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We study the ground state properties of doubly closed shell ndé@iand “°Ca in the framework of
correlated basis function theory using state dependent correlations, with central and tensor components. The
realistic Argonnev 1, andv § two-nucleon potentials and three-nucleon potentials of the Urbana class have been
adopted. By means of the Fermi hypernetted chain integral equations, in conjunction with the single operator
chain approximation, we evaluate the ground state energy, one- and two-body densities and electromagnetic
and spin static responses for both nuclei.}f® we compare our results with the available Monte Carlo and
coupled cluster ones and find a satisfying agreement. As in the nuclear matter case with similar interactions and
wave functions, the nuclei result underbound by 2—3 MeV/nucleon.

PACS numbgs): 21.60.Gx, 21.10.Dr, 27.2&n, 27.40+z

I. INTRODUCTION In realistic nuclear matter calculations, the correlation opera-

The attempt to describe all nuclei starting from the Sam%ticz)rnw;)g:avrz?ogArl:\.symmetrlzed product of two-body correla-
ij -

nucleon-nucleon interaction which reproduces the properties

of two-, and possibly three-, nucleon systems is slowly ob-

taining its first successes. A set of techniques to exactly solve G(1,2---A)= g[ H Fij } ) (3

the Schrdinger equation in the 8 A<8 nuclei is now avail- i<i

able: Faddeey1], correlated hyperspherical harmonics ex-

pansion 2], quantum Monte Carlf3]. Their straightforward In principle richer choices for the operat(8) can be made

extension to medium-heavy nuclei is however not yet feaby including explicit three- or more-nucleon correlations,

sible, both for computational and theoretical reasons. which cannot be described by the product of two-body cor-
The correlated basis functig®€©BF) theory is one of the relations. It is essential, however, that the two-body correla-

most promising many-body tools currently under developdion F;; has an operatorial dependence analogous to that of

ment to attack the problem of dealing with the complicatedthe modern nucleon-nucleon interactioftsl -15. Nowa-

structure(short range repulsion and strong state dependencélays, sophisticated CBF calculations consiggrof the form

of the nuclear interaction. The CBF has a long record of

applications in condensed matter physics, as well as in liquid

helium and electron systems. In nuclear physics the most

extensive use of CBF has been done in infinite nuclear and

neutron matter. The neutron stars structure described via thghere the involved operators are

CBF based neutron matter equation of state is in nice agree-

ment with the current observational dd#5]. In nuclear inj=1,8:[1,(,i.0j S (L-9)1®[17- 7] (5)

matter CBF has been used not only to study ground state

properties[4,6,7] but also dynamical quantities, as electro-

magnetic responsei8,9] and one-body Green's functions 2NdSi=(3Tij- 0i1ij- ;07 ay) is the tensor operator. The
[10] correlation functionsdP(r), as well as the set of single par-

ticle wave functions, are fixed by the energy minimization
procedure.

A key point in applying CBF is the evaluation of the
(WIH|W) many-variables integrals necessary to calculate the energy
AN e (1)  functional (1). A direct approach consists in using Monte

(V|w) Carlo sampling techniquewariational Monte Carlo, VME
[16]. However, the required numerical effort is such that, for
in the Hilbert subspace of the correlated many-body waveealistic interactions and correlations, VMC can be effi-

Fij:pzzlsfp(rij)oipj, (4)

The CBF theory is based upon the variational principle,
i.e., one searches for the minimum of the energy functional

E[V]=

functions¥: ciently used only in light nuclei. Actually, a realistic calcu-
lation of the ground state of®O has been done in R€f17]
V(1,2..A)=G(1,2.. A)P(1,2..A), (2) by using the so called cluster Monte Catl@MC) method.

In CMC the terms related to the scalar part of the correlation
whereG(1,2.. A) is a many-body correlation operator acting (p=1) are completely summed by VMC, whereas the re-
on the mean field wave functiofi(1,2.. A) [we will take a  maining operatorial §>>1) contributions are approximated
Slater determinant of single particle wave functiogs(i)]. by considering up to four- or five-body cluster terms.
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An alternative to the Monte Carlo methodology is pro- and discuss the results for the energy, one- and two-body
vided by cluster expansions and the integral summation tectdensities and static responses; the conclusions are drawn in
nigue known as Fermi hypernetted chéfHNC) [18], par-  Sec. V.
ticularly suited to treat heavy systems. By means of the
FHNC equations it is possible to sum infinite classes of || |NTERACTION, CORRELATED WAVE FUNCTION,
Mayer-like diagrams resulting from the cluster expansion of AND CLUSTER EXPANSION
the expectation value of the Hamiltonian, or of any other
operator. FHNC has been widely applied to both finite and We work in the framework of the nonrelativistic descrip-
infinite systems with purely scaldstate independent, or Ja- tion of the nucleus and use a Hamiltonian of the form
strow) correlations. 42

The case of the state dependént, needed in nuclear __" 2 B B
systems, is more troublesome sinceﬁthe noncommutativity of H=om 2 Vit .E<, Vi +i<JZ<k Vijk ©
the correlation operators prevents the development of a com-
plete FHNC theory for the correlated wave function of Eq.Very high quality phase-shift analyses of a large body pf
(2). For this reason an approximated treatment of the operaandnp data have been recently carried ¢iit,12. Building
torial correlations, called single operator cha®OQ0, has  on this accurate data base, several nucleon-nudhbinpo-
been developefl9]. The SOC approximation, together with tentials have been constructed, like the updated Nijmegen
a full FHNC treatment of the Jastrow part of the correlation,interaction[13], the CD Bonn interactiof15] and the Ar-
provides an accurate description of infinite nucleonic mattegonnev g (A18) [14] interaction. All of them include charge
[4]. It is therefore believed that FHNC/SOC effectively in- symmetry breaking terms in order to provide a precise fit to
cludes the contribution of many-body correlated clusters aboth thepp andnp data.
all orders. The evaluation of additional classes of diagrams The structure ofvj; and vy, at large interparticle dis-
in nuclear matter has set the estimated accuracy for thginces is dictated by meson exchange processes. The long-
ground state energy to less than 1 MeV at saturation densityange part of the\N interactions is determined by the one-
(Pam=0.16 %) [4,20]. pion exchangéOPB):

In a series of papef21—-23 we have extended the FHNC
scheme to describe the ground state of doubly closed shell 2N M,
nuclei, from *He to 2°%Pb, with semirealistic, central inter- Vi T A, ?[Yw(rij)(ri’a'j+T7r(rij)Sij]Ti’7jv (7)
actions and two-body correlations, either of the Jastrow type

or depending, at most, on the third components of the isoS;hare m_ is the pion mass(138.03 MeV, (f2/4)
pins of the correlated nucleons. In REZ4] we used FHNC/ m , AN

