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Self-consistent Hartree-Fock based random phase approximation and the spurious state mixing
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We use a fully self-consistent Hartree-Fock~HF! based continuum random phase approximation~CRPA! to
calculate strength functionsS(E) and transition densitiesr t(r ) for isoscalar giant resonances with multipo-
laritiesL50, 1, and 2 in80Zr nucleus. In particular, we consider the effects of spurious state mixing~SSM! in
the isoscalar giant dipole resonance and extend the projection method to determine the mixing amplitude of the
spurious state so that properly normalizedS(E) and r t(r ), having no contribution due to SSM, can be
obtained. For the calculation to be highly accurate, we use a very fine radial mesh~0.04 fm! and zero smearing
width in HF-CRPA calculations. We use our most accurate results as a basis to~i! establish the credibility of the
projection method, employed to eliminate the SSM, and~ii ! to assess the consequences of the common
violations of self-consistency, often encountered in actual implementation of HF based CRPA and discretized
RPA~DRPA! published in the literature, on the values ofS(E) andr t(r ). This is achieved by varying the radial
mesh size, the particle-hole interaction, the smearing parameter, and the particle-hole energy cutoff used in the
HF-RPA calculations.

DOI: 10.1103/PhysRevC.67.034314 PACS number~s!: 21.60.Jz, 24.30.Cz, 21.65.1f
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I. INTRODUCTION

The Hartree-Fock~HF! based random phase approxim
tion ~RPA! has been a very successful theory in providi
microscopic description of phenomena associated with
lective motion in nuclei@1#. Accurate information for impor-
tant physical quantities can be obtained by comparing
experimentally deduced strength function distributionS(E)
with the results obtained from HF-RPA theory. In particul
the strength function distributions of the isoscalar gia
monopole resonance~ISGMR! and the isoscalar giant dipol
resonance~ISGDR! are quite sensitive to the value of th
nuclear matter incompressibility coefficientKnm @1–4#, a
very important physical quantity since it is directly related
the curvature of the nuclear matter equation of state.

Over the past two decades, a significant amount of exp
mental work has been carried out to identify the stren
distributions of the isoscalar giant resonances in nuclei,
ticularly the ISGMR@3# and ISGDR@5#. The main develop-
ment in the area of experimental investigation of the isos
lar giant resonances is the high accuracy data of excita
cross section bya-particle scattering, obtained at Texa
A&M University using a beam analysis system, a multipo
dipole-multipole spectrometer, and a broad range multiw
proportional counter. This led to the discovery of a hig
lying structure in the strength function of the ISGMR and t
location of the ISGMR in light nuclei. Furthermore, accura
data on the ISGDR has been obtained for a wide rang
nuclei @5#. This has led to renewed interest in the nucle
response function and the need to carry out detailed and
curate calculations ofS(E) and the transition densityr t
within the HF-RPA theory. In particular, there have be
quite a few recent nonrelativistic HF-RPA@6–10# and rela-
tivistic mean-field based RPA@11,12# calculations of the IS-
GDR, considering the issues of~i! spurious state mixing
~SSM!, ~ii ! the strength of the lower component~at 1\v),
and ~iii ! the value ofKnm deduced from the centroid energ
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E1 of the ISGDR compression mode~at 3\v).
Comparison between the recent data on the ISGMR

the results of HF based RPA calculations confirms the va
of Knm5210620 MeV, determined earlier in Ref.@4#. It
was first pointed out in Ref.@13# that the HF-RPA results for
E1, obtained with interactions adjusted to reproduce the
GMR data, are higher than the experimental values@14,15#
by more than 3 MeV and thus this discrepancy betwe
theory and experiment raises doubts concerning the un
biguous extraction ofKnm from centroid energies of com
pression modes. This discrepancy between theory and
periment was also reported in more recent experime
@5,16#. Recently, Shlomo and Sanzhur@9# have resolved this
discrepancy by carrying out accurate microscopic calcu
tions for S(E) and the excitation cross sections(E) of the
ISGDR, within the folding model distorted-wave Born a
proximation, withr t obtained from HF-RPA calculations an
corrected for the SSM. They demonstrated that the calcula
s(E) drops below the experimental sensitivity in the regi
of high excitation energy containing 30–40 % of the ISGD
energy weighted sum rule~EWSR!. This missing strength
leads to a reduction of more than 3.0 MeV in the value ofE1
and thus explains the discrepancy between theory and
periment.

Clearly, accurate calculations ofS(E) and s(E) are
needed. In fully self-consistent HF-RPA calculations, t
spurious isoscalar dipole (T50, L51) state~associated with
the center of mass motion! appears at energyE50 and no
SSM in the ISGDR occurs. It was pointed out in Ref.@9# that
none of the results forS(E) andr t published in the literature
were obtained in fully self-consistent calculations. In som
RPA calculations, the mean field and the particle-hole in
actionVph are chosen independently. Although this approa
can provide physical insight into the structure of giant re
nances, it cannot be used to accurately determine impor
physical quantities such asKnm . In a self-consistent HF-RPA
calculation@17#, one starts by adopting a specific effectiv
©2003 The American Physical Society14-1
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nucleon-nucleon interaction,V12, such as the Skyrme inter
action, and carries out HF calculations. The parameter
the interaction are determined by a fit to properties of nu
~binding energies, radii, etc.!. Then, one solves the RP
equation using the particle-hole (p-h) interactionVph which
is consistent withV12. However, though not always stated
the literature, self-consistency is violated in actual imp
mentations of the nonrelativistic RPA~and relativistic RPA!
calculations. One usually makes the following approxim
tions: ~i! using aVph which is not consistent withV12 by
commonly neglecting the two-body Coulomb and spin-or
interactions inVph and approximating the momentum depe
dent parts inVph , ~ii ! limiting the p-h space in a discretized
calculation by a cutoff energyEph

max, and ~iii ! introducing a
smearing parameter~i.e., a Lorentzian withG/2). The con-
sequences of these violations of self-consistency and of
merical inaccuracy onS(E) andr t are usually ignored in the
literature.

In this work, we present results of detailed investigatio
of the consequences of common violations of se
consistency in actual implementations of HF based RPA
determining the response functionsS(E) andr t of isoscalar
multipole (L50,1, and 2! giant resonances. In particular, w
consider the ISGDR and concentrate on the effects of
SSM. We determine the effects of a violation of se
consistency by comparing the calculated results forS(E) and
r t with those obtained from highly accurate fully se
consistent HF– continuum RPA~HF-CRPA! calculations
@18#. We also extend the projection method for eliminati
the effects of SSM, described in Ref.@9#, to properly normal-
ize S(E) andr t and determine the mixing amplitude of th
spurious state in the ISGDR.

For completeness and presentation of our results, we
vide in Sec. II the basic expressions used in the calculati
We also present an extension of Green’s function based d
vation of the projection operator method for eliminating t
effects of the SSM, described in Ref.@9#, to account for the
proper normalization of theS(E) and r t(r ) of the ISGDR
and determine the mixing amplitude of the spurious st
obtained in HF-RPA calculations. We emphasize here
the method is quite general and applicable for any scatte
operatorF and for any numerical method used in carryi
out the RPA calculation, such as configuration space R
coordinate space~continuum and discretized! RPA, and with
and without the addition of smearing.

