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The local density approximation (LDA) for the exchange potential of QHD-I presented in a previous
publication [R. N. Schmid, E. Engel, and R. M. Dreizler, Phys. Rev. C 52, 164 (1995)] is extended to p mesons
and pions to allow for realistic applications of the density functional approach to quantum hadrodynamics.
Some results for spherical nuclei show that the LDA is an accurate approximation to the nonlocal Hartree-

Fock—exchange potential also on the level of QHD-II.
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In a recent paper [1] (referred to as I in the following) we
have specified a local exchange potential for nuclear struc-
ture calculations within the framework of the linear o-w
model. It could be shown that the solution of the resulting
exchange-only Kohn-Sham equations, constituting a density
functional (DF) approach to meson-field theory, essentially
reproduces the results of the computationally more involved
Hartree-Fock (HF) approach. As a more realistic description
of nuclear properties requires more sophisticated meson ex-
change models, such as, for instance, quantum hadrody-
namics (QHD)-II, involving isovector mesons, we present
here an extension of the DF approach incorporating the ex-
change contributions of both p mesons and pions in addition
to those of the o and w mesons. Applications of this ex-
tended version of DF meson-exchange potentials yield good
agreement with available HF data. This suggests that one
may simplify nuclear structure calculations beyond the
mean-field level by replacing the nonlocal HF potentials by
their local DF equivalents.

The meson-exchange model to be investigated in the
present contribution is specified by the Lagrangian (in the
notations of Ref. [2])
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Note that for pion exchange a pseudovector coupling is em-
ployed as it turned out to be more appropriate for the de-
scription of nuclear properties than the pseudoscalar cou-
pling [3,4]. For ground states with a specified number of
protons and neutrons, one obtains the following interaction
terms in addition to those specified in Eq. (2.4) of Ref. [5].
The p mesons couple directly to the proton and neutron four-
currents via an effective potential V'(Lf), corresponding to
both mean-field and exchange-correlation contributions,

gLk (x) = () 1V (x). )

In consequence, inclusion of the p meson does not introduce
any new basic density or current variable in the DF formal-
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ism as compared to QHD-I. The interaction of the nucleons
with pions leads to a scalar potential V™, which couples to
the divergence of the axial nuclear currents,

(%)[V G (0= V- j(x)VM (), (3)
where j2= apqys v, and the discussion has again been re-
stricted to ground states with definite charge. Thus in prin-
ciple the set of basic variables of QHD-I (j} ,j), ,p,) has to
be extended by inclusion of one additional component
V[0 =]

The results of I were obtained in terms of the exchange-
only limit of the local density approximation (LDA). In this
approximation the density dependence of the exchange-
correlation energy density of infinite nuclear matter,
e}ij(ps »Pp Py, is used for the actual inhomogeneous sys-
tem of interest (i.e., nuclei),

b0y )= [ & BMpppp). @

If one attempts to apply the same approximation to the
QHD-II model specified by the Lagrangian (1), one is faced
with the fact that the divergence of the pseudovector current
vanishes in nuclear matter, so that on the level of the LDA
the dependence of the exact E,, on V- ( j; —j2) does not show
up. In consequence, the pion exchange is only included in an
indirect manner, by simply adding its p, , ,-dependent en-
ergy contribution to the exchange-correlation energy func-
tional.

Restricting ourselves (as in I) to the exchange-only limit,
we can specify the exchange-energy density as

INM INM, 0

et ™ pp.pn 1= (p, . ps) +er M (p, . ps)

+ey™(p,.p)+er™P(p,.py), (5)

so that the corresponding LDA exchange potentials to be
used in the Kohn-Sham (KS) equations [Eq. (6) of I] are
given by
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(g=p,n) in complete analogy to the case of QHD-I.
The explicit forms of ey and e? involve the isospin de-
composition [6],

ex(Pppn-ps)=e(pypp M*)+e(p,,pn,M*)
+4e(p,.p,,M*), ®)

where for p exchange e(p;,p,,M*) is given by [6]

M**
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+ 1_'21_“ I(Wp,fpfz) ’ )
with w,= mﬁ/ M*2, while for the pion exchange one obtains

fn)? M*O
ew(Pl,Pz,M*):(m—) W{(ﬁl’?l—ln&)(ﬁzﬂz_lnfz)

—W‘nl(wﬂ"gl’§2)}7 (10)

with w,=m2/M*?. The additional parameters are
B,=(Bmp) PIM*, p,=(1+B)"2 and £,=B,+17,,
while M* and I(w,&,,&,) are defined as in I, Egs. (10) and
(17). Both functionals (9) and (10) (as well as those specified
in I) are based on full meson propagators and thus include
meson retardation. The Coulomb exchange has also been in-
cluded on the level of the LDA, using the functional given
by Egs. (3.2a) and (3.3a) of Ref. [7] (neglecting retardation
effects to allow for a comparison with standard HF results).