) = =0.081, andY, daT, the Yuk dt
SOC to evaluate energies and densities of i@ and “Ca . awa fﬁ?mtiogrs) and T.(r) are the Yukawa and tensor
nuclei, having doubly closed shells in this coupling ’

scheme, with potentials and correlations containing operator e Al

terms up to the tensor components. In t#® nucleus the Y (r)= , (8

comparison of our results with those of a CMC calculation ur

confirmed the accuracy of the FHNC/SOC approximation o

estimated in nuclear matter. T ()= e’ n i+ 3 9)
The present work is the extension of that of Re#]. The m ur ur ()|’

ground state properties of th€0 and *°Ca nuclei are cal-
culated within the FHNC/SOC formalism by using a com-with x~0.7 fm 1. The Argonne potentials simulate the ef-
plete, realistic nucleon-nucleon potential, wigh-6 compo-  fects ofp exchange, not explicitly includg@5], by modify-
nents, and by considering also three-nucleon interactionsng the Yukawa functions with a short-range cutoff_(r)
The two-nucleon interactions we have employed are the Ar—Y(r)=Y _(r)F(r) and T.(r)—=T(r)=T,(r)F2,(r)
gonnev 4 [25] potential and the g reduction of the Argonne  with F_(r)=1—exp(—cr?) (c=2 fm~2). The intermedi-
v1g [14] potential. For the three-nucleon interaction we haveate and short-range parts of this class of potentials are mostly
adopted the Urbana models, Urbana Y2b] with Argonne  phenomenological and18 is parametrized according to the
v14 and Urbana IX[3] with Argonnevg. In addition to the  operatorial structure
energy and the densities, we have also evaluated the static
responses. They are the nonenergy weighted sums of the
inclusive dynamical responses of the nucleus to external vij = E
probes. We have studied the density, the electromagnetic,
and the spin static responses, both in the longitudinal angnere the first 14 components,
transverse channels.

The paper is organized as follows: in Sec. Il we briefly 0921’14=[1,0i'0j S, (L-9)j; ,|_2,|_2(,i,0j ,(L,S)ﬁ_]
present the interaction and the correlated wave function
properties and recall the basic features of FHNC/SOC; Sec. ®[1,7- 7], (11
[l deals in short with the insertion of the spin-orbit compo-
nents and of the three-nucleon potential; in Sec. IV we showgive the isoscalar part, definingua,like potential A14),

vP(r;))Of, (10)
18

p=1,
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viaj= > vP(r)Of. (12)
p=T14

The remaining four components 818 are of the isovector
(7i,+ 7, and isotensor (3 ,7j,—7i-7;) type. The Ar-
gonneuv potential (A8”) is an eight operators reduction of
A18 built to reproduce the isoscalar part of the full interac-
tion in theS P, and 3D, waves and théD;—3S, coupling

[3].
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The many-body wave functiof2) contains two ingredi-
ents: the correlation function®(r) and the single particle
states forming the Slater determinan(1,2.. A). In our cal-
culations we have used fg-type correlation, so neglecting
the spin-orbit components. This choice will be discussed and
commented on later in the paper.

The best variational choice &f;; would be given by the
free minimization of the FHNC/SOC energy and the solution
of the corresponding Euler equatior#/ oFj;=0. This ap-

Other potentials use different parametrizations. For inlProach is not practicable in finite nuclear systems, so we use

stance, the Nijmegen modgl2] employsp? operators in-
stead ofL_2.

The longest range part of the three-nucleon interaction&Lo- The two-body E

(TNI) involves a two pions exchange with the intermediate
excitation of aA [27]:

2 1
Uijk:A2w§C {Xij XikH 77,7 ag + Z[Xij Xik]

X[7- 7,7 7] (13

where

X”:Y(r,J)(r,O'J-I—T(r”)S” s (14)
and the symbolg,] and{,} indicate the commutator and
anticommutator operators, respectively.

The Urbana class of TN[28] introduces an additional,
repulsive, spin, and isospin independent, short range term,

Uﬁkzuogc T2(ri)T2(r i), (15

which simulates dispersive effects when integrating Aut

degrees of freedom. The total Urbana TNI are then given byength byo=

the sum of the two terms defined above-rkzvizj}(%vﬁk,
and theA,,. and U, parameters are adjusted to provide a
good fit to the binding energies of few-body nuclei and
nuclear matter. In thA14+ Urbana VIl (A14+ UVII) model
the valuesA,,.= —0.0333 MeV andJ,=0.0038 MeV have

an effective correlation obtained by the minimization of the
energy evaluated at the lowest order of the cluster expansion
uler equations are then solved under
the healing conditionsf*(r=d;)=1, f?*(r=d,)=0 and
requiring that the first derivatives of these functionsrat
=d, vanish. The healing distancet, are taken as varia-
tional parameters. In analogy with the nuclear matter case, in
our calculations we adopt only two healing distanaksfor
the four central channels ard} for the two tensor ones.
Additional variational parameters are the quenching factors
aP of the NN potentials in the Euler equations. More details
are given in Ref[19] for nuclear matter and in Reff24] for
finite nuclei. In the CMC calculation of Ref17] a nuclear
matter Euler correlation was used and the nuclear matter
Fermi momentunk: was used as a variational parameter.
We follow here the same strategy.

The single particle wave functiong,(i) used in this
work have been obtained either by solving the single particle
Schralinger equation with Woods-Saxon potential,

Vwdr)= 1+exd (r—Rp)/ay]’

(16)

or with a harmonic oscillator welV,,o(r) with oscillator
Vhlmw. The parametery/,, Ry, and a, of
Vwgr) and b, of Vyo(r) are also variationally deter-
mined.

It is possible to express the expectation values-bbdy
operators in terms of-body density matrices, and related
quantities. In particular, the one- and two-body densities,

been fixed by variational calculations. In the most recenpi(f1) andp5(ry.rp) , defined as

Al8+Urbana IX (A18+UIX) model the valuesA,. =
—0.0293 MeV andU,=0.0048 MeV have been obtained
with a quantum Monte Carlo calculation f8H and a varia-
tional calculation for nuclear matter. The values/fof, are
in good agreement with those predicted by the pure two
pions exchange model(,.~ —0.03 MeV).

The truncatedA8’ NN potential was introduced in Ref.

[3] because its simpler parametrization allowed a simplifica-

tion of the numerically involved quantum Monte Carlo cal-
culations. The contribution of the missing channels was per
turbatively evaluated. One should remark, however, A&t

p1<r>=<2i 5<r—ri>> (17)

and

p2<r,r'>=<2 6<r—ri>5(r'—rj>or}>, (18)
i#]

are needed to compute the energy mean valyeIn the

was found to give a slight overbind. For this reason, theabove expressions we indicate the mean value of an operator

strength of the repulsive part of the TNI Urbana IX model
was increased by-30% to reproduce the experimental en-
ergies. The results presented in this paper have been obtain
with the A14+ UVII and A8’ + UIX models, where the Ur-
bana IX interaction has been redefined as above.

