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D„1232… isobar excitations and the ground state of nuclei
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The influence ofD isobar components on the ground-state properties of nuclear systems is investigated for
nuclear matter as well as finite nuclei. Many-body wave functions, including isobar configurations and binding
energies, are evaluated employing the framework of the coupled-cluster theory. It is demonstrated that the
effect of isobar configurations depends in a rather sensitive way on the model used for the baryon-baryon
interaction. As examples for realistic baryon-baryon interactions with explicit inclusion of isobar channels we
use the local (V28) and nonlocal meson-exchange potentials (Bonn2000) but also a model recently developed
by the Salamanca group, which is based on a quark picture. The differences obtained for the nuclear observ-
ables are related to the treatment of the interaction, thep-exchange contributions in particular, at high mo-
mentum transfers.
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I. INTRODUCTION

The development of efficient computing facilities has e
abled very sophisticated calculations for the solution of
nuclear many-body problem. Starting from realistic mod
for the nucleon-nucleon~NN! interaction, which give very
accurate fits of theNN scattering data below the threshold f
pion production@1–3#, one can solve the few-nucleon pro
lem up toA58 nucleons in a way which yields essentia
the exact solution@4#. Introducing an additional three
nucleon force@5,6# one can obtain results for the basic low
energy properties of these nuclei, which are in good ag
ment with the experimental data.

This demonstrates that the low-energy properties of nu
are well described within the conventional model of nucle
physics, in which nuclei are considered as a system of nu
ons, treated as inert particles interacting via two-body forc
All subnucleonic degrees of freedom, which may lead
modifications of the hadrons in the nuclear medium, and
namical relativistic@7# effects are represented by a pheno
enological three-nucleon force. On the other hand, howe
one knows that nucleons cannot really be considered a
ementary particles, and subnucleonic degrees of freed
such as, e.g., the possibility to excite strongly interact
nucleons, could be very important. In particular the exc
tion of nucleons to theD(3,3) resonance may have som
effect on the low-energy and bulk properties of nuclear s
tems. First investigations on the importance of isobar deg
of freedom were performed more than 20 years ago@8–11#.
Those studies demonstrated that isobar configurations y
an important contribution to the medium-range attraction
the NN interaction. Conventional models of theNN interac-

*On leave from the University of Salamanca, Spain.
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tion account for this mutual polarization of the interactin
nucleons in a phenomenological way. For example, a par
the s meson exchange in one-boson-exchange~OBE! mod-
els for theNN interaction can be related to such isobar ter
@12#.

In a conventional nuclear structure calculation this part
theNN interaction is identical in the nuclear medium as co
pared to the vacuum where the effectiveNN interaction has
been adjusted to describe theNN scattering data. If, however
the isobar degrees of freedom are taken into account ex
itly, one obtains a modification of theND andDD propaga-
tors in the medium. This implies that the effectiveNN inter-
action including such intermediate isobar states is differen
nuclear matter as compared to the vacuum case. The c
sponding part of the medium-range attraction is quench
This feature has been investigated by various groups u
the Brueckner-Hartree-Fock approximation@9–11# or within
a lowest order variational calculation@13# and binding ener-
gies were obtained, which were much weaker than in co
sponding calculations ignoring the explicit treatment of is
bar excitations.

For nuclear matter at higher densities the explicit cons
eration of isobar configurations leads to an enhancemen
the pion propagator which has been called a precursor p
nomenon to a phase transition of pion condensation@14–16#.
This leads to rather attractive contributions to the bind
energy which originate from ring diagrams involvingD-hole
excitations@17#. Nuclear structure studies including isob
excitations have furthermore been performed for fe
nucleon systems@18–20#.

Most of these older studies have been performed us
rather simple models for the baryon-baryon interaction. T
transition potentials describing theNN→ND and NN
→DD were approximated in terms of localp-exchange po-
tentials. During the last years new models for the bary
©2002 The American Physical Society16-1
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baryon interaction have been developed. It has been dem
strated that a local approximation of thep-exchange term
tends to overestimate these contributions considera
@21,22#. The effects of the nonlocalities in thep exchange on
the properties of the deuteron have been studied in deta
Forest@23# who included unitary transformations, which e
sentially relate features of nonlocal and local potentia
Nonlocalities in thep exchange also have a non-negligib
effect on the transition potentials leading to isobar exc
tions @24#.

