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Two different approximation schemes for the self-consistent solution of the relativistic Brueckner-
Hartree-Fock equation for finite nuclei are discussed using realistic one-boson-exchange potentials. In
a first scheme, the effects of correlations are deduced from a study of nuclear matter and parametrized
in terms of an effective o, w, and 7 exchange. Employing this effective interaction relativistic Hartree-
Fock equations are solved for finite nuclei 160, *°Ca, and *®Ca. In the second approach the effect of
correlations are treated in the Brueckner-Hartree-Fock approximation directly for the finite nuclei,
but the modifications of the Dirac spinors in the medium are derived from nuclear matter assuming
a local-density approximation. Both approaches yield rather similar results for binding energies and
radii in fair agreement with experimental data. The importance of the density dependent correlation
effects is demonstrated and different ingredients to the spin-orbit splitting in the shell model of the

nucleus are discussed.

PACS number(s): 21.60.Jz, 21.10.Dr, 21.10.Ft, 21.65.+f

I. INTRODUCTION

The various attempts to derive the bulk properties of
nuclear systems from realistic nucleon-nucleon (NN) in-
teractions are confronted with two major obstacles. The
first one is the necessity to consider the effects of NN cor-
relations which are due to the strong short-range and ten-
sor components in a realistic N N interaction. The second
one is of a relativistic nature: The strong scalar-meson
(o) exchange part required in realistic meson-exchange
potentials [1,2] gives rise to a significant modification of
the Dirac structure of nucleons in the nuclear medium
[3]. Therefore relativistic features should be included in
the many-body theory of nuclear systems, in order to
account for this effect.

The importance of the NN correlations is made obvi-
ous by the fact that no binding energy of nuclear sys-
tems is obtained if these correlations are ignored: A
Hartree-Fock (HF') calculation employing, e.g., a realistic
one-boson-exchange (OBE) potential [2], which fits NN
scattering data, yields unbound nuclei. Various methods
have been developed to include the effects of two-nucleon
correlations. One possibility is the so-called Brueckner-
Hartree-Fock (BHF) approximation. In this approach
one considers a Slater determinant, which should be an
appropriate model wave function for the nuclear system
to be investigated. Solving the Bethe-Goldstone equation
yields an effective interaction, the G matrix, which de-
pends on the bare NN interaction and the model wave
function considered. The self-consistency condition of
BHF now requires that the model wave function, which
is needed to set up the Bethe-Goldstone equation, be
made identical to the solution of the HF equations using
the G matrix as a kind of effective interaction.

This self-consistency problem is simplified for nuclear
matter since the translational symmetry of this infinite
system requires plane waves for the single-particle wave
functions to build up the Slater determinant. For many
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years, however, the BHF self-consistency problem has
also been solved for finite nuclei [4,5].

The inclusion of NN correlations led to a substantial
improvement in the microscopic description of bulk prop-
erties of nuclei. For both nuclear matter as well as finite
nuclei BHF calculations employing various realistic NNV
interactions gave results which were located on the so-
called Coester band [6,7]. This means that either the
calculated binding energy turned out to be too small or
the calculated radii were too small (which corresponds
to a saturation density of nuclear matter too large) as
compared to the experimental data. Attempts have been
made to improve the many-body approach such that re-
sults “off the Coester band,” closer to the experimen-
tal data, were obtained. Such attempts have been made
within the hole-line expansion of the Brueckner theory
[8] or using different schemes [9-11]. Even today it is
not really clear if it is possible to derive the bulk proper-
ties of nuclear systems from realistic NN forces within a
nonrelativistic many-body theory [12].

Motivated by the success of the phenomenological o-
w model of Serot and Walecka [3], attempts have been
made to incorporate the relativistic features of this ap-
proach also in nuclear structure calculations which are
based upon realistic NN forces. In this approach, one ac-
counts for the fact that the relativistic nucleon self-energy
in a nuclear medium is given essentially by a large attrac-
tive component, originating mainly from the exchange
of the scalar 0 meson and therefore transforming like a
scalar under a Lorentz transformation, and a repulsive
component, which transforms like the zero component
of a Lorentz vector and is mainly due to the exchange
of the w meson. The single-particle motion is described
by a Dirac equation which includes this self-energy. The
strong components of the self-energy yield solutions of
the Dirac equation, which are quite different from the
Dirac spinors describing the nucleons in the vacuum.

This change of the Dirac spinors in the medium gives
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rise to a self-consistency problem beyond the one already
discussed above: Already in evaluating the matrix ele-
ments of the bare NNV force V one should know the struc-
ture of the Dirac spinors, resulting from the solution of
the Dirac equation. Again, this self-consistency problem
is highly simplified in nuclear matter. In this case the
medium dependence of the Dirac spinors is characterized
by an effective mass, which represents the ratio of the
small to the large component of the spinor.

Such Dirac BHF (DBHF) calculations have been per-
formed for nuclear matter by, e.g., Shakin and collabo-
rators [13], Brockmann and Machleidt [14], and ter Haar
and Malfliet [15]. The basic aspects of this approach have
been thoroughly investigated by Horowitz and Serot [16].
Due to the scalar field, the nucleon mass is reduced, en-
hancing the ratio between small and large components of
the Dirac spinors. This change in the Dirac spinors yields
a reduction of the scalar density, which implies that the
attraction due to the exchange of the o meson in OBE po-
tentials is reduced. At small densities of nuclear matter
this loss of attraction is counterbalanced by a reduction
of the kinetic energy, which is also caused by the medium
dependence of the Dirac spinors. At larger densities the
loss of attraction in the NN interaction overwhelms the
loss of repulsion in the kinetic energy and for those densi-
ties the energy calculated in the DBHF approximation is
less attractive than the corresponding energy calculated
in the BHF approximation, ignoring these relativistic ef-
fects.

