stant is an inseparable ingredient of the bag picture of a MY/ Mn=(B/Bg)™"=
nucleon. When a nucleon bag is put into the nuclear medium,

the bag as a whole reacts to the environment. As a result, tr\ﬁ/e observe that the linear-nucleon coupling is jusgB
bag constant may be modified. There is little doubt that a%/\/hile o controls the nonlinearities. Fdi=4, the nonlineat;i—

fr:g]?tgc?rg\l/)\:ahlgﬂ ddel;]asrltlgséntc?ell?:r?s %%gztr?]gt tlhse (;ver;guar:g/ies vanish and, as discussed in the next section, we recover
Y 4 9 pprop HD-I but with a density-dependent bag radius.

degrees of freedom. Therefore, it is reasonable to believe tha
the bag constant is modified and decreases as density in- _
creases. This physics is obviously bypassed in the QMC B. Scaling model

model by the assumption &= B,. In the previous pap€il5], we have considered a scaling

~ To reflect this physics, we modify the QMC model by model, which relates the in-medium bag constant to the in-
introducing a direct coupling between the bag constant anghedium nucleon mass directly:

the scalar mean field:

A. Direct coupling model

Sl4
g
B
1_90__ J—

5 My (3.9

K

: (3.5

1) B_

, 3.1) By

5 M
My

B_0:

L gd o
go5MN

wherex is a real positive parameter ard=0 corresponds to

wheregE and ¢ are real positive parameters and the intro-yn« \,syal QMC model. The fact@(o), in this case, is given
duction of My is based on the consideration of dimension.y,

(The cases=1 was also considered by Blunden and Miller

— Ebag( Qyq ) _ mg
gUC(U)_gU’ MK][ 1 Ebang S(U)+Eba

%Recently, Blunden and Millef9] have considered a density-

dependenZ. However, it is found that for reasonable parameter E. 4 -1
ranges changin@ has little effect and tends to make the model X 1—Kﬂg—wR3B . (3.6
worse. M{© 3
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TABLE I. Coupling constants and nuclear matter results as obtained from the direct coupling model. The
free-space bag radius is fixedRg= 0.6 fm. Here the nuclear matter compressibil'(ty1 is given in unit of
MeV, r?, andr, denote the quark root-mean-square radius in nuclear matter and in free space, respectively,
andU,=g,w is the vector mean field. The mass parameters are taken mo,b®, m,=550 MeV, and

m,=783 MeV.

gl 5 (994w g’lar ME/My  U,/My Kyt BIBy x/xg RI/IRy ri/rp,

0 4 8.45 12.84 055 037 540 009 1.0 1.83 1.83
8 5.68 6.46 0.75 018 313 031 1.0 1.34 134
12 5.40 5.68 0.77 016 295 035 1.0 130 1.30
13 5.28 5.57 0.77 016 293 036 1.0 129 1.29
% 4.95 4.62 0.80 013 270 041 1.0 125 1.25

1.0 4 5.69 10.84 061 032 490 019 097 151 152
8 4.20 6.78 0.74 019 333 036 097 128 1.29
12 3.96 6.14 0.76 018 315 039 097 125 1.26
® 3.69 5.24 0.78 015 289 045 098 122 1.22

2.0 3.6 3.16 8.03 0.70 023 431 036 093 127 1.29
4 2.99 7.42 0.72 021 398 039 094 125 1.27
8 2.54 5.81 0.77 017 33 048 095 118 1.20
12 2.43 5.48 0.76 016 324 050 095 117 1.19
% 2.30 4.96 0.79 014 305 054 095 115 1.17

5309 -—-— 0.0 1.56 0.89 004 223 1.0 093 098 1.0

Note that in this model the effective nucleon magg and  very small. This, in Refs3,4], is attributed to the repulsion

the bag constar® are determined self-consistently by com- provided by the center-of-mass corrections to the bag energy.
bining Egs.(2.6), (2.7), and(3.5). In our modified QMC model, the reduction of the bag con-