Q as(Q)=(W¥|Q|¥)/(¥|W¥). Cluster expansion and Fermi

hypernetted chain theory provide a viable way to evaluate
gtk densities both in infinite and finite Fermi systems. We
present here only some of the basic features of the FHNC/
SOC computational scheme. More complete discussions of
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the FHNC theory are found in Refsl8] and[21] for scalar 1
correlations and in Refd19] and [24] for the operatorial 1= mj d3r1f d3rp5(re.ra), (20)
case.

In FHNC theory, with scalar correlations, the densities are 1
written in terms _of the 1correlanoﬁl(r) ?nd of thenodaland 1= derJ d3r2p§(r1,r2). (21)
elementaryfunctionsN;(r1,r,) and E; (ry,r,), represent- 3A
ing the sums of the corresponding nodal and elementary
cluster diagrams. The(y) label characterizes the exchange Deviations of the sum rules from their exact values are
pattern at the external point§2) and can indicate: a direct due to(i) the approximate evaluation of the elementary dia-
link (d) if the particle is not exchanged and the point isgrams and(ii) the SOC approximation. The first item has
reached by a dynamical correlatiom(r)=[f%(r)]?>—1; an  been already investigated in Ré21], where it has been
exchange linKe) if the particle belongs to a closed exchangefound that the most relevant corrections to the FHNC/O sum
loop; a cyclic link (c) if the particle belongs to an open rules come from thEEéCh diagrams, i.e.ee-elementary dia-
exchange loop. The possible combinations did: de, ed, grams whose external points belong to the same exchange
ee, and cc. In infinite, homogeneous systems, as nuclealoop. These diagrams mainly contribute to the isospin satu-
matter, the FHNC functions depend only on the interparticleration sum rulg(21) and to the potential energy, if the inter-
distancer,,. The FHNC integral equations allow for com- action has large exchange terms. This is understood if we
puting the nodal functions, once the elementary ones argotice that a four-point elementary diagram, linear in the

known. central linkh(r), belongs toESX°", as well as diagrams lin-
With the introduction of operatorial correlations, the ear in the operatorial linkf*(r) fP~1(r).
nodal functions gain a state dependerNEfl(rl,rz). The In Ref. [24] it has been shown that the one-body density

correlation operators do not commute anymore among thensum rule is violated in FHNC/SOC by less than 1% and the
selves,[F1,,F13]#0, and one must take into account the two-body density normalization®0) and (21) by ~9% in
various possible orderings in E(B). For this reason a com- the worst case“fCa with tensor correlations This is the
plete FHNC treatment for the full, state dependent densitiesame degree of accuracy found in Réfl for nuclear matter
is, at present, not possible. The single operator chain apzalculations.
proximation was introduced in Reff19] for nuclear matter, In Ref. [24] the comparison of thé®0 FHNC energies
and extended tts doubly closed shell nuclei in Ref24], for  calculated for a purely Jastrow correlation with the exact
fg correlations. The SOC scheme consists in summing thoséMC estimates shows an excellent agreement, with a differ-
p>1 chains, where each link may contain only one operatoence of~1% in the kinetic energy24.61 MeV in FHNC vs
rial element and scalar dressings at all orders. Notice th&?4.33+0.21 in VMC) and of ~2% in the potential energy
operatorial dependence comes also on account of the ex—22.07 MeV in FHNC vs—21.56+-0.25 in VMC). The
changes of two or more nucleons, since the space exchandéd FHNC energies calculated withfg correlation and us-
operator is given byP;j=—X,_, ,,,0/4. Here, and in ing thevg truncation of the Urbana,, potential[29], have
the following, we may refer to the operatorial channelsas been compared with the results of a fifth order CMC calcu-
(p=1), o (spin), t (tensoy, andb (spin orbi). The isospin lation, which appeared to have reached a satisfying conver-
channels have an extralabel. gence. In this case we found a difference of less than 5% for
The elementary functioris,,(r,r,) represent an inputto the kinetic energy(31.16 MeV in FHNC/SOC vs 29.45
the FHNC equations, as they cannot be calculated in a closed0.33 in CMQ and of ~7% for the potential one
form. The FHNC/O approximation consists in neglecting all(—35.47 MeV in FHNC/SOC vs-33.03+0.31 in CMQ.
the elementary contributions. This seemingly crude approxiThe FHNC/SOC calculation gives a binding energy per
mation is actually based on the fact that the elementary diaaucleon of —4.33 MeV to be compared with the 4.59
grams are highly connected and have, at least, a quadratie0.10 MeV value obtained by CMC. This difference is com-
dependence on the density of the system. These diagrams gatible with the nuclear matter estimates.
not expected to produce relevant contributions in the rela-
tively low density nuclear systems, whereas they are impor-
tant in denser systems, like atomic liquid helium. A test of
the validity of the FHNC/O approximation, and, in general, As already mentioned in the Introduction, the novelty of
of the importance of the elementary diagrams, is provided byhis work with respect to Refl24] is the inclusion of the
the degree of accuracy in satisfying the densities normalizaspin-orbit and three-body terms of the potential. In this sec-
tions. In Ref.[24] particular attention has been paid to the tion we briefly show how to extend the FHNC/SOC formal-
normalization of the one-body density, ism to consider these parts of the interaction.

Ill. SPIN-ORBIT AND THREE-BODY FORCES

A. Spin-orbit potential

A:f drap(ry), (19 The treatment of the spin-orbit interaction within the
FHNC/SOC formalism has been discussed in detail in Ref.
[30] for the nuclear matter case. In that paper, the evaluation
and to that of the central and isospin two-body densities, of the mean value of the spin-orbit terms of the interaction,
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(v7=P8=b7) "was done using &g correlation factor, so in-

cluding all the eight operatorial components in E4).

Here we extend the nuclear matter formalism to the finite
nuclei case for afg correlation. A correlation containing
spin-orbit components would, probably, be more efficient
from the variational point of view. However, these correla-
tion terms introduce extra uncertainties in the cluster expan- 2.1 (2.2) 2.3)
sion, and we have chosen to work with a simpler correlation
in favor of a safer convergence. We shall discuss further this i ﬁ
point and give some estimates of tH&™® corrections. SN S AON

In the FHNC/SOC scheme, the ground state matrix ele- e N VY |
mentW of a generic two-body operata¥ is split into four \ ( \ f
parts: 2 3 2% 3

W= Wo + Wt Wt Weg, (22) G (32

h indi h f the di ith | FIG. 1. Cluster diagrams considered for the three-body force
where W, indicates the sum of the diagrams with centra expectation value. The 2-13 diagrams are related to theﬁ“;) part

chains between the fully correlated interacting points, CONg¢ the force and the 342 diagrams are related t@m- The

nected byW, Wy the sum of the diagrams having operatorial points denote the particle coordinates. The dashed, wavy, and
vertex correctiongor single operator ringgouching the in-  double-wavy lines denote generalized scalar, operator and single-
teracting points and central chaivg, the diagrams with one operator ring correlation bonds, respectively. See BR8] for more
operatoral chain, SOC, between the interacting points, andietails.

finally, W, the diagrams containing both operatorial vertex
corrections and chains. A more complete discussion on thi
topic is found in Refs[19] and[24].