Consequently, the saturation points calculated for nu-
clear matter in the DBHF approximation are shifted to
smaller densities as compared to the BHF result. Brock-
mann and Machleidt succeeded in constructing a real-
istic OBE potential which fits NN scattering data and
also yields DBHF results for nuclear matter in satisfying
agreement with the empirical data [14]. The same fea-
ture is also observed for the potential A, defined in Table
A.2 of Ref. [2], which we will consider also in our present
investigation.

This success of the DBHF approximation in nuclear
matter gives rise in the hope that the same DBHF ap-
proximation may also be successful in reproducing the
binding energies and radii of finite nuclei. From the dis-
cussion above, it is obvious, however, that a complete
self-consistent calculation for finite nuclei is rather in-
volved. Therefore we are going to investigate two ap-
proximations, in which either the effects of correlations
or the relativistic effects are taken from studies of nuclear
matter, while the respective other components of the cal-
culation are treated in a self-consistent way directly for
the finite nuclei.

In the first approximation, we determine an effective
meson theory (o, w, and 7 mesons), which yields in a
Hartree-Fock approximation for nuclear matter at a given
density p the same observables for the self-energy of the
nucleons and the binding energy as a DBHF calculation
of nuclear matter. This leads to a set of coupling con-
stants, which depend on the nuclear density. This density
dependence reflects the density dependence of the corre-
lations described by the G matrix of DBHF. Keeping
track of the density dependence of these coupling con-

stants one can perform a relativistic HF calculation using
techniques as described, e.g., by Bouyssy et al. [17]. A
calculation along this line has been performed by Brock-
mann and Toki [18] restricted to a Hartree description
and first results of a HF calculation have been presented
in [19]. Both of these earlier investigations allowed for an
exchange of effective 0 and w mesons, only.

In the second approximation one is expanding the
single-particle wave functions of a self-consistent BHF
calculation for finite nuclei in a basis of plane waves. The
Dirac structure of these plane waves is taken from the
corresponding state in nuclear matter of a density, which
is equal to the average density for the single-particle or-
bit in the finite nucleus under consideration. In this way
one deduces the Dirac effects from nuclear matter, but
otherwise performs a complete self-consistent BHF cal-
culation. This approach has also been used in Ref. [20].

It turns out that these two very different approxima-
tions yield rather similar results. Therefore one can as-
sume that a result of complete DBHF calculation should
also be close. It is the main aim of the present inves-
tigation to explore the differences between the two ap-
proaches in a systematic way. For that purpose we are
studying results on various nuclei (}¢0, °Ca, *®Ca ) us-
ing different OBE interactions (OBE potentials A and C
defined in Table A.2 of [2]). After this Introduction we
define the details of the two approximations towards a
self-consistent DBHF calculation for finite nuclei in Secs.
II and III, respectively. The results are presented and
discussed in Sec. IV and the main conclusions are sum-
marized in Sec. V.

II. EFFECTIVE MESON-EXCHANGE
APPROACH

Our starting point for the description of the nuclear
many-body problem is the effective Lagrangian density
for the interacting nucleons and the o, w, and 7 mesons,

L=CLo+ Ly, (1)

consisting of the free Lagrangian density

Lo = W(in,d" — M)T + %(aﬂéc,a#«pa —m2a?)
RPN e
+%(aﬂq>,aﬂq>" —m2®2), (2)
with
F,, =0,%.,—0,%,,, (3)
and the interaction Lagrangian density
Ly = -G, ¥,V — G, Vv,V — T{l—’;%syu(a"@,)\p .
(4)
The nucleon field and rest mass are denoted by ¥ and

M, whereas the meson fields, rest masses, and effective
nucleon-meson coupling constants are denoted by ®;, m,,
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and G; or f; with ¢ = {o,w, 7} for the scalar, vector,
and pseudoscalar mesons, respectively. Note that for the
pion we use the pseudovector coupling and suppress the
notations for the isospin degrees of freedom. Moreover,
we already mention here that we will subtract the zero-
range part in the one-pion-exchange contributions to the
NN interaction. This is done to account for the effects
of short-range correlations between the interacting nucle-
ons.

A. Nuclear matter

Following standard techniques [3,17], the Hartree-Fock
approximation for this Lagrangian leads to a Dirac equa-
tion for nucleons with four-momentum p = (p° p) in
nuclear matter,

[v-P+M+I(p)]¥(ps) =EMP¥Ps), (5)

for the nucleon spinors ¥(p, s), containing the self-energy
3(p). Because of the isotropy of nuclear matter, the
spinors ¥(p, s) are known to be plane waves and in the
rest frame of nuclear matter, the self-energy ¥(p) for on-
shell nucleons [po = E(p)] depends only on the absolute
value of the three-momentum p. This nucleon self-energy
can be split into different parts with a well-defined be-
havior under Lorentz transformations. Because of parity
conservation, time reversal invariance, and Hermiticity,
the most general form of X(p) is restricted to

S(p) = 2°(p) —7°2°(p) + vPE"(P) , (6)
with °(p), £%p), and X?(p) transforming like Lorentz