One notices that both Eq3.1) and (3.5) give rise to a  stant in nuclear medium provides a new source of attraction
reduction of the bag constant in a nuclear medium relative t@s it effectively reduceMy . Consequently, additional vec-
its free-space value. While the scaling model is characterizetbr field strength is required to obtain the correct saturation
by a single free parametey, it leads to a complicated and properties of nuclear matter.
implicit relation between the bag constant and the scalar The above physics is clearly reflected in Table I. It can be
mean field. On the other hand, the direct coupling modekeen from Table | that when the bag constant is reduced
features a straightforward coupling between the bag constasignificantly in nuclear matter relative to its free-space value,
and the scalar mean field, which, however, introduces twahe resulting magnitudes fov§—My and U,=g,o are
free parametersﬁ and 6. qualitatively different from those obtained in the simple

QMC model. In particular, fos = (13.0, 8.0, 3.5 corre-
V. RESULTS sponding tog? = (0, 1.0, 2.0, we getB/B,=0.36 and

In this section, we present numerical results. The two {=660—-720 MeV, 4.1

models for the in-medium bag constant discussed in previous
section will be considered. The current quark masses are U,=150-215 MeV, 4.2
taken to bem,=my=0 for simplicity. Inclusion of small
current quark masses only leads to numerically small refineatpN:pRl_ Since the equivalent scalar and vector potentials
ment of present results. . ~ appearing in the wave equation for a pointlike nucleon are
Let us start from the direct cc_>up|mg model. For a gvenpmy—My and U, , respectively[8,9], Egs. (4.1 and (4.2
value ofg}, we adjust the coupling constarg§ andg,, to  imply large and canceling scalar and vector potentials for the
reproduce the nuclear matter binding energylé MeV) at  nucleon in nuclear matter. Such potentials are comparable to
the saturation densityp§=0.17 fm™%). The resulting cou- those suggested by Dirac phenomenolfiyy, 12, Brueckner
pling constants and nuclear matter results are given in Tablealculationg12], and finite-density QCD sum rul¢4], but
| for various 6 values withRy=0.6 fm. For the special case smaller than those obtained in QH}43]. These potentials
g2=0 andé=4, the present model leads to exactly the samealso imply a strong nucleon spin-orbit potential. Therefore,
nuclear matter results as obtained in QHB¢e first row of the essential features of relativistic nuclear phenomenology
Table ). This is also shown analytically in the Appendix. are recovered. The corresponding results for the nuclear mat-
The most important feature is that the reductioBakla-  ter compressibility,K;l, are slightly larger than the corre-
tive to By leads to the decrease bfy/My and the increase sponding value in the usual QMC model, but significantly
of U, /My relative to their values in the simple QMC model. smaller than that in QHD-I. The resulting total energy per
In the usual QMC model, the required vector coupling isnucleon for symmetric nuclear matter is shown in Fig. 1.
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30 , ' , , — [17-23. It is also interesting to note that the result of the
° z 25-30 % increase in the nucleon size is comparable to those
° Jr suggested in Ref§17-19 (see, however, Ref20)). In the
v/ special caseg,=0 andé=4, we find that the reduction of
B in the nuclear matter is too larg8(B,~10%). This leads
10 - ° //'/ to unreasonably large values for the bag radius and the quark
rms radius in nuclear matter.
S N The results corresponding to the limit 6f- [i.e., Eq.
A\ o 47 (3.3)] are also listed in Table I. These results are not far from
“10 b X, ,,°/// § those with finite § values. Asé increases, the results will
e = approach saturation. The last row of Table Il gives the results
obtained from fixingg? at its value predicted by the simple
0.0 05 1.0 15 2.0 25 3.0 QMC model, 5.309for Ry=0.6 fm). In this case, it is found
PP that for any givené value the self-consistent solution re-
quiresg®=0. When the coupling? is tuned from zero to its
FIG. 1. Energy per nucleon for symmetric nuclear matter as aorresponding value in the simple QMC model, the results
function of the medium density, witR,=0.6 fm and6=8. Here  interpolate between the QHD-I results and the usual QMC
the direct coupling model Eq3.1) for the in-medium bag constant qdel results. Ifig? exceeds its value in the simple QMC
is used. The solid curve corresponds to the usual QMC model, anfhodel, the in-medium bag constant will increase instead of
the result from QHD-I is given by the open circles. The other threedecrease relative to its free-space value, which is in contra-
curves correspond tg;=0 (long-dashed curje 1 (dot-dashed diction with the physics discussed in the’present paper
curve, and 2(short-dashed curyerespectively. For a fixedg?, the coupling constanth and g get'
g g w

