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The influence ofA 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 ¥28) and nonlocal meson-exchange potentials (Bgygnbut 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,stkexchange contributions in particular, at high mo-
mentum transfers.
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[. INTRODUCTION tion account for this mutual polarization of the interacting
nucleons in a phenomenological way. For example, a part of
The development of efficient computing facilities has en-the o meson exchange in one-boson-excha@BE) mod-
abled very sophisticated calculations for the solution of theels for theNN interaction can be related to such isobar terms
nuclear many-body problem. Starting from realistic modelq12].
for the nucleon-nucleoriNN) interaction, which give very In a conventional nuclear structure calculation this part of
accurate fits of th&IN scattering data below the threshold for the NN interaction is identical in the nuclear medium as com-
pion production1-3], one can solve the few-nucleon prob- pared to the vacuum where the effectiN&l interaction has
lem up toA=8 nucleons in a way which yields essentially been adjusted to describe tN& scattering data. If, however,
the exact solution[4]. Introducing an additional three- the isobar degrees of freedom are taken into account explic-
nucleon forcg5,6] one can obtain results for the basic low- itly, one obtains a modification of thdA andAA propaga-
energy properties of these nuclei, which are in good agredors in the medium. This implies that the effectidM inter-
ment with the experimental data. action including such intermediate isobar states is different in
This demonstrates that the low-energy properties of nuclenuclear matter as compared to the vacuum case. The corre-
are well described within the conventional model of nuclearsponding part of the medium-range attraction is quenched.
physics, in which nuclei are considered as a system of nucleFhis feature has been investigated by various groups using
ons, treated as inert particles interacting via two-body forceshe Brueckner-Hartree-Fock approximati@+11] or within
All subnucleonic degrees of freedom, which may lead toa lowest order variational calculati¢@3] and binding ener-
modifications of the hadrons in the nuclear medium, and dygies were obtained, which were much weaker than in corre-
namical relativistid 7] effects are represented by a phenom-sponding calculations ignoring the explicit treatment of iso-
enological three-nucleon force. On the other hand, howevehar excitations.
one knows that nucleons cannot really be considered as el- For nuclear matter at higher densities the explicit consid-
ementary particles, and subnucleonic degrees of freedoneration of isobar configurations leads to an enhancement of
such as, e.g., the possibility to excite strongly interactinghe pion propagator which has been called a precursor phe-
nucleons, could be very important. In particular the excita-nomenon to a phase transition of pion condensdtldn-16.
tion of nucleons to theA(3,3) resonance may have some This leads to rather attractive contributions to the binding
effect on the low-energy and bulk properties of nuclear sysenergy which originate from ring diagrams involvidghole
tems. First investigations on the importance of isobar degreeaxcitations[17]. Nuclear structure studies including isobar
of freedom were performed more than 20 years [®ol1].  excitations have furthermore been performed for few-
Those studies demonstrated that isobar configurations yielducleon systemgl8—20.
an important contribution to the medium-range attraction of Most of these older studies have been performed using
the NN interaction. Conventional models of tiNN interac-  rather simple models for the baryon-baryon interaction. The
transition potentials describing th&iIN—NA and NN
—AA were approximated in terms of local-exchange po-
*On leave from the University of Salamanca, Spain. tentials. During the last years new models for the baryon-
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FIG. 1. Phase shifts and inelasticity parameters of neutron- FIG. 2. Phase shifts and inelasticity parameters of neutron-
proton (p) scattering in Arndt-Roper conventioriRef. [29]) i proton (p) scattering in'S, and 3P, partial waves. For further
33, and °D, partial waves for laboratory energies below 1000 details, see Fig. 1.