. G, \? 1 1 [Fr
E(P)——(;l—a) Ps+(—47r—)2;/(; qdq

2p) = - (&)Zp——l-l

me, (4m)? ;

M*(q)
E*(q)

scalars. Therefore the Dirac equation can be rewritten
as

[yp* + M*(p)]¥(p,s) = EMP) ¥(p,s), (7

introducing the definitions

P =p[l1+Z%(p)] ,
M*(p) =M+X%(p),

E*(p) = E(p) + Z°(p) - (8)

The formal similarity with a free Dirac equation allows
one immediately to determine the nucleon spinor in nu-
clear matter to

E*(p)+M*(p>)‘/2( L )X,,

2E*(p) T )

¥(p,s) = (
(9)

now with a modified ratio of the spinor upper and lower
components if compared with the vacuum solution. The
spinors are normalized (noncovariant) to

M*(p)
E*(p)

and the on-shell condition in nuclear matter now reads

like

¥(p,s)'¥(p,s) =1, ¥(p,s)¥(p,s) = , (10)

E*(p)’ = M*(p)* +p"*. (11)

On the level of the Hartree-Fock approximation, the
mesons used in our Lagrange density give rise to the fol-
lowing contributions to the self-energy:

[Gi@a(p, ) — 4G50, (p,9) -3 (i—:)zmi@n(p, q)} , (12)

™

krp 2
/ qdq [G?,@a(p, q) +2G%0,(p,q) - 3 (-7%'—) m20,(p, q)], (13)
1]

kr * 2
U(p) = — —1—/0 qqu—g@ [2G§I‘a(p, q) +4G2T,(p,q) — 6 (::L—") [(®® + ¢®)Tx(p,9) — PaOx(p, 4)]] . (14)

(47p)?

We omit in our notation the obvious dependence of the
self-energies on the Fermi momentum kp. The first term
in ¥*(p) and =%(p) corresponds to the Hartree contribu-
tion using

M*(q)
E*(q)
(15)

2 4 2 kr 2
kr) = — =
p(kr) 37r2kF and p,(kr) 1r2/0 q°dq

for the baryon and scalar density, respectively. The re-
maining expressions are due to the Fock (exchange) con-
tributions where we have used the abbreviations

Ai(p,q) =p* + ¢* + m? — [E(p) — E(9))® , (16)

(p.q) = In (AP0 +2pg
Oi(pq) = In (Ai(p, q) — 2pq) ’ an)

us

—
Ai(p,9)0i(p, )

1; 18
4pq (18)

Ti(p,q) =

again 1 = {o,w,w}. Two important things have to be
noted. First, as already mentioned above, we have sub-
tracted zero-range contributions from pion exchange to
the self-energy X(p). Second, we do not want to consider
retardation effects in the meson propagators. Although
retardation causes no problems in nuclear matter, the
neglect leads to significant simplifications in finite nuclei.

In the next step we determine effective coupling con-
stants G, and G, for the scalar and vector mesons by
requesting that the HF expressions for the scalar self-
energy X°(p) calculated at the Fermi surface (p = ky)
and the binding energy per nucleon reproduce the corre-
sponding results of a Dirac-Brueckner-HF (DBHF') calcu-
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lation [2,14] using realistic NN forces, namely, versions
A and C of the Bonn potential [2]. For the pion we fix
the coupling constant to the free value f2/47 = 0.08
and the masses of the mesons are chosen to be identical
to those of the OBE potential (m,=138 MeV, m,=550
MeV, and m,, =783 MeV). In this way we obtain for each
baryon density p two effective coupling constants G, (p)
and G, (p). The density dependence of these coupling
constants reflects the density dependence of the correla-
tions taken into account in the DBHF approximation.

B. Finite nuclei

Once the density-dependent coupling constants are de-
termined, we assume for the study of finite nuclei that we
can account for the density-dependent correlation effects
in a relativistic HF calculation by employing the cou-
pling constants calculated at the local density G, (p(r))
and G,(p(r)), where the density profile p(r) is deter-
mined from the result of the relativistic HF calculation in
a self-consistent manner. For that purpose we write the
nucleon spinor for the finite system in coordinate space,

le) = ¥ale) = (225 ) P x40
(19)
— 9a(r) Via,ma ()
= < ifa(T) y_na,ma(ﬂ) ) Xé)(‘)a) . (20)
Again, the spinors are normalized to

/dar\IIT(r)\Il(r) = /000 ridr [gi(r) + f2(r)] =1. (21)

All quantum numbers are summarized by the index a =
{a,my} with a = {ng,, Kq, ga}- M characterizes the radial
quantum numbers, whereas kK, = (2j, + 1)(lo — Ja) de-
scribes the angular momenta. Obviously the upper and
lower spinor components for the same total angular mo-
|

mentum j, have different orbital quantum numbers /,.
We introduce the corresponding I/, to the same j,,

la+1forla=ja-%,
I = (22)
l,—1forl, = j, +

D=

and a’ = {ng, kL, qa}, 6 = (20 + 1)1}, — Ja)- Vra,ma ()
is constructed as usual,

yna,ma (Q) = Z (laml %msljama)}/la,mz(ﬂ)X%,m, .

™my,mMs
(23)
For the isospinor X1,(q.) We use
_ | +1 for protons ,
%a = { —1 for neutrons . (24)

The Dirac equation is solved by expanding the radial
functions g,(r) and f,(r) in a discrete basis of spheri-
cal Bessel functions. The wave numbers for this basis
are chosen such that this discrete basis is a complete or-
thonormal basis in a sphere of radius D. This radius is
chosen to be large enough that the results for the bound
single-particle states are independent on D. With this
expansion the Dirac equation (5) is rewritten in form
of an eigenvalue problem and the eigenvalues (E,) and
eigenvectors (the expansion coefficients for g, and f,) are
determined by a simple matrix diagonalization [21].