In the usual QMC model, the bag radius decreases slightigmaller asé gets I%rger. Recall that the reduction Bfis
and the quark root-mean-squafems radius increases controlled by bothg_ and 8. While B/By and My, increase,
slightly in nuclear matter with respect to their free-space valU, . R/Ro, andKy* decrease a8 increases. From Table I,
ues. When the bag constant drops relative to its free-spad#e can see that for a given valueBfB, one finds smaller
value, the bag pressure decreases and hence the bag radi§ and largerU, with a larger value ofy. We also find
increases in the medium. When the reduction of the bag corthat when § gets too small, a self-consistent solution no
stant is significant, the bag radius in saturated nuclear mattéonger exists.
is 25—30 % larger than its free-space value. The quark rms For curiosity, we have also explored the results for nega-
radius also increases with density, with essentially the samiive § values. One can see from E.1 that negatives
rate as for the bag radius. This implies a “swollen” nucleonvalues can also lead to a decreasing bag constant. In fact the
in nuclear medium, which has many attendant consequencghysical quantities are continuous ag foes through zero.

E,,~M, (MeV)

TABLE II. Coupling constants and nuclear matter results as obtained from the scaling model. The case of
x=0 corresponds to the simple QMC model and the last row gives the result of QHD-I. Here the nuclear
matter compressibility(\j1 is given in unit of MeV,ry, andr ,, denote the quark root-mean-square radius in
nuclear matter and in free space, respectively, dpgg,w is the vector mean field. The mass parameters
are the same as in Table I.

R, (fm) Kk  Q¥Am  @ilAm  ME/My U, /My Ky' BI/By XIXg RIRy r¥/rpn

0.6 0 20.18 1.56 0.89 0.04 223 1.0 093 0.98 1.0
1.0 11.90 2.27 0.87 0.06 258 087 093 1.02 1.03
2.0 5.92 3.60 0.83 0.10 319 069 094 1.08 1.10
295 224 7.78 0.71 0.22 500 036 094 1.27 1.29
3.0 2.11 8.32 0.69 0.24 628 033 094 1.30 1.32
0.8 0 22.01 1.14 0.91 0.03 202 1.0 090 0.99 1.02
1.0 12.78 1.76 0.89 0.05 235 089 091 1.02 1.04
2.0 6.20 2.88 0.85 0.08 289 0.73 093 1.08 1.10
3.0 2.06 6.39 0.75 0.18 479 042 093 124 1.26
3.1 1.78 7.32 0.72 0.21 543 036 093 1.28 131
1.0 0 22.48 0.96 0.91 0.03 192 1.0 0.88 1.0 1.03
1.0 1294 154 0.89 0.04 225 089 089 1.03 1.05
2.0 6.21 2.58 0.86 0.07 276 075 091 1.07 1.10
3.0 2.01 5.68 0.77 0.16 432 046 092 121 1.24
3.17 154 7.18 0.72 0.20 502 036 092 1.29 1.32

QHD-I -— 8.45 12.84 0.55 0.37 540 —— - - ——
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30 : : : — : _ state for the nuclear matter is much softer in the simple QMC
J model than in QHD-I. Asc gets larger, the equation of state
a0 | . becomes stiffer.
o / Both the bag radius and the quark rms radius in nuclear
% 7 // matter are larger than their free-space values. As discussed
s 10F J/ L/ above, this is due to the decrease of the bag constant in the
=z i // e nuclear medium. For the values yielding Eqs(4.3) and
2", 0 Res 7 L (4.4), the corresponding bag radius and quark rms radius at
T \ ," /,i/ pN=p% are 25—30 % larger than their free-space value. This
_10 b s Py 1 is essentially the same as that found in the direct coupling
’\3\ ° - o)
X S Lz model (see Table)l
The sensitivity of our results to the free-space bag radius

Ry is also illustrated in Table Il. For a givea value, the
p/P% ' ’ ratios B/B, and M{/My increase and the ratid®/R, and
U, /My decrease aR, increases. However, for thevalues
FIG. 2. Energy per nucleon for symmetric nuclear matter as £onsidered here, the sensitivity of our resultRfpis small.
function of the medium density, witR,=0.6 fm. Here the scaling The sensitivity of the results from the direct coupling model
model Eq.(3.5 for the in-medium bag constant is adopted. Theto the choice ofRg is also small and similar to that in the
four curves correspond ta=0 (solid curve, 1 (long-dashed scaling model.
curve), 2 (dot-dashed curye and 3 (short-dashex respectively.