So it is one aim of the present investigation to upd
nuclear structure studies with explicit treatment of isobar
citations using modern models for theNN interaction. We are
going to compare results for nuclear matter and finite nuc
calculated for the ArgonneV28 potential@25#, a recent up-
date of the nonlocal meson-exchange potential denote
Bonn2000 @26#, and a model which has recently been dev
oped by the Salamanca group@27#. This Salamanca interac
tion is derived in the framework of the chiral quark clust
~CQC! model. The problem of two interacting clusters~bary-
ons! of quarks is solved by means of the resonating gro
method. The Pauli principle between the interacting quark
an important source for the short-range repulsion of theNN
interaction@28#. At large distances thep exchange between
the quarks in the two clusters evolves to thep exchange
between two baryons. At shorter distances, however,
nonlocal model for the baryon-baryon interaction might yie
results that are quite different from a meson-exchange
ture. This Salamanca potential does not give such a pe
fit to theNN scattering phase shifts as do the Bonn2000 or the
V28. For the 1S0 and 3S1- 3D1 partial waves of theNN
system, however, the agreement with the empirical dat
rather good. This is visualized in Figs. 1 and 2, which exh

FIG. 1. Phase shifts and inelasticity parameters of neutr
proton (np) scattering in Arndt-Roper conventions~Ref. @29#! in
3S1 and 3D1 partial waves for laboratory energies below 10
MeV. The solid curve is the prediction by the Bonn2000 model~Ref.
@26#! and the dashed curve represents the Salamanca model~Ref.
@27#!. The solid dots represent the Nijmegen multienergynp analy-
sis ~Ref. @30#! and the open circles are the GWU/VPI single-ener
np analysis~Ref. @31#!.
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phase shifts and inelasticity parameters for partial wa
with isospinsT50 and T51, respectively. Note that the
Salamanca model does not include any spin-orbit for
which explains the predictions for the3PJ waves. An ex-
plicit evaluation of isobar components in the nuclear wa
function is also motivated from recent experiments, wh
try to measure such isobar components@32#.

The isobar components in the nuclear wave function a
the resulting ground-state properties will be evaluated in
extension of the coupled-cluster method@33#. This extension
is presented in Sec. II where we will also compare pred
tions of the coupled-cluster method with the Brueckn
Hartree-Fock approximation. Results for the binding ene
and isobar probabilities obtained for nuclear matter and fin
nuclei will be presented in Sec. III. Special attention will b
paid to the difference between the various interaction m
els.

II. COUPLED-CLUSTER APPROACH WITH ISOBAR
EXCITATIONS

In the coupled-cluster approach@33# one starts assuming
an appropriate Slater determinantF as a reference state fo
the system under consideration. In the examples consid
below this reference state will be a Slater determinant
fined in terms of appropriate oscillator single-particle wa
functions for the case of16O, while for the case of infinite
nuclear matterF stands for the antisymmetrized wave fun
tion built in terms of plane waves with momenta less than
Fermi momentumkF . The exact eigenstateC is then written
as

C5eSF, ~1!

with S being an operator of the form

S5 (
n51

A

Sn , ~2!

- FIG. 2. Phase shifts and inelasticity parameters of neutr
proton (np) scattering in1S0 and 3P0 partial waves. For further
details, see Fig. 1.
6-2
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D(1232) ISOBAR EXCITATIONS AND THE GROUND STATE OF NUCLEI PHYSICAL REVIEW C 65 034316
whereSn is an n-particle operator and in order to be com
plete one has to consider operators up ton5A with A the
number of baryons in the system. The operatorSn describes
the formation of ann-particlen-hole excitation relative to the
reference stateF. For the case ofn52 it can be written

S25
1

4 (
n1 ,n2 ,r1 ,r2

^r1r2uS2un1n2&ar1

† ar2

† an2
an1

. ~3!