In the following we give the expressions for the ma-
trix elements of the self-energy in this Dirac matrix,
calculated in the Hartree-Fock approximation. In this
work we consider nuclei with a closed proton and neu-
tron shell only. Therefore, the isovector pseudoscalar me-
son yields no contributions in the Hartree approximation.
The Hartree matrix elements for the isoscalar scalar and
vector parts of the interaction and the Coulomb force are
given as

(@[SE|B) = —bn. myOrmemadansa / r2dr Gy (r) [ga(r)gb(r) — fa(r) fo(r)]

x {ma In r'2dr'Ga(r'>ps<r'>fo(mar<>ko<mor>)} , (25)

(alﬂfw) = 0, rp Oma,ms Oga,as /0 r2drG,(r) [9a(m)gb(r) + fa(r) fo(r)]

x {mw |Gt fotmar ) Rotmer-) | (26)

(1 + qa) (1 + qh)

>

H = oo'l' T T T T T (2 007', T"pp(r,)
(@IZE18) = Sumbmaims [ 7drlaa(r)an(r) + fo(r) ) { e [ rar ALY Qg G 0) o)

with the definitions

o) = = SR [20) + )]

LS 2 [020) - fulr)?]

ps(r) = an g

(28)



49 NN CORRELATIONS AND RELATIVISTIC HARTREE-FOCK IN . ..

for the baryon and scalar density in finite nuclei, where
7= v/27+1 and index a running over all occupied orbits.
If the baryon density of the protons p,(r) is needed as
in the Coulomb self-energy ©¥, index a runs only over
occupied proton orbits. Note the use of the coupling con-
stants depending on the local position, which is just an
abbreviation for G;(r) = G;(p(r)). In Egs. (25)-(27)
r< and r- denote the smaller or bigger value of r and
7. The functions Iy (z) and Ky (z) arise from the mul-
J

_ma
(QIZF|B> na,xb mn,Tnb Qm%( «2 Z qﬂy‘lc/ zdr{

[ G ) () = ) 1t S eVl Tamer ) R |

L

637

tipole expansion of the meson propagator in coordinate
space and are defined using the modified spherical Bessel
functions I and K [22]:

Fo(e) = 20220 g (g - Karnjal®),

Ve vz

The Fock contributions originating from the o exchange
read

(29)

() [9a(r)ge(r) = fa(r)fe(r))

(30)

with index ¢ running over all occupied states. Here and in the following expressions for the other mesons the (a||Yz||b)
represent the reduced matrix elements of the spherical harmonics and

(al|T. (L)||b>-\/i(—)'«-fz“ Jir(le D LY
J - ar alblaJb 000 f lb ) .
2 2

Using this notation, the matrix elements of the Fock contributions arising from the w exchange can be written

my
(O‘lEle) = 0 r5Oma,ms0ga,0 ’JTZ‘

9a:9c
c

~fa(r)aclr)ClITAD) ) | ”

(31)
o{ [ a6 (r) ln(r)ale) + S 0] [ PG ) + 1) o)
< @l Tmer ) Ramars) |} + ] [ G o) 1.0 € T k)
P2 G () [ae(r") fo )l T (D))
(32)

-fc(r')gb(r')<6'lITJ(L)|Ia)]fL(me)ffL(mww)} :

The isovector pseudoscalar meson using the pseudovector coupling yields

£\ 1
(a|2F|ﬂ) 0o s Oma,msOga,qs (m_,,) j7 2(2 —04,,0.)

[ rar 2B (1)) + ulr) £l b)) + ) o)

+mg ZL “NallYzlle)? Y 575 [{Ka + ke + A(L1)}ga(r)ge(r) —

LiL,

{Ka + ke = h(L1)} fa(r) fe(r)]

x A r2dr'[{kp + ke + h(L2)}gb(r)ge(r) — {Kb + Kc — R(L2)} fo(r) fo(r)]R(L1, La, 7, 7")

+§ > KalITs(L)lle)ga(r)ge(r) + (@'||T5 (L)||€) fa(r) fo(r)]
LJ

x [(allTs(L)||c)ge(r)ge(r) + (a'lITJ(L)IIC’)fb(T)fc(T)]} ;

with L; = {L — 1,L + 1} and the auxiliary functions

—-L

R(L1,La,r,r') =0(r' — r).le (m,m,r')Iz'L2 (mpst’) +0(r — r")‘IVL2 (mz,,r’)I‘éL1 (mpsT) ,

i Li=L—1,
h(Li)‘{LH i Lo=L+1,

(33)
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using the step function #(z — y). The expressions for the self-energy show that the Hartree contributions can be

rewritten by defining a local potential, e.g.,

(@S 1B) = b,y Orm s P s /Ooo r2dr [ga(r)gs(r) — fa(r) fo(r)] Vo (r)

= 0y r5Oma,ms0q0,a /dST‘I’L(T)'YOVa('I")\IJﬁ(T), (36)

with

Vo(r) = —=Go(r)m, /:0 r'zdr'ps(r')Ga(r’)fo(mar<)I?O(mar>) s (37)

whereas the Fock contributions are obviously nonlocal.