The nuclear matter calculations of R¢80] show that
two-body clusters provide the leading contributior(#6:°7).
Three body separable diagrams, contributing\tg gave the
main many-body contributions and were of the order of 10%
of the two-body ones. Chain contributions were even
smaller. These results have been confirmed in Héfwhere

Aot find the same kind of agreement forfa correlation,
where theW, result is —1.23 MeV and CMC gives 0.03
MeV. This supports our choice in favor of the use of a sim-
pler f¢ correlation.

B. Three-body potential

the authors foundub+b7)two_body/A= —2.29 MeV and a The evaluation of the mean value of the three-body inter-
many-body contribution \{;+W,) of —0.28 MeV at the action, (vijk>=<vﬁ’;)+<vﬁk>, closely follows the method
nuclear matter saturation density, with tA&8 potential. developed in Ref 28] for nuclear matter. Diagrams 2.1-3 of

Relying on these facts, for the spin-orbit terms of thethe reference were shown to provide the relevant contribu-
interaction, we have calculated only thi¢, contribution of  tjons to<vi2j7kf>, and diagrams 3.1 and 3.2 to ﬁk)_ These
Eq. (22) with a fe correlation function. It turns out that, in  giagrams, which we show in Fig. 1, are those considered in
this case, only the tensor correlations contribute, and the fulh,r calculations.
expression reads As an example, we show here how the nuclear matter

expression of diagram 2.1 is extended to our case. The ex-

<UbJT>W0:_9f dgrlJ' B, F(r 1) ubin(r 1) giljcr;teﬁgs(r.essmns for the remaining terms are given in the
. In diagram 2.1 the pairs of nucleon connected by the op-
X EK(r 1) ho(r 1,1 2){pC(ry) po(rp) K HoAks eratorsX;; (pairs 12 and 13 in the figurare dressed at all
o orders by Jastrow correlations, whereas the remaining pair
—8[NE(r1,12) = po(ry,rp)°K! - (23) bears the full operatorial correlations. Only the anticom-
mutator part ofv37 contributes to(v?7),4. Spin-ispospin
X KIKAMAMAMC (1) Cy(r)} (23 trace and spatialjintegration over nucleon 1 generate an ef-

In the above equation a sum over repeated indexes is undefre-Ct'Ve two-body potential, acting on the 23 pair, having

stood, {,.j,.k..|..m.=c,7), the coefficient'i¥, A, and andtr componen_ts only and depending on the exchange pat-
A' are given in Ref[19], and the other FHNC functions are terns y) of particles 2 and 3,
defined in Ref[24].

For the 10 nucleus, we could check the reliability of this eff _ effk K
approximation against some CMC resu[31]. Using a Uxy (r2,r3)—k:§’” Uxy " (12:73) O3, (24
nuclear matter correlation and th&l4 potential, we find
(v°P7)\,/A=0.56 MeV whereas CMC, with the same cor-

relation, gives an extrapolated value of 0.62 MeV. We didwith
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effK B 5 wherek=K,7, (i,, j,, kK,=¢, o, 1), Oyy andVy, are cen-
Uyy " (F2,F3) =4Ay, | d°ry tral partial distribution functions and vertex corrections de-
fined in Ref.[24], gg;s are angular couplings given in Ref.

. . c [19], andX°(r)=0, X?(r)=Y(r), andX'(r)=T(r). The al-
X 2 Gxr (12T Vo (1) Gy (T1,73) lowed combinations for'y’) are:dd, de, ed, andcc. In
xy the last case alsoxf) should be ¢c).
o oK j The full expression for the mean value of the 2.1 diagram,
X €31 X (1) Xlo(r ), (25 (viD)21, is then given by

1 : : .
<vi21'7k7>2.1:§f d3r2f d3r3f'(r23)f1(r23)hc(r2,r3)K'k'A'{v§Lf’k(r2,r3)[pi(r2)p‘1:(r3)+p§(r2)Nge(r2,r3)Cd(r3)

+Cy(ra)INE((r2,r3)pS(ra) + Ca(ra)[NGe(r2,ra)NEy(r2,ra) + NS(r2,r3)1C4(ra) 1+ v 5t (ra,ra)[pi(ro)

+Cy(raINE((r2,r3)1Cq(ra) + v (ra,ra) Ca(ra)[p5(ra) + NGo(r2,ra)Cu(ra) 1+ v (ra,ra) Cy(ra) Cy(ra)}
_Zf d3rzf d3r3fi(r23)fj(r23)h°(r2,rs)Cd(rz)Cd(ra)Kik'K”mAmAm{vggf'k(rz,rg)[Ngc(rz,r3)—po(r2,r3)]2

+ 208 (ry,r) [NSL(r2,ra) — polr2,r3) ]} (26)

Both commutator and anticommutator contributions areasAE, (p) the sum of these corrections in nuclear matter at
present ir](uizj{{)z_z, while only the commutator part contrib- densityp, we evaluate their contribution in the finite nucleus
utes to(v )2 3. as

In Table | we compare the TNI mean values 80 cal-
culated by FHNC/SOC with the Monte Carlo estimag$] 1
obtained with the same wave function. We have used the _ f 3

AE=—| d°rpy(r)AE r]. 2

Urbana V three-nucleon interacti¢@8] and thevg trunca- A P1(NAEnl p2(1)] @0
tion of the Urbana 14 NN interaction. The correlations have
been obtained by the two-body Euler equation and we used )
harmonic oscillator single particle states with=1.54 fm. We have already studied the accuracy of FHNC/SOC
The 4°Ca results are also shown. computational scheme against the results of CMC in Ref.

For the Jastrow correlation the Monte Carlo results havé24]. In the present article we compare again the results
been obtained with a VMC calculation, while for thgcor-  With those of CMC in order to test the accuracy in the cal-
relation the calculation is of the CMC type. IHO the culation of the interaction terms we have added. For this
FHNC/SOC results are in satisfactory agreement with thé€aSon we have computed the ground state energy for the
Monte Carlo ones for both the classes of correlations. Thé\14+UVII model using afg correlation derived from the
49Ca results may be compared with those in nuclear matteﬂUdear matter two-body Euler equations. The parameters of
where, at saturation density, the Urbana V model gives
<vi2j}(7>= —2.32 MeV anchika)ZS.SS MeV[28]. The change TABLE I. TNI expectation values per nucleon, in MeV, 1O
of sign of (v{;7) between the Jastrow and the operatorialand “Ca for the Urbana V model. Thé, column gives the
correlation is due to the fact that the attractive contributionénergies for the Jastrogoperatorial correlation. The superscript
comes most from the tensor component of the effective pog:(A) indicates the commutatganticommutator contribution.
tential,vi;f'”(rz,@), which does not contribute in absence
of tensor correlations.