MeV. The solid curve is the prediction by the Bopg model (Ref.
[26]) and the dashed curve represents the Salamanca rfReel phase shifts and inelasticity parameters for partial waves
[27]). The solid dots represent the Nijmegen multienangyanaly-  with isospinsT=0 and T=1, respectively. Note that the
sis (Ref. [3_0]) and the open circles are the GWU/VPI single-energy ggjamanca model does not include any spin-orbit force,
np analysis(Ref. [31]). which explains the predictions for th&P; waves. An ex-
plicit evaluation of isobar components in the nuclear wave
baryon interaction have been developed. It has been demofunction is also motivated from recent experiments, which
strated that a local approximation of theexchange term try to measure such isobar compone@2].
tends to overestimate these contributions considerably The isobar components in the nuclear wave function and
[21,22. The effects of the nonlocalities in theexchange on  the resulting ground-state properties will be evaluated in an
the properties of the deuteron have been studied in detail byxtension of the coupled-cluster metH@s]. This extension
Forest[23] who included unitary transformations, which es- is presented in Sec. Il where we will also compare predic-
sentially relate features of nonlocal and local potentialstions of the coupled-cluster method with the Brueckner-

Nonlocalities in ther exchange also have a non-negligible Hartree-Fock approximation. Results for the binding energy
effect on the transition potentia|3 |eading to isobar excita.and isobar probabllltles obtained for nuclear matter and finite

tions [24]. nuclei will be presented in Sec. Ill. Special attention will be
So it is one aim of the present investigation to updatePaid to the difference between the various interaction mod-

nuclear structure studies with explicit treatment of isobar ex£ls.

citations using modern models for thiN interaction. We are

going to compare results for nuclear matter and finite nuclei, 1. COUPLED-CLUSTER APPROACH WITH ISOBAR
calculated for the Argonn®28 potential[25], a recent up- EXCITATIONS

date of the nonlocal meson-exchange potential denoted as _
BONN,o00[26], and a model which has recently been devel- N the coupled-cluster approa¢B3] one starts assuming
oped by the Salamanca gro[@7]. This Salamanca interac- 2" appropriate Slater d.etermllna;htas a reference state 'for
tion is derived in the framework of the chiral quark cluster € System under consideration. In the examples considered
(CQO) model. The problem of two interacting clustébary- below_ this reference stat_e will b(_e a Sla'_[er determlnant de-
ons of quarks is solved by means of the resonating grouﬁ'”ed_'” terms of approprelate osqllator smgle-pamg:lg wave
method. The Pauli principle between the interacting quarks i€unctions for the case of®o, while for the case of infinite

an important source for the short-range repulsion ofNihe r?uclea_r matterb stands for the anu;ymmetnzed wave func-
interaction[28]. At large distances ther exchange between tion b'unt in terms of plane waves.wnh momgnta less Fhan the
the quarks in the two clusters evolves to theexchange Fermi momentunkg . The exact eigenstatl is then written
between two baryons. At shorter distances, however, thi&S
nonlocal model for the baryon-baryon interaction might yield
results that are quite different from a meson-exchange pic-
ture. This Salamanca potential does not give such a perfect. .
fit to the NN scattering phase shifts as do the Bgygor the with Sbeing an operator of the form

T =e50, 1

V28. For thelS, and 3S;-3D; partial waves of theNN A
system, however, the agreement with the empirical data is S= 2 S, )
rather good. This is visualized in Figs. 1 and 2, which exhibit A=1
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where S, is an n-particle operator and in order to be com- nuclear matter is diagonal in the plane wave states,
plete one has to consider operators umteA with Athe  (a|h|B)=¢€,5,5, we can rewrite Eq(6) into
number of baryons in the system. The oper&gouescribes

the formation of am-particlen-hole excitation relative to the _ Op
reference statd. For the case oh=2 it can be written VXalviva)a=V]vivo)a+V e, te, —T,—T, Vxalv1v2)a
Y1 V2
S —_—
1 Tt -
$=7 Wng (p1p2l Solvivo)a) &) a8, (3) Vo), + VS, 0y ), . @
+ In this equation we have introduced the starting enengy

In this equationapi stand for fermion creation operators in ;.4 the Pauli operatoDp, which restricts the sum over
states which are unoccupied dn, while a, represent anni- intermediate states to those of the forimyp,); i.e., to
hilation operators for the nucleon single-particle states whichucleon single-particle statgs which are unoccupied in the
are occupied in the Slater determinait Note that theat. reference statd or to isobar excitations. If we identify y»

may also represent the creationdfisobar states. Therefore Withhthe BlruecknelG mgtrix, Eq.(7) takes the form of the
the S, amplitudes describe two-particle two-hole excitationsBethe-Goldstone equation,
relative tod but alsoNA andAA excitations.

