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Microscopic determination of the nuclear incompressibility within the nonrelativistic framework
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The nuclear incompressibilitif., is deduced from measurements of the isoscalar giant monopole resonance
(ISGMR) in medium-heavy nuclei, and the resulting value turns out to be model dependent. Since the consid-
ered nuclei have neutron excess, it has been suggested that the model dependence is due to the different
behavior of the symmetry energy in different models. To clarify this issue, we make a systematic and careful
analysis based on new Skyrme forces, which span a wide range of valu€s for the value of the symmetry
energy at saturation and for its density dependence. By calculating, in a fully self-consistent fashion, the
ISGMR centroid energy iR°%Ph, we reach three important conclusioiythe monopole energy, and conse-
quently the deduced value ., depend on a well-defined parameter related to the shape of the symmetry
energy curve and called; (i) Skyrme forces of the type of SLy4 predi€t, around 230 MeV, in agreement
with the Gogny forcgprevious estimates using Skyrme interactions having been plagued by a lack of full
self-consistency (iii) it is possible to build forces which predigt. around 250 MeV, although part of this
increase is due to our poor knowledge of the density dependence and effective mass.
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[. INTRODUCTION ergy functional were devised. These have been possible also
because the mean-field approach was extended to the time-
The question about the proper value of the nuclear incomdependent cas¢time-dependent HRTDHF)] and to its
pressibility K., is still open. The model dependence of this small amplitude limifrandom phase approximatigRPA)].
quantity amounts to a difference of the order-e10—-20%  Within this scheme, it is possible to calculate the collective
among the values obtained within different theoretical modnuclear excitations and to explore the correlations between
els. There is a renewed interest in this issue, motivated botipeir properties and the force parameters, or some physically
by the improved quality of the recent experimental measuremeaningful combinations of them. The relation between the

ments of the isoscalar giant monopole resona®&MR),  |SGMR and the nuclear incompressibility is one of such re-
and by the progress of relativistic mean-field mod&MF), lations.

which are to be confronted with more traditional nonrelativ-  The introduction of reliable RMF effective Lagrangians is

istic models based on Skyrme or Gogny effective forces. more recent. However, the progress in this field has been
Skyrme energy functionals have been widely used inquite fast[2], and we can nowadays discuss the properties of

nuclear structure calculations since the 1970's. The ﬁrSthe RMF parametrizaﬁons on the same footing as the Skyrme

Skyrme effective forces were built in the pioneering work of [3] and Gogny[4] functionals.

Vautherin and Brink[1], by fitting their parameters to  The nuclear incompressibiliti.. is related to the curva-

nuclear matter propertieghe saturation pointand to se- ture of the energy per particlE/A in symmetric nuclear

lected observablegbinding energies and charge radof  matter around the minimurg,, i.e., at the saturation point
closed-shell nuclei calculated in the Hartree-FgklE) ap-

proximation. Later, many improvements of the Skyrme en- ) d? E
K.= Qg 2a| 1)
Q" Aly,
*Electronic address: colo@mi.infn.it The interest of determining the value Kf, stems also from
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tracted values oK, of the order of 210—220 MeV. Using Lagrangians? Or is some other parameter playing a role?
the Gogny functionals, a value &, around 230 MeV was It seems necessary to make a systematic analysis of what
obtained. Finally, the relativistic calculations predicted val-is the upper limit forK., within the nonrelativistic frame-
ues in the range 250—-270 MeV. All these results made use afork. The value of 230 MeV is extracted from a subset of
the measured value of the ISGMR, e.g., f{Pb, as ex- the existing Skyrme parametrizations. Our main goal is to
plained below. _ e answer the question of whether it is possible to build inter-
This situation for the nuclear incompressibility “puzzle” actions in such a way that.. becomes closer to the RMF
has been reviewed in Ref5]. There, it was shown that the 5y, as well as to study what the crucial quantities are that
accuracy of the ISGMR data obtained at Texas A&B]  conirq| this variation ofK... In particular, we would like to

allows for extractingK., with an experimental error of no :
o . understand théso far, singularresult of Ref.[11].
more than +12 MeV. Moreover, a rather important conclu- The structure of the paper is the following. In Sec. Il we

sion was reached. The previous works based on the Skyrme . . L
forces consisted of not fully self-consistent HF plus RPAr%V'eW how the nuclear incompressibility is extracted from

