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Single-Particle Properties of Isospin Asymmetric Nuclear Matter *
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The single-particle potentials in isospin asymmetric nuclear matter is investigated in the framework of the Brueck-
ner theory by adopting the realistic Bonn B two-body interaction in combination with a consistent microscopic
three-body force. The rearrangement contribution induced by the ground state correlations to single-nucleon
potentials is calculated in terms of the hole-line expansion of the mass operator. With the modification of this
rearrangement term the symmetry potential is discussed as a function of momentum for several isospin asymme-
tries.
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The investigation of isospin degree of freedom is of
fundamental importance for heavy-ion collision (HIC)
as well as nuclear astrophysics. Over the last few
decades, both experimental and theoretical research
on isospin physics have made considerable progress.
The experimental observables from HIC at the inter-
mediate and high energies requires a profound under-
standing of the isospin dependence of the in-medium
nuclear effective interaction. Closely associated with
the effective interaction is the single-nucleon poten-
tial, which reveals significant information on the mo-
mentum dependence of the mean field, effective mass,
optical potential and so on. Microscopically, the sin-
gle particle (s.p.) potential in nuclear matter has
been studied by many authors based on microscopic
theoretical approaches,[1−3] one of which is the non-
relativistic Brueckner theory. Recently, the Brueck-
ner approach has been improved by constructing the
consistent three-body force (TBF) when the realistic
Bonn B potential[4] is adopted as the bare nucleon-
nucleon interaction, where the entirely same micro-
scopical meson-exchange parameters are chosen in
both two-body and three-body forces.[5] It was shown
that the inclusion of the new consistent TBF shifts
the saturation point from (0.34 fm−3, −22MeV) to a
nearly perfect value (0.17 fm−3, −15.9MeV).

According to the Landau definition of quasi-
particle energy in the mass operator (nuclear self-
energy), as Brown[6] pointed out, the mean field de-
rived from the lowest-order Brueckner–Hartree–Fock
(BHF) approximation is not adequate to describe the
potential felt by a nucleon in the medium, and the
higher-order contributions due to ground state corre-
lation are essential to be included into the calculation

of the s.p. potential. In Refs. [7,8], the influence of
the ground state correlations on the s. p. poten-
tial has been explored and it proves that it is very
necessary to provide a great improvement to the ful-
fillment of the Hugenholtz-Van Hove (HVH) theorem
which is strongly violated at the lowest BHF level ap-
proximation. Several years ago, the importance of the
rearrangement term in the hole-line expansion of the
mass operator has also been verified in the work of
Ref. [9] for s.p. properties of the hot nuclear matter in
connection with the nucleon effective mass.

In this Letter, we extend our previous work within
Brueckner theory by employing the Bonn B poten-
tial with the new supplemented consistent TBF, and
investigate the isospin dependence of the first and sec-
ond s.p. potentials for isospin asymmetric nuclear
matter with the comparison with the results obtained
from Argonne V18 (AV18) interaction.[10] The sym-
metry potential including the rearrangement contri-
bution as a function of momentum is displayed. We
begin with a short review of the theoretical framework.

The microscopic Brueckner–Bethe–Goldstone
(BBG) description of nuclear matter is based on a
linked cluster expansion of the energy per nucleon
of nuclear matter.[11] The starting point of the BBG
scheme is the Brueckner reaction 𝐺-matrix, which
satisfies the following Bethe–Goldstone equation,

𝐺[𝜔; 𝜌] = 𝑣 +
∑︁
𝑘𝑎,𝑘𝑏

𝑣
| 𝑘𝑎𝑘𝑏⟩𝑄(𝑘𝑎, 𝑘𝑏, 𝜌)⟨𝑘𝑎𝑘𝑏 |
𝜔 − 𝑒(𝑘𝑎)− 𝑒(𝑘𝑏) + 𝑖𝜖

𝐺[𝜔; 𝜌],

(1)
where 𝑣 = 𝑣2 + 𝑣3 is the nucleon-nucleon interaction
composed of two-nucleon potential 𝑣2 and averaged
TBF 𝑣3 from Eq. (4), 𝜌 is the nucleon number den-
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sity, 𝜔 means the starting energy, the Pauli opera-
tor 𝑄(𝑘𝑎, 𝑘𝑏, 𝜌) = [1 − 𝑛(𝑘𝑎)][1 − 𝑛(𝑘𝑏)] denotes that
the propagation of intermediate nucleon pairs is con-
strained above the Fermi momentum 𝑘𝐹 , and the nu-
cleon single-particle energy is

𝑒(𝑘) = 𝑒(𝑘; 𝜌) =
𝑘2

2𝑚
+ 𝑈(𝑘; 𝜌). (2)