One can now use the Sclidinger equation in the form Qp
G(w)=V+V

~1-Glw), ®
@ 0
e SHeSP=E®, (4)

) ] . with H, the operator of the kinetic energy, i.e., assuming the
and project this equation on the reference steand  conventional choice for the spectrum of the particle states
n-particlen-hole states relative t& which we will identify 122 34,33,
by®, ..., . ..., This leads to an expression for the energy, |n order to visualize the relevance of the hole-hole term

(*) in Eqg. (6) we have performed calculations for nuclear
E=(®|e SHeSd)=(P|H(1+S;+ %S§+ S,)|®), (5) matter with and without this term, using two different models
for the NN interaction, which do not include isobar degrees
f freedom, explicitly. One of these examples is the Argonne
14 potentia[25], which is defined in terms of 14 operators,
each of them multiplied with a local potential. The second
example is the charge dependent Bonn poteritid] a
meson-exchange interaction, which is evaluated in momen-

and to a set of coupled equations for the amplitudes of linke
n-particlen-hole excitationss,, . This set of equations is trun-
cated by assuming that amplitud8s with n larger than a
given valuem can be ignored. As an example we consider

them=2 approximation, i.e., we ignore the effects of linked . S
ttum space and contains nonlocal contributions.

three-particle three-hole excitations and higher, and in orde The results of the enerav of nuclear matter as a function
to simplify the notation, we furthermore assume that we have 9y

. of the Fermi momentunkg, calculated in the Brueckner-
chosen the reference state such tBatvanishes(note that 1Hartree-Fock(BHF) approximation, are displayed by the

dashed lines in Fig. 3. The differences originating from the
two interaction models have been discussed, e.g., in Ref.
[21]: A local interaction {/14) tends to be stiffer than asN
interaction based on the nonlocal meson-exchange model
X2l v1v2)a=(1+S)|v1vo)a, (CDBonn, fitting the sameNN scattering data. Since the
two-body correlations in nuclear matter are quenched as
where a subscriph is used to identify antisymmetrized two- compared to the case &N scattering in the vacuum, a
body states. With these simplifications, the equation for thestiffer interaction tends to predict less binding energy than a

the translational symmetryIn this case we can write the
correlated two-body state as

amplitudesS, can be reduced to softer one. As a consequence, the BHF energy calculated for
the V14 interaction is much less attractive than for CDBonn.
(P12 (T +T2)S5| w1 w24 — 2 {{p1p2lS | vw) a(wl k| v)) If one also includes the hole-hole ladder terms in solving

Eq. (6), one obtains the corresponding solid lines in Fig. 3.
The comparison shows that the effect of these hole-hole lad-
ders on the calculated energy of nuclear matter is rather weak
1 in this range of densities. The hole-hole ladders yield an
+3 E (P12l ol vy ) 4wV [VXa| w1 92),=0. (6)  effect which is weakly repulsive. The effect is a little bit
Vv larger for theV14 interaction as compared to the softer
(%) CDBonn. All these results indicate that the coupled-cluster
approach, restricted to th&,, amplitudes with m=2,
Note that the term identified with (*) includes a summationyields results very similar to the BHF approximation, em-
over intermediate hole states. If we ignore this term and asploying the conventional choice for the intermediate particle
sume furthermore that the single-particle Hamiltonian ofspectrum.

+{(p1p2]S2| V1) 4| B v2) } +{p1p2 VXa| V1 v2) 4
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FIG. 3. Binding energy of nuclear matter as a function of the  FIG. 4. Binding energy of nuclear matter as a function of the
Fermi momentum. Results are given for the ArgoiMie} and the  Fermi momentum. The contributions from hole-hole ladders, which
CDBonn interaction, using the BHF approximatiGeshed lines  are negligibly smalksee Fig. 1, have been ignored in the results
and with inclusion of hole-hole ladder tern(solid lines. displayed here. Results are given for the various interaction models

o . with explicit consideration of isobar excitations. For a comparison,
However, it is not the aim of the present work to performthe result obtained for the conventional ArgorWi4 interaction is

nuclear structure studies within the conventional approac L 150 included

More sophisticated calculations including up to three-hole '

line terms in the Brueckner expansion scheme for nuclear . . . . .