calculations in which the two-body residual Coulomb andthe microscopic calculations u;ing the IS.GMR experimentql
spin-orbit forces were neglected. These terms are rath ta, and vvhat are the plaus!ble quantitative arguments in
small since they affect the monopole energyd#Pb by only ~ 1avor of the idea that the density dependence of the symme-
4-5%, but this produces a change of 8-10% in the extractelly energy plays a role. In Sec. Il we describe our fitting of
value of the nuclear incompressibility. By considering this"€W Skyrme interactions suitable for the microscopic IS-
effect, the value oK., from the Skyrme functionals turns out GMR calculations, and in Sec. IV we describe the results
to be 235 MeV, in very good agreement with that extractedPbtained and the implications for the valuekof. In Sec. V
from the Gogny calculations. Consequently, there is no diswe present our conclusions.

crepancy between the results of the different nonrelativistic

calculations. On the other hand, the gap with the relativistic

results remains significant. Il. DEDUCING THE NUCLEAR INCOMPRESSIBILITY
The most recent attempts in the literat{ire-11] to attack FROM MONOPOLE DATA AND THE ROLE OF
this problem are focused on the possible relagpbetween THE SYMMETRY ENERGY

the monopole energy in systems with a neutron excess, like
208h and the density dependence of the symmetry energy
S(p). In fact, one of the clear differences between the u
Skyrme and RMF functionals concerns the behavior of th
symmetry energy around the saturation poig§. The
Skyrme energy functionals are characterized by smaller val- ~ m<r2>OEIZSGMR
ues of the symmetry energy at saturation, and of the corre- Ka= Tz (2
sponding slope, as compared with the RMF functionals. In
this sense it may be said that the RMF functionals are “stiff'wherem is the nucleon mass an@?), is the ground-state
compared with the “soft” nonrelativistic ones. mean-square radius. This expression has a well-defined
In Ref. [7] some effective Lagrangians whose symmetrymeaning in medium-heavy nuclei, where the ISGMR is as-
energy has different density dependences are built. This isociated to a single peak at the eneBygyr=~80 A 3. In
easy to achieve, since, by adjusting theneson coupling light nuclei the monopole strength is very much fragmented,
constant, one can at the same time soften the symmetry eand many states show up whose microscopic structure does
ergy S(¢) and lower its value at the saturation poidt, not correspond to the simple picture of the radial “breathing
=Y8(gy). It is thus found that the extracted values Kf mode” according to theoretical calculatiorisee, for ex-
indeed differ and can even become close to the Skyrme forcample, Ref[13]). In the case of the nuclei studied|i], the
values ifJ is around 28 MeV. However, in Ref7] no sys-  existence of a single, collective monopole state is quite evi-
tematic treatment of finite nuclei is attempted. In H8f.itis  dent from the measured cross sections. In particular, in the
pointed out that RMF parametrizations withlower than case of?%®Ph, which is the object of our present study, the
32 MeV cannot describe satisfactorily the# Z nuclei. The  experimental peak energy and the centroid energjeand
authors conclude from their calculations that the lower limitE_, (defined, respectively, as,/my and Vm,/m_;, wheremy
for the RMF value ofK,, is around 250 MeV. In Ref{10], is thekth moment of the strength functipessentially coin-
using a markedly improved version of the model of R&f, cide, leaving out any ambiguity about the correct value of
this lower limit is confirmed sinc&.. results to be 248 MeV. E;sgur t0 be used for determining the experimental value of
While in the relativistic framework it seems impossible to K.
push the value oK, below this lower limit, the recent re- However, finding a theoretical relation betwekpR and
sults of Ref.[11] suggest that one can build at least oneK.. is less simple. In Ref.12], the generic expression of the
Skyrme-type interaction havir§..=255 MeV and reproduc- energy functional associated with Skyrme HF has been writ-
ing the correct ISGMR energy iff®Pb. This is at variance ten in the case of a finite spherical system. At variance with
with all other nonrelativistic calculations quoted in RE§].  that of infinite matter, the density is not uniform and cannot
Moreover, the origin of the result of Refll] is unclear. be reduced to a simple number. Therefore, to minimize the
Does it correspond to an effective force with a symmetryenergy functional and find its second derivative around the
energy, which is as stiff as that associated with the RMFAminimum, one has to resort to various simplifying hypoth-