The result from QHD-I is given by the open circles.

V. DISCUSSION
As 1/6 decreases from zer@(goes negative the _scalar and As stressed by Saito and Thonfds, in the simple QMC
vector potentials continue the decrease seen in Table 1. F%odel all the effects of the internal, quark structure of the
g?=0 ands~ — 1.0, the resultingvy; andU,, are similar to !

. -~ nucleon are summarized in the fac®(o). If C(c)=1 is a
those found in the usual QMC model. The compressibility iS;onstant one would get exactly the same nuclear matter re-
somewhat lower.

Al of the ab " the direct i del sults as in QHD-I. In the simple QMC modeZ() is much
ot the above results use the direct coupling model, Weg o than unity, which leads to much largéf; and much
now present the results for the scaling model. The two cou- S
X ; ) B smallerU, than those required in QHD-I.
pling constantsy, and g, are adjusted to fit the binding

: In the present study, we introduce the medium modifica-
energy of saturated nuclear matter. There is only one freﬁon for the bag constant. As shown in Eq8.2) and (3.6)
parameterx in this case. For various values gfand free- : ! e

space bag radiuR,, the resulting coupling constants and the effect of this modification is completely absorbed into the
nuclear matter resﬁylts are listed in Table II factorC(o). We observe that for various parameters con_S|d—
Again, the decrease of the bag constan.t gives rise to therei her_e, _bo';h Eq33.2) and (3.6 I_ead {0 an increase in .
' % . . E(a). This indicates that the reduction of the bag constant in
dec_rease OM /My _and the increase df, /My relative to nuclear matter partially offsets the effect due to the internal
their values in the simple QMC model. We see from Table Il

. ) i ) quark structure of the nucleon. It is thus not surprising to find
that My, decreases and, increases rapidly ag increases.

: that our modified quark-meson coupling model gives smaller
For k=(2.95,3.10,3.17), corresponding B = (0.6, 0.8, *

) ¢ ' n and largerU, than those found in the simple QMC
1.0 fm), we find B/B,=0.36 at the saturation density. The model.
corresponding results faviy, andU, are

To further illustrate this point, we have plott€{ o) in
Fig. 3 as a function off%¢ for the usual QMC model and for
M} =660-680 MeV, 4.3 e o . .
N “3 our modified QMC model with the scaling model for the
U =190- 225 MeV (4.4) in-medium bag constant. We see that in the simple QMC
v ’ .

model, C(o) is small and decreases g8c increases. The

at pszﬁ which are similar to the direct coupling model introduction of a dropping bag constant gives an increase in
results given in Eqs4.1) and (4.2), though the magnitudes C(o). When the reduction of the bag constant is large,
for M{—My and U, are slightly larger. These results are C(o) is approximately constant and significantly larger than
also consistent with those suggested by relativistic nucleat for small and moderate values gfo; asgdo increases,
phenomenology and finite-density QCD sum rules. C(o) degeases quickly[The self-consistent solution re-

One notices from Table Il that the value K{ * increases quiresgio= (96, 82, 69, 58 MeY at the saturation density,
quickly when « value is increased. This results from the corresponding tac= (0, 1.0, 2.0, 3.9} respectivelyl A simi-
increasingg,, with increasingx. For thex values leading to  lar plot can also be done with the direct coupling model, but
Egs. (4.3 and (4.4), the corresponding values fdt,* are  C(o) in this case is a function af g5 and o, instead of
comparable to that obtained in QHD-I, which is too largeglo alone.
compared with the empirical value. This feature is also We observe that the extent to which the bag constant
shown in Fig. 2, where the total energy per nucleon for symdrops in a nuclear matter determines the physical outcome.
metric nuclear matter is plotted as a function of nuclear matUnless one expresses the bag constant in terms of QCD op-
ter density for various values, withR,=0.6 fm. The result erators and solves QCD in nuclear matter, the change of the
from QHD-I is also plotted for comparison. The equation ofbag constant in a nuclear medium is unknown. As such, one
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The solid curve is from the simple QMC model. The other threeHere the scaling model, E¢3.5), for the in-medium bag constant is
curves correspond to the scaling model, withe 1 (long-dashed —adopted. The solid curves are the free-space quark wave functions.