The BHF approximation for the single-particle poten-
tial 𝑈(𝑘; 𝜌) using the continuous choice prescription is
expressed as

𝑈(𝑘; 𝜌) = 𝑅𝑒
∑︁

𝑘′≤𝑘𝐹

⟨𝑘𝑘′|𝐺[𝑒(𝑘) + 𝑒(𝑘′); 𝜌]|𝑘𝑘′⟩𝐴, (3)

where the subscript 𝐴 indicates anti-symmetrization
of the matrix elements. It has been demonstrated that
the nuclear equation of state can be calculated with
good accuracy in the BHF two hole-line approxima-
tion with the continuous choice for the single-particle
potential.[12,13] For the sake of avoiding the difficulty
of solving the relevant Faddeev equations in the use of
BHF calculation, the TBF is reduced to an effective,
density-dependent, two-body force by averaging over
the third nucleon in the medium,

𝑣3 = 𝑣12(𝑟) = 𝜌

∫︁
𝑑3𝑟3

∑︁
𝜎3,𝜏3

𝑔(𝑟13)
2𝑔(𝑟23)

2𝑣123, (4)

where 𝑔 is called the defect function, which
takes account of the nucleon-nucleon in-medium
correlations.[14−16]

In the BHF approximation with the TBF correc-
tion, Eqs. (1)–(4) constitute a coupled system that
needs to be solved self-consistently. One first evalu-
ates 𝐺-matrix and the defect function along with only
the two-body force, and then constructs the effective
interaction 𝑣12(𝑟) which is in turn added to the bare
two-body force, and again calculates the defect func-
tion. This procedure is repeated until convergence is
reached.

In the same spirit of the BBG theory, the mass
operator can be expanded into the perturbation series
in terms of the number of hole lines,[11,17]

𝑀(𝑘;𝜔) = 𝑀1(𝑘;𝜔) +𝑀2(𝑘;𝜔) + · · · , (5)

and the various terms of this expansion can be
schematically illustrated in Fig. 1 by means of Gold-
stone diagrams. The mass operator in Eq. (5) is a com-
plex quantity, whose real part 𝑉 (𝑘) ≡ 𝑉 (𝑘, 𝑒(𝑘)) is
identified with the potential energy felt by a proton or
neutron in the nuclear medium when evaluated on the
energy shell. To the lowest order approximation, the
quasi-particle energy 𝑒(𝑘) = 𝑘2/2𝑚 + Re𝑀(𝑘, 𝑒(𝑘))
coincides with the BHF single particle energy, and
the potential felt by a nucleon is denoted as 𝑉1(𝑘).
𝑀2(𝑘;𝜔) is the so-called two-hole line contribution of

mass operator, i.e. the rearrangement term, which
describes the medium dependence of the effective 𝐺-
matrix interaction via the ground state Pauli blocking
effect. Its expression is written as

𝑀2(𝑘𝑎;𝜔) =
1

2

∑︁
𝑘𝑏,𝑘′

𝑎,𝑘
′
𝑏

[1− 𝑛(𝑘𝑏)]𝑛(𝑘
′
𝑎)𝑛(𝑘

′
𝑏)

× |< 𝑘𝑎𝑘𝑏 | 𝐺 | 𝑘′𝑎𝑘′𝑏 >𝐴|2

𝜔 + 𝑒(𝑘𝑏)− 𝑒(𝑘′𝑎)− 𝑒(𝑘′𝑏)− 𝑖𝜖
.
(6)

In the same way, the real part of the on-shell rear-
rangement contribution 𝑀2(𝑘) is indicated by 𝑉2(𝑘).
In terms of the 𝐺-matrix derived from Eq. (1), the
first- and second-order contributions in the hole-line
expansion of the mass operator can be evaluated.

+     + M↼k↽/ ......

Fig. 1. Hole-line expansion of the mass operator.
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Fig. 2. The first-order single-particle potentials for pro-
ton (left panel) and neutron (right panel) as a function of
momentum for several different asymmetry parameters at
the density 𝜌 = 0.17 fm−3. The results in upper and lower
panels are obtained by adopting the Bonn B and AV18
two-body nucleon-nucleon interactions with the comple-
mentarity of the microscopic three-body forces, respec-
tively.