In all the discussions of the relationship between the
clear matter incompressibility and the ISGMR in finite
nuclei, the starting point is the definition given by Blaizot
%12] of the finite nucleus incompressibilitg, as
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eses. The main one is the use of the so-called scaling model, One may argue why the linear relations just introduced
in which a simple shape of the ground-state dengifyis are valid. So far, Eq(3) has not played, in fact, any explicit
assumed and its changes are associated to a single paramet#e in the deduction oK.,. However, this expression can be
\, i.e., they are of the typeq(f) — o,()=(1/\3)gy(f/N\). In  taken as a rather useful guideline. Given a microscopic func-
this way, the expression for the finite system incompressibiltional, the different term&g s, KsymandKeey (in addition to

ity can be found. By isolating the terms corresponding to theK..) entering this formula can be calculated as described
volume, surface, symmetry, and Coulomb contributions, theshortly below. The resulting value df, differs from the

result can be written as microscopic outcome of RPA, as a rule, by about 5%. There-
2 fore, we make in the rest of this section a detailed analysis of

Ka= K, + Ko A B +K +Keoys, 3 the rple of the different terms in Eq3). If, f_or a _fam|ly of

A surt syt Coulpar3 ® functionals K, depends linearly oK., as written in Eq(4),

o it means that the other terms do not vary significantly. This is
where 5=(N=2)/A (cf. Sec. 6.2 of Ref[12)). hat happens for a large subset of the Skyrme and Gogny
We recall here that, in the past, many authors have use\garametrizations, as it is evident from Fig. 6 of REf5].
the formula(3) as an ansatz _and have tried to qbtam theHowever, the role of the surface, symmetry, and Coulomb
parameters of the right-hand sideh.s) from a numerical fit,  ormg should be critically reexamined if new functionals, in-

using as input the experimental values K in different  ¢),qing relativistic ones, enter into the discussion.
nuclei. This procedure is not stable and leads to ill-defined 11,4 expression for these terms have been given in Ref.
values of the parametefd4], so that it is nowadays aban- 12 k_ “cannot be calculated analytically, but numerical

doned. estimates are possible within both the quantal and semiclas-

Instead, the microscopic method to deddCerelies on  gjca| scheme. We refer the reader to R26] for an example
the fact that RPA calculations of the ISGMR can be per-¢ 5 quantal derivatiotwhich is a scaled Hartree-Fock cal-

formed by using functionals characterized by different valueg,,|ation of semi-infinite nuclear matjerThe most recent
of K. If the calculations done with a given functional repro- ¢o miclassical. i.e.. extended Thomas-Fe(&TF) calcula-

duce the experimental ISGMR energy, the associated valug,,s ‘have been performed both in the nonrelativistic and in

of K., should be chosen as the best one. Let us examine th{ﬁe relativistic scheme and have shown that the quakitigy

in more detail. is well approximated bgK., with c=-1 (however, it should
Mainly one nucleus has been used so far, th&f®b. In be noted thatc tends to grow withK.,) [17]. We have

the first work in which the microscopic procedure has beenneced that this approximation is valid in the case of all the
applied[15], the RPA values foK, obtained from the RPA -t cas ysed in this work: we have seen that, &g=1.03 if
centroid energie&_; have been plotted versus the of the  « _5309 MeV andc=-1.07 if K. =250 MeV.

force used. Then, an empirical linear fit of the results was

In order to stud we first give some necessary defi-
performed, namely Wsym g y

nitions of the symmetry energy and of the parameters related

Ka=aK, +b (4) to its density dependence. We define the symmetry energy by
A . o ) ;

writing the total energy densit§ as the sum of an isoscalar
This relation allows us to extract the best value Kor by  part (@) which depends only on the total densigy=0,
inserting the experimentad. In [15] the explicit form of  +¢,, and an isovector part,
Eq. (4) in the case of%Pb isK,=0.64&.,—3.5[MeV]. The 5
second term of the r.h.s. is much smaller than the first term. E0,0.)=Ey0) + QS(Q)(&> , (6)
Consequently, even if in principle the last formula together e
with Eq. (2) would lead toE;sgur=1.16/0.64.,—3.5, this
equation can be approximated by 0.9R8 (neglecting the
second term under the square podkhis explains why, in
many of the works quoted ifb], a successful interpolation
of the type

where o_=p,—¢,. We remind in this context that in a ho-
mogeneous systent,/A=E/p. The symmetry energ$(0)
can be expanded up to second order aroggpd