tively. curve, 1 (dot-dashed curye 2 (short-dashed curyeand 3(dotted

curve, respectively.

has to invoke model descriptions in order to obtain a quan-
titative estimate for the reduction of the bag constant inreduced relative to its vacuum valy85-38. Recently,
nuclear matter. Birse [39] has argued that the in-medium nucleon mass

In Ref.[24], Adami and Brown have argued that the MIT cannot be simply related to the change in the chiral quark
bag constant is related to the energy associated with chirglondensate and there are other important contributions unre-
symmetry restoratiotthe vacuum energy difference between |ated to partial chiral symmetry restoration. Moreover, it is
the chiral-symmetry-restored vacuum inside and the brokernown that both the MIT bag model and the QHD model are
phase outside According to the scaling ansatz advocated bynot compatible with chiral symmetry.
Brown and Rho[25], the in-medium bag constant should  Clearly, how the bag constant changes in nuclear matter is
scale like[24] B/By=®*, where® denotes the universal an important topic for further study. The investigation of
scaling,@zm:/mpsz,/fw- -+, which is density dependent. finite nuclei and nuclear structure functions in the present
Here, the “starred” quantities refer to the corresponding in-model may offer some independent information and/or con-
medium quantities. This scaling behavior is argued to holdstraints on the modification of the bag constant. Work along
approximately at the mean-field levg24—27. Thus, one this direction is in progreggt0]. Another direction may be in
may get a rough estimate of the medium modification of themotivating an explicit functional form for the in-medium bag
bag constant from the medium modifications of vector-constant,B(c), from a solitonlike model for the nucleon.
meson masses which have been studied extendi28ly33.  Recently, an explicit form foB(o) has been suggested in
Taking the result formj;/mp from the most recent finite- Ref.[16], based on the global color model of QCD.
density QCD sum-rule analysi29], we find ®=m}/m, The gquark-meson coupling model for nuclear matter is
~0.78 at the saturation density, which gives rise tovalid only if the nucleon bags do not overlap significantly. In
B/Bo=®*~0.36. This shows a substantial reduction of thehis original papef2], Guichon has suggeste,=0.6-0.7
bag constant in nuclear matter relative to its free-space valuén in order to keep the overlapping effect small. In our
With this estimate, we obtain large and canceling scalar anthodified QMC model, both the bag radius and the quark rms
vector potentials for the nucleon in nuclear matter, which ar¢adius increase in medium relative to their values in free
consistent with those suggested by relativistic nuclear phespace due to the dropping bag constant in medium. In Fig. 4,
nomenology and finite-density QCD sum rules, thoughthe spatial quark wave functions are plotted as functions of
smaller than those found in QHD-I. This feature is seen infadial coordinate with the scaling model for the in-medium
both models for the in-medium bag constant discussed her®ag constant. We see that when the bag constant drops the
implying a weak model dependence of our results. quark wave functions are pushed outward. This depicts a

However, some caveats concerning the above estimat@wollen” nucleon picture, which has important implica-
must be added. The Brown-Rho scaling is an ansatz based di@ns in many nuclear physics issugs’—23.
the idea of partial chiral symmetry restoration in a nuclear On the other hand, the increasing bag radius also implies
medium and the assumption that the scale anomaly of QCB larger overlapping effect than in the usual QMC model.
could be modeled by a light dilaton fiefd5,24]. It is unclear When the bag constant in nuclear matter is significantly
whether this ansatz can be justified in QCD. Although it hassmaller than its free-space valud/B,~0.4), we find
been argued that many nuclear phenomena are connectedR6R,~1.25-1.30 at the saturation density, which gives
the partial chiral restoration in a nuclear mediy@l— 4wR3pﬂ,/3~0.3—0.34 wherRy,= 0.6 fm. This indicates that
27,33,34, the only compelling evidence for partial chiral the overlap between the bags is still reasonably small at the
symmetry restoration in nuclear medium is that the magnisaturation density, though a factor of 2 larger than in the
tude of the chiral quark condensatgq), is substantially usual QMC model. For largeR, and/or higher densities, the
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overlap becomes more significant and the nonoverlappingtant in a nuclear medium relative to its free-space value may

bag picture of nuclear matter may become inadequate. Howplay an important role in low- and medium-energy nuclear

ever, it is unclear at this stage whether the overlap betweephysics.

