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Isoscalar giant resonances in a relativistic model
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Isoscalar giant resonances in finite nuclei are studied in a relativistic random-phase approxima-
tion approach. The model is self-consistent in the sense that one set of coupling constants generates
the Dirac-Hartree single-particle spectrum and the residual particle-hole interaction. The relativis-
tic random-phase approximation is used to calculate response functions of multipolarity 1.=0, 2, 3,
and 4 in light and medium nuclei. It is found that monopole and quadrupole modes exhibit a collec-
tive character. The peak energies are overestimated, but not as much as one might think if the bulk

properties {compression modulus, e6'ective mass) were the only relevant quantities.

I. INTRODUCTION

The relativistic approach based on an effective La-
grangian density of interacting nucleon and meson fields
has proved to be rather successful in describing ground-
state properties of nuclear systems. Numerous works
have been devoted to the study of infinite matter and
finite nuclei in the framework of the relativistic mean
field (or Dirac-Hartree) and Dirac-Hartree-Pock approxi-
mations. ' It has been shown, for instance, that within a
model containing the four mesons o., m, ~, and p where
the only adjusted parameters are g, g, and I, it is
possible to have a satisfactory description of binding en-
ergies, charge densities, and single-particle spin-orbit
splittings of doubly-closed-shell nuclei from ' Q to
208pb 2

The aim of this work is to investigate to what extent a
relativistic model whose parameters have been adjusted
on ground-state properties is capable of describing satis-
factorily excited states of finite nuclei. Among the large
variety of nuclear excitations, giant resonances play a
prominent role as they refiect collective nuclear proper-
ties originating from coherent superpositions of particle-
hole (p-h ) configurations. Therefore, a sound microscop-
ic framework should be provided by the relativistic
random-phase approximation (RRPA). The spirit of
such an extension of the relativistic model is similar to
that of the nonrelativistic, self-consistent RPA studies.
Indeed, after the success of various effective Hamiltoni-
ans in describing nuclear ground states within the
Hartree-Fock approximation, it has been shown that
these Hamiltonians also give a good description of giant
resonances if one performs RPA calculations where
single-particle spectra and residual p-h interaction are
generated by the same Hamiltonian.

In the nonrelativistic approach, detailed microscopic
RPA calculations, when they are self-consistent, have a
close contact with more global results obtained by sum-
rule methods, so that the two kinds of studies supple-
ment each other nicely. On the other hand, relativistic
sum-rule methods are not available, and one has to resort
to detailed RRPA calculations. However, some connec-
tion can be made between RRPA and the predictions

from scaling methods applied to the (o., co) model, which
relate in a simple way the monopole and quadrupole en-
ergies to the relativistic Landau parameters. Therefore,
we shall compare our results to these predictions.

In this work we study the isoscalar multipole reso-
nances in doubly-closed-shell nuclei by the response func-
tion method. For simplicity, we assume that the effective
Lagrangian has been determined in such a way that the
uncorrelated ground state can be treated in the Dirac-
Hartree approximation. Then, it is consistent to keep
only the direct contributions to the residual p-h interac-
tion. Thus, the present Dirac-Hartree RPA (DHRPA)
corresponds to the ring approximation, i.e., it sums up
only the bubble diagrams. This should be sufhcient for
our purpose of studying isoscalar modes. If one wishes to
calculate isovector modes, one would have to use an
effective Lagrangian also containing isovector mesons (~
and p) and start from an uncorrelated ground state of the
Dirac-Hartree-Fock type, in which case it would be
necessary to also include exchange diagrams in the
RRPA. In the next section we give the general expres-
sions for calculating the response functions in finite nu-
clei. Section III explains how calculations are done in
practice. The results are discussed in Sec. IV. Our con-
clusions are summarized in the last section.

II. THE DHRPA RESPONSE FUNCTION

The derivation of the DHRPA equations, using the
Green's function method, has been done by Kurasawa
and Suzuki for the case of infinite matter. Here, we only
need to give the relevant expressions in the case of finite
nuclei.