1
_ S(e) =S(eo) +S (eo)(e ~ o) + S ()@~ 00)*. (7)
Eisgur=a' VK, + b’ (5
The value of the symmetry energy at saturatig,) is often
enoted ag and we are following the use the same notation
n this paper. Other notations, like, or a,, are also em-
ployed in the literature. The first and second derivatives of
S(p) at the saturation point have been written many times in
terms of the so-called parametérandKs,, (see, e.g., Ref.
5K, OEiseur [18]), as S'(0o)=L/3¢y and S'(0g) =Ksyn/ 905. It is quite
K = ZE—' unfortunate that the symbéls,,has been used in the litera-
” ISGMR ture with such different meanings, either in connection with
The experimental error on the monopole energy, plus a theS'(¢o) or in Eq.(3). Here, we will always us&s,,to mean
oretical error of the same ordésee[5]), produce a global the symmetry term oK, in Eq. (3).
error bar of +12 MeV orK.,. The expression oKy, is

was done: in practice, Eqé4) and (5) are equivalent. It is
from either of these relations, using the experimental ISGM
energy in?%%b which is 14.17+0.28 MeV, that the values
for K,, mentioned in Sec. | were obtained.

The uncertainity of the value d€.., which is deduced, is
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TABLE I. Nuclear matter properties calculated with the differ-
ent Skyrme parameter sets characterized byl /6 and by diferent
values ofK,, andJ (these two quantities identify the parameter set

PHYSICAL REVIEW C 70, 024307(2004)

TABLE II. The same as Table | for the different Skyrme param-
eter sets characterized lay=0.3563.

and are shown in the first columrAll quantities are defined in the

o)

E/A

L

Ksym

KCoul

text. In the last column, thg? per point is displayed. (fm™3) (MeV) m*/m (MeV) (MeV) (MeV)
0o EIA L Kgm  Keou 250/30 0.153 -15.87 0.77 12,66 -339.16 -5.09 14.49
(fm™®) (MeV) m*/m (MeV) (MeV) (MeV) y?  250/32 0.152 -1589 0.77 36.57 -377.81 -509 1158
250/34 0.151 -1591 077 5881 -415.36 -508 14.03
230726 0161 ~1589 069 -39.06 ~178.95 -4.92 438 .5, 06 150 1502 077 72.00 -447.51 -5.09 16.69
230/28 0162 ~1596 0.70 -11.23 -228.62 =491 450,50 08 149 -1505 077 9520 -48539 -5.08 20.75
230730 0161 -1598 0.70 2288 -281.05 -4.90 567,50, 148 -1506 077 11019 -51858 -5.08 22.35
230132 0.161 ~16.03 070 36.22 -314.95 ~4.90 5.24,5, ), 148 -1597 077 12653 -552.32 -508 25.80
230134 0.161 ~16.06 0.70  56.15 -354.24 ~4.89 5865, .5 0157 -1596 0.67 -7.30 -318.87 520 5.57
230/36 0.161 ~16.10 0.71  71.55 -389.53 -4.88 646,555, 0157 -16.00 0.68 1692 -326.92 -5.19 6.42
230/38 0.161 ~16.14 0.71  B7.60 -424.86 488 7.15,5, /5, 159 -16.08 0.60 2053 -362.73 -5.17 5.63
230/40 0161 -16.16 071 106.07 -46220 -4.87 828 - oo _cla 000 4605 _299.70 -516 650
24026 10.160 ~15.91 063 ~15.95 -17641 =505 7.36,5, 55 160 _1610 071 64.11 -437.67 -515 7.60
24028 (0161 -15.94 1063 397 -20207 -5.04 704 )0y 30 150 —1625 072 7840 -471.97 -514 8.96
240130 0.159 ~15.95 063 3405 -273.93 =504 T.75,6,,4 0161 -1630 0.73 90.97 -505.06 513 11.13
240132 0.166 ~16.15 065 3443 -300.39 -5.00 124L,., .5 157 _1597 058 -4.60 -262.94 -5.32 9.43
240/34 0.164 -1612 065 6260 -350.02 -501 1022, .0 ‘'eo 501 o058 2147 -31134 531 987
240/36 10.164 -16.15 065 7567 -384.99 -5.00 1L1770,3 (157 -16.05 058 4336 -355.80 -5.30 10.40
240/38 10163 -16.19 065 9862 -429.77 -5.00 1128)70,5, 157 1610 059 63.76 -398.68 -5.29 1110
240/40 0.165 -16.24 0.65 108.15 -460.88 -4.99 13.76,, . oo 1614 050 8141 _438.67 529 1175
25028 10.165 ~16.10 1059 32.99 -238.76 -5.13 14.33,75 55 (158 _1619 0.60 98.06 -477.62 -5.28 12.47
250/300.164 ~16.09 059 3002 =255.78 -5.13 1165,76,) 157 _1621 060 11506 -516.21 -527 13.48
250132 0.164 ~16.14 1059 4359 -293.94 -5.12 1302,75,)> 157 -1623 0.60 133.90 -556.22 -527 14.53
250/34 0.163 -16.14 0.59 60.33 -334.94 -512 12.30
250/36 0.162 -16.17 0.59 80.19 -379.80 -5.12 12.78
250/38 0.162 -16.20 0.59 97.50 -421.63 -5.12 13.360ther at a valueS(g)=25+1 MeV. When the symmetry en-
250/40 0.162 -16.25 0.59 112.18 -460.37 -5.11 15.30ergy at saturation is larger, the slope is also larger. The other
sets of forces show qualitatively the same trend.
The last term of Eq(3) is the Coulomb contribution,
3 3 which is unlikely to be very much model dependent. It is
Ksym=905S"(20) + 920S (20) - m%K—S(QO)Z—Qgg written as g g P
8 3¢ 2702 o€
Koou=g; (1‘ . 40° ) ©
0 o0 00