In Sec. III, we present and discuss our results. We fi
present the results of a highly accurate and fully se
consistent HF-CRPA calculation ofS(E) andr t(r ) in 80Zr,
which we use as a basis for a comparison with results
tained with common violations of self-consistency. These
curate fully self-consistent HF-CRPA results were obtain
usingG50 ~i.e., no smearing! and very small mesh sizes o
drHF50.04 fm and drRPA50.04 fm with corresponding
numbers of mesh pointsNHF5900 andNRPA5300 used in
the HF and the CRPA calculations, respectively. We note
the values ofS(E) and r t(r ) associated with a bound RP
state were deduced from the residue of the RPA Gre
function. Next, we present our results of fully self-consiste
HF-CRPA calculations~with G50) carried out using various
03431
of
i

-

-

t
-

u-

s
-
r

e

o-
s.
ri-

e
at
g

,

t
-

b-
-

d

at

’s
t

mesh sizesdrHF anddrRPA and discuss the issue of numer
cal accuracy. We then present the results obtained with
tain violations of self-consistency in CRPA and discretiz
RPA ~DRPA! calculations and compare these results with
highly accurate fully self-consistent results over the wh
range of excitation energies. We would like to point out th
comparing the total energy weighted transition stren
~EWTS! with the EWSR may lead to incorrect conclusion
We emphasize that in the present work, we establish
accuracy of the projection operator method and provide
sessments of the effects of common violations of se
consistency, often encountered in actual implementation
HF-RPA published in the literature, on theS(E), EL , andr t
of the isoscalar giant resonances withL50, 1, and 2. Pre-
liminary results of the present work were presented ear
@19#. We note that very recently the accuracy of the proje
tion operator method in eliminating the effects of the SS
on S(E) and r t of the ISGDR was investigated in Refs
@9,20#. However, in these works, the calculations, carried
using a mesh sizedr>0.1 fm, were not fully self-consisten
and thus it is not possible to determine the consequence
the violations of self-consistency onS(E) andr t . Moreover,
the applicability of the projection operator was only inferr
by comparing the total EWTS with the EWSR. In Sec. I
we state our conclusions.

II. FORMALISM

In the following, we provide for completeness and prese
tation of our results, the basic expressions used in the ca
lations. Furthermore, we extend Green’s function based d
vation of the projection operator method@9# for eliminating
the effects of the SSM to also obtain properly normaliz
S(E) and r t(r ) of the ISGDR and determine the mixin
amplitude of the spurious state.

The RPA Green’s functionG @17,18# is given by

G5G0~11VphG0!21, ~1!

whereG0 is the freep-h Green’s function given by

G0~r,r8,v!52(
h

fh~r!F 1

H02eh2v

1
1

H02eh1vGfh~r8!. ~2!

Here, H0 is the HF Hamiltonian andeh and fh are the
single-particle energy and the wave function of the occup
state, respectively. The continuum effects~particle escape
width! are included by using

Gl j ~r,r8,E!5
1

H02E
52

2m

\2
ul j ~r ,!v l j ~r .!/w, ~3!

wherer , and r . are the the lesser and the greater ofr and
r 8, respectively,u and v are the regular and irregular solu
tion of H0, with the appropriate boundary conditions, respe
4-2
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SELF-CONSISTENT HARTREE-FOCK BASED RANDOM . . . PHYSICAL REVIEW C67, 034314 ~2003!
tively, andw is the Wronskian. The strength functionS(E)
and transition densityr t associated with the scattering oper
tor

F5(
i 51

A

f ~r i ! ~4!

are given by

S~E!5(
n

u^0uFun&u2d~E2En!5
1

p
Im@Tr~ f G f !#, ~5!

r t~r,E!5
DE

AS~E!DE
E f ~r8!F 1

p
ImG~r8,r,E!Gdr8. ~6!

Note thatr t(r,E), as defined in Eq.~6!, is associated with
the transition strength in the region ofE6DE/2 and is con-
sistent with

S~E!5U E r t~r,E! f ~r!drU2Y DE. ~7!

It is important to note thatS(E) andr t of a state at energy
En below the particle escape threshold~or having a very
small width! can be obtained from Eqs.~5! and ~6!, respec-
tively, by replacing (1/p)ImG(r8,r,E) with

lim
E→En

ReG~r8,r,E!~En2E!. ~8!

The energy weighted sum rule~EWSR! associated with
the operatorf LM5 f (r )YLM is given by@1#

EWSR~ f YLM !5E ESLM~E!dE

5
\2

2m

A

4p F ^0uS d f

dr D
2

1L~L11!S f

r D
2

u0&G .
~9!

Using the equation of continuity and assuming that there
only one collective state@21,22# with energyEcoll , exhaust-
ing 100% of the EWSR associated with the scattering op
tor f LM5 f (r )YLM , one obtains the form for the correspon
ing transition density

r t
coll~r !52

\2

2m
A 2L11

EWSR~ f LM !Ecoll
F S 1

r

d2

dr2
~r f !

2
L~L11!

r 2
f D r01

d f

dr

dr0

dr G . ~10!

Let us consider the scattering operators, Eq.~4!, with

f ~r!5 f ~r !Y1M~V!, f 1~r!5rY1M~V!, ~11!

and write (1/p)ImG as the sum of separable terms
03431
is

a-

R~r8,r,E!5
1

p
ImG~r8,r,E!5(

n
dn~E!rn~r!rn~r8!.

~12!

Note that dn(E) accounts for the energy dependence
R(r8,r,E). In the case of a well-defined resonance, or in
discretized continuum calculation, the sum in Eq.~12! has
only one term. In this case,rn is proportional to the transi-
tion density associated with the resonance and may conta
spurious state contribution. In general, due to the smea
with G/2, the sum in Eq.~12! may contain quite a few terms
We now writern as

rn~r!5anrn3~r!1bnrn1~r!, ~13!

with

an
21bn

251.0, ~14!

wherean andbn are the amplitudes of the intrinsic state a
the spurious state, respectively. Note thatrn3, associated
with the ISGDR, fulfills the center of mass condition~for all
n)

^ f 1rn3&5E f 1~r!rn3~r!dr50. ~15!

We point out that in the projection method for eliminatin
the effects of SSM described in Ref.@9#, it was assumed tha
an51.0 @in Eq. ~13!#.

Following the derivation described in Ref.@9#, we first
note that allrn1 coincide with the coherent spurious sta
transition densityrss(r) @23#,

rn1~r!5rss~r!52A \2

2m

4p

AEss

]r0

]r
Y1M~V!, ~16!

whereEss is the spurious state energy andr0 is the ground
state density of the nucleus. Note thatrss in Eq. ~16! is
normalized to 100% of the energy weighted sum rule@see
Eqs.~9! and ~10!#,

EWSR~rY1M !5
\2

2m

3

4p
A. ~17!

