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Nucleon properties in the nuclear medium *
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Abstract We study the medium modifications of nucleon properties in nuclear matter and finite nuclei. The

nucleons are described as nontopological solitons, which interact through the self-consistent exchange of scalar

and vector mesons. The model adopted incorporates explicit quark degrees of freedom into nuclear many-body

systems, and it can provide satisfactory results on the properties of nuclear matter and finite nuclei.
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1 Introduction

Many experimental evidences indicate that the

properties of the nucleon bound in nuclei are sig-

nificantly modified from those of a free nucleon.

There are numerous theoretical works on the study

of in-medium nucleon properties based on various

models[1—4]. At present, we are still far away from

describing nucleons and nuclei in terms of quarks and

gluons using quantum chromodynamics (QCD). It is

highly desirable to build models which could incor-

porate the quark degrees of freedom and respect the

established theories based on hadronic degrees of free-

dom. One of these models is the quark-meson cou-

pling (QMC) model
[5]

, which takes into account the

internal structure of nucleons in nuclear many-body

systems. The QMC model has been extensively de-

veloped and applied with reasonable success to vari-

ous nuclear phenomena
[4, 6—12]

. Another model is the

quark mean-field (QMF) model
[2]

, which takes the

constituent quark model for the description of nu-

cleon. The QMF model has been successfully used

for the study of nuclear matter, finite nuclei, and

hypernuclei
[13—15]

. The main advantage of these mod-

els is their simplicity and self-consistency in taking

into account the quark degrees of freedom for nuclear

many-body systems.

In this paper, we use the nontopological soli-

ton bag model originally proposed by Friedberg and

Lee
[16, 17]

for the description of nucleons in nuclear

medium. In the Friedberg-Lee model, the nucleon is

described as a bound state of three quarks in a non-

topological soliton formed by a scalar field with non-

linear self-interactions. We develop a model to study

the properties of nuclear matter and finite nuclei by

describing the nuclear many-body system as a collec-

tion of nontopological soliton bags. The quarks inside

the soliton bag couple not only to the scalar field that

binds the quarks together into nucleons, but also to

additional meson fields generated by the nuclear en-

vironment.

2 Model

we use the Friedberg-Lee model to describe nu-

cleons. The Friedberg-Lee model in its simplest form

is implemented through the effective Lagrangian den-

sity

L= ψ̄(iγµ ∂µ
−m−gφ)ψ+

1

2
∂µφ∂µ

φ−U(φ) , (1)
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where ψ denotes the quark field. The quark mass m

is usually taken to be zero for u and d quarks. φ is a

color-singlet scalar field which may be interpreted as

the phenomenological representation of quantum ex-

citations of the self-interacting gluon field. The self-

interaction of the scalar soliton field is described by

the potential

U(φ) =
a

2!
φ2 +

b

3!
φ3 +

c

4!
φ4 +B . (2)

The constants a, b, and c are fixed within a range so

that U(φ) has a local minimum at φ= 0 and a global

minimum at φ=φv. In the mean-field approximation,

the soliton field is treated as a classical field which is

a time-independent c-number field φ(r). The quark

field operators are expanded in a complete orthogonal

set of Dirac spinor functions as ψ=
∑

k

ckψk, where

ck are fermion annihilation operators. For a nucleon,

the three valence quarks can be in the lowest Dirac

state ψ0, then φ and ψ0 satisfy the coupled differential

equations

(−iα •∇+gβφ)ψ0 = ε0ψ0 , (3)

−∇2φ+
∂U(φ)

∂φ
=−3gψ̄0ψ0 . (4)

The total energy of the nucleon is given by

E= 3ε0 +4π

∫
dr r2

[
1

2

(
dφ

dr

)2

+U(φ)

]
. (5)

The mean-square charge radius of the proton is

〈r2〉= 4π

∫
drr4 (u2 +v2) , (6)

and the proton magnetic moment is

µp =
8π

3

∫
dr r3uv . (7)

The ratio of the axial-vector to vector coupling con-

stants is given by

gA/gV =
20π

3

∫
dr r2

(
u2−

1

3
v2

)
. (8)

We follow the work of Ref. [18] to take into account

the recoil correction for nucleon properties. The nu-

cleon mass is given by

M =
√
E2−〈P 2〉 , (9)

where P is the total-momentum operator. The recoil

corrected root-mean-squared (rms) radius is given by

rc =

√[
1−

2ε0
E

+
3ε20
E2

]
〈r2〉+

3

2E2
. (10)

The parameters in the Friedberg-Lee model, a, b,

c, and g, are constrained by reproducing nucleon mass

M = 939 MeV and rms radius rc = 0.83 fm. We take

two sets of parameters which correspond to the two

limiting cases. Set A: a= 0, b=−79.61 fm−1, c= 780,

g= 13.7 is characterized by a= 0, in which U(φ) has

a inflection point at φ = 0. Set B: a = 69.945 fm−2,

b = −1600 fm−1, c = 12200, g = 24.55 is character-

ized by B= 0. The parameter set A gives the proton

magnetic moment µp = 2.80 and the ratio of the axial-

vector to vector coupling constants gA/gV = 0.87,

while the parameter set B predicts µp = 2.77 and

gA/gV = 0.90. We note that the experimental values

are µp = 2.79 and gA/gV = 1.25. It is shown that

these two parameter sets in this simple model can

give reasonable results for nucleon properties in free

space.