and from this expression it is evident that this parameter
contains some relevant information about the density deperwherer is the average interparticle spacing.
dence of the symmetry energy. In summary, if we want to compare two models, say | and
The values of] are, as a rule, larger in the case of thell (they could be, for instance, a nonrelativistic and a RMF
RMF functionals than for the Skyrme ones. A larger value offunctional, respectively we will write, by usingKg,+=cK.,
Jis correlated with a larger value & (gg), which is usually
a positive quantity, although it may sometimes become nega-
tive (cf. [19] and Fig. 4 of[8], as well as Tables | and Il in
this papey. In the next section we show that a larges also
correlated with a more negative valueky,,, at least for the
forces we have studied. The explanation which is given for
the correlation betweed and S'(g,) is that the fits to finite
nuclei observables constrain the symmetry energy at sonm@e have already mentioned thit,, is negative, and the
average densityp) lower thang, (see, e.g., Refl20], and  same is true foK,; andK,,. All can be viewed as correc-
references therejnIn the case of one set of forces intro- tions to the leading terriK... It is clear that a more negative
duced in this papefsee Sec. ll), this typical behavior of the value ofKg,; or Ks,mleads to extracting from the experimen-
symmetry energy is shown in Fig. 1. In a narrow regiontal K, a larger value oK... We will develop this argument in
arounde=0.10 fm3 (+0.001 fm3) all curves cross one an- Sec. IV.

2

Ko~ KO(1+cA ) + Ké'ykﬁz + K(clznulA4/3’

Ka~ K1 +cA™3) + K 52+ KE)

CouIA4/3 ' (10)
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30 from 26 to 40 MeV.
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[ll. CONSTRUCTION OF NEW SKYRME of the present forces in reproducing the ground-state observ-
PARAMETER SETS ables(binding energies and charge radii

Motivated by the comparison with Rgfl1], we have also
uilt another set of forces with a similar protocol, but with
the density-dependent tergf having the same exponeat
=0.3563 as the force SK255 introduced in Rgfl]. The
forces of this set hav&,, equal to 250, 260, and 270 MeV,
while J is varied between 28 and 42 MeV. Figure 3 gives an

The different forces used in this study have been buil
using a procedure that is quite similar to the one discussed i
Ref.[21]. The starting point is the standard form of a Skyrme
interaction as given in Eq2.1) of [21].