Looking for a projection operator that projects outrn1(r),

Fh5(
i 51

A

f h~r i !5F2hF1 , ~18!

with f h5 f 2h f 1, we find that the value ofh associated with
rss is given by

h5^ f rss&/^ f 1rss&. ~19!

Using Eqs.~15! and ~19!, we have

Sh~E!5^ f hR fh&5^ f R33f &, ~20!

where
4-3
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B. K. AGRAWAL, S. SHLOMO, AND A. I. SANZHUR PHYSICAL REVIEW C67, 034314 ~2003!
R335( dn~E!an
2rn3~r!rn3~r8!. ~21!

To determiner t for the ISGDR, we first use Eqs.~6!, ~12!,
~13!, ~15!, and~19! with Fh and obtain

rh~r!5
DE

ASh~E!DE
( cnan@anra3~r!1bnrss~r!#,

~22!

with cn5dn(E)^ f hrn3&. To project out the spurious term
from Eq. ~22!, we make use of Eq.~15! and obtain

r t~r!5rh~r!2brss, b5^ f 1rh&/^ f 1rss&. ~23!

To properly normalizeSh(E) and r t , we have to deter-
mine the mixing amplitudesbn of the spurious state in th
ISGDR. These amplitudes can be obtained from the respo
function to the scattering operatorf 1. Using Eqs.~13!, ~15!,
and ~16! we obtained from Eq.~12!

S1~E!5^ f 1R f1&5^ f 1R11f 1&5( dn~E!bn
2^ f 1rss&

2.

~24!

Note that̂ f 1rss& can be obtained from the EWSR, Eq.~17!,

^ f 1rss&
25

\2

2m

3

4p
A/Ess, ~25!

and the SSM probabilities from

bn
25

S1~En!

^ f 1rss&
2

. ~26!

In the present work, we limit our discussion to the ope
tor F35( i 51

A f 3(r i), where f (r)5 f 3(r)5r 3Y1M(V). For
this operator, the value ofh associated with the spuriou
transition density~16! is

h5
5

3
^r 2&, ~27!

and

Sh~E!5S3~E!22hS13~E!1h2S1~E!, ~28!

where S3(E)5^ f 3R f3& is the strength function associate
with f 3 andS135^ f 1R f3& is the nondiagonal strength func

tion. n’s

03431
se
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III. RESULTS AND DISCUSSIONS

In the following, we present our results for isoscalar gia
resonances (L50, 1, and 2! obtained within the HF based
RPA framework as briefly outlined in the preceding sectio
Calculations are performed for80Zr (N5Z540), as an ex-
ample. The two-body interactionV12 is taken to be of a sim-
plified Skyrme type,

V125d~r12r2!F t01
1

6
t3raS r11r2

2 D G , ~29!

where a51/3, t0521800 MeV fm3, and t3512871
MeV fm3(a11). For these values of the interaction param
eters, the nuclear matter equation of state,E(r)/A, has a
minimum at E/A5215.99 MeV, r050.157 fm23 with
Knm5226 MeV, whereE/A, r0, and Knm are the binding
energy per nucleon, matter saturation density, and inc
pressibility coefficient for symmetric nuclear matter, respe
tively. This choice of the two-body interaction enables us
use the continuum RPA method to carry out a fully se
consistent calculation for giant resonances. Following R
@24#, one can write the mean field potentialVm f as

Vm f5
3

4
t0r~r !1

a12

16
t3ra11~r !, ~30!

and the particle-hole interactionVph contributing to the isos-
calar channel is given by@17#

Vph5d~r12r2!F3

4
t01

~a11!~a12!

16
t3raG . ~31!

To begin with, we consider our results for isoscalar gia
monopole, dipole, and quadrupole resonances which
fully self-consistent and numerically accurate. Then, we sh
analyze the influence of various numerical approximatio
on the centroid energies and transition densities for th
resonances. Finally, we shall illustrate the possible effect
the violation of self-consistency on the properties of the
isoscalar giant resonances~ISGR!.

A. Self-consistent continuum RPA results

We now present our results of fully self-consistent H
CRPA calculations for80Zr, using the Skyrme interaction o
Eq. ~29! with spin-orbit and Coulomb interactions switche
off. It was pointed out in Ref.@18# that in order to have
cancellations of the hole-hole transitions occurring inG0
@Eq. ~2!# and obtain numerically accurate results, it is impo
tant to employ the same mean field and the same integra
algorithm for the bound states and the single-particle Gree
TABLE I. Hartree-Fock single-particle energies~in MeV! for the bound states in80Zr nucleus obtained
for the interaction parameterst0521800 MeV fm3, t3512871 MeV fm4, anda51/3 using the small mesh
sizedr50.04 fm.

Orbits 0s 0p 0d 1s 0 f 1p 0g 1d 2s

Energy 245.50 239.14 231.02 226.74 221.42 215.33 210.59 23.98 22.62
4-4
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TABLE II. Values for density radial moments^r 2& and^r 4& in units of fm2 and fm4, respectively, together
with the EWSR associated with the scattering operatorr nYLM , in units of fm(2n) MeV, for different mesh
sizedr ~in fm! used in the HF calculations.

EWSR

dr ^r 2& ^r 4& rY10 r 3Y10 (r 32hr )Y10 r 2Y00 r 2Y20

0.04 14.705 282.147 391.04 404545 169661 7667 1916
0.08 14.702 282.008 391.04 404346 169553 7665 1916
0.24 14.676 280.653 391.04 402403 168441 7651 1912
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function using a small mesh size in double precision cal
lations. In the following, we first present our results of high
accurate calculations obtained usingdrHF50.04 fm and
drRPA50.04 fm, and with no smearing (G50 MeV), which
we use as a basis for comparison with other calculations.
note that in common implementations of HF-RPA, one u
ally adopts the values of (drHF ,drRPA)5(0.1 fm,0.3 fm)
and a smearing parameter ofG/2;1.0 MeV. In the follow-
ing, we use the notationdr5(drHF ,drRPA), with the values
of drHF anddrRPA given in units of femtometer.

To facilitate our discussions, we have displayed in Tab
the HF single-particle energies for80Zr obtained by using
drHF50.04 fm. In Table II, we give the values for the de
sity radial momentŝ r 2&, ^r 4&, and EWSRs@Eq. ~9!# for
various multipoles evaluated for different values of me
size used in the HF calculation. In Table III, we present
values of the energy weighted transition strengths~EWTS!
for free and CRPA responses obtained using the opera
f 3 , f 1, and f h with dr5(0.04,0.04) andG50 MeV. The
quantitiesS1

EW , S3
EW , S13

EW , andSh
EW in Table III denote the
03431
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EWTS for the corresponding strength functionsS1 , S3 , S13,
and Sh , respectively, see Eq.~28!. The transition strengths
associated with narrow states were determined from the r
dues of Green’s function, using its real part@see Eq.~8!#. For
the free response, we get sharp peaks at the bound
single particle-hole transitions associated withL51. These
transitions can be easily identified from Table I as 0g→0 f
~10.83!, 1d→1p ~11.35!, 2s→1p ~12.70!, 1d→0 f ~17.43!,
1d→0p ~35.16!, and 2s→0p ~36.52!, with corresponding
transition energies given in brackets in MeV. We check
that the values of the EWTS for these sharp transitions ag
with the corresponding values obtained directly from the p
ticle and hole wave functions.

