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Chapter 6

Summary and conclusions

In this thesis a framework is given for a calculation of the thermodynamic properties of
a neutron star from a nuclear physics point of view. The main problem is the calculation
of an EoS. Using chemical equilibrium and assuming that the various fermions are non-
interacting degenerate Fermi gasses a simple model of a neutron star is calculated. A
much more realistic model has to take into account the strong interaction. Now one is
faced with two problems. First one needs a calculation method and secondly one needs
a model for the strong interaction. Moreover the two issues are not easily to separate.
Not all calculation methods can handle every possible potential model. In this thesis as
describe in Chapter 3 the Lowest Order Constrained Variational(LOCV) method is used.
The LOCV is a relatively simple in concept but still is a powerful method to calculate
many-body problems.

Various well known many-body systems are used as a testing ground for the LOCV
method. The results for liquid helium in Section 5.1 are encouraging. Even with the
extreme singular Lennard-Jones potential used in liquid helium LOCV gives quite rea-
sonable results. The results for the Bethe homework problem treating the neutrons as
Boltzmann particles Section 5.2 are close to the Monte Carlo results. At higher density
the deviations from Monte-Carlo do increase, but for relevant densities up to n = 1fm−3

this is acceptable. Again one must emphasize that the Bethe homework potential is an
artificial strong repulsive potential, while more realistic potentials are softer. When con-
sidering the neutrons as fermions the results for LOCV come even closer to the Monte-
Carlo results. The puzzling part is that the LOCV result is above the Monte Carlo result.
A variational calculation should always provide an upper bound. This situation can easily
be understood when one realizes that the LOCV result is an upper bound for the exact
result using only twobody correlations. In a sense the difference between the LOCV and
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the MC result can be viewed as a lower bound for the contribution of higher order terms
which are neglected.

The Reid Softcore potential (RSC) and various Nijmegen potential models that are used in
this thesis are described in Chapter 4. These more realistic nucleon-nucleon potentials are
used in a LOCV calculation for neutron matter. Differences between the NijmII and the
RSC potentials are described in Section 5.3. One finds that the results for neutron matter
for the energy per baryon for NijmII and RSC at low density are almost identical. Only
at higher density they start to deviate. The results for the energy per baryon are for the
NijmII potential consistently lower. This lower energy is a direct result from the softer
core of the NijmII potential which becomes more important for higher densities. This
softer also means that the neutrons can approach each other more closely. This is nicely
illustrated in Fig. 5.10 which shows a smaller healing distance for the NijmII potential
compared to the RSC potential. The very soft-core of the NijmII potential is even more
evident when the correlation functions for different partial waves are plotted. For the RSC
potential the correlation functions are zero in the origin for most partial waves. In contrast
the NijmII has finite values for the correlation functions at the origin. Finally this leads to
a comparable EoS for RSC and NijmII at low density. At higher density the softer NijmII
potential reaches a lower energy density at a lower pressure.

In contrast to neutron matter the nuclear matter energy as a function of the density has
a minimum. This saturation point is a well known consequence of the tensor force. The
LOCV calculations for both potentials give saturation which is encouraging. The calcu-
lated saturation densities are to small compared to the experimental value. Also the the
calculated binding energies are to small compared to the experimental value. But both
values are not to far from the experimental values. Especially considering that the LOCV
can only give an upper bound for the binding energy.

The results for neutron matter and nuclear matter can also be compared to the results
found by Pandharipande. The results for neutron matter for the RSC potential in Fig. 5.9
are bit more repulsive than the results found in Fig. 2 of Pandharipande’s paper [35]. This
difference can be attributed to the fact that in his paper a modified version of the RSC
potential is used. Using this modified potential in the LOCV calculation of this thesis
yields results consistent with Pandharipande’s results. The results for the saturation curve
of nuclear matter using the RSC potential in this thesis are given in Fig. 5.14 Again the
result here is more repulsive than the saturation curve found in Fig. 2 of Pandharipande’s
paper [37]. In this paper Pandharipande uses a modified version of the RSC potential. For
simplicity the higher order partial waves are approximated by effective interactions. Using
this modified potential in the LOCV calculation of this thesis yield results consistent with
Pandharipande’s results.

The previous chapters have shown that the LOCV is indeed a calculation method which
gives good results for various many-body systems and that the NijmII potential and the
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RSC potential give comparable results although the former is a softer potential especially
at higher densities. The results of the LOCV calculations for /beta-stable matter using
these potentials differ dramatically. For the RSC β-stable matter consists at low density
primarily of neutrons and is effectively just neutron matter. With increasing density the
percentage of protons and electrons rises slowly. When the chemical potential of the
electron has risen above the rest mass of the muon it appears and is shortly followed by the
Σ− and the Λ. After the appearance of the Σ the muon concentrations peaks and at higher
density the muon disappears again. At a still higher density the electron also disappears
and the matter is deleptonized. The NijmII β-stable matter consists a low density also
primarily of neutrons. But after slight increase of the proton and electron concentrations
they decrease again and the matter completely deleptonizes and only neutrons are left.
No muon or hyperon appears in the whole density range. This difference is a result from
the much softer NijmII potential for the higher densities. This keeps the neutron chemical
potential lower which leads to the conversion of electrons and protons in neutrons

The difference between the RSC potential and the Nijmegen Softcore potentials is that
the former has strong repulsive cores in all partial waves. The latter have in some par-
tial waves medium strong repulsive cores but in other partial waves attractive cores. The
LOCV calculation technique which was introduced with strong repulsive nuclear poten-
tials in mind. Therefore the absence of the hyperons in nuclear matter can either be
attributed to the fact that the modern Nijmegen Softcore potentials are not suitable for the
LOCV calculation method. Or the Nijmegen Softcore potentials which are fitted using
twobody scattering data are less suitable for nuclear matter calculations. Considering the
results of e.g. [105] the former seems more likely.

The EoS for β-stable nuclear and hyperon matter using the RSC potential are fairly stiff
and lead to massive maximum mass neutron stars. For a nuclear matter neutron star
a mass of 2.40M� is found. This differs from the masses found by Baldo et al [106].
In this paper they demonstrate that the EOS’s derived from the Brueckner calculations
and the variational calculations are rather similar to each other. They find masses of
1.5 and 1.7M� for the AV14 and the Paris potentials. The difference in maximum mass
could be attributed to the strong repulsive core of the RSC potential. For hyperon matter
neutron star a maximum mass of 1.80M� is found. Although no proper hyperon-nucleon
interaction is used it is still instructive to compare the results with recent papers which
investigate hyperon-mixing. In [105, 107, 108] the effect of hyperon-mixing is a drastic
reduction in maximum mass. This is consistent with the findings in Table 5.4 in this
thesis. The maximum mass found in this thesis agrees well with the recent candidates for
neutron stars that are more massive than 1.4M�.



108 Chapter 6. Summary and conclusions