Solving the Dirac equation (5) with the technique men-
tioned above in a self-consistent way one can finally deter-
mine the binding energy of the nucleus with A nucleons
as

1
E=g Y Bat+Ta -AM, (38)

a,(occ)

where F, denotes the single-particle energy obtained by
solving the Dirac equation and T, is the corresponding
kinetic energy.

|

E* M*
Yntm (P, P) = (P, 7) + AT (p. ) op"(p) @,1(p), (39)
EFoparey Yitm(Qp)

2E*(p,p)

where ®,, ;(p) are the momentum space HO wave func-
tions. The structure of the plane wave Dirac spinor, in
particular the ratio of the small to large component, is
determined by the quantities p*, M* and E* as defined
in Eq. (8). The values actually used for these quanti-
ties are taken from the DBHF calculations at a density
p for the realistic NN interaction under consideration.
In this sense the Dirac structure of the harmonic oscil-
lator state defined in Eq. (39) is derived from nuclear
matter of a given density p. For the Dirac spinors as pre-
sented in Eq. (39) one can calculate the matrix elements
of the OBE potential under consideration employing the
conventional techniques and identify the resulting num-
bers with matrix elements of a two-body interaction V'
between nonrelativistic harmonic oscillator states,

(aBV(p)|d) , (40)

where a - - -6 refer to the quantum numbers of the vari-
ous HO states and the parameter p is kept to memorize
that the value of this matrix element depends on a den-
sity parameter p, which determines the Dirac structure
of the spinors used to calculate the matrix element. This
scheme can of course be generalized to single-particle
wave functions different from HO functions. In a corre-
sponding way one can also evaluate the matrix elements
for the operator of the kinetic energy,

III. LOCAL-DENSITY APPROXIMATION

In contrast to the effective meson-exchange approach,
which, as discussed in the preceding section, determines
the effects of correlations from studies of nuclear matter,
we are now considering an approximation in which the
relativistic effects are deduced from nuclear matter. For
that purpose we consider as an example the expansion of
an harmonic oscillator (HO) state in terms of plane wave
spinors,

1 yjlm(Qp)

f

tww=/fwmmp+mwwwmw

e [MM*(p) +pp"(p)
- /d p®* [ 50 M|®g . (41)

For the interaction defined by the matrix elements of Eq.
(40) one may now solve the Bethe-Goldstone equation

Q

G(Z,p) =V(p) + V(p)Z——QTf.@

G(Z,p),  (42)

using the standard techniques of nonrelativistic BHF cal-
culations for finite nuclei [23]. The Pauli operator Q in
this equation is defined in terms of HO states appropriate
for the nucleus under consideration. Beside the usual de-
pendence on the starting energy Z, the matrix elements
of G also depend on the density parameter p characteriz-
ing the structure of the Dirac spinors involved. Keeping
track of this additional density dependence one can ex-
pand the BHF single-particle states |¢) and |j) in the
basis of HO states |o),

i) = 3 ciala) (43)

and the expansion coefficients are determined from the
solution of the eigenvalue problem
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> |taslo:) + Z (j|G(Z = €; + €5, pi5)|B7) | cip = €iCia - (44)

B 3,(occ)

If one ignores in this equation the medium dependence
of the Dirac spinors by putting p; and p;; equal to zero,
this Eq. (44) together with the Bethe-Goldstone equation
(42) defines the conventional BHF approach for realistic
OBE potentials [24]. In addition to the self-consistency
requirements of this BHF approach, we now want to ac-
count for the medium dependence of the Dirac spinors

and define an average density for nucleons in the orbit 4
by

pi = / &r 6 (r)poerE (r)d:i(r) | (45)

with ¢;(r) the DBHF single-particle wave function and
ppBHF (7) the radial shape of the baryon density obtained
from this calculation. This average single-particle density
enters into the calculation of the kinetic energy and it is
also used to define the average density for an interacting
pair of nucleons by

Pij = \/PiPj - (46)

IV. RESULTS AND DISCUSSION

As a first step towards the application of the effective
meson-exchange approach discussed in Sec. II, we have
to determine the coupling constants G,(p) and G, (p),
depending on the baryon density p. As discussed in
Sec. II A this is done by adjusting these parameters
in such a way that a mean-field calculation reproduces
at each density the results for the scalar self-energy %°
and the binding energy per nucleon obtained in DBHF
calculations for nuclear matter [25]. For the mean-field
calculation we consider three different approximations.
In the first approach, we just consider the Hartree con-
tributions to the self-energy and total energy [see Egs.
(13) and (13)]. In the second approach we consider a
o-w model in the Hartree-Fock approximation; i.e., we
keep the Hartree-Fock terms in Egs. (13) and (14) which
originate from the exchange of a o or w meson. This ap-
proach will be called HF(o,w) or HF1. In the approach
HF2 or HF (0, w, 7) we furthermore consider the effects of
the pion exchange, which means that we are considering
the complete set outlined in Sec. II.

Results for the effective coupling constants determined
from DBHF calculations for OBE potentials A and C
[2,25], are listed in Table I for various densities. For
all three approaches considered, the effective coupling
constants G, and G, decrease with increasing density.
This is also displayed in Fig. 1. The decrease reflects the
fact that the terms in the G-matrix, which are of sec-
ond and higher order in the interaction, contain contri-
butions which are simulated by the exchange of a scalar
and a vector meson [26]. Due to the Pauli operator in the
Bethe-Goldstone equation (42) and due to the change in

—

the energy dominator, these contributions of higher order
in the bare interaction V are quenched with increasing
density. The importance of the density-dependent cor-
relation effects parametrized in terms of these coupling
constants is reflected by the fact that the square of the
coupling constants is quenched by a factor 2, if the nu-
clear density is increased from 0.2p, to 1.4p, (po denoting
the empirical saturation density).