For the CRPA response function, the sharp peaks oc
below the particle threshold at 15.33 MeV. In addition
these sharp transitions, we have contributions from the c
tinuum starting at the particle threshold. We obtained ac
rate values for the contributions from the continuum by
tegrating the energy weighted strength function using
small energy steps ofdE50.01 MeV. It is seen from Table
A
TABLE III. The energy weighted transition strengths (SEW) of the free and fully self-consistent HF-CRP
response functions for80Zr ~in fm6 MeV) calculated usingdrHF5drRPA50.04 fm, NRPA5300 with no
smearing width (G50 MeV).

Energy S3
EW 22hS13

EW h2S1
EW Sh

EW

Free response
10.832306 87689 2221289 139609 6009
11.352610 47160 299851 52854 163
12.709777 24341 237010 14068 1399
17.437181 48562 264831 21638 5369
35.163326 17114 27514 825 10425
36.520494 5034 22123 224 3135
15.0–18.0 465 393 528 1386
18.0–100.0 172707 236767 5009 140949
100.0–150.0 1256 2609 89 736
Total 404328 2469601 234844 169571

CRPA response
0.078606 234852 2469709 234857 0
11.434169 4480 5 21 4484
12.965783 1984 7 0 1991
15.0–18.0 6087 45 0 6132
18.0–100.0 156848 242 2 156808
100.0–150.0 258 213 1 246
Total 404509 2469707 234859 169661
4-5
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III that the spurious state mixing is significantly larger for t
free response~see third column!. Once the spurious stat
mixing is eliminated using the projection operatorf h , we
find from the second and fifth columns of this table that m
of the strengths of the free response in the 1\v region of
excitation energy (E,18 MeV) is spurious in nature. Only
6.8% of the EWTS for the operatorf 3 contributes to the
intrinsic excitations forE,18 MeV. On the other hand, in
the case of CRPA, since the calculation is fully se
consistent and numerically very accurate, the resonance
curring at 0.079 MeV is fully spurious and it exhaus
99.99% of the EWSR associated with the operatorf 1. For
E.0.08 MeV, the values ofS1 andS13 are very small, with
corresponding mixing probabilities ofbn

2;1028 @see Eq.
~26!#, indicating that the SSM is so small that one need
renormalize the strengthSh . Also, the values of the CRPA
EWTS for the operatorsf 3 and f h are the same within 1%
We would like to emphasize that though the spurious s
mixing is significantly larger for the free response, it is ful
eliminated by using the projection operatorf h giving rise to
99.95% of the expected EWSR which is quite close to
CRPA results. We note that the fraction energy weighted s
rule, FEWSR5EWTS/EWSR, for the operatorf h is 8.4%
and 7.4% forE,18 MeV in the case of free and CRP
responses, respectively.

In Figs. 1 and 2, we have shown the free and the R
response functions for the ISGDR, respectively, obtain
from our most accurate calculations. For plotting purpos
we used a very small smearing widthG/250.025 MeV. We
see from Fig. 1 that most of the spurious components lie
the low energy region (E,18 MeV). As mentioned before
the response for the operatorsr 3 and (r 32hr ) are indistin-
guishable in the case of a fully self-consistent HF ba
CRPA calculation. It also appears from these figures t
particle-hole correlations do not alter the ISGDR stren
distribution Sh(E) very much suggesting that the isosca

FIG. 1. Free response functions for the ISGDR calculated us
the radial mesh sizedr5(0.04,0.04) withG/250.025 MeV andh
524.51 fm2. The long dashed curve clearly manifests the existe
of the spuriousity over the entire range of excitations but predo
nant for the 1\v region (E,18 MeV).
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dipole state is not a very collective one.
An important test of a fully self-consistent calculation

to check how closer t(r ,Ess) is to rss, wherer t(r ,Ess) is
obtained from Eqs.~6! and ~8! at the spurious state energ
Ess using f 1. In Fig. 3, we compare the CRPA result for th
r t(r ,Ess) with the coherent state transition density calcula
using Eq.~16!. It is seen in Fig. 3 that in this highly accura
HF-CRPA calculation,r t(r ,Ess) coincides withrss indicat-
ing a very negligible SSM. We add further that at the surfa
the transition density for the ISGMR resembles 3r0
1rdr0 /dr as given by Eq.~10!, whereas, the ISGQR tran
sition density resembles moredr0 /dr rather thanrdr0 /dr
as given by Eq.~10!. We point out that Eq.~10! was derived
under the assumption that one collective state exhausts
EWSR.

g

e
i-

FIG. 2. Same as Fig. 1, but for the fully self-consistent H
CRPA results. The response functions for the operatorsf 3 and f h

are almost the same indicating no spurious state mixing.

FIG. 3. Comparison of the fully self-consistent HF-CRPA res
for the spurious state transition density obtained using the oper
f 1 in Eq. ~6! with the corresponding coherent spurious state tran
tion density. The HF-CRPA calculation is carried out using the
dial mesh sizedr5(0.04,0.04) with no smearing width (G
50 MeV).
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TABLE IV. Fully self-consistent HF-CRPA results for the energy weighted transition strengths~in
fm6 MeV) for G50 MeV using different mesh sizes~in fm! andNRPA550.

Energy S3
EW 22hS13

EW h2S1
EW Sh

EW

drRPA5drHF50.24
0.714539 232751 2465617 232866 0
11.483532 4214 218 0 4196
13.138693 2306 2124 2 2184
15.0–18.0 5693 263 3 5959
18.0–100 154096 792 11 154899
100–150 184 27 1 178
Total 399244 2464711 232883 167416

drRPA56drHF50.24
11.429694 4470 43 0 4513
12.962171 1998 22 24 1992
15.0–18.0 6158 243 1 6116
18.0–100.0 159022 22693 45 156374
100.0–150.0 363 2126 19 256
Total 172011 22821 61 169251

drRPA56drHF50.24, Vsc50.9916a

0.099965 237622 2474392 236771 1
11.430431 4505 227 0 4478
12.959961 2025 220 0 2005
15.0–18.0 6288 2157 3 6134
18.0–100.0 159324 22992 52 156384
100.0–150.0 368 2128 19 259
Total 410132 2477716 236845 169260

aNormalization of the particle-hole interaction to put the spurious state at 0.1 MeV.
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We have repeated the fully self-consistent calculations
G50 MeV using various values ofdrHF and drRPA. In
Table IV, we present CRPA results for the EWTS only f
dr5(0.24,0.24) and (0.04,0.24) withNRPA550. We see
from Table IV that the results for the operatorf 3 for the
different combinations of the mesh sizes differ by abo
2.5%. The spurious state fordr5(0.24,0.24) occurs at 0.7
MeV and its excitation energy becomes imaginary fordr
5(0.04,0.24). By multiplying the particle-hole interactio
by a constant factorVsc50.9916, we push the spurious sta
to 0.1 MeV for dr5(0.04,0.24) calculations. Nevertheles
we find that the SSM is very small (bn