A. The single-particle propagator

In the Dirac-Hartree approximation, the single-
particle spectrum is determined by a Dirac equation with
the self-consistent self-energy X:

[y+&+iy V —[M+X,(x)]—y~X (x)Ih&(x)=0,

where M is the nucleon mass, A, stands for a set of indivi-
dual quantum numbers, and (Ez, hi ) are the correspond-
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ing energy and wave function. The self-energies are local,
but they can be diferent for neutrons and protons. For
convenience, we shall distinguish in the notation between
occupied Fermi states (A. —=a; hi =f„E&=E—, & 0), unoc-
cupied Fermi states (A, =—2; h&=f„;Ei =E„)0), and
Dirac sea states (A, =a; h i =g; Ei =E—& 0). This is in-
dicated in Fig. 1.

The single-particle Hartree propagator is defined by

GH(x, x', E)=

+ g f, (x)f, (x') 1

E—E, —rg

I
E—E, +ig

—iE&s
MPH(x)= g h&(x)e ai, (3)

where i j =0, 1,2, 3, x =(t,x), and!0) is the uncorrelated
Hartree ground state. Expanding the Hartree field opera-
tors QH on the complete set of hi„spinors:

=GF(x,x', E)+GD(x, x';E) . (5)

In Eq. (5) the first bracket is the Feynman propagator GF,
whereas the second bracket corresponds to the density-
dependent part GD.

where a& annihilates a nucleon in state A, , one can calcu-
late the Fourier transform:

+ oo

GH(x, x';E) = dr e' 'GH(x, x';r),

and obtain the explicit result:

B. The Hartree polarization operator

Let us introduce general, local one-body operators:

P(x ) =—lpH(x )I pljlH(x ) g(x ):—AH(x )rgyH(x )

where I z, I & are arbitrary 4X4 matrices. Following
Ref. 8, we can define the unperturbed, or Hartree, corre-
lation function:

Go(P, g;x, x', r t') =—(0!T(P(/ )g(x'))!()) .

A

It is easy to express its Fourier transform in terms of the
single-particle Hartree propagator given by Eq. (5). One
finds,

Go(P, Q;x, x', E)=f dre' 'Go(P, Q;x, x', 7.)

f dE'Tr[1 ~G~(x, x', E+E')

X 1 &GH( ', xEx')] .

Using Eq. (5), we can see that Go contains terms of the
type GDGD, GDG~, GFGD, and GFGp. %hile the three
first terms are finite, the last one which represents most
the XX excitations gives an infinite contribution. This
divergence would be renormalized by adding appropriate
counterterms to the Lagrangian. Instead of this very
cumbersome procedure, we simply ignore this G„G„con-
tribution, similarly to what was done in the case of
infinite matter. This is consistent with the fact that the
Dirac-Hartree self-energy X is also calculated without in-
cluding the infinite contribution of Gz instead of per-
forming the renormalization.

%"ith the above approximation, the Hartree correlation
function can be written as

G (P,0Q; , xEx)=G +oGo

FIG. 1. The Dirac-Hartree single-particle spectrum. where
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Go (P, Q;x, x', E)=i g ' +[f (x)I pj's(x)][fg(x')I'gf (x')] [f g(x)l f (x)][f (x')I &f& (x')]
E, —E~+E+iq E, —E~ —E+ig (10)

and a similar expression for Go deduced from (10) by re-
placing f~, Ez, and i g by g, E, and i g—, respectively.
The Go+ term represents p-h excitations where a particle
jumps from below to above the Fermi level. On the other
hand, the Go term corresponds to XXexcitations, i.e., to
transitions from a Dirac sea state to an occupied Fermi
state and therefore it is violating the Pauli principle.
This violation is a consequence of the neglect of the
G~GF diverging term. In any case, the effect of the
Pauli-violating terms on the calculated giant resonances
is always small (see Sec. III).