f,(FHNC)  fi(VMC)  f4(SOQ  f5(CMC)

180
IV. RESULTS (vie© -0.17 —-0.16 -0.90 -0.86
2, A _ _

The results presented in this section have been obtain(e(é H"> 2';;1 2;2 0i3§5 0'14:7
with vg type NN interactions, either by truncating thl4 1k i ' i i
potential[25] or by using theA8’ potential of Ref[3], to- 40ca
gether withfg correlations and Urbana three-nucleon poten<v;-© —-0.24 —-1.50
tials. We have estimated tH&~ % corrections, as well as the <vﬁ.’kﬂA) 1.80 —0.26
contributions from thgg>8 components of the potential, by <Uika> 2.75 3.20

local density approximatiofLDA). In practice, if we define

044302-6



GROUND STATE CORRELATIONS IN*%0 AND “°Ca PHYSICAL REVIEW C 61 044302

TABLE Il. FHNC/SOC and CMC energies in MeV/nucleon for pansion has reached a satisfactory convergence, the discrep-
*%0 with the A14+ UVII interaction and the CMC single particle ancies between the two calculations are due to the truncation
potential and nuclear matter correlation. rms in fm; see text. in the FHNC/SOC scheme and to the aforementioned differ-
ences in the correlation. As it was found in RE?4], the

FHNC/SOC cme FHNC ground state energy differs from the CMC estimate
(T)=Tem 37.23 32.0 by ~1 MeV/nucleon, compatible with the estimated accu-
(vesj) —42.48 -38.2 racy of the method in nuclear matter. In this calculation the
(v7-gij) -0.85 AE corrections are small, somehow justifyiragposteriori
(Uﬁg -2.83 the use of LDA. It is remarkable that in the coupled cluster
(V) 1.90 approach of Ref.32] the authors find4(CC)= — 6.1 MeV/
(Viji) -0.93 —-11 nucleon with the two-bodyA14 model, close to our esti-
(vcou) 1.00 0.9 mated E,(FHNC/SOC)=—-6.04 MeV/nucleon (obtained
AE 0.05 without <Uijk> and(vC0u|>).
AEcmc -0.5 The nuclear matter energies per nucleon calculated with
Egs -5.97 —-6.9 several interactions are given in Table Ill as a function of the
rms 2.44 2.43 density. TheA18+ UIX (A18) andA8’'+UIX (A8’) inter-

actions provide energy minima at the empirical value of the
saturation density. The results of tA&8 column differ from
the correlation are: the Fermi momentlm, and the healing those of Ref[5] because we have subtracted a perturbative
distancegl., used for all the central channels, ashdfor the  correction, related to additional state dependence of the cor-
tensor channels. Additional variational parameters are theelation. The second column of the table shows the results
quenching factorgs, of the potential(see Eq.(3.2) of Ref.  for the A8’ + UIX interaction with afg correlation. The con-
[19]), and as in Ref[24] we have taken3;=1 andB,-; tribution of thefP~6 terms is given in the third column. For
=ags. We have used the same set of single particle stategompleteness, we also give the results obtained with the full
produced by a Woods-SaxdiwS) plus wine-bottle mean A14 potential plus the UVII three-body force and the corre-
field potential, and correlation parameters of R&¥]. How- spondingAE/A. The A14+UVII (A14) minimum of the
ever, small differences in the correlation come on account ogquation of state is located at a density slightly higher than
the fact that our nuclear matter Euler equation does not corthe empirical one.
tain thevP~® components, contrary to RefL7]. The ground state energies ¢fO and “°Ca calculated
The results of these calculations are shown in Table llwith the A8’ +UIX and the truncatedA14+ UVII interac-
The table gives also the corresponding CMC results, as exions are shown in Table IV. We have adopted the nuclear
tracted from the reference, by subtracting, when reported, theatter f5 correlation, where the nuclear matter density is
three-body and spin-orbit correlations contributions. Theused as a variational paramet@r means that, for a given
AEcyc line gives the CMC corrections coming from p . we use the correlation function parameters minimizing
(f,v)P~® and should be compared with theE +(v7_gjj) the nuclear matter energy at that density addition, the
sum (— 0.5 vs—0.80 MeV/nucleohnin the FHNC/SOC col-  energy has been minimized over the single particle potential
umn. The ground state enerdy,s is given by Egs=E, (harmonic oscillator, HO, or WSparameters. The table also
—T.m, WhereT,,, is the center of mass kinetic energy. The contains the kinetic energies computed with only the mean
Coulomb potential energfv ¢, has been included iy, field wave functions. They are about half of the total kinetic
The root mean square radii rms are also reported. energies obtained in the full calculations and this difference
The energy found in CMC is-7.7 MeV/nucleon, and it has to be ascribed to the correlations. This type of behavior
contains a—0.85 MeV/nucleon contribution from explicit is also found in nuclear matter. For example, at saturation
three-body correlations. Therefore the FHNC/SOC resultensity and with theA18+UIX Hamiltonian, the nuclear
(—5.97 MeV/nucleoh should be compared with an esti- matter calculations of Ref5] provide a total kinetic energy
mated CMC value of-6.85 MeV/nucleon. If the CMC ex- of 42.27 MeV/nucleon to be compared with the correspond-

TABLE Ill. Nuclear matter energies per nucleon f8i18+UIX (A18), A8'+UIX (A8'), and Al4
+UVII (A14). TheAE/A columns list the spin-orbit correlation and tpe-8 potential components cor-
rections. Densities in fiT, energies in MeV.

Prm E/A (A18) E/A (A8') AE/A (A8') E/A (Al4) AE/A (A14)
0.04 411 ~5.50 -0.30 ~5.25 -0.80
0.08 ~7.46 ~8.45 -0.82 -8.43 -0.38
0.12 -9.42 -10.31 ~1.48 -10.63 0.00
0.16 -10.05 -10.87 -2.16 -11.99 0.61
0.20 -8.74 -10.06 -3.02 -12.37 0.27
0.24 ~5.66 -7.75 -3.96 ~-11.74 0.50
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TABLE IV. Energies in MeV/nucleon for°0O and “°Ca obtained withA8' + UIX + fg,,, and with trun-
catedA14+UVII +fg . In the upper part of the table we show the values the minimization parameters.
bho, a9, Ro, are expressed in fip,, in fm~2 all the other quantitites in MeV/nucleon. The energy
experimental values are 7.97 MeV/nucleon fort®0 and —8.55 MeV/nucleon for*%Ca. The experimental
rms radii are 2.73 and 3.48 fm fdfO and*°Ca, respectively.