2;1026). Once the
spurious components are eliminated using the projection
erator f h , we get 99.40% and 99.76% of the expect
03431
r
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EWSR fordr5(0.24,0.24) and (0.04,0.24), respectively.
In Tables V and VI, we have collected the centroid en

gies and the FEWSR, respectively, for the isoscalar g
resonances withL50, 1, and 2 calculated using differen
combinations of the mesh size and a very small value
G/250.025 MeV. We notice that as long as the particle-h
interaction is not renormalized~i.e., Vsc51.0), the centroid
energies of the resonances do not deviate by more than 0
compared with the most accurate values. Though the en
of the spurious state is sensitive to the values of the m
sizes and increases from 0.08 MeV to 0.71 MeV with
increase of radial mesh size from 0.04 fm to 0.24 fm, t
centroid energy for the ISGDR changes only by about 0
MeV. Even if Vsc is used to shift the spurious peak to 2
V.
TABLE V. HF based CRPA results for the spurious state energyEss and centroid energyEL , for the
ISGMR (L50), ISGDR (L51) and ISGQR (L52) ~in MeV!, obtained usingG/250.025 MeV. For the
ISGMR and ISGQR we use the energy range 0 –80 MeV and that for the ISGDR we use 28–80 Me

drh f drrpa Vsc Ess E0 E1 E2

0.04 0.04 1.0 0.08 22.98 35.88 14.67
0.08 0.08 1.0 0.18 22.97 35.86 14.70
0.24 0.24 1.0 0.71 22.92 35.80 14.69
0.04 0.24 1.0 a 22.94 35.83 14.60
0.04 0.24 0.9916 0.09 22.98 35.85 14.70
0.04 0.24 0.9707 2.00 23.08 35.88 14.96

aEss is imaginary.
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TABLE VI. HF-CRPA results for fraction energy weighted sum rule~in percent! for the spurious state
~SS! and theL50 –2 isoscalar giant resonances in the energy region 0 –80 MeV, calculated using v
radial mesh sizesdrHF anddrRPA ~in fm! andG/250.025 MeV@for the spurious state we useG50 and Eq.
~8!#. See Table V for the corresponding values ofEss.

drHF drRPA Vscale SS L50 L51 L52

0.04 0.04 1.0 99.99 99.84 99.61 99.91
0.08 0.08 1.0 99.95 99.76 99.76 99.91
0.24 0.24 1.0 99.55 99.74 99.25 99.49
0.04 0.24 1.0 a 102.05 99.57 101.18
0.04 0.24 0.9916 101.22 102.02 99.57 101.17
0.04 0.24 0.9707 101.58 102.96 99.34 101.15

aThe correspondingEss is imaginary.
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MeV, the centroid energy forL50 andL51 resonances do
not change appreciably. However, the centroid energy for
L52 resonance goes up by about 2%~0.3 MeV!. From
Table VI, we find that whendr5(0.04,0.24), the values o
the total EWTS for ISGMR and ISGQR are overestimated
1 –2 %.

So far we have demonstrated that~i! as long as the calcu
lation is fully self-consistent and numerically highly acc
rate, there is practically no spurious state mixing, and~ii ! the
spurious state mixing introduced due to the use of a la
mesh size~0.24 fm! in a CRPA calculation can be projecte
out using the operatorf h .

B. Influence of the smearing parameterG

One of the requirements to avoid any SSM is that o
must not use any smearing parameter~i.e., G50) and the
calculations should be performed using a very fine mesh
the coordinate space while solving HF and RPA equatio
However, one typically usesG/2;1.0 MeV and the mesh
dr>0.1 fm. If the smearing width is finite, the spurious sta
would have a long energy tail which can give rise to a la
SSM. Since,rss}dr0 /dr, which is a surface peaked func
tion and has a large matrix element for the operatorf 3, one
must project out the SSM by making use of the project
operatorf h .

In Fig. 4, we plot CRPA results for the spurious state a
ISGDR strength functions calculated using a radial mesh
of 0.04 fm and a smearing parameterG/251 MeV. We
clearly see from the figure that the strength function for
spurious state is extended up to a very high energy. The S
caused due to the energy tail of the spurious state is el
nated using the operatorf h . In Table VII, we give the values
of FEWSR associated with the scattering operatorf h for the
ISGDR for various energy ranges up to 150 MeV obtain
by using different values for the mesh size and the smea
parameter in the HF-CRPA calculation. Considering the v
ues of the FEWSR in each energy rangev1–v2 of Table VII,
it can be easily seen that these values are practically the s
as those obtained withG50, i.e., the SSM due to nonzeroG
is completely projected out. In particular, forG/2
51.0 MeV, the values for FEWSR for the energy rangeE
50 –20 MeV is lower by about 0.5% as compared to that
G50. We also note that forG/251.0 MeV, the total
03431
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FEWSR obtained by integrating up toE5150 MeV is about
1% lower than the one obtained forG50. Of course, this is
due to the remaining strength beyond 150 MeV. For instan
in the case ofdr5(0.24,0.24) andG/251.0 MeV, we get
FEWSR50.48% for the region forE5150–300 MeV.

We point out that due toGÞ0, the transition densityr t
calculated using Eq.~6! depends on the scattering operatorf.
The consequences of this on theS(E) andr t of the ISGDR
was investigated and discussed in detail in Ref.@9# and we
will not repeat it here. We have thus demonstrated that us
the projection scattering operatorf h , one can accurately
eliminate the SSM effects onS(E) and r t of the ISGDR
occurring due to the use of a finite smearing parameterG/2.