We can now introduce the unperturbed, or Hartree,
polarization operator, '

and its multipole expansion,

IIO(P, Q;k, k';E)= g YL*M(k)IIO '(P, Q;k, k', E)
LM

X YLsr(k') . (12)

The Hartree response function is then given by

Ro(P, Q;k, E)=—ImIIo(P, Q;k, k;E) .1
(13)

It is quite easy to obtain an explicit expression for the
multipole components of IIO. Using Eqs. (9)—(10), they
can be split into

Ilo(P, Q; k, k'; E)=i Je '""Go(P,Q;x, x', E)

Xe'"' "'d'x d'x'

O' '=H' '++0' '
0 0 0

(11) where

(14)

(4m) '1 j, +j„ f IIPL. llfA fa IIQL, llf fw IIPL, llf &&f IIQL, lifo &

2L+1,„E,E„+E+ig— E, E„E+irj——

In Eq. (15) the reduced matrix elements of the multipole components of operators P, Q appear in the numerators, and
the sums are over single-particle quantum numbers excluding third components of angular momenta. The expression
for IIO ' can be deduced from Eq. (15) by replacing f„,E„,and i r) by g, E, and i i), re—spectively.

C. The RRPA polarization operator

When the effects of residual p-h interaction are taken into account in the ring approximation, the Hartree correlation
function Go is replaced by the RRPA correlation function G where all disconnected diagrams are excluded. In the iso-
scalar channel, only o and co induced interactions are effective. Making use of nucleon current conservation, the RRPA
integral equation for G can be written as

G(P, Q;x, x', E)=GO(P, Q;x, x';E) i g —g~ J d y d y'Go(P, I'";x,y;E)D~~~(y y', E)G(I ~, Q;y'—, x', E), (16)

where g,g„are the coupling constants, D~ ] and D~ ~
are the meson propagators in coordinate representation, I is

the unit operator 1 and I =y" (@=0,1,2, 3).
The RRPA polarization operator II(P, Q; k, k', E ) is defined in the same way as the unperturbed IIo of Eq. (11). From

Eq. (16), we can easily deduce the integral equation obeyed by II. Pictorially, the RRPA equation for II, in the present
ring approximation, is represented in Fig. 2. If we make a multipole expansion of II similar to that of Eq. (12) we find
that the multipole components II' ' must satisfy the one-dimensional integral equation:

11"'(P,Q;k, k', E)=11,"'(P,Q;k, k', E)

—fk" dk "[g II' '(P, 1;k,k";E)D( )(k",E)II' '(1,Q;k",k';E)

+g II' '(P y";k, k",E)D( )(k",E)II' '(y„,Q;k",k', E)] .
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FIG. 2. Diagrammatic representation of the RRPA equation
{17).

In this equation, the meson propagators D[ ~
and D[„]

are given by

D( )(k")= 1 1

(2'Tl ) k Pl ~ +js

D( )(k")=— 1 1

(2m) k" —m„+is

where m and m„are the meson masses, and
k" =E —k" .

Equation (17), together with the explicit expression (15)
for Hp ', form the basis of our numerical study. Once Eq.
(17) is solved, the value of the RRPA response function at
momentum transfer k and excitation energy E is obtained
as in the unperturbed case [see Eq. (13)].

III. CALCULATIONS OF RESPONSE FUNCTIONS

The above scheme has been applied to the calculation
of isoscalar response functions of various multipolarities
for ' C, '60, Ca, and Zr nuclei. Our aim is to study
whether the relativistic model can predict correctly the
energies and transition strengths of giant multipole reso-
nances. The formulas of the previous section are valid
for the general case of finite momentum transfer k (e.g.,
the quasielastic peak region of the nuclear response), but
we restrict ourselves in the present work to the limiting
case k ~0 as is done in most nonrelativistic RPA calcu-
lations. Thus, our choice of operators PL and QL [see,
e.g., Eq. (15)] is PL =QL =x YLO(x) if L&0 and x Yoo if
L =0.

The Hartree self-energy X(x) is calculated self-
consistently by solving the Dirac-Hartree equation in
coordinate space. In this work we have used the cou-
pling constants of Ref. 11 which were adjusted in the
Hartree (i.e., mean-field) approximation. Besides cr and co

mesons, this model includes a p meson which plays a role
only in X&Z nuclei at the Hartree level but plays no role
in the p-h interaction for isoscalar channels. In solving
Eq. (17), we have used a static approximation by drop-
ping the E dependence in the meson propagators, since
the energy in the giant resonance region is much smaller

than the meson masses. We have checked in a few cases
that the results were not affected when this energy depen-
dence was kept.

