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Ground-state properties of closed-shell nuclei with low-momentum realistic interactions
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Ground-state properties dfO and *°Ca are calculated with a low-momentum nucleon-nucleon potential
Viow-k» derived from the chiral next-to-next-to-next-to-leading-order interaction recently constructed by Entem
and Machleidt. The smootti,,,. is used directly in a Hartree-Fock approach, avoiding the difficulties of the
Brueckner-Hartree-Fock procedure. Corrections up to third order in the Goldstone expansion are evaluated,
leading to results that are in very good agreement with experiment. Convergence properties of the expansion
are examined.
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I. INTRODUCTION Recently, a new technique to renormalize the short-range
repulsion of a realistidNN potential by integrating out its
A fundamental problem in nuclear theory has long beerhigh-momentum components has been prop¢$8d 4. The
the calculation of the bulk properties of closed-shell nucleifesulting low-momentum potential, which we c¥flk,., is
such as their binding energy and charge radius, starting frord smooth potential that preserves the low-energy physics of
realistic nucleon-nucleorNN) potentials. Potentials such as Vyy and is therefore suitable for being used directly in
CD-Bonn[1], Nijmegen[2], Argonnev g4 [3], and the new nuclear structure calculations. We have employgg. de-
chiral potential of Ref[4] reproduce théNN scattering data rived from modernNN potentials to calculate shell-model
and the observed deuteron properties very accurately, bugffective interactions by means of ti@-box plus folded
because of their strong repulsion at short distances, none @fagram method. Within this framework, several nuclei with
them can be used directly in nuclear structure calculations.few valence particles have been studjé8—17, leading to
A traditional approach to this problem is the Brueckner-the conclusion tha¥/,q,. is a valid input for realistic shell-
Goldstong(BG) theory[5], where the Goldstone perturbative model calculations.
expansion is reordered summing to all orders a selected class The main purpose of this paper is to show that this poten-
of diagrams, the ladder diagrams. This implies replacing theial may also be profitably used for the calculation of ground-
bare interaction {yy) vertices by the reaction matri¢G)  state properties of doubly closed nuclei. To this end, we have
ones and omitting the ladder diagrams. Within this frame-employed the Goldstone expansion which, given the smooth
work, one has the well-known Brueckner-Hartree-Fockbehavior ofV,,,,., does not require any rearrangement. As a
(BHF) theory when the self-consistent definition is adoptedfirst step of our procedure, we solve the Hartree-F@4K)
for the single-particlgSP) auxiliary potential and only the equations foN,,.c. Then, using the obtained self-consistent
first-order contribution in the BG expansion is taken intofield as auxiliary potential, we calculate the Goldstone ex-
account. The BHF approximation gives therefore a meampansion including diagrams up to third order\y,, . -
field description of the ground state of nuclei in terms of the  Here, we present the results obtained #6® and “°Ca
G matrix, the latter taking into account the correlations be-starting from the new realistibiN potential of Entem and
tween pairs of nucleons. However, owing to the energy demachleidt[4] based on chiral perturbation theory at the next-
pendence of5, this procedure is not without difficulties. An  to-next-to-next-to-leading order éNO; fourth ordey. This
important issue is the choice of the SP energies for statesotential is an improved version of the earlier chifdN
above the Fermi surface, which are not uniquely defiitdd  potential[ 18] (known as Idaho potentiatonstructed by the
Calculations for finite nuclei within the BHF approach same authors, which includes two-pion exchange contribu-
lead usually to insufficient binding energy as well as tootions only up to chiral order 3. We have recently employed
small charge radii7]. In this context, extensions of the con- the |atter potential in shell-model calculations for various
ventional BHF approach have been proposed to account fQWo—particIe valence nucléil6].
long-range correlation]. It is worth mentioning that alter-  The paper is organized as follows. In Sec. Il we first de-
native approaches have been developed, as for instance t§gripe the main features of the derivation b, then
correlated basis function meth¢d] and the coupled cluster outline the essentials of our calculation. In Sec. Ill we

method[10], in both of which correlations are directly em- present our results and compare them with the experimental
bedded into the wave functions. A comprehensive review ojata. Some concluding remarks are given in Sec. IV.