BO(HO)pg:  ®O(WS)ag:  ®O(WS)a1s  *°Ca(HO)g  *°Ca(WShg  “°Ca(WShi4

bro 2.00 2.10

Vo —42.00 —36.00 —~50.00 —41.50
Ry 3.60 3.80 5.30 5.00
a, 0.55 0.55 0.53 0.55
Pam 0.09 0.09 0.09 0.09 0.09 0.09
(T) 22.57 27.34 25.91 30.02 30.58 30.90
(Tiem 11.64 13.82 12.20 14.09 14.15 14.10
(vgjj) —27.49 -32.48 —31.05 —38.03 —38.68 -39.08
(Vo) -1.15 -1.66 -1.35 —1.94 —-1.94 —-1.74
(v 1.26 1.98 1.56 2.46 2.37 2.11
Ecm 0.48 0.58 0.52 0.18 0.20 0.19
(vcoul) 0.78 0.86 0.84 1.85 1.85 1.87
AE —0.66 —-0.94 ~0.50 —-0.95 —-0.96 ~0.70
Egs -5.18 ~5.48 -5.11 —6.77 -6.97 —-6.50
rms 3.03 2.83 2.93 3.65 3.66 3.66

ing Fermi gas value of 22.11 MeV/nucleon. As expected, the1 3% in %0 and 4.8% in“°Ca, within the accuracy of the

minimization with the WS potentials produces lower minima FHNC/SOC scheme. The analysis of these results shows that
than those obtained with HO potentials. The comparison bethe values of the kinetic and potential energies have consid-
tween the WS calculations done with the two different inter-erably changed, while their sum remains almost constant.
actions shows small differences in the results, of the order ofhe agreement with the empirical densities has clearly im-
7% in Egs. From the relative point of view the largest dif- proved, as one can also see in Fig. 4 where the elastic elec-
ferences are those related A&, which for A14 are 50% tron scattering cross sections calculated in distorted wave
smaller than those o&8'. These rather similar values of the Born approximatior35] with the FHNC/SOC charge densi-
energies have been obtained with two quite different sets afes are compared with the experimental d&é]. The best
single particle wave functions. This can be deduced by look-

ing at the values of the WS parameters in Table IV, and ever ““[— T+ T o R
better from Fig. 2 where the FHNC/SOC charge distributions %% £ %0 HO A Z;Z C %Ca  HO
are compared with the independent-particle modEM) L . agwux 1 L AS+UX |
ones and with the empirical densities taken from the compi- oo+ | 1 oosk _
lation of Ref.[33]. The charge densities have been obtained oo | 1 omlb i
by folding the proton densities with the electromagnetic form 4 000 L2

factors of Ref[34]. L S S S S S
We do not obtain a satisfactory agreement between the
computed densities and the empirical ones. However, we re;-
mark that, for a given type of single particle wave functions, §0'
either HO or WS, we find shallow energy minima with re- &°%[
spect to variations of the mean field parameters around the
minimum itself. This may indicate that charge distributions %° ;5 5 s ", 7 2 35 4 5 ¢ 7
and rms radii are sensitive to details of the many body wave o — T 012 —T—T—T—T— T
function which have small effects on the energy calculation. oss 6o ws 4 odop fca ws ]
To better study this aspect, we have done calculations by s . asux { %
using a set of single particle wave functions fixed to repro- oo 7 ™ 000
duce at best the empirical charge densities. In this case, th ,, ZZ |
only variational parameters are those related to the correla | o
tion functions. Actually, we have varied only; and kept e 1z 3 4 5 6 o 12 3 4 5 6 7
fixed its ratio withd, . The results of these calculations with rimi rimi
the A8’ +UIX interaction are shown in Table V and in Fig.  FIG. 2. FHNC/SOC charge densities related to the results of
3. We observe that a large change in the single particle waveable IV (thin full lines) compared with the IPM densitigdashed
functions produces small variations in the energy valueslines and with the empirical one&hick full lines).

609 ws 4 odof Doy ws A
008

0.06
0.04
0.02

06 =777 h A8 +UIX + A8 +UIX

0.02

Al4 +UIX
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TABLE V. Energies in MeV/nucleon fot®0 and“°Ca obtained " I
with A8’ +UIX + fg ., and with WS mean field potentials fixed to @k "o - oy 17 1
reproduce the empirical charge densitiRBg.anda, are expressed wr {7 1
in fm, p,m in M2, and the other quantities in MeV/nucleon. o E 17} 1
107 | 4 107 1

160(WS)rg: 40Ca(WSg: jzj: : jzj: :
Vo ~53.00 ~50.00 e Rl 1
Ro 3.45 4.60 10'7 ] ! 1077 ] !

107 10"
ag 0.7 05 .l 1 1
Pam 0.09 0.09 ol 1wl ]
(T 32.64 38.15 w . 1o > ]
{Thipu 1535 16.82 e R Rk KR AT
<U8,ij> —-37.79 —46.34 O fdeg] © fdeg]
(vir -2.36 -2.98 , _ _
<U~R ) 3.00 3.94 FIG. 4. Electron scattering elastic cross sectionsfi@ (left)
E ik 0.64 0'23 and “°Ca (right). The full lines have been produced by the FHNC/
em 0'94 2'10 SOC densities of Fig. 3. The other two lines by the WS FHNC/SOC

{vcou) ’ ’ densities of Fig. 2. The dashed lines correspond t&ABiedensities
AE —-121 —1.28 while the dotted lines to th&14 ones.
Egs —5.41 —6.64
rms 2.67 3.39 results confirm the findings of Ref37] where the charge

densities have been calculated up to the first order in the

correlation lines. On the other hand, in REE7] the corre-

agreement with the data is produced by the densities of Figations produce much larger deviations from the IPM densi-

3. However, also in this case the high momentum and largéies. The reason of the different effect of the correlations on

energy data are not well described in both nuclei. the densities of®Ca and'®0 is presently object of investi-
From the comparison between the dashed and the thin fujation.

lines in Figs. 2 and 3 we can inspect the effects of the cor- Short range correlations strongly affect the two-body den-

relation on the charge densities. fiO the correlations en- sities (18). Their effect is evident in the two-nucleon distri-

hance the densities with respect to the IPM ones withoupution functionp,(r,) defined as

substantially changing the shape of the oscillation. The effect

of the correlations on th&°Ca densities is negligible. These 1
p2(ri = Kf d®Ryp5(r1.12), (28)
010 T T T T 1
16 whereR,,=1(r,+r,) is the center of mass coordinate. In an
008 B 0 1 analogous way, we define the proton-proton distribution
006 | function p,(r12) as
o
& 0.04 - L
' Ppp(r12) = Zf d*Ryppp(r1.72), (29
0.02 .
where thepp-two-body density is
0.00 .
0 1 2 3 4 5 6 1+ 1+
Ti Ti
0.12 T T T T T T ppp(r1’r2)2<2 5(r1—ri)5(r2—rj) TIZ 21,2 >
1#]
0.10
1. 1
R 0.08 T :sz(rlvr2)+ l—zpz(rlyrz)- (30
S 006 -
0.04 i . Figure 5 show,(r42) andp_pp(rlz) with the wave func-
tions of Table V, compared with the IPM densities. The re-
0.02 . duction of the correlated distribution functions at snrglj
0.00 values is due to the repulsive core of the interaction. We
: 7 have calculated the FHNC/SO0 distribution functions
 [fim] also for theAl1l4+ UVIlI model and we found that they are
rather similar to theA8’+UIX ones [p5¥{A1l4+UVII)
FIG. 3. The same as Fig. 2 for the calculation of Table V.~ ~0.081, p; *{A8'+UIX)~0.089, p,;"(Al4+UVII)
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0.10 T T T T T T 0.1z T T T T T T

paAr) [fim”]

FIG. 5. Two-nucleon (upper panels and
proton-proton (lower panely distribution func-
0040 — —_— 0.040 — — — tions for theA8’ +UIX interaction. The dashed
lines give the IPM results, the solid lines the
FHNC/SOC ones.