The single-particle spectrum is discretized by diagonal-
izing Eq. (1) on a basis of harmonic oscillator functions.
The truly bound states (both Fermi and Dirac states) are
stable with respect to the choice of this basis as long as
the basis vectors span a large enough space. On the other
hand, the positions of unbound states depend strongly on
the basis space. Thus, calculated response functions may
contain, besides true collective states, some unphysical
structures which are due to our approximate handling of
the continuum. This inconvenience can be diminished to
a large extent, firstly by performing an appropriate ener-
gy average of the response function which will render it a
continuous function of excitation energy, and secondly by
an optimum choice of harmonic oscillator space. The en-
ergy averaging is done in the usua1 way by replacing a11
real energies E in denominators by complex ones
E+ib, /2, a procedure which corresponds to a folding of
the response function with a Lorentzian factor of width

Most of the numerical results discussed in the next
section have been obtained with 6=5 MeV, a value
sumciently large to smooth out the unphysical structures
while leaving the collective states visible. Some of the
energy-weighted moments have been calculated by using
a smaller 6 (b, =2 MeV) to diminish the influence of the
Lorentzian tail. The harmonic oscillator space is
spanned by Np =12 states for each set of individual quan-
tum numbers, the harmonic oscillator constant being
b =1.8 fm. In building the p-h configuration space, we
have kept only states lying within some energy cutoff
range (EF '"=M+ 100 MeV for Fermi states,
E~'"= —M+200 MeV for Dirac states, unless specified
otherwise). We have checked that, by varying the values
of Xp b EF and Eg) within reasonable limits, the
main features of the results are essentially unchanged.

Concerning the role of Dirac states, i.e., of Pauli-
violating NX excitations, we find that they affect little the
description of giant resonances in the (2—3)fire energy re-
gion. These XX excitations might influence strongly the
RPA results if one studies the nuclear response function
at large momentum transfer. In the present work, how-
ever, their effects are much less important since we ex-
plore the nuclear response to the operators x Ypp and
x YLp, i.e., in the limit of small momentum transfers.
For instance, in the case of L=O states in ' 0, the
response functions calculated with Ez, '"= —M +200
MeV or without Dirac states would be hardly distin-
guishable on the scale of the figures. Therefore, it is
sufticient to calculate the multipole response functions by
including only the Go+ term of Eq. (10), i.e., the IIO
terms in Eq. (17) can be replaced by IIO ' . Finally, the
integral equation (17) is numerically solved in k space on
a grid of 30 mesh points in steps of 0.25 fm

IV. RESULTS AND DISCUSSIQN

A. L =0 states

The RRPA response functions R ' )(E) for the isoscal-
ar monopole mode (breathing mode) are shown in Fig. 3
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TABLE I. Calculated monopole energies (in MeV) in finite
nuclei. The quantities E„„k,E1, E, and E3 are explained in the
text, the bottom line is the estimate (22). Rows (a ) correspond
to this work, (b) to Ref. 12.

Nucleus 16O 40Ca "Zr

100—
Epea

(a)

23

22.9

25

22.9

24.3

21.5

18.5

21.4

22.4

0
0 10 30

E [Mev j

40

(a) 29.2

63.5

28.5

46.8

25.5

35.7

FIG. 3. Monopole response functions R ' '(E ) (in
fm MeV ' }as functions of excitation energy E (in MeV).

for the three nuclei' 0, Ca, and Zr. This mode is in-
teresting because it rejects to some extent the compressi-
bility of nuclear matter, although the relationship is
somewhat indirect due to important surface effects.

In the two light nuclei (' 0 and Ca) the monopole
strength is distributed over an energy interval consider-
ably wider than the averaging width 6=5 MeV. If we
look at the full width at half maximum (FWHM), it is of
the order of 15 MeV in both cases. Thus, the model does
not predict here the existence of a typical giant resonance
containing a large fraction of the total strength within a
small energy interval. This particular feature of the iso-
scalar monopole strength in light nuclei is also found in
nonrelativistic RPA models. For instance, RPA calcula-
tions performed with Skyrme interactions and where con-
tinuum effects are included (i.e., without energy averag-
ing) show that the monopole strength in Ca is spread
over 10 MeV. ' The situation becomes somewhat
different when we go to the heavier nucleus Zr where
the value of FWHM is 9 MeV, indicating that the natural
width (escape width and Landau damping) is of the
order of 4 MeV. For comparison, we recall that the
continuum-RPA calculation of Ref. 12 gives 2.6 MeU for
the FTHM in Zr. Thus, both relativistic and nonrela-
tivistic RPA models find the same tendency that the
breathing mode becomes more collective when one goes
to heavier nuclei.