The first-order proton and neutron potential (i.e.
mean field) is plotted in Fig. 2 as a function of mo-
mentum for several different asymmetry parameters
𝛽 = (𝜌𝑛 − 𝜌𝑝)/𝜌 at the normal density 𝜌 = 0.17 fm−3.
In general, the proton mean field exhibits more at-
tractive and the neutron mean field exhibits more re-
pulsive with the asymmetry increasing regardless, of
which the kind of two-body interaction is adopted. It
can be noticed that a point of intersection occurs at a
certain value of the momentum for proton or neutron
mean field, where the isospin effect on neutron and
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proton potential vs 𝛽 is reversed. The signature of
the reversal could be explained in virtue of the com-
petition between the isospin 𝑇 = 0 and 𝑇 = 1 chan-
nels, as already pointed out in Refs. [18,19]. However,
compared the predictions from Bonn B potential with
the ones from AV18 interaction, the former provides
deeper proton and neutron s.p. potentials for sym-
metric matter (𝛽 = 0).
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Fig. 3. The second-order single-particle potentials for
proton (left panel) and neutron (right panel) as a func-
tion of momentum for several different asymmetry param-
eters at the density 𝜌 = 0.17 fm−3. The results in up-
per and lower panels are obtained by adopting the Bonn
B and AV18 two-body nucleon-nucleon interactions with
the complementarity of the microscopic three-body forces,
respectively.

In Fig. 3 the real part of the second-order term of
the on-shell mass operator is depicted. It is repul-
sive and plays a role complementary to the pure BHF
mean field 𝑉1 due to the ground state hole-hole corre-
lation. As a result of the Pauli rearrangement effect,
the second-order s.p. potential contribution mostly
focuses on the region below Fermi momentum 𝑘𝐹 and
remarkably disappears above the Fermi surface. As
the isospin asymmetry increases, the repulsion aris-
ing from the second-order s.p. potential of proton is
gradually reduced not only for the Bonn B interaction
but also for AV18 potential employed. However, the
result from the Bonn B manifests the less magnitude
of repulsion.

In order to concentrate on only the isospin depen-
dence, we present in Fig. 4 the first- (upper panel) and
second- (lower panel) s.p. potential with respect to the
𝛽 at the momentum 𝑘 = 0 fm−1. It can be seen clearly
that the first contributions of proton 𝑉1𝑝 and neutron
𝑉1𝑛 versus asymmetries both have the distinct linear
behavior when the two different interactions are con-
sidered. Going from symmetric (𝛽 = 0) to neutron
(𝛽 = 1) matter the proton second s.p. potential is
significantly decreased and until disappears as a con-
sequence of the reduced number of the protons. By

reason of the influence of the changed proton phase-
space, the real rearrangement term 𝑉2 of neutrons cor-
respondingly goes down with the weaker isospin effect
for both interactions.
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Fig. 4. The first-order (upper panel) and second-order
(lower panel) single-particle potentials at density 𝜌 =
0.17 fm−3 and momentum 𝑘 = 0 fm−1 versus asymmetry
parameters with the Bonn B and AV18 two-body interac-
tions plus three-body forces are adopted.
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Fig. 5. Symmetry potential vs momentum 𝑘 for different
asymmetry parameters at the density 𝜌 = 0.17 fm−3, in
which the Bonn B (upper panel) and AV18 (lower panel)
two-body interactions plus three-body forces are adopted.

Usually, the symmetry potential is defined as
𝑉𝑠𝑦𝑚 = (𝑉𝑛 − 𝑉𝑝)/2𝛽, where 𝑉𝑛 and 𝑉𝑝 denote the
sum of the first- and second-order neutron and pro-
ton s.p. potentials, respectively. In Fig. 5, the sym-
metry potential with the rearrangement modification
is displayed as a function of the momentum for dif-
ferent asymmetry parameters at the normal density.
Around the Fermi momentum, its value is enhanced
evidently, especially in the lower isospin asymmetries,
which is mainly attributed to the contribution of the
ground state correlations, i.e., the arrangement term
𝑉2. It is also indicated that above the Fermi surface,
the symmetry potential is seldom dependent on the
isospin asymmetry. When the Bonn B potential plus
the consistent TBF is taken into account (see the up-
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per panel of Fig. 5), the curve of 𝛽 = 0.2 is comparable
with the result from the Dirac–Brueckner–Hartree–
Fock (DBHF) approach.[20]

In conclusion, with the complementarity of the
consistent TBF and the rearrangement contribution
we investigate the momentum and isospin dependence
of first and the second s.p. potential and the sym-
metry potential within the Brueckner theory. Our
research shows that when the Bonn B potential is
adopted, the proton and neutron mean field provides
more attraction, whereas the rearrangement term in-
dicates less repulsion for symmetric nuclear matter
compared with the results from AV18 interaction. No
matter which interaction is employed, the proton and
neutron mean field exhibits distinct linear behavior.
It turns out that the predicted symmetry potential is
sensitively dependent on momentum, but hardly de-
pends on the isospin asymmetry above the Fermi sur-
face. It is also proved that our calculation of the sym-
metry potential with Bonn B interaction is compara-
ble with the result from the Dirac-Brueckner-Hartree-
Fock (DBHF) approach.
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