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Abstract

We derive the equation of state (EOS) of nuclear matter from a
realistic constituent quark model for the nucleon-nucleon interaction.
We use the Brueckner-Bethe-Goldstone approach with the inclusion of
the three hole-line contribution. We find that the resulting EOS repro-
duces correctly the saturation point, moreover the symmetry energy
at low density, its slope, and the incompressibility turn out to be com-
patible with phenomenology. We calculate the mass-radius relation for
neutron stars, and find maximum values close to two solar masses, in
agreement with recent observational data.

1 Introduction

One of the most fundamental issues in theoretical nuclear physics is the un-
derstanding of nuclear many-body systems starting from realistic nucleon-
nucleon (NN) and three-nucleon (3N) interactions. In particular, it is es-
sential to devise an elementary interaction among nucleons which is able
to describe consistently both few-body systems and nuclear matter proper-
ties, such as the experimental binding energy of light nuclei and the correct
saturation point.

Quark-Model (QM) baryon-baryon (BB) interactions have been modeled
to describe the short-range repulsion with the resonating group method for
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Figure 1: Different Goldstone diagrams contributing to the nuclear matter EOS.
The wavy line indicates the Brueckner G-matrix. For details, please see the text.

(

two (0s)? three-quark clusters. One of the most developed version of the QM
BB interaction, called fss2 [1], has been successfully applied to the three-
and four-nucleon systems without resorting to 3N interactions [2]. In this
model, the role of 3N interactions may be not so large as usually considered.

In the following we will discuss the EOS of nuclear matter [3] derived with
the Bethe-Brueckner-Goldstone (BBG) approach, where the NN interaction
is obtained using the fss2. In §2, we explain the theoretical framework and
show our numerical results both for the equation of state and the structure
of neutron stars. The final section is devoted to the conclusions.

2 Nuclear matter EOS and neutron star structure

We analyze the EOS within the many-body microscopic approach based on
the BBG expansion up to three hole-line (THL) level. We show in Fig. 1
the Goldstone diagrams whose contribution has been calculated following
Refs. [4,5]. Diagrams (a) and (b) correspond to the Brueckner-Hartree-Fock
(BHF) calculations, which include the two hole-line contribution, whereas
the sum of the other diagrams gives the THL contribution. In Fig. 2 we
display for symmetric matter each contribution to the EOS obtained in
the so-called continuous choice (CC) for the single-particle (s.p.) potential.
For details concerning the theoretical approach, the reader is referred to
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Figure 2: The binding energy as a function of nucleon density is shown for symmet-
ric nuclear matter in the continuous choice. The contribution from the BHF calcula-
tion [open squares|, the bubble diagram [Fig. 1(c), ‘+’ symbols], the corresponding
U-insertion diagram [Fig. 1(d), crosses|, the total contribution from the THL dia-
grams [Figs. 1(c)-(f), black triangles], and the resultant EOS [black squares], are
plotted separately. The contributions from the ring diagram [Fig. 1(e)], and the
higher-order term [Fig. 1(f)] are not shown, because they are small.

Refs. [3,5]. The peculiar feature is that THL give large contributions at
high densities in the fss2 case, and this is at variance with the results found
in the case of the Argonne vy4 or vig NN potentials, where the THL are
small [6]. We found that the THL contribution is important to predict
the correct saturation point [pg ~ 0.157fm ™3, (E/A)(po) ~ —16.3 MeV],
and an incompressibility K = 219 MeV compatible with phenomenological
data. Around saturation density, the contributions from the U-insertion
diagram are appreciable, whereas at high densities the contributions from
the bubble diagram rapidly increase. Since the THL contribution is larger
than the BHF contribution at high densities, the BBG expansion becomes
questionable beyond a density range where it can be expected that strange
baryonic matter and/or quark deconfinement may appear.

In Fig. 3 we show the fss2 EOS for symmetric (SNM) and pure neu-
tron matter (PNM), both compared with other theoretical predictions. In
particular, we show results obtained with the well-known APR EOS (dot-
dashed curve) [7], and with the BHF approach (dotted curve) [8]. In those
cases the Argonne v;g NN potential is used along with the Urbana model
for 3N forces [9]. The other curves show results obtained with BHF and
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Figure 3: EOS of (a) symmetric nuclear matter and (b) pure neutron matter.
The calculations in the continuous and gap choice are denoted by (CC) and (GC),
respectively.

microscopic 3N forces [10], and the relativistic DBHF [11]. We observe that
the fss2 EOS is quite soft at high densities, and that all EOS agree well in
symmetric matter up to nucleonic density p ~ 0.5 fm~3. The fss2 EOS in
the continuous and the gap choice agree well with each other up to nucleonic
density p ~ 0.7 fm~3, so that the final EOS turns out to be independent of
the choice of the s.p. potential.

For studying the neutron star structure, we first calculate the composi-
tion {pi(p)} and the EOS for asymmetric, neutrally charged and beta-stable
matter. We adopt a conventional description of stellar matter as composed
of neutrons, protons, electrons, and muons. The EOS reads

—_ 2i€({pz(p)}) _ pﬁ —c (1)

p)=p :
(°) dp p dp

being € the energy density. For non-rotating and spherically-symmetric neu-
tron stars, the Tolman-Oppenheimer-Volkoff equations [12] must be solved

P Gme (1+p/e)(1 + 4nrip/m)

dr r2 1—2Gm/r ’
d
d—T = dnrie (2)
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Figure 4: Neutron star mass as a function of radius (left panel) and central baryon
density (right panel) for several EOS.

where G is the gravitational constant. We integrate Eqs. (2) from the center
to the surface r = R and obtain the gravitational mass Mg = m(R). In
Fig. 4, we show the mass-radius relation (left panel) and the mass-central
density relation (right panel) for the cases discussed above. The fss2 EOS
gives slightly different maximum masses for the GC and CC approximations,
in line with their different stiffness at high density. However, the range of
the maximum mass predicted by fss2 turns out to be compatible with the
largest mass observed up to now, which is (2.01 £ 0.04) Mg [13].

3  Summary

We have derived the fss2 EOS within the BBG approach up to the THL level
of approximation. It provides a saturation point compatible with experimen-
tal constraints and reproduces the binding energy of three- and four-nucleon
systems without introducing 3N interactions. We found that the 3NV corre-
lations are important to predict the saturation point. The obtained neutron
star maximum mass is about 2 solar masses.
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