the bags is already included effectively in the reduction of

the bag constant and/or in the scalar and vector mean fields. ACKNOWLEDGMENTS
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empirical value. This may be fixed by introducing self-

interactions of the scalar field, which, however, will intro- APPENDIX

duce more free parameters. The direct coupling model, on ) . .

the other hand, produces a more reasonable value for nuclear !N this appendix, we demonstrate that adopting G4l

matter compressibility. with §=4 fog the in-medium bag constant and taking
The QMC model is probably the simplest extension ofdo=0 (and mg=0), one can reproduce the QHD-I results

QHD to incorporate explicit quark degrees of freedom, for nuclear matter. To this end, we show that the resulting

where the exchanging mesons are treated as classical fiel@§Pressions for the total energy per nucleon and the self-

in the mean-field approximation. To be more consistent, th@onsnstency condition for the scalar mean field are identical

explicit quark structures of the mesons should also be int0 those in QHD-I. o

cluded and the physics beyond the mean-field approximation !N free space, the nucleon mass and the equilibrium con-

should be considered. It has been emphasized above th@ifion for the bag are given by

both the MIT bag model and the QHD model are not chirally

symmetric. As such, the quark-meson coupling models dis- My= VEpag— 3%6/RG, (A1)
cussed here are not chiral models. At the hadron level, sig-

nificant progress has been made in incorporating both chiral Xo Zo 5 Xé

symmetry and broken scale invariance in relativistic had- ba _3R_S+R_§+47TROBO +3R_8:0’ (A2)
ronic models[41,42. So the quark-meson coupling models

may be extended by combining these hadronic chiral modelghere

and a chiral version of the bag model. Recently, it has also

been argued that connections can be made between effective Xo Zg 3

chiral Lagrangians and the QHD model at the mean-field Ebag™ 3R—O—R—O+§7TROBO- (A3)

level [43].

Solving these two equations, one finds that the combinations

BORé and MR, can be expressed in terms xf and Z,.

This can also be seen easily from dimensional consider-
In this paper, we have modified the quark-meson couplingitions. Since these two combinations are dimensionless, they

model by introducing medium modification of the bag con-must depend only on the dimensionless parametgrand

stant. We proposed two models for the in-medium bag conZ,.

stant, the direct coupling model and scaling model. The In the nuclear medium, the corresponding two equations

former couples the bag constant directly to the scalar meahecome

field, and the latter uses a scaling ansatz which relates the

VI. SUMMARY

in-medium bag constant to in-medium nucleon mass. Both M;‘,=\/E§ag— 3x%/R?, (A4)
models feature a decreasing bag constant with increasing
density. X X2

The reduction of the bag constant in nuclear matter par- Eba4 3zt @+4WRZB +353=0. (AS5)

tially offsets the effect of the internal quark structure of the

r}ucleon_ and effgctlvely introduces a new source of attrac imilarly, BR* and MR are only dependent or and Z.

tion. This attraction needs to be compensated with additiongl. N - - .
ince we takegy,=0 andZ=2Z2,, x (=Xg) andZ are inde-

vector field strength. The decrease of the bag constant aIsoendent of the nuclear matter density. One therefore con-
implies the increase of the bag radius in nuclear matter. Thi§ Y

is consistent with the “swollen” nucleon picture discussed Cludes that
in the literature. B M*\4 (R4

When the bag constant is reduced significantly in nuclear _:(_N) :<_0) _ (AB)
matter with respect to its free-space value, we find that our Bo My R

modified quark-meson coupling model predicts large and )

canceling scalar and vector potentials for the nucleon ising Eq.(3.1) with §=4, one gets
nuclear matter, which is qualitatively different from the pre- . B—
diction of the simple QMC model. These potentials are con- %_ 1— 9,0
sistent with those suggested by relativistic nuclear phenom- My My *
enology and finite-density QCD sum rules. The internal

quark structure of the nucleon seems to play only a relativelyOne can then rewrite the total energy per nucleon at finite
minor role. On the other hand, the reduction of the bag connauclear matter density as

(A7)
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The self-consistency condition for the scalar field, 913,
can be expressed as

(My—M¥H)2 (A8)
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@92 v [k MY
M*=My— d3k . (A9
N N m(Z;- (277)3 ’—Mﬁ2+k2 ( )

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