In the case of the first set of forces that we have con
structed, the density-dependent term pés o*/%. The spin- : _
gradient terms occuring in the Skyrme functional are neldea of the accuracy of this set, in the same way as for the
glected and the Coulomb exchange term is included withirP"€VIOUS One. _ ,
the Slater approximation. The center-of-mass motion is taken | N€ nuclear matter properties associated to all the new
into account with the usual/(A- 1) correction in the kinetic 0rces introduced in this paper are summarized in Tables |
term, which means that only the one-body part of the centelémd Il. By Ipokmg at the values of the _effectlve mass, one
of-mass(c.m) energy is subtracted before variation. can recognize the well-known correlation betweén, a,

The parameters of the forces have been determined f(_jrmb*llml(seg, I?'g" Fig. .def 56[21'])' In t?e last column
minimizing a x? built on: ables | and Il we provide the values of tiyé per point

(1) the infinite nuclear matter propertieso, E/A(0o) associated with the forces. It can be noted that in most cases
(while K.,, J, and the enhancement facterof th;e Thom;s- the present interactions have the same quality of those intro-

Reiche-Kuhn sum rule are kept constant; this latter is alwaygjucecj n Ref.[_21] (see Fig. 5 of that work As far as the
set at 0.25 comparison with the work of other authors is concerned, we

(2) the following finite nuclei properties: binding ener- §hOUId _caII that the meaning of thé values must .be judged .
gies and charge radii 4f*%Ca, *Ni, and2%8Pb together with in relat|0_n to the quantities chosen_ for the fit. S_mce there is
the binding energy ob¥%sn: not a um_versal proto_col _to determine an effective nucleon-

(3) the spin-orbit splitt,ing of the neutronp3shell in nucleon |nt_eract|on, in different cases the.values of;gﬁe
208p- can vary simply because of a markedly different choice of

' the reference observables. Therefore, the values in the tables

tiorg4331 r:zeﬁ?tlér;atcoe tﬁge\r/%ﬁga(l)?utlﬁéegILR/lihfeOE;F"?%%%):'Toaére a useful tool but should be taken with the proper caution.

obtain good mean-field properties at large deformati@ss E)lgcuorrens irinv?/iirzgyrgse ?ﬁé?ﬂ'”%;ﬁ?ég’eeas thiﬁ rsédsi]ls able
pecially a good fission barrier of tHé%u nucleus P P 9 €0 '

Furthermore, the parametgy is fixed to —1 in order to en- IV. RESULTS AND DISCUSSION

sure the stability of the fully polarized neutron matter in a ) ) )

simple but tractable way22]. Unlike the case of the SLya  Using these neyv_SI<erT_1e2|()nteract|ons, the ISGMR cen-
force, the equation of state of neutron matter is checked buf0id energies_,=ym,/m., in %Pb have been calculated in
not fitted in order to have a large enough variational space ot fully self-consistent manner. The energy-weighted sum rule
parameters when the nuclear incompressibility and the syniT iS obtained from the well-known double commutator ex-
metry energy are varied. The forces which have been builpectation value, while the inverse ener_gy-waghted sum rule
haveK.. equal to 230, 240, and 250 MeV, wherehis var-  M-11S extracted by means of a constrained (r€lIHF) calcy-

ied between 26 and 40 MeV. In Fig. 2 we show the accuracyation [23]. Adding to the Hamiltonian a terraM, whereM
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J=30 MeV
J=32 MeV
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56Ni 78Ni 1OOSI_I 13ZSn208Pb

FIG. 2. Difference between experimental binding energieft) or experimental charge radiright) with the predictions of forces
characterized byr=1/6 and by diferent values oK., andJ, for typical spherical nuclei. Note that the binding energie$%fCa, °Ni,
13251, and?®Pb, as well as the charge radii #F*Ca, **Ni, and?°®Pb are used in the fit of the force parameters.

is in this case the monopole operafBt,r?> and A>0 (to
avoid an Hamiltonian without lowest boundhe value of

m_; can be extracted

1=

1
0.5
0

in two different ways, that is,
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the result of usual RPA calculations made using a basis ex-
pansion, since the convergencenaf; with the basis size can

be quite slow. Moreover, as already discussed in Sec. |, the
Skyrme RPA calculations of the ISGMR performed so far

lack full self-consistency since part of the residual interaction

(the two-body Coulomb and two-body spin-orbit tejnase

By varying the steps in and by comparing the outcome of dropped. This has been shown to lead to a systematic error in
these two different expressions, numerical tests concerningleé monopole centroid energies).

the accuracy ofm_; can be performed. We have come to the
conclusion that this quantity can be determined with an acenergyE_; obtained with the present interactions, as a func-
curacy of £3% or better. This is definitely more reliable thantion of the associated values Kf. andJ. Figure 4 refers to

4
3
2

[ T

In Figs. 4 and 5 we show the results for the monopole

:

{ch) {ch.)
R theory R exp. [%]

z
§ o8

¥

-

160 4OCa 4ECa 56Ni

78, 100, 132,

Ni Sn

FIG. 3. Same as Fig. 2 in the case of the forces witf0.3563.