To study nuclear matter properties, we describe

the nuclear many-body system as a collection of non-

topological soliton bags. The quarks inside the soliton

bag interact through the self-consistent exchange of

σ, ω, and ρ mesons, which are treated as classical

fields in the mean-field approximation. We assume

that the meson mean fields σ, ω, and ρ can be re-

garded as constants in uniform matter. The soliton

field φ, which serves to bind quarks together, does not

participate in nucleon-nucleon interactions. With the

presence of these additional meson fields in nuclear

matter, the quark and soliton fields in a nucleon sat-

isfy the coupled equations

(
−iα •∇+gβφ+gq

σ
βσ+gq

ω
ω+gq

ρ
τ3ρ

)
ψ0 = ε̃0ψ0 ,

(11)

−∇2φ+
∂U(φ)

∂φ
=−3gψ̄0ψ0 , (12)

where gq
σ
, gq

ω
, and gq

ρ
are the coupling constants of

the σ, ω, and ρ mesons with quarks, respectively.

We solve the coupled equations and calculate the in-

medium nucleon properties analogously to the case of

free nucleons. The effective nucleon mass obtained is

then given by

M∗ (σ) =
√
E2−〈P 2〉 . (13)

3 Nucleon properties in nuclear mat-

ter and finite nuclei

To perform a many-body calculation for nuclear

matter, we start from the effective Lagrangian at the
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hadron level within the mean-field approximation

LRMF = ψ̄ [iγµ ∂µ
−M∗ (σ)−gωγ

0ω−gργ
0τ3ρ]ψ−

1

2
m2

σ
σ2 +

1

2
m2

ω
ω2 +

1

2
m2

ρ
ρ2 , (14)

where the nucleon-meson couplings are related to the

quark-meson couplings as gω = 3gq
ω

and gρ = gq
ρ

[13]
.

From the Lagrangian given by Eq. (14), we obtain the

equations of motion for nucleons and mesons in nu-

clear matter. The quark-meson couplings gq
σ
, gq

ω
, and

gq
ρ

are determined by reproducing the nuclear matter

equilibrium density (0.15 fm−3), energy per nucleon

(−16 MeV), and symmetry energy (35 MeV).

In Fig. 1, we show the ratio of the effective nu-

cleon mass in nuclear matter to that in free space as

a function of nuclear matter density. It is shown that

the effective nucleon mass decreases with increasing

density. We show in Fig. 2 the ratio of the nucleon

rms radius in nuclear matter to that in free space as

a function of nuclear matter density. It is very in-

teresting to see the expansion of the nucleon size in

medium. We find that the nucleon rms radius signif-

icantly increases at normal nuclear matter density.

Fig. 1. The ratio of the effective nucleon mass
in nuclear matter to that in free space, M∗/M ,
as a function of nuclear matter density ρ. The
results with the parameter set A are shown by
the solid curve, while those with the parame-
ter set B by the dashed curve.

We extend the present model to study the prop-

erties of finite nuclei and the modification of nucleon

properties in a nucleus. The nucleus is described as a

collection of nontopological soliton bags which inter-

act through the self-consistent exchange of σ, ω, and

ρ mesons. We use the local density approximation

in which the meson mean fields are replaced by their

value at the center of the nucleon and the spatial

Fig. 2. The ratio of the nucleon rms radius in
nuclear matter to that in free space, r∗

c/rc, as
a function of nuclear matter density ρ. The
curves are labeled as in Fig. 1.

Fig. 3. The calculated charge density distribu-
tions for 208Pb compared with the experimen-
tal data (solid curve). The results with the
parameter set A (B) are shown by the dashed
(dotted) curve.

Fig. 4. The ratio of the proton rms radius in
208Pb to that in free space as a function of
radial coordinate r. The results with the pa-
rameter set A are shown by the solid curve,
while those with the parameter set B by the
dashed curve.
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Table 1. The binding energy per nucleon E/A
and the rms charge radius Rc for 40Ca, 90Zr,
and 208Pb.

E/A/MeV Rc/fm

Set A Set B Expt. Set A Set B Expt.

40Ca 8.53 7.66 8.55 3.42 3.46 3.45

90Zr 8.36 7.81 8.71 4.26 4.27 4.26

208Pb 7.48 7.13 7.87 5.52 5.50 5.50

variation of the mean fields over the small nucleon vol-

ume are neglected. We solve the coupled equations of

nucleons and meson mean fields self-consistently with

the effective nucleon mass obtained at the quark level.

In Table 1, the calculated binding energies per nu-

cleon and rms charge radii are compared with the ex-

perimental values
[19]

. We plot in Fig. 3 the resulting

charge density distributions for 208Pb, and compare

with the experimental values
[20]

. It is also possible

to investigate the modification of nucleon properties

in finite nuclei. In Fig. 4 we show the ratios of the

proton rms radius in 208Pb to those in free space as

functions of the radius r.

4 Conclusion

We have proposed a model for the description of

nuclear matter and finite nuclei based on the non-

topological soliton bag model. The present model

enables us to investigate the medium modification of

nucleon properties. We have performed the numeri-

cal calculations for nuclear matter and finite nuclei.

We find that the properties of the nucleon are sig-

nificantly modified in nuclear medium. The present

model incorporates explicit quark degrees of freedom

into nuclear many-body systems. It is notable that

the quark structure of the nucleon plays a crucial role

in the description of nuclear matter and finite nuclei.
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