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Abstract

Several topics on the isospin properties of nuclear matter stud-
ied within the density-dependent relativistic Hartree-Fock theory are
summarized. In detail, the effects of the Fock terms on the nuclear
symmetry energy are listed, including the extra enhancement from the
Fock terms of the isoscalar meson-nucleon coupling channels, the extra
hyperon-induced suppression effect originating from the Fock channel,
self-consistent tensor effects embedded automatically in the Fock dia-
grams, the enhanced density-dependent isospin-triplet potential part
of the symmetry energy at high densities, a reduced kinetic symmetry
energy at supranuclear density and so on. The results demonstrate the
importance of the Fork diagram, especially from the isoscalar meson-
nucleon coupling channels, on the isospin properties of the in-medium
nuclear force.

The isospin properties of nuclear matter, such as the nuclear symmetry
energy, the nucleon isovector (symmetry) potential, and the neutron-proton
effective mass splitting, play essential roles in studying several topics of
nuclear structure, nuclear reactions and nuclear astrophysics [1-7]. Among
them of great contemporary interest is the nuclear symmetry energy Eg
[8], which has been investigated extensively within both phenomenological
approaches and microscopic many-body theories using almost all available
effective and/or realistic nuclear interactions, see, e.g., Refs. [9-14]. Due
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to our limited knowledge about the in-medium effects of nucleon-nucleon
(NN) interactions and correlations along with technical difficulties to treat
quantum many-body systems accurately, distinct deviations of predicted Eg
values appear beyond the nuclear saturation density po.

For the description of the structural properties of nuclear systems, the
covariant density functional (CDF) theory has achieved great success during
recent decades [15-23]. One of the most popular representatives is the rela-
tivistic Hartree approach with the no-sea approximation, namely, the rela-
tivistic mean field (RMF) theory [15,24-26]. However, due to the limit of the
approach itself, significant system degrees of freedom are missing in RMF,
such as the one-pion exchange. The non-local effects of nuclear forces and the
momentum dependence of self-energies are also hardly to be treated. With
the growth of computational facilities and the development of new methods,
such defects can be eliminated with the inclusion of exchange (Fock) terms,
which generates a new CDF model — the relativistic Hartree-Fock (RHF)
theory with density-dependent meson-nucleon couplings (i.e., the DDRHF
theory) [27]. Substantial improvements are gained by DDRHF in the self-
consistent description of the ground state properties [27-38], the excitation
modes [39-42] of finite nuclei and nuclear astrophysics as well [43-46].

It has been shown from several studies that the inclusion of the Fock
terms in the CDF theory could improve descriptions of the isospin-related
nuclear structure. In fact, non-locality of the mean field induced by the Fock
terms gives rise to the momentum dependence of the RHF self-energies, im-
proving the isospin and energy dependence for the nucleon effective mass
[27]. Besides the Fock terms in the isovector channel, those in the isoscalar
channel are found also to play a dominant role in the evolution of the shell
structure and the spin-orbit splitting [30]. Moreover, it has been demon-
strated that the isoscalar Fock terms are essential for self-consistent de-
scription of the spin-isospin resonances like the GT and SD ones within
RPA [39,41] and the prediction of neutron star properties [43].

In this proceeding, we will give a short review about the impact of Fock
terms on the isospin properties of nuclear matter within the DDRHF theory,
in particular, its influence on the symmetry energy. The detailed discussion
on these topics refers to Refs. [27,43,44,46,47].

The general formulae of the DDRHF theory in nuclear matter can be
found in Refs. [27,43,46-48]. In RHF theory, the energy density functional
(EDF) is obtained by taking the expectation value of the Hamiltonian with
respect to the Hartree-Fock ground state, which consists of three parts: the
kinetic EDF &y, the direct (Hartree) 55 and the exchange (Fock) 55 terms
of the potential EDF. The meson-N N interaction vertices consist of various
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meson-nucleon coupling channels, namely, the Lorentz scalar (o-S), vectors
(w-V, p-V), vector-tensor (p-VT), tensor (p-T) and pseudovector (m-PV)
couplings. In DDRHF, the relativistic mass-energy relation has the form
E*2 = M*? + p*2, where the starred quantities are defined as

M* =M+ X5(p), p =p+piv(p), E*=FE—-%(p), (1)

where Yg is the scalar self-energy, and > and >y correspond to the time and
space components of the vector self-energy, respectively. M* is also called
the scalar mass or Dirac mass in several literatures. As a result, the binding
energy per nucleon Ej in nuclear matter for a given baryonic density p, and
isospin asymmetry 0 = (pn, — pp)/pp can be obtained, and correspondingly
the density-dependent symmetry energy is deduced from the second order
coefficient of its Taylor expansion as

19°Ey(pv, 0)

5o laoo = Eut S + B, @

Es(pb) =
including the kinetic part Eg , the Hartree ESL? and Fock Eg potential parts.
The isospin dependence of the effective masses has been studied by defin-
ing its non-relativistic (M3 ) and relativistic (M%) versions in the DDRHF
theory [27]. As the Fock terms bring non-local effects into the RHF self-
energies, the isospin splitting of the nucleon effective mass in RHF calcu-
lations is significantly different from those in RMF. It is revealed that for
the effective masses My, at the corresponding Fermi energy Fr, the trend
in RHF is that M}y, (EFn) > My, (EFrp) at lower density but reversed
when approaching to the saturation density.