the various methods is given in Rdfl1], which also in-
cludes a discussion of calculations for nuclear matter as well
as for finite nuclei. Another effort in this direction is the
unitary model-operator approach of Suzuki and Okamoto The first step in our approach is to integrate out the high-
[12]. momentum components &fyy. According to the general

Il. METHOD OF CALCULATION
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FIG. 1. Behavior ofE with e andN for 0. FIG. 2. Behavior ofE e with Zw andN for “°Ca.

definition of a renormalization group transformation, the A A A A ~ [~ 4 A~ A

decimation must be such that the low-energy observables Vlow-k:Q_Q,j Q“LQIJ QJ Q_Q/f Qf Qf Q

calculated in the full theory are preserved exactly by the

effective theory. Once the relevant low-energy modes are +-- 6)

identified, all remaining modes or states have to be inte- R

grated out. whereQ is an irreducible vertex function, in the sense that
For the nucleon-nucleon problem in vacuum, we requirdts intermediate states must be outside the model space

that the deuteron binding energy, low-energy phase shiftsThe integral sign represents a generalized folding operation

and low-momentum half-on-shell matrix calculated from [19], andQ’ is obtained fromQ by removing terms of first

Vyn Must be reproduced by g, - order in the interaction.
The full-space Schdinger equation may be written as The aboveV,,,. can be calculated by means of iterative
techniques. We have used here an iteration method proposed
HV,=E,V,; H=Ho+V\y, D) in Ref. [20], which is particularly suitable for nondegenerate

model spaces. This method, which we refer to as Andreozzi-
ee-Suzuki method, is an iterative method of the Lee-Suzuki
/pe, which converges to the lowedteigenvalues oH, d
being the dimension of thé space. Since th¥,,,., obtained
PHoPW ,=E,P¥,, Her=Ho+Views, 2) b_y this technique i_s non-Hermiti_an, we hay_e m_ade use of the
an e e m € o simple and numerically convenient Hermitization procedure
whereP denotes the model space, which is defined by mosuggested in Ref.20]. We have verified that the deuteron
mentumk<k.,= A, k being the relative momentum akg,,  binding energy and the phase shifts up to the cutoff momen-

where H,, is the unperturbed Hamiltonian, namely, the ki-
netic energy. The above equation can be reduced to a modq
space one of the form

a cutoff momentum. tum A are preserved bY/o -
The half-on-shelll matrix of Vyy is An important question in our approach is what value one
should use for the cutoff momentum. A discussion of this
T(k',k,k?)=Vyn(k',K) point as well as a criterion for the choice &fcan be found

in Ref. [14].1According to this criterion, we have used here
o, , 2 A=2.1fm *. We have found it appropriate, however, to
* fo a"daVin(k’, @) k?—q2+i0* TakkD: check on the sensitivity of our results to moderate changes in
the value ofA. It has turned out that they change very little
(3 when lettingA vary from 2.0 to 2.2 fm!. For instance, at
the second order in the Goldstone expangs®e the follow-
ing section, the binding energy per nucleon 8O is 7.29
and 7.12 MeV forA =2.0 andA =2.2 fm ™, respectively.
As already mentioned in the Introduction, our starting
A 1 point is the NLO potential[4]. From this potential we derive
+J 9*dqViews(P' )5 the correspondiny o« and use it directly in a HF calcula-
0 p*=q°+i0 tion. The HF equations are then solved f8O and “°Ca
X Tiows( 0, P, P2). (4) making use of a harmonic-oscillator basis. We assume
spherical symmetry, which implies that the HF SP stétes
Note that forTy,. the intermediate states are integrated uphave good orbital and total angular momentum. Therefore,
to A. they can be expanded in terms of oscillator wave functions
It is required that, forp and p’ both belonging to |u).
P (p,p'<A), T(p".p.p?)=Tiowk(P',p,p?). In Refs.
[13,14] it has been shown that the above requirements are _ a
L sho . ! la)y=2 Clu), ®)
satisfied wherV,,,.« is given by the folded-diagram series m

and the effective low-momentuif matrix is defined by

Tiowk(P' PP =Viows(P',P)

034320-2



GROUND-STATE PROPERTIES OF CLOSED-SHEL. . PHYSICAL REVIEW C 68, 034320 (2003

TABLE Il. Calculated and experimental single-particle energies

1 2 16, i
. . (MeV) for *°0. Experimental data are taken from R€23,26,21.
h h 160
(3 (b)
Neutron Proton

hy w B w Orbital Calc. Expt. Calc. Expt.