In this equationar i

† stand for fermion creation operators

states which are unoccupied inF, while an i
represent anni-

hilation operators for the nucleon single-particle states wh
are occupied in the Slater determinantF. Note that thear i

†

may also represent the creation ofD isobar states. Therefor
the S2 amplitudes describe two-particle two-hole excitatio
relative toF but alsoND andDD excitations.

One can now use the Schro¨dinger equation in the form

e2SHeSF5EF, ~4!

and project this equation on the reference stateF and
n-particlen-hole states relative toF which we will identify
by Fr1•••rnn1•••nn

. This leads to an expression for the ener

E5^Fue2SHeSuF&5^FuH~11S11 1
2 S1

21S2!uF&, ~5!

and to a set of coupled equations for the amplitudes of lin
n-particlen-hole excitationsSn . This set of equations is trun
cated by assuming that amplitudesSn with n larger than a
given valuem can be ignored. As an example we consid
them52 approximation, i.e., we ignore the effects of linke
three-particle three-hole excitations and higher, and in or
to simplify the notation, we furthermore assume that we h
chosen the reference state such thatS1 vanishes~note that
this is true in particular for infinite nuclear matter because
the translational symmetry!. In this case we can write th
correlated two-body state as

x2un1n2&A5~11S2!un1n2&A ,

where a subscriptA is used to identify antisymmetrized two
body states. With these simplifications, the equation for
amplitudesS2 can be reduced to

~6!

Note that the term identified with (*) includes a summati
over intermediate hole states. If we ignore this term and
sume furthermore that the single-particle Hamiltonian
03431
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nuclear matter is diagonal in the plane wave stat
^auhub&5eadab , we can rewrite Eq.~6! into

~7!

In this equation we have introduced the starting energyv
and the Pauli operatorQP , which restricts the sum ove
intermediate states to those of the formur1r2&; i.e., to
nucleon single-particle statesr i which are unoccupied in the
reference stateF or to isobar excitations. If we identifyVx2
with the BruecknerG matrix, Eq.~7! takes the form of the
Bethe-Goldstone equation,

G~v!5V1V
QP

v2H0
G~v!, ~8!

with H0 the operator of the kinetic energy, i.e., assuming
conventional choice for the spectrum of the particle sta
@22,34,35#.

In order to visualize the relevance of the hole-hole te
(*) in Eq. ~6! we have performed calculations for nucle
matter with and without this term, using two different mode
for the NN interaction, which do not include isobar degre
of freedom, explicitly. One of these examples is the Argon
V14 potential@25#, which is defined in terms of 14 operator
each of them multiplied with a local potential. The seco
example is the charge dependent Bonn potential@1#, a
meson-exchange interaction, which is evaluated in mom
tum space and contains nonlocal contributions.

The results of the energy of nuclear matter as a funct
of the Fermi momentumkF , calculated in the Brueckner
Hartree-Fock~BHF! approximation, are displayed by th
dashed lines in Fig. 3. The differences originating from t
two interaction models have been discussed, e.g., in R
@21#: A local interaction (V14) tends to be stiffer than anNN
interaction based on the nonlocal meson-exchange m
~CDBonn!, fitting the sameNN scattering data. Since th
two-body correlations in nuclear matter are quenched
compared to the case ofNN scattering in the vacuum, a
stiffer interaction tends to predict less binding energy tha
softer one. As a consequence, the BHF energy calculated
theV14 interaction is much less attractive than for CDBon

If one also includes the hole-hole ladder terms in solv
Eq. ~6!, one obtains the corresponding solid lines in Fig.
The comparison shows that the effect of these hole-hole
ders on the calculated energy of nuclear matter is rather w
in this range of densities. The hole-hole ladders yield
effect which is weakly repulsive. The effect is a little b
larger for the V14 interaction as compared to the soft
CDBonn. All these results indicate that the coupled-clus
approach, restricted to theSm amplitudes with m<2,
yields results very similar to the BHF approximation, em
ploying the conventional choice for the intermediate parti
spectrum.
6-3
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However, it is not the aim of the present work to perfor
nuclear structure studies within the conventional approa
More sophisticated calculations including up to three-h
line terms in the Brueckner expansion scheme for nuc
matter @35# or coupled-cluster calculations for finite nucl
including S3 terms have been performed@36,37#.