matter[35] or coupled-cluster calculations for finite nuclei USiNg the techniques described in Rgf0]. This one-body

including S, terms have been performé@6,37. density aIIc_>ws for the evalu_a}non of t_he ra(_j|us of finite nuclei
The central aim of this work is to account for the isobar@nd also yields the probability that is excited.

excitations using the coupled-cluster approach restricted to

m=2. For that purpose we consider the baryon-baryon inter- ll. RESULTS AND DISCUSSION
action models/28[25], Bonnyyee [26], and the chiral quark T | lculated for h
cluster(CQQO) model developed in Salamani&v], which all € energy per nucieon caicuialed Tor homogenous

include the scattering tIA andAA states. Whilev28 and nuclear matter at various densities is displayed in Fig. 4. The
BoNyg yield rather accurate fits of the NN phase shifts inresults obtained for the three different interactions treating
000

all partial waves, the CQC model leads to such a good fi sobar excitations explicitlfArgonne V28, Bonfgg, and

only for the channels with isospirE=0J=1 andT=1.] alamanca CQCare compared to those obtained within the

—0 channels. Therefore we have repléced the CQC’modé:IonventionaI framework using the Argonhe 4 interaction

by the Bonp ' interaction model in all other channels model. All results have been obtained in the coupled-cluster
000 .

For the case of nuclear matter E§) has been solved as or expo.nentias approach restricti_ng the:‘ ex_citation ope_rator
an integral equation employing the usual angle-average aﬁg Sm W'th m=2. Al calculatlo.ns .|nclud|ng |sob§r configu-
proximation for the Pauli operat88]. The hole-hole ladder rations yield results for the plndmg energy, Wh'c.h are less
term can be introduced as an additional nonlinear term, fo tractive than the result obtained for the conventional calcu-
which self-consistency is obtained in an iterative procedure.at'on' . -

In the case of finite nuclei we have solved the coupled- The reason for this l.OSS of binding energy has been pre-
cluster equation by considering an expansion of the corre§emed already a Iong time ageee, e.g., Re{10]) and we .
lated two-body wave function in a basis of relative wavejus‘t want to repeat it using the Ianguagg of perturbation
function defined in a box of a given radius. This basis pro-t.heory' The pontrlbutlon ofisobar conflguratlo_ns to'the effec-
vides an independent control of the maximal distance amgve Interaction of two nucleons can be written in lowest
momentum relevant for the correlated waves. The methO(J[,)erturbatlon theory as
restricted to nucleon-nucleon correlations only, has been de-
scribed in Ref[39]. The extension to include isobar configu- AV:VLA
rations is straightforwarf24].

As a result of the calculation we not only obtain the en-
ergy of the systen{5) but one can also calculate the one- whereVy, andV,, represent the transition potentials for the
body density matrix NN—NA and NN—AA transitions, respectively. The en-

+ ergy of the interacting nucleons is denoted dyandHy,
(Plagagl) © (H,,) describes the Hamiltonian for the intermedidté
Pap™ (W|w)y (AA) states. These contributions are responsible for a sizable

Lv +Vvi ;v (10)
w—Hya NA AAw_HAA AA
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0.2 ‘ \ . 7 TABLE I. A probability per nucleon in nuclear matter at satu-
----- Argonne V28 ,/ e ration density derived from various interaction models. The total
——— Bonn 2000 J/ / probability originates from the excitation &fA[ P(NA)] andAA
Salamanca CQC 7 e configurations. Also shown are predictions if only the coupling to
0.15 ‘ ] the A configuration fromNN channels'S, and 3S, is considered.

All entries are in percent.