The energetics of the breathing mode is shown in Table
I. The first row lists the peak energies E„„kof Fig. 3. In

Ca and Zr, they can be compared with the values of
Ep k obtained in Ref. 12. Because the strength distribu-
tions are broad, we also indicate the various mean ener-
gies:

(fico)~ =
1/2

eF(r') (21)
4

where eF is the Fermi energy in nuclear matter and ( r )
the mean-square radius. Approximating eF by M and
(r ) by —,'(1.2) A ~ fm one finds, with the present value
of K,

(%co)~ = 160M ' MeV, (22)

E,„being the maximum excitation energy (about 75
MeV) where the present calculations were carried out.
One can see that our calculated energies are systematical-
ly larger than those of Ref. 12 which were obtained with
a Skyrme interaction (SGII) adjusted to give a nuclear
matter compression modulus %=217 MeV. Note that
the SGII interaction predicts the correct monopole ener-
gy in Pb. ' A direct comparison of the present results
with experimental monopole energies is possible only in
the Zr case since for the two other nuclei of Table I the
centroid position of the breathing mode is not clearly ob-
served. ' In Zr, a large fraction of monopole strength is
measured around 16—17 MeV with a total width of about
4 MeV. ' Of course, this total width contains a spreading
width component which is absent from RPA models.

The too-high monopole energies of the present model
are to be expected since the corresponding compression
modulus of nuclear matter is K =545 MeV, " i.e., consid-
erably larger than the value of SGII. It is even surprising
that the discrepancy between the two models is so small.
Recently, Nishizaki et al. have given an estimate of
monopole energies in the (o, co) model using a local
Lorentz boost and scaling method. They find the follow-
ing result:

E=—mi /mo,

where

mk = J R'~'(E')E'kdE',
0

(2O)

i.e., about twice the experimental systematics. In Table I
one can see that the DHRPA model leads to energies
substantially smaller than the estimate (22). Clearly,
monopole energies in finite nuclei are not only governed
by bulk properties such as K, and surface effects are quite
important for lowering monopole resonances energies,
especially in the (o., co) model. In any case, a quantitative
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agreement with experimental energies could probably be
obtained if one includes cubic and quartic terms of the o.
field in the effective Lagrangian in order to bring down
the value of E. '

3000— 90
Zl ( 1/4)

B. L =2 states

The calculated response functions R' = '(E) for iso-
scalar quadrupole modes are shown in Figs. 4 and 5.
When low-lying discrete states are present (in L =2, 3,
and 4 cases) we have subtracted out their contributions
before drawing E. ' ', for the clarity of the figures. In ' C
where the calculation was done with a single-particle
cutoff E~"=M+40 MeV, the strength distribution is
very broad and exhibits no pronounced giant resonance
behavior. Below particle emission threshold (E,h„,h, ~d

=12.75 MeV) there is a strong bound state near 5 MeV
and built mainly on truly bound configurations like
(lp3/2 'lp 1/2). Such a low-lying RRPA bound state
of course does not exist in ' 0, where the quadrupole
response shows a well-marked peak around E „„=24
MeV. A similar situation occurs in Ca (see Fig. 5). The
shape of the quadrupole response in ' 0 and Ca is very
similar to that given by continuum-RPA calculations
with Skyrme forces, ' with the difference that the
present model predicts slightly higher quadrupole reso-
nance energies. In Fig. 5 is also shown the Hartree
response E.o

' in " Ca, to illustrate the strong effect of
residual p-h interaction in producing a collective giant
resonance. The case of Zr is similar to that of ' C; be-
sides a strong state in the continuum region with a rela-
tively narrow width, there is another low-lying collective
state at 7 MeV and containing 35% of the total quadru-
pole strength. This state is above proton emission thresh-
old but below neutron threshold, and consequently it
must have a very small intrinsic width which we have not
tried to estimate accurately by our averaging procedure.