M * M * Sip —-53786 —47 —48.606 —44+7

h, P P32 —23.225 —21.839 —19.264 —18.451

© (d) P12 —15.649 —15.663 —11.841 —12.127

ds), —0.056 —4.144 3.564 —0.601

FIG. 3. First-, second-, and third-order diagrams in the Gold- g, —0.481 —3.273 2.651 —0.106
stone expansion. dsp, 5.814 0.941 8.713 4.399

where the sum is over the principal quantum number only.
The expansion coefficient€;; are determined by solving

. . which reproduces the rms radii in an independent-particle
self-consistently the HF equations

approximation with harmonic-oscillator wave functions. This
expression givegw=14 and 11 MeV for®0 and “°Ca,
2 <M|t+u|,u’>cz,=eacz, (7) respectively. In solving Eq(7), the Coulomb potential has
w' been added t&,,,. for protons.
We use the HF basis to sum the Goldstone expansion
including contributions up to third order My, . In Fig. 3
we report the first-, second-, and third-order diagrd2d.
The intermediate states involved in the evaluation of these
(Ul ") =2 (pan| Viowsd 1" an), (8  diagrams are those obtained from the lowest 10 and 11
an harmonic-oscillator major shells fof°0O and *°Ca, respec-

_ ) _ . ) tively. Our results show convergence for these large spaces:
with the indexay, referrmg to occupied states in the ground- for example, the %0 binding energy per nucleon in second-
state HF Slater determinant. ._order approximation is 7.03, 7.22, and 7.30 MeV when con-

Once Eq.(7) has been solved, the ground-state propertiegjgering 9, 10, and 11 major shells, respectively. Similar dia-
of the nucleus can be caIcuIated_. In particular, the total Ngrams have been used to calculate the corrections to the rms
ergy has the well-known expression radius. As is well known, retaining only the first-order term

1 in this expansion yields the HF results.
EHFZE > [{ap|t|an)+ €a, ] (9) To conclude, it is worth stressing that using the Goldstone
an expansion in terms of ..« One has to include also diagrams

) ) ) (b) and(c). This is not the case of the BG approach, where
In our calculations the sum in expansig®) has been

extended up t&=>5 terms. We have verified that this trun- TABLE lll. Calculated and experimental single-particle energies

C‘.”‘.“O” is sufficient to ensure. th.at the HF resglts do not Slg-(MeV) for “°Ca. Experimental data are taken from RE28,26,27.
nificantly depend on the variation of the oscillator constant

fiw. This is illustrated in Figs. 1 and 2, where we show the

wheret is the kinetic energy and the HF potentldlis de-
fined as

40ca
behavior of the HF ground-state energy $0D and “°Ca Neutron Proton
versush w for different values oN. The results foN=5 are Orbital Calc. Expt. Calc. Expt.
quite stable. In our calculations the valuesi@$ have been
derived from the expressiofiw=45A"13—25A"2" [21], —49.1+12
Su2 —97.944 —87.501
TABLE |I. Comparison of the calculated binding energy per —77+14
nucleon(MeV/nucleon and rms charge radiuém) with the experi-  p_ —63.760 -53934 —33.3+65
mental data fort®0 and “°Ca. D1 54959 45269 3044
—14.9+25
Nucleus HF HF-2nd HJI;—;ernd Expt. dery 233018 - 2130 93749
—13.8+75
160 S —27.406 —18.104 —18.238 —10.850
B/A  3.23 7.22 7.52 7.98 dap —19.595 —15.641 —10.663 —8.328
(re)  2.30 2.52 2.65 2.730.02 fo0 —6.579 —8.363 2.047 —1.085
40ca [ —4.325 —6.420 3.293 0.631
B/A 6.19 9.10 9.19 8.55 P12 -0.973 5.865
(ro) 2.610 3.302 3.444 3.4850.003 fsio 5.852 12.484
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TABLE IV. Calculated occupation probabilities fdfO. TABLE V. Calculated occupation probabilities féfCa.
Orbital Proton Neutron Orbital Proton Neutron

