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Abstract. We try to determine phenomenologically the extent of in-medium modification of σ-meson parameters so that the saturation observables of the nuclear matter
equation of state (EOS) are reproduced. To calculate the EOS we have used Brueckner–
Bethe–Goldstone formalism with Bonn potential as two-body interaction. We find that it
is possible to understand all the saturation observables, namely, saturation density, energy
per nucleon and incompressibility, by incorporating in-medium modification of σ-meson–
nucleon coupling constant and σ-meson mass by a few per cent.
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The symmetric nuclear matter is characterized by its EOS, the empirical information about which are through saturation density, ρ0 , the energy per nucleon,
E/A, at the saturation density and the incompressibility, K, of saturated nuclear
matter. Values of these quantities have been found to be: ρ0 = 0.17 ± 0.02 fm−3 ,
E(ρ0 )/A = −16 ± 1 MeV and K = 210 ± 30 MeV [1].
A large number of calculations of the nuclear matter EOS have been done by various groups within non-relativistic and relativistic Brueckner and variational framework using both phenomenological and microscopic two-body nucleon–nucleon interaction potential [1–9] constrained by nucleon–nucleon scattering phase shifts
and deuteron properties. It has been observed that saturation densities obtained
from these EOS in non-relativistic calculations with different versions of two-body
interaction potential lie on a coester line which is systematically away from the experimental saturation density. Relativistic calculations [1,10–12] produce another
coester line which passes near the experimental saturation density. However, nonrelativistic calculation with two-body and an additional three-body potential with
a few adjustable parameters [13–15] improve the situation in reproducing the saturation observables.
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In recent years ideas from non-perturbative QCD, namely, modification of hadron
parameters in nuclear medium due to partial restoration of chiral symmetry, have
been employed [16,17] to understand the saturation observables of nuclear matter. These calculations were done in relativistic Dirac–Brueckner [16] as well as
non-relativistic Brueckner–Bethe–Goldstone [17] formalism by taking the Bonn potential as two-body interaction, in which the mesonic degrees of freedom have been
treated explicitly. Extent of modification of the parameters of Bonn potential (nucleon mass, cut-off masses at the meson–nucleon vertices and masses of vector and
scalar mesons) was guided by prescriptions of Brown–Rho scaling [18], estimations
of quark–meson coupling model [19] and QCD sum rule [20].
By using relativistic Dirac–Brueckner–Hartree–Fock approach alone to calculate
the EOS and Brown–Rho scaling for modification of hadron parameters, it was not
possible to get saturation in nuclear matter EOS [16]. To improve the situation,
additional many-body effect coming from the hadronic sector, namely, modification
of σ-meson (two-pion correlator in 0+ channel) spectral function due to in-medium
polarization of pion to nucleon–hole and delta–hole states, was included to get the
saturation observables close to experimental values. These effects were incorporated
in one-boson exchange model of nucleon–nucleon interaction by suitably modifying
the mass and coupling with nucleon of the zero-width σ-meson. Modification of
σ-meson–nucleon coupling mocks up, as it were, the modification of σ-meson width
in nuclear medium.
On the other hand, in [17] using non-relativistic Brueckner–Bethe–Goldstone formalism it was possible to get saturation in nuclear matter EOS using Brown–Rho
scaling alone for modification of hadron parameters. However, energy per nucleon
and incompressibility could not be matched with corresponding experimental values. It was possible to match the energy per nucleon to its experimental value,
by taking a non-linear form for the modification of cut-off masses with respect to
density, but the incompressibility came out very large.
Modification of hadronic (particularly mesons) parameters may originate from
two sources: firstly due to interactions in the hadronic sector and secondly due
to partial restoration of chiral and scale symmetry of QCD in nuclear medium.
The latter effect gives rise to Brown–Rho scaling [18]. As it is not possible to
reproduce the saturation observables of nuclear matter by modifying the hadron
parameters according to Brown–Rho scaling alone, and the spectral function of σmeson is most vulnerable to be affected by in-medium pion polarization [16], we
aim here to determine phenomenologically the extent of in-medium modification
of σ-meson parameters, which alone will be required to understand the saturation
observables of nuclear matter within non-relativistic Brueckner–Bethe–Goldstone
framework. It is also very much of current interest [21] to know the extent of
in-medium modification of σ-meson spectral function.
We consider σ-meson to be of zero width and assume that its role in one-bosonexchange model of nucleon–nucleon interaction can be taken care of through its
mass, coupling with nucleon and cut-off mass at the σ-nucleon interaction vertex.
We concentrate on the modification of only two parameters, σ-meson mass and
σ-nucleon coupling constant.
As it is well-known that σ-meson is responsible for generating the medium range
attraction in nucleon–nucleon interaction, reduction of its mass would generate
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Table 1. Meson parameters used in Bonn-B potential.
Meson

g 2 /4π

f /g

Mass (MeV)