Such a substantial density dependence of the effective
coupling constants of course affects the nuclear structure
calculations. This is displayed in Fig. 2, where the re-
sults for the binding energy per nucleon and the effective
mass of the nucleon determined in a DBHF calculation

TABLE I. DBHF results for nuclear matter derived from
the OBE potential A for the scalar part of nucleon self-energy
(2°) and the binding energy per nucleon (E/A) for various
Fermi momenta ks. The columns G, and G,, show the cou-
pling constants which are needed to reproduce these results in
a HF calculation. For this purpose three different models are
considered: the Hartree approximation ignoring the all Fock
contributions to the self-energy and binding energy (model
“Hart”), the Hartree-Fock approximation ignoring the con-
tribution of the pion exchange (model “HF1”), and the full
model defined in Sec. II A (model “HF2”). All energies are
listed in MeV and the Fermi momenta in units fm~!. For
a comparison the lowest part of the table also shows results
obtained for the OBE potential C at one specific density.

kr E/A P Model Go G,
0.80 -7.27 -134.3 Hart 12.436 15.403
HF1 11.411 12.941
HF2 11.227 13.179
1.00 -10.62 -209.8 Hart 11.177 13.807
HF1 10.265 11.668
HF2 10.104 11.885
1.20 -13.44 -288.8 Hart 10.059 12.322
HF1 9.267 10.470
HF2 9.118 10.674
1.40 -15.59 -374.9 Hart 9.224 11.168
HF1 8.531 9.539
HF2 8.389 9.733
1.50 -14.88 -416.3 Hart 8.851 10.673
HF1 8.197 9.145
HF2 8.048 9.336
OBE potential C
1.20 -11.57 -292.8 Hart 10.130 12.534
HF1 9.297 10.669
HF2 9.149 10.869
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FIG. 1. Effective coupling constants for
the exchange of a scalar meson (G.) and vec-
tor meson (G.) as a function of the den-
sity. The coupling constants are derived from
DBHF calculations of nuclear matter employ-

ing the OBE potentials A (left part) and C
(right part). Various mean-field approxima-
tions are considered: the Hartree approxima-
tion, the Hartree-Fock approximation with
only o and w exchange (HF1), and the com-
plete model of Sec. II, also including the pion
(HF2).
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are compared to the corresponding quantities obtained
in Hartree calculations using effective coupling constants
which are determined to reproduce the DBHF results
at a small density (dashed curve) or large density (dot-
ted line). It is obvious that the large coupling constant
G, determined for small densities predicts an effective
mass at larger density which is considerably smaller than
the one obtained in the self-consistent DBHF calculation.
This is an example to demonstrate that mean-field cal-
culations employing constant coupling constants tend to
overestimate the change of the Dirac spinors in nuclear
matter at high densities.

The density-dependent coupling constants also affect
the predictions for the saturation properties of nuclear
matter. Note that the energy versus density curve ob-
tained from the Hartree calculation with coupling con-
stant appropriate for small densities yields a minimum
at a low density and overestimates the binding energy
by about 8 MeV per nucleon. The Hartree calculations
using coupling constants for large densities (dotted line
in Fig. 2) predict a minimum at higher densities and a
lower energy per nucleon. Therefore the minima of the
energy versus density curves obtained from coupling con-
stants determined at various densities form a “band” of
saturation points, which is perpendicular to the “Coester
band.”

The same phenomenon can also be observed in calcu-
lations of finite nuclei. This is demonstrated in Table II
where we show results of relativistic Hartree-Fock cal-
culations considering coupling constants as derived from
various densities in nuclear matter. The binding ener-
gies displayed in this table and all subsequent ones are
corrected for spurious center of mass effects, assuming a
harmonic oscillator model, and the radius of the charge
distribution has been evaluated from the proton density,
assuming a radius of 0.8 fm for the charge radius of the
proton.

Inspecting the results displayed in Table II one ob-
serves a sensitive dependence of the calculated bind-
ing energy on the choice for the coupling constants.

0.20

This demonstrates again the importance of the density-
dependent correlation effects contained in the G matrix
of nuclear matter. It is striking to see that the calcula-
tion which yields the largest binding energy (p = 0.2po)
also predicts the largest radius of the charge distribu-
tion. So we find also for finite nuclei that the ground-
state properties of finite nuclei calculated with meson-
exchange parameters derived from various densities form
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FIG. 2. Results for the binding energy per nucleon (upper
part) and the effective mass M~ of the nucleon as a function
of the Fermi momentum in nuclear matter. Results obtained
from DBHF calculations (OBE potential A, solid line) are
compared to those of Hartree calculations in which the ef-
fective coupling constants are determined to reproduce the
DBHF results at p = 0.2po (kr=0.8, long dashed line) and at
p = 1.1po (kr=1.40, dotted line).
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TABLE II. Results of relativistic HF calculations on °O, considering the exchange of effective
0, w, and 7 mesons. The coupling constants are determined to reproduce DBHF results for nuclear
matter (OBE potential A) at various densities: p = 0.2p0 (kr=0.8 fm™?), p = 0.5p0 (kr=1.1
fm~'), and p = 1.4po (kr=1.5 fm~!). These results can be compared to those of a self-consistent
calculation (last column) considering local coupling constants as discussed in Sec. II B. Results are
presented for the single-particle energies of proton states, the binding energy per nucleon (E/A,
corrected for c.m. effects), and the radius of the charge distribution (R.).

p = 0.2p¢ p = 0.5p0 p = l.4po Self-consistent
€s1/2 [MeV] 54.4 488 -46.6 471
€p3/2 [MeV] -33.9 -25.4 -20.1 -23.8
€p1/2 [MeV] -18.6 -13.7 -11.3 -17.7
E/A [MeV)] -15.17 -9.29 -5.38 -7.73
Ry, [fm] 2.52 2.46 2.37 2.48

a “band” which is perpendicular to the normal “Coester
band” [24].