C. HF-DRPA results

We now consider our results obtained by discretizing
continuum using boxes of different sizes and different valu
of the particle-hole energy cutoffEph

max ranging from 50 to
600 MeV. The length of the box is given byNHF times
drHF , whereNHF is the number of radial mesh points use
in a HF calculation. In the following, we present the resu

FIG. 4. Strength functions for the spurious state and ISG
calculated using the radial mesh sizedr5(0.04,0.04) and the
smearing parameterG/251 MeV in CRPA. The SSM caused due t
the long tail of the spurious state is projected out using the oper
f h .
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TABLE VII. CRPA results for the fraction energy weighted sum rule~in percent! of the ISGDR obtained
using the operatorf h for the energy rangev1–v2 ~in MeV! for various combinations of the mesh size~in fm!
and smearing parameterG/2 ~in MeV!.

v1–v2

drHF drRPA G/2 0 –15 15–20 20–100 100–150 Total

0.04 0.04 0.0 3.82 5.73 90.30 0.15 100.00
0.04 0.04 0.025 3.81 5.71 90.28 0.16 99.96
0.04 0.04 0.25 3.79 5.66 90.05 0.27 99.77
0.04 0.04 1.0 3.69 5.37 89.39 0.65 99.10
0.24 0.24 0.0 3.79 5.57 89.93 0.11 99.40
0.24 0.24 1.0 3.63 5.15 89.12 0.61 98.51
0.04 0.24 0.0 3.83 5.72 90.05 0.15 99.75
0.04 0.24 1.0 3.71 5.25 89.26 0.65 98.87
0.08a 0.24 1.0 3.70 5.22 80.40 0.00 89.32
0.08b 0.24 1.0 3.83 5.46 88.45 0.00 97.74
0.08c 0.24 1.0 3.88 5.53 88.66 1.22 99.29

aHF-DRPA result withEph
max550 MeV.

bHF-DRPA result withEph
max5100 MeV.

cHF-DRPA result withEph
max5200 MeV.
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for discretized RPA calculations obtained by usingdr
5(0.08,0.24) withNHF5150 and 900~box sizes of 12 and
72 fm, respectively!.

To examine more closely the effects of cutoff energyEph
max

on the response function, we present in the last three row
Table VII our DRPA results for the FEWSR over variou
energy ranges up to 150 MeV obtained usingEph

max550, 100,
and 200 MeV. Comparing the values of the FEWSR, in e
of the energy rangev1–v2, of Table VII ~particularly the
energy ranges of 0–15 and 15–20 MeV!, we conclude that
by usingf h , one accurately eliminates SSM occurring due
the use of a low value forEph

max. This is also demonstrated i
Fig. 5.

It is evident from Table VII that the total FEWSR in
creases significantly whenEph

max is increased from 50 MeV to
200 MeV. This increase is about 9 –10 % forG/251 MeV.
With a further increase inEph

max, there is no noticeable
change in the value of the total FEWSR. In Fig. 6, we sh
the ISGDR response functions obtained by using the
sizes of 12 and 72 fm, a smearing parameterG/2
51.0 MeV andEph

max5200 MeV, together with the corre
sponding results obtained in HF-CRPA. We see that
DRPA results obtained for the larger box coincide with t
results obtained within CRPA. The transition strength g
fragmented if the discretization is carried out using a sm
box. To avoid a misleading interpretation of the fragmen
tion and obtain agreement with the CRPA results, one ne
to use a larger value of the smearing parameter consis
with the size of the box. Therefore, one can satisfacto
reproduce the CRPA results, provided the DRPA calculati
are carried out using a box of very large size~i.e., dense
discretization! and the cutoff for the particle-hole excitatio
energy (Eph

max) is set to be reasonably high.
We have demonstrated in Fig. 3 that the spurious tra

tion density r t(r ,Ess) obtained by using a fully self-
consistent CRPA calculation is indistinguishable from t
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corresponding collective model form forrss which is propor-
tional to dr0 /dr. In Fig. 7, we show some of the DRPA
results forr t(r ,Ess) and compare them with therss. We see
that for Eph

max550 MeV, r t(r ,Ess) deviates fromdr0 /dr.
However, for Eph

max5200 MeV, the r t(r ,Ess) from the
DRPA is almost identical to the collective model results. W
thus conclude that one must use a reasonably large valu
the cutoff energyEph

max in order to fully eliminate from the
intrinsic excitations the contribution due to SSM.

In Table VIII, we have displayed the values ofEss and the
centroid energies for theL50, 1, and 2 isoscalar giant reso
nances. These results are obtained by usingNHF5900 and
G/250.25 MeV with different values ofEph

max in the HF-

FIG. 5. Discretized RPA results of strength functions for t
spurious state and the ISGDR obtained usingNHF5150 with dr
5(0.08,0.24) and a smearing parameterG/250.25 MeV. We use a
particle-hole cutoff energyEph

max550 MeV. The SSM caused du
to the low cutoff energy and the tail of the spurious state
projected out using the operatorf h .
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DRPA calculations. The corresponding HF-CRPA results
given in the last row of the table. We clearly see that asEph

max

increases, the centroid energiesE0 , E1, andE2 converge to
their corresponding exact values obtained using HF-CR
However, this convergence is slower for the spurious s
energyEss. For low values ofEph

max, we observe that the
centroid energy for ISGMR is overestimated by about
MeV, which can significantly affect the value determined f
the nuclear incompressibility.

FIG. 6. Discretized RPA results for the ISGDR response fu
tions obtained using the smearing parameterG/251.0 MeV. The
discretization is performed usingNHF5150 ~dotted line! andNHF

5900~solid line! with dr5(0.08,0.24). We use particle-hole cuto
energy Eph

max5200 MeV. The corresponding HF-CRPA result
shown by a long dashed curve.

FIG. 7. Similar to Fig. 3 but for the HF-DRPA results. Th
dash-dot, long dash, and solid curves represent the DRPA resul
NHF (Eph

max)5150 ~50 MeV!, 900 ~50 MeV!, and 900~200 MeV!,
respectively. The transition density do not change significan
whenNHF increases from 150 to 900, but, with increase inEph

max the
DRPA results become closer to the coherent spurious state trans
density@Eq. ~10!#.
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D. Effects of violation of self-consistency

So far, we have examined the various effects of numer
approximation on the properties of the isoscalar giant re
nances of multipolarityL50 –2 and established the validit
of the projection operator method in eliminating the SS
effects from theS(E) and r t(r ) of the ISGDR. Here we
report on our investigations of the influence of certain vio
tions of self-consistency on the strength function for isos
lar giant monopole (L50), dipole (L51), and quadrupole
(L52) resonances. These investigations are quite impor
in view of the fact that one often performs non-se
consistent calculations for giant resonances, such as the
of a phenomenological nuclear mean field~e.g., Woods-
Saxon potential! and a Landau-Migdal particle-hole intera
tion @8#. Moreover, one often comes across HF-RPA calcu
tions carried out using particle-hole interaction not consist
with the mean field used in HF. We present below the res
for HF based CRPA calculations carried out with the tw
body interaction given in Eq.~29!. We use the parameterVsc
to renormalize the particle-hole interaction@i.e., t0→t0Vsc
andt3→t3Vsc in Eq. ~31!# so that the position of the spuriou
state can be adjusted close to zero. To study the co
quences of the violation of self-consistency, we varyt0 and
t3 only in the particle-hole interaction@only in Eq. ~31!#.