Vg Bonmygo CcQcC

Q:‘ 01 -
P, (total) 8.67 6.55 4.00
P(NA) 4.03 2.79 1.87
P(AA) 4.64 3.76 2.13
0.05 . PA(1Sp) 2.77 2.43 1.24
PA(3S)) 1.80 2.00 0.64

are some common features in the predictions of these models
with quite different origins. If one tries to analyze which
partial waves provide the most important contributions, one

1 1.2 14 L6 . 1.8 2
Fermi momentum [fm™ |

FIG. 5. A probability per nucleon in nuclear matter as a function .o 65 that all interaction models predict a larger contribu-

of the_ Fermi momc_antum. Rgsults are presented for the various Nion from the excitation ofA A configurations, which can
teraction models discussed in text. - . . .
occur in interacting pairs of baryons with=0 andT=1,

) ) ) ) than from the excitation oNA excitations, which occur in
part of the medium-range attraction of theN interaction. -1 partial waves only.

Therefore a realistic interaction model like the Argoifi, All interaction models predict large contributions from
which does not allow for isobar configurations, contains atyose partial waves, in which the interacting nucleons are in
tractive components which simulate the effects of isobar exz siate with relative angular momentuir 0. However, for a
citations in fitting theNN scattering phase shifts. The effects complete calculation one cannot ignore the contributions
of the attractive isobar terms displayed in Eg0) are re-  fom the higher partial wavesee also Table)]

duced in the nuclear medium, since the interacting nucleons The features we have discussed so far for the case of
are bound & becomes negativeand because a part of the jnfinite nuclear matter are also observed in the results ob-
NA configurations is unavailable due to the Pauli blocking.izined for the finite nucleus®O. which are displayed in
This quenching of the attractive isobar terms is observegype |1 The calculated binding energy per nucleon is small-

only if the isobar effects are treated explicitly, and it is not og; for the Argonné/28, about 0.7 MeV, and 2.4 MeV per
contained in the conventional models that simulate the isobaf,cjeon larger for the |’30@Boo and Sala’manca models. re-

effects in the effectivéNN interaction in a pure phenomeno- ghactively. The increase in the calculated binding energy is

logical way.

correlated with a smaller prediction for th® probability

These arguments explain the loss of attraction due to th 16 ;
explicit inclusion of isobar excitations. Since the reduction of s Also for O e observe a difference by almost a factor
' of 2 betweerP, derived from the/28 and Salamanca CQC

the isobar terms increases with density, this can also explai
why the repulsion increases with increasing density, a featur
which tends to shift the saturation point to lower densities. d
The calculated binding energy is smallest for the Argonne
V28 interaction model and slightly larger for the Bogya
and the Salamanca CQC models. To some extent this coul
be explained by the observation that local interaction model
like ArgonneV28, tend to predict weaker binding than do
nonlocal interactions, which fit the sani¢N phase shifts
[21]. This feature, however, may also be interpreted as an

fhodels. The probabilitie®,, calculated for'®O are similar
f magnitude to those evaluated for nuclear matter at small
ensities kg around 1 fm?). Therefore a nuclear matter

d TABLE II. Energy per nucleonk/A), radius ¢), single-particle
energies for the nucleons, ard probability per nucleon fort®0.
SThe total probability originates from the excitationA[ P(NA)]
andAA configurations. Results are presented for the various inter-
action models discussed in text.

indication that the predicted isobar effects are larger for Ar-

. Vag Bonnyggo cQcC

gonneV28 than for the other two models under consider
ation. This interpretation is supported by the calculated probE/A[MeV] —2.73 —3.49 —5.15
abilities of isobar excitations in nuclear matter, displayed inr[fm] 2.81 2.65 2.53
Fig. 5. es1p [MeV] —34.65 —37.88 —44.25

The prediction for the isobar probabilities derived from &3, [MeV] —16.49 —18.54 —22.03
the various interaction models differs in a very significante,,, [MeV] —13.56 —14.82 -17.67
way. At the empirical saturation density, which correspondsp, [%] 3.87 3.71 1.97
to a Fermi momentunkg=1.36 fm !, the difference is P, (NA) [%] 1.75 1.43 0.88
larger than a factor of Zsee also Table)l Despite these p, (AA) [%] 212 228 1.08

differences in the prediction of the total probability, there
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havior in theV28 and Bonpyy, models are controlled by
local and nonlocal form factors, respectively, it is the
coupled channel calculation within the chiral quark model

that provides the short-range behavior in the Salamanca
model.