Furthermore, it is worth noting that the spin-orbit
splitting deduced from the difference in the single-particle
energies €,3/2 and €y /3 is of course largest for that inter-
action which yields the smallest effective mass in nuclear
matter (p = 0.2pg). The comparison displayed in Ta-
ble II demonstrates the importance of relativistic effects
for the spin-orbit splitting in the nuclear shell model [27].

Table II also contains a first result which is obtained
when we consider an effective meson exchange with lo-
cal coupling constants, depending on the position of the
interacting nucleons as discussed in Sec. II B. As to
be expected, one finds that the single-particle energy for
the p,/, state obtained in this self-consistent calculation
is closer to the one obtained p = 0.2p¢, while the single-
particle energy of the deep lying s;/2 state is closer to
the one obtained at larger densities. It should be men-
tioned that effective coupling constants can safely be de-
rived from nuclear matter calculations only for densities
as low as = 0.2 times the saturation density po. For
smaller densities the conventional tools to evaluate BHF
energies yield unstable results [11]. Therefore we extrap-
olate the coupling constants to smaller densities using
spline functions in terms of the density.

The next question we want to investigate is the sen-
sitivity of the effective meson-exchange model on the
mesons taken into account. For that purpose we have
performed Hartree calculations for finite nuclei using the
local coupling constants as derived from the Hartree cal-
culations of nuclear matter (column “Hart” in Table I).
In the same way we also perform HF calculations for
finite nuclei, taking into account the effects of ¢ and w
exchange using the density-dependent coupling constants
derived from nuclear matter (“HF1”) and finally consider
the complete model with inclusion of the pion discussed
in Sec. II (“HF2”).

Results obtained for these three effective meson-
exchange models for the nuclei 60, #°Ca, and *Ca are
displayed in Tables III, IV, and V, respectively. Using the
OBE potential A, which yields a correct description of the
saturation point of nuclear matter, the Hartree approxi-
mation shows fair agreement with the experimental data
for the binding energy and radius of all three nuclei con-
sidered. Both the results for the radius and the binding
energy are slightly below the experimental values. Em-
ploying potential C yields larger radii but smaller binding
energies. This is the typical feature for two phase-shift
equivalent potentials; the results change along the “Co-
ester band.”

TABLE III. Results of relativistic HF calculations on '®O, considering various models for the
effective meson exchange (Hart, HF1, HF2; see Table I) are compared to results of conventional
BHF calculations and BHF calculations which account for Dirac effects in the way described in Sec.

I11 (DBHF). Further information see Table II .

Hart. HF1 HF2 BHF DBHF Expt.
Potential A
€s1/2 [MeV] -44.0 -44.0 -47.1 -56.6 -49.8 -40+8
€p3/2 [(MeV] -21.5 -23.4 -23.8 -25.7 -23.0 -18.4
€p1/2 [MeV] -15.8 -15.8 -17.7 -17.4 -13.1 -12.1
E/A [MeV] -7.20 -7.23 -7.73 -5.95 -7.56 -7.98
Ry [fm] 2.57 2.48 2.48 2.31 2.46 2.70
Potential C
€s1/2 [MeV] -37.0 -37.4 -40.2 -45.2 -40.9 -40+8
€p3/2 [MeV] -17.7 -19.4 -19.7 -19.5 -18.0 -18.4
€p1/2 [MeV] -13.3 -13.5 -14.9 -13.7 -11.0 -12.1
E/A [MeV] -5.60 -5.59 -6.09 -4.03 -5.30 -7.98
Ry, [fm)] 2.73 2.62 2.62 2.48 2.59 2.70
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TABLE IV. Results of relativistic HF calculations on *°Ca. Further information see Table III.

Hart. HF1 HF2 BHF DBHF Expt.
Potential A
€ds /2 [MeV] -19.8 -21.0 -20.8 -30.2 -21.9 -144+2
€151/2 [MeV] -15.4 -13.7 -14.1 -24.5 -13.8 -10+1
€d3/2 [MeV] -14.5 -13.2 -14.2 -16.5 -10.2 -7+1
E/A [MeV] -8.21 -7.76 -8.09 -8.29 -8.64 -8.50
Ren [fm] 3.35 3.14 3.14 2.64 3.05 3.50
Potential C
€as/z [MeV] 15.3 16.9 6.7 21.0 165 14+2
€101/2 [MeV] -10.9 -11.3 -11.5 -16.9 -10.6 -10+1
€as/2 [MeV] -10.5 -10.8 -11.5 -12.0 -8.0 741
E/A [MeV] -5.83 -5.80 -6.14 -5.06 -5.91 -8.55
Ren [fm] 3.44 3.31 3.32 2.87 3.21 3.50

The inclusion of the Fock terms in HF1 reduces the
calculated radii to a significant extent, predicting the
same or a slightly smaller binding energy as compared
to the Hartree approach. Therefore the agreement with
experiment gets worse. Furthermore, we note that the
Fock terms tend to enhance the spin-orbit splitting in
the single-particle energies, which again deteriorates the
agreement with the splitting observed in the experimen-
tal data.