In Table IX, we summarize our results for the centro
energies of isoscalar giant resonances of multipolarityL
50 –2. The quantityKnm8 is the nuclear matter incompres
ibility coefficient associated with the renormalized para
eterst0Vsc and t3Vsc employed in the particle-hole interac
tion. Let us first consider the results obtained by varyingt0
by 65% and610% and keepingt3512871 MeV fm4. It
can be clearly seen from the table that the centroid ener
for ISGMR and ISGDR significantly differ from their corre
sponding self-consistent values even ifVsc is adjusted to
give theEss50.1 MeV. On the other hand, the centroid e
ergy for the ISGQR reattains its self-consistent value wh
Vsc is adjusted to yieldEss50.1 MeV. One may understan
this discrepancy in terms of the incompressibility coefficie
With the renormalization ofVph , though, theEss becomes
close to zero, but the values ofKnm8 in the RPA calculation
remain quite different than the HF value of 226 MeV. In Fi
8, we plot the values ofE0 andE1 versusAKnm8 for the cases

-

for

y

ion

TABLE VIII. Dependence ofEss and the centroid energiesEL

(L50, 1, and 2!, in MeV, on the value ofEph
max ~in MeV! used in

the HF-DRPA calculations. We have used the values ofNHF

5900, NRPA550, dr5(0.08,0.24), andG/250.25 MeV. The cor-
responding HF-CRPA results are given in the last row.

Eph
max Ess E0 E1 E2

50 4.7 23.92 35.34 16.11
75 3.3 23.51 35.76 15.51
100 2.9 23.25 35.66 15.14
200 1.5 23.09 35.55 14.82
400 1.0 23.02 35.51 14.73
600 0.9 23.02 35.51 14.72
` 0.7 23.01 35.46 14.70
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SELF-CONSISTENT HARTREE-FOCK BASED RANDOM . . . PHYSICAL REVIEW C67, 034314 ~2003!
with Ess50.1 MeV. This plot clearly depicts the systema
increase ofE0 andE1 with the increase ofKnm8 . One may be
tempted to infer at this point that as long as the nucl
matter incompressibility associated with the particle-hole
teraction and the mean field is the same, centroid energie
the resonances considered here may be reliable. In ord
verify this, we adjustt3 in the particle-hole interaction in
such a way thatKnm8 becomes 226 MeV whent0 is varied by
610%. We see from Table IX that even ifKnm8 is adjusted to

TABLE IX. HF-CRPA results for the spurious state energyEss,
incompressibility coefficientKnm8 , and centroid energyEL ~in
MeV! for isoscalar giant resonances forL50 –2 with different val-
ues of t0 , t3, andVsc used in the particle-hole interaction. The
calculations are performed usingG/250.25 MeV and drHF

5drRPA50.04 fm.

t0 t3 Vsc Knm8 Ess E0 E1 E2

21800 12871 1.0 226 0.1 23.1 35.5 14.
21710 12871 1.0 258 6.7 26.3 37.9 17.
21710 12871 1.2938 321 0.1 26.0 38.2 14.
21620 12871 1.0 289 9.2 29.0 40.0 19.
21620 12871 1.7118 464 0.1 29.8 41.8 14.
21620 11875 1.0 226 5.9 24.9 36.7 16.
21620 11875 1.2264 267 0.1 24.4 36.8 14.
21620 11270 1.0 188 0.1 21.6 34.4 14.
21890 12871 1.0 194 a 18.7 32.8 11.1
21890 12871 0.7910 163 0.1 20.8 33.7 14.
21980 12871 1.0 162 a 11.4 29.9 2.1
21980 12871 0.6398 120 0.1 19.2 32.6 14.
21980 13875 1.0 226 a 20.8 34.2 12.
21980 13875 0.8408 197 0.1 22.1 34.7 14.
21980 14500 1.0 266 0.1 24.3 36.6 14.

aEss is imaginary.

FIG. 8. The centroid energiesE0 andE1 versusAKnm8 for 80Zr.
Here,Knm8 denotes the nuclear matter incompressibility coeffici
associated with the parameters used in particle-hole interaction~see
also the text!.
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226 MeV, the values ofE0 andE1 are off by about 10% and
3.5%, respectively. This is due to the fact that the shape
the particle-hole interaction is not the same, thoughKnm8 is
kept constant. We note that if the ISGMR centroid energy
determined within 10% accuracy, the value of nuclear ma
incompressibility coefficient will be correct only within
20%.

Apart from the centroid energies for the giant resonanc
it is also important to investigate the effects on the stren
function itself when self-consistency is not maintained. W
observed the plots for the ISGDR strength functionsS and
Sh associated with the operatorsf 3 and f h , respectively, for
the different cases listed in Table IX. We find eitherS3
>Sh or S3,Sh depending on the sign of interference b
tween the spurious state and the intrinsic state~i.e., sign of
the non-diagonal strengthS13). As an illustrative example
we show in Fig. 9 our results for the case in whicht0 is
varied by210% andVsc51.7118. The case is similar whe
t0 is varied by25% andVsc51.2938. These values ofVsc
were chosen so thatEss50.1 MeV.

In Figs. 10~a!–~c!, we compare the fully self-consisten
results for isoscalar giant resonances with those obtaine
varying t0 by 65% in Eq.~31! andVsc is adjusted to yield
Ess50.1 MeV. We see that the strength function for the I
GMR and the ISGDR are significantly different compar
with their corresponding self-consistent results; whereas
the case of the ISGQR, not only the centroid energies
also the strength function seem to agree well with the co
sponding self-consistent results. Note thatr t of the ISGQR is
very similar torss ~of the spurious state!. It is very important
to point out that the violation of self-consistency causes
distribution of the strength in such a way that the total EW
remains unaltered. This redistribution may be crucial in d
termining the energy weighted strengths associated with
low energy and the high-lying energy components of
ISGDR. For example, the fraction of the EWSR~in percent!

t

FIG. 9. Non-self-consistent CRPA results for the spurious s
and the ISGDR strength functions associated with the operatorsf 1 ,
f 3, and f h calculated by usingt0521620 MeV fm3, radial mesh
size dr5(0.04,0.04), andG/250.25 MeV. The strength function
for the operatorf h is larger than that for the operatorf 3 for a wide
range of energy.
4-11
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for the energy rangeE50 –20 MeV is 6.94, 9.33, and 12.4
for t0521710,21800, and21890 MeV fm3, respectively,
and forE50 –150 MeV, we have the FEWSR599.76% in
all these three cases.

We now focus on the influence of self-consistency vio
tion when the continuum is discretized. As seen above,
discretization introduces two additional constraints, nam
the box size used in the HF calculations and the maxim
allowed particle-hole energyEph

max. We present here only th
results for a box size of 12 fm withEph

max550 and 200 MeV.
In Fig. 11, we show the ISGDR response functions obtai
for t0521980 MeV fm3, keeping Eph

max550 MeV. When
compared with the results of Fig. 5, one sees a marked
hancement in spuriousity atE510–12 MeV for the case
with t0Þ21800 MeV fm3. Furthermore, it is interesting to
see that the total FEWSR associated with the operatorf h for
t0521980 MeV fm3 is only 58.97% compared with
95.13 % for t0521800 MeV fm3. We repeated the sam
analysis for a box size of 72 fm keepingEph

max550 MeV but
did not find any appreciable change in the values of the t
FEWSR. When we raised theEph

max from 50 to 200 MeV, we
got for the total FEWSR 99.94% and 100.52% fort05
21980 and21800 MeV fm3, respectively. However, the
large spuriousity atE510–12 MeV for the case witht0Þ
21800 MeV fm3 persists. Similar results were obtained f
other values oft0.