The DDRHF theory has then been utilized to study the symmetry energy
and neutron star properties. The inclusion of the Fock terms strongly affects
the density-dependence of the symmetry energy at high densities, and in turn
the radius and cooling process of neutron stars [43,44,46,47]. Especially, it
is found that not only the isovector mesons but also the isoscalar mesons can
contribute to the symmetry energy with the inclusion of the Fock diagrams
of meson-nucleon couplings [43]. In fact, the isoscalar mesons via the Fock
terms provide more significant contributions to the symmetry energy than
the isovector ones in the high-density region.

Motivated by recent observational data, the equations of state with the
inclusion of A hyperons and the corresponding properties of neutron stars
are studied based on the DDRHF theory as well [44]. Because of the ex-
tra suppression effect originating from the Fock channel, large reductions
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induced by the occurrence of A hyperons on the symmetry energy are pre-
dicted at high densities, resulting in a relatively small predicted value of the
neutron-star radius.

In addition, with the possibility to extract the nuclear tensor interaction
directly from the Fock diagrams of various meson-nucleon couplings [38], dis-
tinct tensor effects are illustrated in the exploration of the isospin properties
of nuclear matter and neutron star structures [46]. The naturally involved
tensor force components in the Fock diagrams soften the density-dependent
behavior of the symmetry energy and consequently lead neutron stars to be
more compact. Then the threshold density for the direct Urca process that
cools the neutron star rapidly is raised by the nuclear tensor force.

To clarify the isospin structure of in-medium N N interaction, the isospin
coupling-channel decomposition of the symmetry energy is carried out within
the DDRHF theory [47]. When the Fock terms is involved, it is found
that both isospin-singlet and isospin-triplet components of the potential en-
ergy play an important role in determining the symmetry energy. A strong
density-dependent behavior is revealed in the isospin-triplet potential part
of the symmetry energy at high densities. The results demonstrate again
the importance of the Fork diagram, especially from the isoscalar-meson
coupling channels, on the isospin properties of the in-medium nuclear force.

Recently, the kinetic EDF g5 has been identified as a particularly good
indicator of the short range correlations due to the tensor force in the nu-
clear ground state [49-52]. It is found that the contribution from ej to
the symmetry energy is strongly reduced and even becomes negative due
to such correlations when compared to the non-interacting case [50-52]. In
CDF theory, the kinetic EDF ¢, which contains the self-energies, gets the
in-medium NN interaction involved as well [43].

1 kr ~ 1 kpi .
& = = Z/O MMp*dp+ — Z/O pPp’dp =i’ + i, (3)

i=n,p i=n,p

where M = M*/E*, P = p*/E*, and e} and ef denote the contributions
from the nucleon mass and momentum, respectively. The hatted quantity
M could be further separated into

. M XD nke
M*ﬁ-FEi-f—Z ];E (4)

Thus, the in-medium effects hidden in e; could be investigated in detail
within the CDF theory, in particular the contribution due to the short range
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correlations [47]. It is found that the inclusion of the Fock terms in DDRHF
causes a sizable reduction on the kinetic part Fgj of the symmetry energy,
as compared to the RMF results [47]. At supranuclear density region, the
DDRHF results even become negative, as seen in the left panel of Fig. 1.
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Figure 1: Left panel: the kinetic energy part Eg j of the nuclear symmetry energy
as a function of baryonic density p,. The results are calculated with RHF models
PKO1, PKO2, PKO3 and PKA1, in comparison with RMF ones NL-SH, PK1,
TW99 and PKDD. Right panel: the mass-related term Eé”k of the kinetic symmetry

energy is separated according to various components of the self-energy, see Eq.(4)
for details. The results are calculated with RHF model PKO1, in comparison with
RMF one TW99.

To identify the physical mechanism, Fg is further decomposed into the
mass- and momentum-related parts according to Eq. (3), namely, E%q and
E§ > and the deviations between RMF and RHF results of Eg ) are actually
dominated by the mass-related term EX [47]. Such model deviations could
be further clarified in the right panel of Fig. 1, where the contributions to
Eg”k from different components of the scalar self-energy g are extracted
acéording to Eq. (4). It is found that the direct terms of the scalar self-
energy EE in both RMF and RHF present similar contributions to Eé\f[k.

For the Fock terms in PKO1, i.e., Eg’g+w and E?’pﬂr, remarkably negative
contribution to Eg/[k is found from the isoscalar-meson coupling channel,
while relatively weak but still considerable contribution results from the
isovector-meson coupling channel, eventually leading to a significant differ-
ence in the sign and magnitude of Egj between RMF and RHF results.
In fact, it has been demonstrated very recently that the nuclear tensor in-
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teractions are naturally embedded in both the isoscalar and the isovector
meson-nucleon coupling channels with the presence of the Fock diagrams
in the RHF EDF [38,46]. In consequence, the extra contributions from the
Fock terms of ¥ g to the kinetic symmetry energy could be regarded partly as
the effects of the nuclear tensor-force components therein, see Refs. [46,47].
In short, present status of DDRHF studies on the isospin properties of
nuclear matter is summarized, especially the effects of the Fock terms on the
nuclear symmetry energy such as those from the hyperon and the nuclear
tensor force. The reduction of the kinetic symmetry energy at supranuclear
density in DDRHF models is discussed as well, which is related to the fact
of a remarkably negative contribution from the isoscalar-meson coupling
channel via Fock terms. The results manifest the importance of the Fork
diagram in the CDF theory, essentially from the isoscalar-meson coupling
channels, on the isospin properties of the in-medium nuclear force.
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