024307-6

Sn

208Pb



MICROSCOPIC DETERMINATION OF THE NUCLEAR. PHYSICAL REVIEW C 70, 024307(2004)

16 I | I I

B K=230 MeV
A K=240 MeV

1551 v K=250MeV| ]
L v 4
_ 15k . FIG. 4. The?®®%h ISGMR centroid energy
> L i E_, calculated with the Skyrme parameter sets
NE ‘\A\A\\\ with «=1/6, as afunction of J. The different
:“7 145 A = symbols correspond to the valueskKf (see in-
£ L 1\‘\A 4 sed. Lines are numerical fits and are simply in-
£ tended to guide the eye. The area delimited by the
- ] two horizontal lines correspond to the experimen-
L g , tal value.
1350 4
13 | | | | | I | |
24 26 28 30 32 34 36 38 40 42

J [MeV]

the forces witha=1/6, whereas Fig. 5 is for those with rameters governing the monopole energy has been empha-
=0.3563. In the case of the forces witl+0.3563, we have sized. Itis clear from Figs. 4 and 5, and from Tables | and I,
used the same procedure of REF1], that is, we have ne- thatthe monopole energies do depend on the pararigfgr
glected the Coulomb exchange and we have omitted the c.mssociated with the density dependence of the symmetry en-
correction in the HF variation, by subtracting it afterwardsergy. With increasinds,, the monopole energy increases
from the total energy, in the harmonic-oscillator approxima-change of about 300 MeV iKy, produces a variation of

tion (E. =241A"Y3). We have checked that this lowers the 9-2 MeV in the monopole energyyOn the other hand, in the

monochbrTI]é—é_lnergy by about 150 keV. The straight lines in th orces we have bL_J”t' t_here is a strong correlation between
sym and J, essentially independent &t but not of a. In

figures are linear fits of the CHF results corresponding to th ; . :
different symbols, whereas the experimental range for thd2ct according to the numbers displayed in Tables | and 1L,
' e modification of the exponentin the Skyrme functional,

monopole energy6] is delimited by the horizontal lines. allows us to chan s
. : . ge the value Kf,, keeping fixed the val-
These figures can be compared with Figupper panglof ues ofK,, andJ. According to the argument developed at the

Ref. [8]. The results for the monopole energy are, as eXynq of Sec. |, this should allow us to change the valuk.of
pected, much less sensitive dahan toK... By varyingK..  axiracted from the experimental ISGMR data.

by 10 MeV, i.e., by about 4%, the monopole energy changes By considering only the set with=1/6, weconfirm the

by 0.5 MeV. In order to obtain the same changshould be  previous result of Ref[5] that K,,=230—240 MeV is the

varied from 26 to 40 MeV, which is about 50%. The RMF preferred value for the nuclear incompressibility. This is not

results show qualitatively the same pattern. fully compatible with the RMF result. In fact, extrapolating
We have to stress that the existence of a definite, yet ndtom Fig. 4, one can see that a hypothetic Skyrme parametri-

strong, dependence ahis in agreement with the discussion zation having that associated valuekof, would reproduce

in Sec. Il, where the role oK, as one of the crucial pa- the experimental monopole energy only with an unrealistic

16 I I I I I | I I

v K=250 MeV
® K=260 MeV
* K=270 MeV

155

(m,/m_ )" MeV]
7
i l
L |

145 = FIG. 5. Same as Fig. 4, for the Skyrme pa-
L 4 rameter sets witlx=0.3563.

ol V\v\v\v\v\v\ ]
v

135 _
3 | | | | | | | |

26 28 30 32 34 36 38 40 42 44

JMeV]