The central aim of this work is to account for the isob
excitations using the coupled-cluster approach restricte
m<2. For that purpose we consider the baryon-baryon in
action modelsV28 @25#, Bonn2000 @26#, and the chiral quark
cluster~CQC! model developed in Salamanca@27#, which all
include the scattering toND andDD states. WhileV28 and
Bonn2000 yield rather accurate fits of the NN phase shifts
all partial waves, the CQC model leads to such a good
only for the channels with isospinsT50,J51 andT51,J
50 channels. Therefore we have replaced the CQC mo
by the Bonn2000 interaction model in all other channels.

For the case of nuclear matter Eq.~6! has been solved a
an integral equation employing the usual angle-average
proximation for the Pauli operator@38#. The hole-hole ladder
term can be introduced as an additional nonlinear term,
which self-consistency is obtained in an iterative procedu

In the case of finite nuclei we have solved the coupl
cluster equation by considering an expansion of the co
lated two-body wave function in a basis of relative wa
function defined in a box of a given radius. This basis p
vides an independent control of the maximal distance
momentum relevant for the correlated waves. The meth
restricted to nucleon-nucleon correlations only, has been
scribed in Ref.@39#. The extension to include isobar config
rations is straightforward@24#.

As a result of the calculation we not only obtain the e
ergy of the system~5! but one can also calculate the on
body density matrix

rab5
^Cuaa

†abuC&

^CuC&
, ~9!

FIG. 3. Binding energy of nuclear matter as a function of t
Fermi momentum. Results are given for the ArgonneV14 and the
CDBonn interaction, using the BHF approximation~dashed lines!
and with inclusion of hole-hole ladder terms~solid lines!.
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using the techniques described in Ref.@40#. This one-body
density allows for the evaluation of the radius of finite nuc
and also yields the probability thatD is excited.

III. RESULTS AND DISCUSSION

The energy per nucleon calculated for homogeno
nuclear matter at various densities is displayed in Fig. 4. T
results obtained for the three different interactions treat
isobar excitations explicitly~Argonne V28, Bonn2000, and
Salamanca CQC! are compared to those obtained within t
conventional framework using the ArgonneV14 interaction
model. All results have been obtained in the coupled-clus
or exponentialS approach restricting the excitation operat
to Sm with m<2. All calculations including isobar configu
rations yield results for the binding energy, which are le
attractive than the result obtained for the conventional ca
lation.

The reason for this loss of binding energy has been p
sented already a long time ago~see, e.g., Ref.@10#! and we
just want to repeat it using the language of perturbat
theory. The contribution of isobar configurations to the effe
tive interaction of two nucleons can be written in lowe
perturbation theory as

DV5VND
† Q

v2HND
VND1VDD

† 1

v2HDD
VDD , ~10!

whereVND andVDD represent the transition potentials for th
NN→ND and NN→DD transitions, respectively. The en
ergy of the interacting nucleons is denoted byv, andHND

(HDD) describes the Hamiltonian for the intermediateND
(DD) states. These contributions are responsible for a siz