Λ (MeV)

π
η
ρ
ω
δ
σ
σ∗

14.40
3.00
0.90
24.50
2.488
8.9437
18.3773

–
–
6.10
0
–
–
–

138.03
548.80
769.00
782.60
983.00
550.00
720.00

1700
1500
1850
1850
2000
1900
2000

*Parameters of σ-meson to use for T = 0 nucleon–nucleon potential.

attractive effect on the EOS, thus pushing the saturation density away from its
experimental value. However, reduction of σ-nucleon coupling would generate repulsive effects, which may bring the saturation density towards the experimental
value. So, first we modify σ-nucleon coupling, gσNN , as
∗
gσNN
= gσNN (1 − α ρ̃) ,

(1)

where ρ̃ = ρ/ρ0 with ρ0 as the nuclear matter saturation density (0.17 fm−3 ),
∗
is the in-medium coupling constant at density ρ and α is a parameter which
gσNN
determines the extent of modification of the coupling constant at saturation density.
Dependence of meson–nucleon coupling constant with density in nuclear medium
has been discussed in relativistic mean field model [22] and quark meson coupling
model [19].
We calculate the EOS in Brueckner–Bethe–Goldstone formalism taking Bonn
potential as two-body interaction with its parameters given in table 1. We have
used conventional choice for single nucleon energies, i.e., bound energy below the
Fermi sea and free energy above the Fermi sea. The σ-nucleon coupling is modified
using eq. (1).
The results are shown in figure 1. We see that the EOS becomes more and more
stiff with increasing values of α. The effect of reduction of gσNN is highly repulsive.
The saturation density decreases from 0.25 fm−3 to 0.08 fm−3 as α is increased
from 0.0 to 0.08. Though at some intermediate value of α, the saturation density
matches with the experimental value, the energy per particle is always higher than
the experimental value.
Thus, we see that by changing the σ-nucleon coupling alone as given in eq. (1),
it is not possible to reproduce the saturation density and energy per nucleon simultaneously.
Now, we turn towards the other parameter, i.e., mass of σ-meson. We expect
that the attractive effect generated in nuclear matter EOS due to reduction of σmeson mass may bring down the energy per nucleon to its experimental value. So,
in addition to the modification of coupling constant given in eq. (1) we modify
σ-meson mass, mσ , as given below.
m∗σ = mσ (1 − β ρ̃) ,
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Figure 1. EOS of symmetric nuclear matter when σ-nucleon coupling constant of Bonn potential is modified according to eq. (1). Various curves correspond to different values of α of eq. (1).

where m∗σ is the σ-meson mass in nuclear medium at density ρ. We have taken for
this parameter also a linear dependence introducing a parameter β which determines
the modification of mσ at saturation density.
Now, we calculate the EOS again by taking the Bonn potential as two-body
interaction modifying its σ-nucleon coupling and σ-meson mass as given in eqs (1)
and (2) respectively. For a given value of α in the range from 0.0 to 0.20 we fix β in
such a way that the EOS gives saturation density at 0.17 fm−3 . The reduction of
mass of σ-meson causes much more attraction than the repulsion generated by the
reduction of σ-nucleon coupling. We find that repulsion generated by 20% reduction
of σ-nucleon coupling is balanced by attraction generated by only 4% reduction of
σ-meson mass. We determine the energy per nucleon and incompressibility from
the EOS so obtained. We find from the EOS curves obtained for various values of
α and β that the energy per nucleon and the incompressibility cannot be matched
with their corresponding experimental values for any set of values of α and β.
Thus, we see again that it is not possible to reproduce the energy per nucleon
and the incompressibility by changing the σ-nucleon coupling given in eq. (1) and
σ-meson mass given in eq. (2), though saturation density can be matched with its
experimental value.
To improve the situation, we discard the linear dependence of in-medium σ-meson
given in eq. (2) and take a density-independent form for in-medium σ-meson mass
as given below.
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Figure 2. EOS of symmetric nuclear matter when σ-nucleon mass and coupling constant of Bonn potential is modified according to eqs (1) and (3)
respectively. Various curves correspond to different values of α and γ.