0.0

-0.05

IV. CONCLUSIONS

=12
1

In the present investigation we try to compare the predic-
tions for the bulk properties of nuclei derived from three
| ‘ | ; | ; | different baryon-baryon interaction models, which account
0.04 - -~ - for isobar configurations explicitly. The main differences can
24 N, T Argonne V28 be related to the models for transition potentials describing
/[ \ \ —— Bonny, NN—NA andNN— AA transitions. The quark model of the
/] \ \-\ Salamanca Salamanca CQC approach predicts weaker transition ampli-
i ) tudes at short range than do the more phenomenological cut-
offs in the Bonnpggpand ArgonneV/28 interactions. The long-
range components of these amplitudes are dominated by the
7 exchange, which is weaker in the nonlocal mod&ala-
manca and Bongyg than in the local interaction model
(V28). These differences in the interactions are responsible
0 1 2 3 4 for the differences in the predictedl probabilities in 160,
v [fm] which vary between 1.97% derived for the Sa_lama}nca model
and 3.87% for Argonn&/28. The results are in fair agree-
FIG. 6. NA (upper paitandAA correlation functions originat- ment with the estimates derived from experiment in Ref.
ing from two nucleons in the €, shell of %0 as a function of the [32], which reportsA probabilities ranging between 1.5%
relative distance. and 3.1% for light nuclei. Comparing these data one must
keep in mind that thel probability is not an observable,
calculation of isobar effects seems to provide a reasonablhich can be deduced from experiment in a model-
first estimate for the case of finite nuclei, if one uses a localndependent way. Therefore one should be satisfied with
density approximation. For a more detailed information, likesuch a qualitative agreement between theory and experiment.
the relative importance of different partial waves, an explicit A large probability for isobar excitations is related to
calculation of the finite systems is required. weak binding energy. Similar results are obtained for infinite
The differences in the calculated energies @ngrob-  nuclear matter. The isobar effects discussed here would cor-
abilities obtained in these different interaction models origi-respond to the inclusion of a repulsive three-nucleon force in
nate of course mainly from the different transition potentialsconventional nuclear structure calculations. Comparing the
Vya andV,, [see also Eq(10)]. Some of these differences, calculated binding energies with empirical values, one must
like the treatment of ther-exchange contribution or the keep in mind that the coupled-cluster approximatimelud-
short-range behavior in the locdR8 approximation as com- ing terms up tdS,) essentially corresponds to the Brueckner-
pared to the nonlocal calculation in the other models, havélartree-Fock approximation with a conventional choice of
been discussed already in Rg§24]. These differences are the intermediate particle spectrum. More binding energy is
also the main origin for the different predictions obtained inobtained from including three-body terms or using the so-
the present calculation. As a typical example we show thealled continuous choice spectrum. This is known from cor-
amplitudes responding calculations using nucleon degrees of freedom
only [35]. The explicit treatment of isobar configurations,
(NA®Dy|S;|081,0812) 5=07=1 (11)  however, would give rise to additional three-body terms,
which are not yet taken into account. The effects become
calculated for'®0O as a function of the relative distancef very large at higher densities if one considers old local mod-
the NA pair in the upper part of Fig. 6. The lower part els for the isobar excitatiorf46,17]. The isobar effects may

contains the corresponding correlation function for th&  provide reasonable corrections if the modern interaction
configuration. Inspecting the differences obtained from thenodels are considered.

three interaction models, one can see thatMB8 interaction
leads to a larger amplitude at larger distanceésan do the
other two. This can be related to the fact th&28 uses a
local w-exchange contribution in the transition potential, We acknowledge financial support from the Eurisphe
which does not account for retardation effects which are du&raduiertenkolleg  Thingen-Basel (DFG-SNB, the

to the NA mass difference. The different behavior in the DGICYT (Spain under Contract No. PB98-1247, the United
correlation functionsS, at small distances must be related States National Science Foundation under Grant No. PHY-
to the different kinds of models. While the short-range be-0099444, and the RamoAreces FoundatiofSpain.
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