Si2 0.881 0.881 Si2 0.945 0.947

Paj 0.822 0.818 Pas 0.931 0.932

P12 0.767 0.760 P 0.921 0.922

dsjs 0.885 0.884

Si2 0.858 0.855

these diagrams are already contained in diag@nthrough dap 0.811 0.807
the G matrix.

the Goldstone expansion. This has been done within the
Il RESULTS framework of a new approadii3,14 to the renormalization
f the short-range repulsion of realistidN potentials,

In Table 1, the calculated binding energy per nucleon an herein a low-momentum potential,,,, is constructed

the rms charge radius for bottfO and *°Ca are compared \pich preserves the low-energy physics of the original po-
with the experimental datg23—25. This table contains the (antia| We consider a main achievement of our study to have
HF results as well as the values obtained including secondshown thatv,,,, is suitable for being used directly in the
and third-order contributions. We see that the renormalizagoldstone expansion. Namely, unlike the traditional BHF ap-
tion of the short-range repulsion throudhy,.« is sufficient  proach, there is no need to first calculate Genatrix. We
to yield positive HF binding energies, albeit too small ashave seen that taking into account higher-order contributions
compared to the experimental values. We also see that thessentially the second-order tepnmef Vg, in the Gold-
HF approximation significantly underestimates the rms radiistone expansion yields very good results for the binding en-
This evidences the role of higher-order contributions in theergy and charge radius dfO and “°Ca.
Goldstone expansion to account for correlations beyond the In this context, it is worth emphasizing that the idea of
mean field. The binding energies and radii calculated includbypassing thés-matrix approach to nuclear structure calcu-
ing diagrams up to third order are very satisfactory. In factlations is not new28,29. From this viewpoint, the present
the binding energies gain about 4 and 3 MeV f0 and  study comes close in spirit to the early work carried out at
“0Ca, respectively, while the radii increase by about 0.4 andhe MIT [30-32 in the mid 1960s. There Tabakin's sepa-
0.8 fm coming quite close to the experimental values. rable nonlocaNN potential[28] was used in HF calculations

A discussion of the convergence properties of the pertur2nd then the second-order correction to the binding energy
bative series is now in order. To this end, the HF potentialVas evaluated, obtaining quite satisfactory results. It is in-
energy, the second-order, and third-order corrections have @¢€d very gratifying that our results based on the use of the
be compared. IO the HF potential energy per nucleon is Viow derived from the modern WO potential come signifi-
v(=—23.5 MeV, which is obtained by subtracting from cantly closer to the_ experimental data. It should be noted that
the total HF energy the contribution of the kinetic term. ThusOUr results are quite good also when compared to those of
for the ratio of the second- to first-order term we obtain"€cent BHF calculation8], where different moderhIN po-
Vv =0.17, while the ratiov®/Vv® is 0.08. Similarly, tentials have been used and long-range correlations have
for %°%Ca we havev(=—33.7 MeV, V@ v =009, and been considered within the framework of the Green function

V®/v(=0.03. On these grounds, we may conclude tha@PProach.

the convergence of the series is fairly rapid and that higher- N Summary, we may conclude that the results of the

order contributions are negligible. present study, together with those of our recent shell-model
For the sake of completeness, in Tables Il and Il wecalculations, show that thé,,, approach provides a simple

report the HF single-hole energies as well as the energies &nd reliable way of “smoothing out” the repulsive core con-

the low-lying particle states of?0 and “°Ca. In Tables IV tained in the modermN potentials before using them in

and V the calculated occupation probabilities for states up ténicroscopic nuclear structure calculations.
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