0030 4 oo . -~

0.020 1 0020

Poult) [fm]

0010 1 0010

0.000

0.000

r [fm] r{fm]

~0.032, andpg‘an(Ag'.i_mx) ~0.032], and in good agree- The response to charge fluctuations is driven by the op-
ment with those computed in RgfL7]. erator

The interest in calculating the two-body densities is also
related to the possibility of using their Fourier transforms to Peg= E expliq-r))
analyze several integrated nuclear responses. The responses “9 A '
of the nucleus to external probes, either of electromagnetic or
hadronic type, can be related to the dynamical structure funowhich is responsible also of the electromagnetic longitudinal
tions Sx(q,w) given by response, if the small~2%) contributions of the neutron
magnetic moment and of the meson-exchange currents are
disregarded. The longitudinal response is measured in inelas-
tic electron-nucleus experiments and its energy integral gives
the longitudinal SFS, (q), or Coulomb sum. In the nuclei
whereOy is the operator producing the fluctuations aroundwe are studying, the explicit expression&f(q) reads
the ground stat& . In the above equation the sum runs over
the intermediateV, states with energy, . The nonenergy S(q)=1+ if d3r,d, exp(1q-T4,)
weighted sums 08x(q,w) give the static structure functions 4z
(or, simply, structure functions, $F5«(q), as

1+Ti,z
2

: (35

Sx(q,w)=2 [(¥|Ox|Wo)|?8(w)— wo—w), (31

1
Pg(rl,rz)+§P§(r1,r2)_91(r1)l71("2) .

X
S(@)= | Sda,0)d0=(¥0loA ). (32 -
In the case of density fluctuations, the operator is In Fig. 6 we present the densitupper paneland charge
(lower panel SF for 10, calculated with the wave functions
=S expiiqer) (33 of Table V. The FHNC/SOC results obtained from our cal-
Pq i£TA q-Ti culations are shown by the white triangles. The0 value is

very sensitive even to small violations of the normalizations
and the lower limitw integration in Eq.(32) is taken in an of the densities. For instance, the two-body density normal-
appropriate way to eliminate the contribution of the elasticization of Eq.(20), with the Table V parameters, is violated
scattering. The density S5(q), is then in %0 by only 5.3% and that of the one-body density, Eq.

(19), by 2.0%. These acceptable normalization errors pro-

1 duce the large valueS(q=0)=1.61 andS, (q=0)=0.86.
S(q)=1+ Kf d°r 1 d% ; exp(1q- 1) {p5(r1.12) The SF obtained after properly renormalizing the densi-
ties are given in Fig. 6 as full curves. The other curves show
—p1(ry)pa(ro)}. (349  the IPM SF(dashed linesand those obtained with only Ja-

strow correlations. The renormalization is effective only at
From the normalizations of the one- and two-body densitiessmallq values and fog>1 fm~! the SF remain unchanged.
one obtainsS(q=0)=0. Analogous calculations done i#’Ca show a similar behav-
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12 T T T 12 T T T
10F e mmmmm—m——eo = 10 | . .
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08 ‘. 0s | )
= B K, J - e
= 08 * :::; 06 ,/',x" T .
04 } 'u i 0y //, u:ozc
/ (a 04 y v"Ca .
02 F # ) E ,,"l o%Fe
/ 02 b F—16p ]
00 1 1 1 //,’
0 1 2 3 4 00 £ . . .
12 T T T 0 1 q[ﬁZn_l] 3 4
10r = = 6 40,
| FIG. 7. Coulomb sums fot®0, “°Ca and nuclear mattén.m)
08 F~ g compared with the experimental results frdAc, *°Ca, and®®Fe.
v
§ 06 F e R . . . . .
& x ment was~20%, compatible with the data in heavy nuclei at
04 F & i energies below 100 MeV. However, the nuclear matter cal-
7z (b) culation did not take into account the strong distortion of the
02 X 7 emitted nucleon wave function. Variational and cluster
Z, . .
00 . . . Monte Carlo wave functions were used in Rgf4] to evalu-
) I 2 3 4 ate the integrated spin responses in light nuclei @l A
g [fl maximum 25% enhancement of the ratio was found@.

The fluctuation operators in the isovector spin responses

FIG. 6. Density(upper paneland longitudinal(lower panel are
structure functions folt®O (left) for the A8’ + UIX interaction. The
IPM (dashed linegs FHNC/SOC (solid lineg, non-normalized _ ” . .
FHNC/SOC(triangles, and Jastrowstars results are given. pUL,q_iZEM expiq-ri)(oi-q)(7-T) (37)
ior. Hence the conclusions about the lagémportance of in the longitudinal case, and
the correlations in the SF and densities are not affected by
the normalization problems. In agreement with the findings B
of Ref.[17], our results show that the correlations, both of pUT'q_i:ElA expiq- i) (o xa)(7i-T) (38)
the Jastrow and operatorial types, lower the SF at lgrge

|q6|:ig- 7 we compare the Coulomb sum rules calculatedn the transverse one. In the above equations we have indi-
for 0 and ""Ca with the A8’ +UIX interaction with the  cated withT a unit vector in the isospin space. If the nucleus
experimental estimates done by analyzing the set of worlthas zero isospin, then the response does not depend on the
data on inclusive quasielastic electron scattefB®j experi-  direction of T, except for the small Coulomb effects. Follow-

ments in **C, “%Ca, and*°Fe. The figure also shows the ing the treatment of Ref44], we obtain for the ISL structure
nuclear matter Coulomb sum for tiel4+ UVII model from  function S, (q) the expression

Ref.[39]. The finite nuclei results are in complete agreement

with the latest analysis of the experimental data, where a S!(Q)
detailed study of the electron scattering world experiments ~ SL(0) = A
and a proper inclusion of the large energy tail in the dynami-

cal response were carried out. The nuclear matter results fail 1 3 3 o .
in reproducing the data at the lowastvalues where finite =1+ ﬁf d°r1dro{p37(r1,r2)jo(qro)
size effects can be still important.
Besides the density and charge SF also the isovector spin —p5y(ri,r)j(qr)}, (39

longitudinal and transversgSL and IST) SF are of experi-

mental interest since they can be extracted from polarizednd for the IST oneS,+(q),

proton and neutron scattering cross section data. Experi-

ments of this type ort?’C and *°Ca nuclei[40] did not con- S,7(a)

firm the prediction of random phase approximatjdd] and SU'T(Q):TC{Z

distorted-wave impulse approximati¢42] calculations of a

large enhancement, with respect to unity, of the ratio of the 1 i RN or .