FIG. 4. Binding energy of nuclear matter as a function of t
Fermi momentum. The contributions from hole-hole ladders, wh
are negligibly small~see Fig. 1!, have been ignored in the resul
displayed here. Results are given for the various interaction mo
with explicit consideration of isobar excitations. For a comparis
the result obtained for the conventional ArgonneV14 interaction is
also included.
6-4
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D(1232) ISOBAR EXCITATIONS AND THE GROUND STATE OF NUCLEI PHYSICAL REVIEW C 65 034316
part of the medium-range attraction of theNN interaction.
Therefore a realistic interaction model like the ArgonneV14,
which does not allow for isobar configurations, contains
tractive components which simulate the effects of isobar
citations in fitting theNN scattering phase shifts. The effec
of the attractive isobar terms displayed in Eq.~10! are re-
duced in the nuclear medium, since the interacting nucle
are bound (v becomes negative! and because a part of th
ND configurations is unavailable due to the Pauli blockin
This quenching of the attractive isobar terms is obser
only if the isobar effects are treated explicitly, and it is n
contained in the conventional models that simulate the iso
effects in the effectiveNN interaction in a pure phenomeno
logical way.

These arguments explain the loss of attraction due to
explicit inclusion of isobar excitations. Since the reduction
the isobar terms increases with density, this can also exp
why the repulsion increases with increasing density, a fea
which tends to shift the saturation point to lower densitie

The calculated binding energy is smallest for the Argon
V28 interaction model and slightly larger for the Bonn2000
and the Salamanca CQC models. To some extent this c
be explained by the observation that local interaction mod
like ArgonneV28, tend to predict weaker binding than d
nonlocal interactions, which fit the sameNN phase shifts
@21#. This feature, however, may also be interpreted as
indication that the predicted isobar effects are larger for
gonneV28 than for the other two models under consid
ation. This interpretation is supported by the calculated pr
abilities of isobar excitations in nuclear matter, displayed
Fig. 5.

The prediction for the isobar probabilities derived fro
the various interaction models differs in a very significa
way. At the empirical saturation density, which correspon
to a Fermi momentumkF51.36 fm21, the difference is
larger than a factor of 2~see also Table I!. Despite these
differences in the prediction of the totalD probability, there

FIG. 5. D probability per nucleon in nuclear matter as a functi
of the Fermi momentum. Results are presented for the various
teraction models discussed in text.
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are some common features in the predictions of these mo
with quite different origins. If one tries to analyze whic
partial waves provide the most important contributions, o
observes that all interaction models predict a larger contri
tion from the excitation ofDD configurations, which can
occur in interacting pairs of baryons withT50 andT51,
than from the excitation ofND excitations, which occur in
T51 partial waves only.

All interaction models predict large contributions fro
those partial waves, in which the interacting nucleons are
a state with relative angular momentuml 50. However, for a
complete calculation one cannot ignore the contributio
from the higher partial waves~see also Table I!.

The features we have discussed so far for the case
infinite nuclear matter are also observed in the results
tained for the finite nucleus16O, which are displayed in
Table II. The calculated binding energy per nucleon is sm
est for the ArgonneV28, about 0.7 MeV, and 2.4 MeV pe
nucleon larger for the Bonn2000 and Salamanca models, re
spectively. The increase in the calculated binding energ
correlated with a smaller prediction for theD probability
PD . Also for 16O we observe a difference by almost a fact
of 2 betweenPD derived from theV28 and Salamanca CQC
models. The probabilitiesPD calculated for16O are similar
in magnitude to those evaluated for nuclear matter at sm
densities (kF around 1 fm21). Therefore a nuclear matte

n-

TABLE I. D probability per nucleon in nuclear matter at sat
ration density derived from various interaction models. The to
probability originates from the excitation ofND@P(ND)# andDD
configurations. Also shown are predictions if only the coupling
the D configuration fromNN channels1S0 and 3S1 is considered.
All entries are in percent.

V28 Bonn2000 CQC

PD (total) 8.67 6.55 4.00
P(ND) 4.03 2.79 1.87
P(DD) 4.64 3.76 2.13
PD(1S0) 2.77 2.43 1.24
PD(3S1) 1.80 2.00 0.64

TABLE II. Energy per nucleon (E/A), radius (r ), single-particle
energies for the nucleons, andD probability per nucleon for16O.
The total probability originates from the excitation ofND@P(ND)#
andDD configurations. Results are presented for the various in
action models discussed in text.