The results obtained by this exchange-only DF approach
for some spherical nuclei are shown in Table I together with
the corresponding HF values [2] (also including meson retar-
dation) and experimental data (for technical details of our
calculations see I). In order to allow for a meaningful com-
parison two different parameter sets have been used in the
KS calculations: While the results from the nuclear matter
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FIG. 1. Charge density distribution of 2°Pb from HF and KS
calculations (with parameter set HF2 [2]) in comparison with ex-
perimental data [15].
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TABLE I. Binding energies per nucleon (in MeV) and charge
radii (in fm) from LDA KS calculations for several spherical nuclei
using two different parameters sets (HF2 [2] — without center of
mass correction, ZJO [8] — including center of mass correction) in
comparison with HF calculations (using parameter set HF2 [2] —
without center of mass correction) and experimental data (taken
from Ref. [4]).

—E/A R.
HF LDA Expt. HF LDA Expt.
HF2 HF2 ZJO HF2 HF2 ZIO

160 511 497 763 798 274 276 274 273
40Ca 6.46 635 826 855 346 349 3.52 346
“Ca 672 671 853 867 345 349 353 345
07y 7.11 7.02 873 871 423 427 433 423
208pp 649 6.52 7.87 787 547 548 560 5.47
298114 7.10 6.32

based parameter set HF2 suggested by Zhang and Onley [2]
represent the DF equivalent of their HF data, the values from
the parameter set ZJO (this is parameter set 2 of Ref. [8]),
which has been fitted to nuclear ground-state properties, fa-
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FIG. 2. Single-particle spectrum of 2114 from KS calculation
with parameter set ZJO [8] (solid lines indicate occupied levels,
dashed lines unoccupied levels, and energies are in MeV).
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cilitate a direct comparison with experiment. As Table I
shows the DF results for both E/A and R, are in good overall
agreement with the HF values, demonstrating in particular
the adequacy of the indirect inclusion of the pion exchange
via (4-7), (8), and (10). As in the case of QHD-I the error of
the LDA results decreases with increasing mass of the
nucleus, as one would expect from an approximation based
on the characteristics of nuclear matter. Though still small,
the errors in the case of QHD-II are more pronounced for
very small nuclei, which may be attributed to the inclusion of
the pion: Due to the pion’s rather small mass and the result-
ing enhanced range of interaction the LDA, being particu-
larly suitable for short range interactions, is a somewhat less
accurate approximation in this case.

Even though retardation effects have not been included in
the parameter set ZJO [8], this set yields good results for the
energies of finite nuclei in our DF approach as compared to
the experimental values. Concerning charge radii the agree-
ment is less satisfactory, but is nevertheless acceptable for a
model without nonlinear self-interactions of the o field. As is
well known from least squares fits to nuclear ground-state
properties on the mean-field level [9] the inclusion of these

BRIEF REPORTS 52

nonlinear terms is important for obtaining accurate results. It
should be pointed out that the o self-interaction may easily
be included in the LDA via substitution of m?> by
m?,—b¢+ c@? in the o exchange energy [10]. However, we
did not include the nonlinear contributions in the present
calculations as no appropriate parametrization for this model
on the HF level can be found in the literature.

A comparison of the charge density of 2°°Pb obtained by
the different approaches (using parameter set HF2) is given
in Fig. 1. As in the case of QHD-I the agreement between the
LDA and the HF density is excellent.

As a demonstration of the feasibility of the LDA approach
we have investigated the superheavy nucleus 2°%114, for
which relativistic HF calculations have not yet been reported.
Our results for gross features like total energy and radii es-
sentially agree with those obtained by both the nonrelativis-
tic Skyrme-HF approach [11,12] and relativistic mean-field
calculations including the nonlinear o self-interaction [13]
(compare also [14]). Figure 2 shows the single-particle spec-
trum of 2°%114 (calculated with the parametrization ZJO)
which clearly displays the closed-shell character of 2°%114.
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