The pion-exchange terms included in the HF2 approx-
imation slightly improve the agreement between calcula-
tion and experiment. The spin-orbit splitting is reduced
and the binding energies are larger but the results for the
radii are essentially the same as in the HF1 approxima-
tion. Keeping in mind the sensitivity of the calculated
values on the density dependence of the effective coupling
constants displayed in Table II and discussed above, one
may conclude, however, that all three models lead to re-
sults which are rather similar.

The main purpose of this study is to compare the pre-
dictions of the effective meson-exchange approach to the
results obtained in BHF calculations, which treat the
change of the Dirac spinors in the medium in a local-
density approximation (see Sec. III and Ref. [20]). For
that purpose Tables III and IV show results of this ap-
proach (identified as DBHF') and allow a comparison with
conventional BHF calculations, which ignore medium de-
pendence of the Dirac spinors completely. The differences
between BHF and DBHEF results are by far not as large
as those displayed in Table II, which reflect the density
dependence of the correlations. Therefore we conclude
that the bulk properties of nuclei are more sensitive to
the density dependence of the correlations than to the
medium dependence of the Dirac spinors. That is why
we consider the approach which treats the Dirac effects in
a local-density approximation (DBHF), to give more reli-
able predictions for a complete Dirac-Brueckner-Hartree-
Fock calculation than the effective meson-exchange ap-
proach, which derives the correlation effects from nuclear
matter.

For the case of the nucleus %0 it has already been
shown in [20] that the inclusion of Dirac effects in DBHF
leads to larger radii and binding energies as compared

to the predictions of conventional BHF calculations.
Thereby the agreement of the theoretical predictions is
substantially improved. This observation is supported by
the results on 4°Ca shown in Table IV. Furthermore, one
finds that the DBHF results are in fair agreement with
those obtained in the relativistic HF approximation us-
ing effective meson exchange. This agreement supports
the conclusion that both types of approaches are reliable
approximations for a complete Dirac-Brueckner calcula-
tion.

Finally, we want to investigate the basic assumption
of the DBHF approach which assumes that the Dirac
spinors for the single-particle states in finite nuclei can
be described in terms of plane wave spinors of nuclear
matter. For that purpose we consider as an example
the radial functions g,(r) and f,(r) for the large and
small component of the 0s;/, Dirac spinor calculated in
a relativistic HF approach (HF1, OBEPA) for *°Ca (see
solid lines in Fig. 3). For the comparison we consider
a Dirac spinor expanded in terms of spinors for nuclear
matter assuming a harmonic oscillator expansion as in
Eq. (39). If we consider plane wave Dirac spinors of the
vacuum (krp=0, dotted line), the lower or small compo-
nent is considerably weaker than the one resulting from
the relativistic HF calculation. For the appropriate av-
erage density p; as defined in Eq. (45) the enhancement
of the small component in the medium is fairly well de-
scribed. This demonstrates that the two approaches not
only lead to very similar results for the global observables
like binding energy and radius, but also provide similar
predictions for the components of the Dirac spinors.

TABLE V. Results of relativistic HF calculations on **Ca
using the OBE potential A. Further information see Table IIIL.

Hart. HF1 HF2 Expt.
€d5/2 [MeV] -24.6 -29.0 -27.2 -20+1
€141/2 [MeV] -18.7 -19.5 -20.2 -15.8
€as/2 [MeV] -19.5 -21.6 -25.1 -15.3
E/A [MeV] -8.35 -7.83 -7.90 -8.70

Ry [fm)] 3.34 3.15 3.16 3.50
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& & of Eq. (39) assuming no medium correction
= Lo.o1 ~ (kr = 0, dotted line) or as predicted by nu-
clear matter at an average density (dashed
r line).
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V. CONCLUSIONS

Two different steps towards a self-consistent Dirac-
Brueckner calculation for finite nuclei are presented and
discussed. In the effective meson-exchange approxima-
tion one solves the relativistic Hartree-Fock equations
directly for the finite system and deduces the correla-
tion effects from nuclear matter. This is done in various
models to study the importance of Fock exchange effects
and the impact of the pion exchange. The density de-
pendence of the effective coupling constants reflects the
density dependence of the correlations encountered in the
Brueckner G matrix.

In an alternative approach (DBHF') the correlation ef-
fects are treated directly for the finite nuclei but the
change of the Dirac spinors is determined from nuclear
matter. It is demonstrated that the bulk properties of
nuclei (binding energy and radius) are less affected by
the change of the Dirac spinors than by the density de-
pendence of the correlations. This imiplies that the ap-

proach which treats the correlation effects without an
approximation should provide more reliable results than
the effective meson-exchange approach.

It turns out that both approximations yield very sim-
ilar results. For the realistic OBE potential A defined
in [2] binding energies per nucleon are obtained for €0,
40Ca, and *8Ca, which are close to the experimental value
(£ 0.5 MeV). The predictions for the radii are still sig-
nificantly below the experimental data (typically 0.2 fm).
This might be improved by including correlations beyond
the lowest order Brueckner theory. Recently it has been
demonstrated that the inclusion of hole-hole scattering
terms within a self-consistent Green function approach
tends to improve BHF results in this direction [28].
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