V28 Bonn2000 CQC

E/A@MeV# 22.73 23.49 25.15
r @ fm# 2.81 2.65 2.53
«s1/2 @MeV# 234.65 237.88 244.25
«p3/2 @MeV# 216.49 218.54 222.03
«p1/2 @MeV# 213.56 214.82 217.67
PD @%# 3.87 3.71 1.97
PD (ND) @%# 1.75 1.43 0.88
PD (DD) @%# 2.12 2.28 1.08
6-5
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calculation of isobar effects seems to provide a reason
first estimate for the case of finite nuclei, if one uses a lo
density approximation. For a more detailed information, l
the relative importance of different partial waves, an expl
calculation of the finite systems is required.

The differences in the calculated energies andD prob-
abilities obtained in these different interaction models ori
nate of course mainly from the different transition potenti
VND andVDD @see also Eq.~10!#. Some of these differences
like the treatment of thep-exchange contribution or th
short-range behavior in the localV28 approximation as com
pared to the nonlocal calculation in the other models, h
been discussed already in Ref.@24#. These differences ar
also the main origin for the different predictions obtained
the present calculation. As a typical example we show
amplitudes

^ND5D0uS2u0s1/20s1/2&J50,T51 , ~11!

calculated for16O as a function of the relative distancer of
the ND pair in the upper part of Fig. 6. The lower pa
contains the corresponding correlation function for theDD
configuration. Inspecting the differences obtained from
three interaction models, one can see that theV28 interaction
leads to a larger amplitude at larger distancesr than do the
other two. This can be related to the fact thatV28 uses a
local p-exchange contribution in the transition potenti
which does not account for retardation effects which are
to the ND mass difference. The different behavior in th
correlation functionsS2 at small distancesr must be related
to the different kinds of models. While the short-range b

FIG. 6. ND ~upper part! andDD correlation functions originat-
ing from two nucleons in the 0s1/2 shell of 16O as a function of the
relative distancer.
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havior in theV28 and Bonn2000 models are controlled by
local and nonlocal form factors, respectively, it is th
coupled channel calculation within the chiral quark mod
that provides the short-range behavior in the Salama
model.

IV. CONCLUSIONS

In the present investigation we try to compare the pred
tions for the bulk properties of nuclei derived from thre
different baryon-baryon interaction models, which accou
for isobar configurations explicitly. The main differences c
be related to the models for transition potentials describ
NN→ND andNN→DD transitions. The quark model of th
Salamanca CQC approach predicts weaker transition am
tudes at short range than do the more phenomenological
offs in the Bonn2000and ArgonneV28 interactions. The long-
range components of these amplitudes are dominated by
p exchange, which is weaker in the nonlocal models~Sala-
manca and Bonn2000) than in the local interaction mode
(V28). These differences in the interactions are respons
for the differences in the predictedD probabilities in 16O,
which vary between 1.97% derived for the Salamanca mo
and 3.87% for ArgonneV28. The results are in fair agree
ment with the estimates derived from experiment in R
@32#, which reportsD probabilities ranging between 1.5%
and 3.1% for light nuclei. Comparing these data one m
keep in mind that theD probability is not an observable
which can be deduced from experiment in a mod
independent way. Therefore one should be satisfied w
such a qualitative agreement between theory and experim

A large probability for isobar excitations is related
weak binding energy. Similar results are obtained for infin
nuclear matter. The isobar effects discussed here would
respond to the inclusion of a repulsive three-nucleon force
conventional nuclear structure calculations. Comparing
calculated binding energies with empirical values, one m
keep in mind that the coupled-cluster approximation~includ-
ing terms up toS2) essentially corresponds to the Brueckne
Hartree-Fock approximation with a conventional choice
the intermediate particle spectrum. More binding energy
obtained from including three-body terms or using the
called continuous choice spectrum. This is known from c
responding calculations using nucleon degrees of freed
only @35#. The explicit treatment of isobar configuration
however, would give rise to additional three-body term
which are not yet taken into account. The effects beco
very large at higher densities if one considers old local m
els for the isobar excitations@16,17#. The isobar effects may
provide reasonable corrections if the modern interact
models are considered.
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