We also calculate the SSM probabilities~i.e., bn
2) when

self-consistency is not maintained. The values ofbn
2 are ex-

tracted using an extremely small smearing parameter. In
case oft0521620 MeV fm3 andEph

max550 MeV used in the

FIG. 10. Influence of violation of self-consistency due to var
tion of t0 by 15% ~dashed line! and 25% ~dotted line! on the
strength function for the~a! ISGMR, ~b! ISGDR, and~c! ISGQR.
The solid line represents the self-consistent result~i.e., t0

521800 MeV fm3).
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DRPA calculation, we find thatEss59.84 MeV. We get from
Eq. ~26!, bn

252.4% for the state occurring at;13 MeV.
WhenVsc is adjusted to push the spurious state energyEss to
about 0.1 MeV, the EWTS of the 13 MeV state associa
with the f 1 operator remains unchanged. Consequently,bn

2 is
reduced by two orders of magnitude. We thus conclude
since the values ofbn

2 are less than a few percent even wi
a large violation of self-consistency, the renormalization
the strength functionSh(E) may be ignored.

We have considered the effects on the ISGDR stren
function when the Coulomb/spin-orbit interaction
switched on in the HF calculation, but ignoring it in th
particle-hole interaction. We find that when the spin-or
interaction is included, the strength function obtained us
G/251.0 MeV is hardly affected at any energy and the d
ferences cannot be seen on the plots~not shown here!. This is
due to the fact that the nucleus in question,80Zr, is spin
saturated, i.e., the single-particle states withj 5 l 61/2 are
occupied. However, this may not be the case for non-sp
saturated heavy nuclei. When we carried out a similar ex
cise with the Coulomb interaction, the mean field chang
significantly and we found that the strength functions g
shifted toward lower energy by about 2.0 MeV. We note th
with the inclusion of Coulomb interaction, the partic
threshold energy for protons reduces from 15.33 MeV to
MeV.

IV. CONCLUSIONS

We have carried out self-consistent HF based CRPA
culations for isoscalar giant resonances with multipolarit
L50, 1, and 2 for the80Zr nucleus as an example. We dem
onstrated that if a self-consistent calculation is perform
using zero smearing width and a very fine radial mesh s
(dr50.04 fm), the spurious state occurs at theEss
50.08 MeV and the ISGDR response functions for the o
erators f 3 and f h are essentially the same for energyE

-

FIG. 11. DRPA results for the spurious state and the ISG
strength functions obtained fort0521980 MeV fm3 and Eph

max

550. The calculations were performed using,NHF5150, dr
5(0.08,0.24), andG/250.25 MeV.
4-12
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.Ess, which indicates no SSM. The corresponding EWSR
reproduced remarkably well. When we usedr50.24 fm in
HF and CRPA calculations, theEss becomes'0.7 MeV and
there exists a small SSM. The amplitude of this SSM~i.e.,
bn

2) ;1026, which is negligible and one need not renorm
ize the projected strength function. Although the position
the spurious state is quite sensitive to the radial mesh
and smearing parameterG, the centroid energy for the isos
calar resonances forL50, 1, and 2 do not change by mo
than 0.5%.

We have also performed the calculation forL50, 1, and 2
isoscalar giant resonances by discretizing the continuum
ing boxes of different sizes~12 and 72 fm! with Eph

max rang-
ing from 50–600 MeV. For the case of discretization in
large box ~72 fm! with Eph

max5200 MeV, we find that the
strength distribution agrees reasonably well with the co
sponding one obtained from CRPA if a moderate value of
smearing parameter (G/2;1.0 MeV) is used. The spuriou
state occurs at about 4.5 MeV forEph

max550 MeV for both
the small as well as the large box discretization conside
With the increase ofEph

max to 600 MeV, we find that theEss

approaches the corresponding value obtained within
CRPA. Further, the centroid energies forL50, 1, and 2 reso-
nances converge to their corresponding exact values obta
from HF-CRPA. This convergence is somewhat slower in
case of the spurious state energy. ForEph

max550 MeV, the
transition densityr t(r ,Ess) at the spurious state energy o
tained using discretized RPA differs from the correspond
CRPA results~which reproducerss). However, with an in-
crease ofEph

max to 200 MeV, the DRPA results forr t(r ,Ess)
become quite close to the CRPA results. We also point
that one should useEph

max>200 MeV in order to calculate the
centroid energies of the isoscalarL50, 1, and 2 resonance
with the accuracy of 0.1 MeV, comparable to the curre
experimental uncertainties.

We have demonstrated that the spurious state mixing
to the nonzero smearing width and a choice of a coarse s
radial mesh can be accurately eliminated using the projec
operatorf h . Furthermore, we show that the SSM due to
small value ofEph

max used in the DRPA calculation can b
fully eliminated by applying the projection method.

We have investigated the consequences of violation
self-consistency on theS(E) and r t of the L50, 1, and 2
isoscalar giant resonances by varying the parametert0 by
03431
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65% and610% in the particle-hole interaction. We fin
that if the self-consistency is not maintained, then the val
of the Ess and centroid energies for theL50, 1, and 2 isos-
calar giant resonances are significantly different compa
with their self-consistent values. Even if the particle-ho
interaction is renormalized to shift theEss close to its self-
consistent value, the centroid energies for the ISGMR a
ISGDR deviate from the corresponding self-consistent v
ues. This is due to the fact that though the renormalizat
corrects the value of theEss, the nuclear matter incompress
ibility coefficient Knm8 associated with the particle-hole inte
action is quite different from the one associated with t
interaction used in the mean field. However, theL52 reso-
nance is not very sensitive to the self-consistency violat
as long as the particle-hole interaction is renormalized
shift the Ess close to its self-consistent value. It is also im
portant to point out that the violation of self-consisten
causes a significant redistribution of the transition streng
In particular, the energy weighted transition strength of
lower energy component (E,20 MeV) of the ISGDR re-
sponse function may differ by 50%. The values of the SS
probabilitiesbn

2 were found to be less than 1 –2 %. Ther
fore, one can neglect the renormalization of the ISGD
strength function obtained using the projection operatorf h .
Further, we found that the total energy weighted transit
strength for the operatorf h remains unaltered even with th
violation of self-consistency.

Calculations were also carried out by changing the para
eters appearing in the particle-hole interaction in such a w
that the nuclear matter incompressibility coefficient asso
ated with it remains unaltered. We find that though the
compressibility coefficient associated with the particle-h
and the mean field are kept the same; due to the lack
self-consistency, the centroid energies of theL50 and 1
isoscalar giant resonances are off by 10% and 3.5%, res
tively, compared to their self-consistent values. We may
mark that if the ISGMR centroid energy is determined with
an accuracy of 10%, the value ofKnm deduced from a com-
parison with experimental data is then accurate only wit
20%.
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