m∗σ = mσ (1 − γ) ,

(3)

where m∗σ is, as before, the σ-meson mass in nuclear medium. Choice of such a
density-independent form has been guided by the following considerations. Spectral
function of σ-meson may have two components [16]. Only one of those, which can
be represented by a two-pion correlator and which is susceptible to in-medium
modification due to pion polarization to nucleon–hole and delta–hole states, gets
modified in the medium, while the other part is density independent. Our ansatz
is that medium-dependent part of the spectral function saturates very fast.
Now, we calculate the EOS once again by taking Bonn potential as two-body
interaction modifying its σ-nucleon coupling and σ-meson mass as given in eqs. (1)
and (3) respectively. The results are shown in figure 2. We see that for α = 0.032,
calculated EOS gives energy per nucleon at −16 MeV for γ = 0.020. However, the
saturation density comes out at 0.21 fm−3 which is more than the experimental
value. If we take α = 0.068 we get, for γ = 0.035, both the energy per nucleon
and saturation density at their corresponding experimental values of −16 MeV and
0.17 fm−3 respectively. The incompressibility obtained from this EOS is 215 MeV.
Thus, we see that it is possible to understand all three saturation observables of
symmetric nuclear matter by incorporating modification of mass and coupling of
σ-meson by a very little extent. We also show the EOS obtained for α = 0.115.
In this case, calculated EOS gives energy per nucleon at −16 MeV for γ = 0.050.
However, the saturation density comes out at 0.13 fm−3 which is less than the
experimental value.
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Thus, we conclude from the above analysis that the saturation density, energy
per nucleon and incompressibility of symmetric nuclear matter can be understood
in the Brueckner–Bethe–Goldstone framework with Bonn potential by modifying
its σ-meson parameters alone to a very small extent. We find that the σ-nucleon
coupling constant and σ-meson mass are to be reduced only by 7% and 3.5% respectively of the corresponding values required to understand the nucleon–nucleon
phase shifts and deuteron properties. Modification of mass required is much smaller
than that of QCD models [19,20]. We need only two parameters to understand three
saturation observables. Though we have analysed by taking modifications on mass
and coupling of σ-meson alone, effects due to in-medium modification of masses and
couplings of other mesons, ω in particular should be included. Also, we need to
know in-medium modification of the spectral function from microscopic calculation.
We are looking into these aspects for complete analysis.
Before we end, a few comments are in order.
1. The ansatz (3), which may appear to be ad hoc, is guided by the following
considerations: Due to pion polarization effect, modification of the width
of the in-medium σ-meson spectral function is much more than that of the
peak position. In some model calculations [21], modification of the peak
position of the spectral function is very small. Thus, in-medium σ-meson
mass, which is related to the peak position of the spectral function, does not
depend strongly on density, and it attains a density-independent value very
fast. However, the effect of in-medium density-dependent width is reflected
through density-dependent σ-nucleon coupling.
2. To determine the parameter ρ0 self-consistently, we first calculate the EOS
with α = 0 (1) and γ = 0 (3), then identify ρ0 from the EOS as the
density where E/A is minimum. For the next calculation with non-zero
values of γ and α, we take ρ0 which was found previously. Once again,
we calculate ρ0 from the calculated EOS and put this new ρ0 in the next
calculation. This procedure is continued till all the satuartion observables match with their corresponding experimental values. Thus, though
ρ0 appears to be a parameter, its value (0.17 fm−3 ) has been determined
self-consistently.
3. Though the primary aim of this paper is to investigate the effect of modification of σ-meson parameters alone, we find, by including modification of
parameters of all other mesons with a variety of modification schemes, it is not
possible in the framework of non-relativistic Brueckner calculation to match
simultaneously all the three saturation observables, namely, the saturation
density, binding energy and incompressibility to their corresponding experimental values, by taking any other choice of meson parameter modification
scheme than given here. However, if we restrict only to the saturation density
and binding energy, it is possible to match these two observables with their
corresponding experimental values by taking other meson parameter modification scheme. In this sense, the meson parameter modification scheme
presented here is robust.
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