024307-7



COLOet al. PHYSICAL REVIEW C 70, 024307(2004)

value of J above 50 MeV. On the other hand, the set oflead to such different results fok, within the Skyrme
forces with =0.3563 allows us to extract a value Kf,  framework.
around 250 MeV, in agreement with the outcome of the To this aim, we build classes of Skyrme forces which span
RMF calculations. a wide range of values fdf., and for the symmetry energy at
We should at this point stress that the more negative valsaturationJ. All these forces reproduce the ground-state ob-
ues of Kgyy which characterize the forces with=0.3563  servables with good accuracy. We use them to calculate the
cannot, alone, explain the extraction of a larder. The  monopole energy iIf%Pb, defined a€E_;=Vmy/m_;. We
forces which better reproduce the experimental monopolstress again that we can obtain this quantity without any lack
energy are those witl{a, K., J) given either by(1/6, of self-consistency, and with a numerical error that is not
230 MeV, 28 MeVj or by (0.3563 250 MeV, 30 MeY. We larger than the experimental uncertainity.
can apply Eq(10) to the case of these two forces, by insert- A first class of forces are built using the SLy4 protocol
ing the values given in the Tables | and Il and by taking intoand have a density dependence characterized by the exponent
account thatc~-1 for K,=230 MeV but ~-1.1 for K, a=1/6. With these forces, a value ofK, around
=250 MeV. This gives for the two forces, respectively, 230-240 MeV is obtained, confirming the previous results
of [5]. To obtain the correct monopole energy with larger
Ka=154.16 =230 - 38.82 - 10.23 - 26.TMleV) values ofK,, would require an unrealistically large value of
and J, sinceE sgur increases witlK,, and decreases with We
understand this latter dependence as a consequence of the
Ka =160.64 = 250 - 46.41 - 15.18 - 27.TVeV), direct relation between th€., and thedensity dependena#

where the four numbers on the rh.s. correspond, respedl® Symmetry energs(e), and of the unavoidable correla-
tively, to the volume, surface, symmetry, and Coulomb condion betweerS(¢) andJ. _

tributions. It is clear that most of the gain of 20 MeV ka, To solve the discrepancy with the result of Agrawahl,
comes from the increase of the surface téBrMeV), and  We have built a second class of forces which have the density

the more negativi,,which, multiplied by the tiny value of dependencex=0.3563. Using this class of forces we can
&2 for 2°%Pb. contributes 5 MeV. A small contribution of &rrive atK,, between 250 and 260 MeV. Actua}lly, we can
1 MeV results from the increase #f..,. Finally, Eq.(10) reproduce very accurately the results of Réf], if we use

does not consider that, in the calculations done by employin{1® Same approximations made in that work, namely, if we
the forces with a=0.3563, the Coulomb exchange and neglect the Coulomb exchange and c.m. corrections in the
center-of-mass corrections are neglected. As mentioned™ mean field. This shows that the differences between Ref.
above, this lowers the ISGMR energies by about 150 keut11] and our work in the detailed protocol used to determine

and hencek, by about 5 MeV. This brings the two results the forces, are unimportant. We have observed that the dif-
for K, rather close to each other. ferences between the results of the two classes of Skyrme

forces built in the present paper, come both from the surface
and symmetry contributions, as a consequence of the change
in the exponenta, and from the neglect of Coulomb ex-

Until recently, the extraction of the nuclear incompress-change and c.m. corrections, which affect the monopole en-
ibility from the monopole data was plagued by a markedergy by about 150 keV and, therefot€, by about 5 MeV.
model dependence: the Skyrme energy functionals seemed to In conclusion, within the nonrelativistic framework there
point to 210-220 MeV, the Gogny functionals to 235 MeV, is not a unique relation between the valuekof associated
and the relativistic functionals to 250—270 MeV. It has beerwith an effective force and the monopole energy predicted by
shown in Ref[5] that the result of the Skyrme functionals is, that force. Bona fide Skyrme forces can either predict
in fact, consistent with that of Gogny, i.e., 235 MeV using 230—240 MeV forK., or arrive at 250 MeV if a different
the 2°®Ph data. The previous value of 210—220 MeV wasdensity dependence is adopted and if one excludes some
derived using non-fully-self-consistent calculations, neglectterms from the energy functional. This latter procedure, al-
ing the residual Coulomb and spin-orbit interactions. Thethough it may mimic the relativistic case, is not conceptually
discrepancy between the nonrelativistic value of 235 Mewvell justified.
and the relativistic prediction remained, since relativistic cal-
culations confirmed the lower bound of about.2_50 Me\(. ACKNOWLEDGMENTS
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