ISL to the IST response at small energies. =1t 9A F107r2) p2 ' (11.72)Jo(Ar12)
The ratio has been calculated for nuclear matter within the .

CBF theory, using d¢ correlation together with the Urbana R .

v14+ TNI potential [43]. The computed average enhance- +2p2(r1,r2)12(qr12)]. (40)
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12 T scheme for doubly closed shell nuclei s coupling, the
10 contribution of the spin-orbit and three-body interactions.
' Our calculations of*®0 and #°Ca nuclei have been done
08 considering afg type of correlation and g potentials: the
B 46 A8'+UIX [3] and a truncated version of th&l4+ UVII
A [25] potentials. The contribution from the remaining momen-
04 tum dependent terms of the correlation and of the potential
are estimated by means of a local density interpolation of
02 their nuclear matter values.
0.0 The main results of the paper are given in Tables IV and
V where the'®0 and“°Ca ground state energies per nucleon
are presented. Their values are2—3 MeV/nucleon above
12 the experimental ones, consistently with the CBF results in
10 nuclear matter. Additional lowering of the energies may be
obtained by(i) three-body correlations, and) perturbative
08 corrections to the two-body correlations. It has been already
S 6 mentioned that three-body correlations have been found to
S provide an extra 0.8 MeV/nucleon binding fO for the
04 A14+ UVII model. Perturbative corrections have been taken
into account in nuclear matter either by the method discussed
02 in Ref. [5] or by the inclusion of the second order two-
0.0 particle two-hole contribution in correlated basis perturba-
2 tion theory[45,46€. Both approaches lower the energy by
AE,~2 MeV/nucleon. The nuclear matter case gives a
14 ' strong indication that the inclusion of these corrections
kY should be pursued and that their quantitative consistency in
s 13 kN “ca finite nuclear systems needs to be numerically checked.
& kY A complete minimization over all the parameters of the
2, N wave functions, both in the correlation and in the mean field,
s 1602, has led to a marked disagreement between the CBF and the
2 % empirical charge densities in the low distance region. How-
R ever, calculations with different sets of single particle wave
functions, reproducing the empirical densities in IPM, pro-
L vided energies differing from the best minima only by a few

10

qifm’]

percent. The CBF scheme does not appear to be very sensi-
tive to the details of the mean field basis in a parameters
region around the variational minimum. Nevertheless, these

FIG. 8. Isovector spin longitudinalsolid) and transverse details become relevant for a correct description of the one-
(dashedl structure functions for thé®0 and “’Ca nuclei. For®0  and two-body densities. The introduction of additional con-
we show also the Jastrow resultbotted ling. The lowest panel  straints during the minimization process may be necessary in
gives the ratios of the isovector spin longitudinal and transversgyder to avoid these ambiguities.
structure functions for both nuclei. Our results show that the short-range correlations produce

small effects on the charge density distributions, especially

The ISL and IST structure functions fdO and “°Ca, in 4°%Ca where the FHNC scheme is supposed to perform
calculated with the wave functions of Table V, are shown inbetter_ These findings are in agreement with those of Ref.
Fig. 8 as a function of the momentum transfer. For i@  [37] where the same kind of nuclear matter correlations have
nucleus we show also the Jastrow results, identical for botheen used. The sensitivity of the charge distributions to the
ISL and IST. Central correlations do not differentiate be-state dependent short-range correlations requires further in-
tween the longitudinal and transverse responses because \@fstigations to be fully clarified. In effect, the VMC one
the lack of tensor correlations. O4fO results are very close body densities of17] have larger dependence on these com-
to those of Ref[44] obtained with theAl4+UVIl interac-  ponents.
tion. The lowest panel of Fig. 8 shows ti$5 (q)/S,+(q) In addition to the ground state energies, we have studied
ratio. We observe that the maximum enhancement26%  the static structure functions. The FHNC results for the Cou-
in %0 and~38% in “°Ca, close to the experimental value. lomb sum rule fully agree with the empirical values. The
ratio between the ISL and IST SF shows an enhancement
between 25% in'®0 and 38% in“°Ca, in agreement with
those of Refs[43] and[44] and just slightly higher than the

This paper is the natural extension of the work of Ref.experimental estimates.

[24]. We have added to the FHNC/SOC computational From this work we can conclude that realistic variational

V. CONCLUSIONS
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calculations for medium-heavy, doubly closed shell nuclei in 1
s coupling scheme with modern, sophisticated potentials are (vﬁk>3_1=gJ dgrlf d3r2f d%r 30 HoapS(r1.r2.ra),
not only feasible, but have also reached the same degree of (A3)
accuracy as in nuclear matter.
There are several natural extensions we envisage. For in-
stance, the inclusion of three-body correlations, the study of
N+ Z closed shell nuclei and the development of the FHNC/
SOC formalism for théj coupling scheme. Work along these (R >32:1J' dgrlf d?’fzf d3r ok
directions is in progress. k78272 123
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The L'k andRI¥ matrices are given in Reff19] and[28],
APPENDIX respectively. The central three-body densit§(r,,r,,r3), is

. . . . . written in superposition approximation as
In this Appendix we give the explicit expressions of the perp bp

remaining diagrams contributing to the three-nucleon poten-
tial expectation value in FHNC/SOC:

flom(r
<U| k>22 6A2,n.f d3l’1J' d rzf d3r3 C ( 12) pg(rl’r21r3): 2 gix’(rl!rZ)Vi’y’(rZ)
j f(rqo) xyzXy'z' =d,e
flo7(ry3) Xg§ry("2,r3)V§z(r3)g§Zr(r3,rl)Vgrx(rl)

XXo(r 1) =g e XMo(r 19)[RleloloMs

M13)
+3A15 | Alogy m 1p3(raraifs), (AL

—80cc(r1,r2)Veur2)gee(r2.r3)

ngc(rS)ggc(r31r1)Vgc(rl)- (AS)
. flo7(r1,)
(vii)2a= 12A27rf d3f1j d3f2J d3r3m o
1 As already stated, only thee combination is not allowed
| (o) . . at a given vertex. Thexchangeanddirect three-body den-
XX "(rlz) (1) XMo(ryg)[Le o sities, p$ exenair(T1,72,3), are given by those parts of the
. i full density where nucleons 2 and 3 belong or not to the
—KloleMo AN £ 2 ' opa(ry,T2,r3),  (A2)  same exchange loop.
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