The energetics of the quadrupole mode is shown in
Table II. The peak energy E „k decreases steadily when

500

2000—

1000—
Ca

10 20 30
E [Mev]

40 50 60

FIG. 5. Same as Fig. 4, for Ca and Zr. The dotted curve
shows the Hartree response in Ca. The arrow indicates the
position of a low-lying bound state in ' Zr.

one goes from ' C to Zr, and this is accompanied by a
narrowing of the giant resonance as indicated by the
values of FWHM. Since we have used an averaging
width 6= 5 MeV, one can see that the intrinsic width of
the quadrupole resonance in Zr is probably of the order
of 1 MeV. In Table II we have also indicated the peak
energies in ' 0 and Ca coming from continuum-RPA
calculations performed with the Skyrme interaction
SIII. ' These calculations give FWHM values of 1.7
MeV and 1 MeV in ' 0 and Ca, respectively. The vari-
ous energies E, E„and E3 defined in Eq. (19) are shown
in Table II. In ' C and Zr the centroid energies E are
shifted to lower values because of the presence of a low-
lying quadrupole state, in contrast to the ' 0 and Ca
cases. Experimentally, it is found that the quadrupole gi-
ant resonance is near 18 MeV in "Ca and 14 MeV in

Zr, with observed total widths of 2.5 and 3.4 MeV, re-
spectively. ' Again, these total widths should not be
compared to RPA results since RPA models do not con-
tain spreading effects.

In Ref. 7 an estimate of quadrupole energies in the
( o. , co ) model has been derived, using again a local

200—

TABLE II. Same as Table I, for quadrupole energies. The
quantity (Ace)& is the estimate (23), FWHM shows the width of
the main peak. Row (a ) corresponds to this work, (c ) to Refs. 5
and 15.

100—

Nucleus

peak

(a)

12C

25.5

16O

25

Ca

19.5

90Zr

16.5

10 20 30
E [Mev 3

1

40 50 60

FIG. 4. Quadrupole response functions R ' '(E) (in
fm MeV ') in ' C and ' O. The arrow indicates the position of
a low-lying bound state in ' C.

(Ace) g
FWHM

(c)

11.8
18.1
30.9
39.2
13

20.5

24.3
25.3
28. 1

35.6
9.2

17

20
20.8
23.3
26.2
7.4

12.4
14.4
19.2
20
6.1
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Lorentz boost and scaling method as in the monopole
case. The result is

6p 2

(fin) ) 5' e~(r'&

1/2

=90' -'" MeV, (23}
90

where p~ is the Fermi momentum, and Eg = (p„
+M' )'~ with M" being the relativistic eff'ective mass.
The numerical estimates shown in Table II are obtained
with the inputs of Ref. 11. Except for the lighter nuclei
' C and ' 0, the agreement between (fi~)& and our calcu-
lated values, especially for E3 energies, is satisfactory.
We note, however, that (fico)g is always somewhat larger
than E „„.Even though the estimate (23} is almost 50%%uo

above experimental systematics, the calculated values of
E

p k are not so much off as one can see by comparing
with the SIII energies [see row (c) of Table Ilj. A
moderate increase of M* from its present value of 0.541
would be needed in order to come close to the experimen-
tal energies.

IO 20 30
E [ Mev I

50 60

C. Higher multipole states

8000

6000—

4000—

2000—

0—
0 10 30

E [Mev]

40

FIG. 6. I. =3 response functions (in fm6MeV ') in ' 0 and
Zr. Arrows indicate low-lying states.

The same calculational scheme has been applied to the
case of I =3 and I =4 isoscalar modes. In Fig. 6 are
shown the response functions R' ' in ' 0 and Zr.
Both strength distributions exhibit a strong collective
state at low energy. This state contains —,

' of the total
I =3 strength in ' 0, and about —,

' in Zr. The rest of
the strength is very widely spread up to 60 MeV in the
case of ' 0, where the oscillations are probably due to the
procedure used here to discretize the continuum. In Zr,
a resonance structure appears around 32 MeV, but there
is also a substantial background from 10 to 30 MeV.

An example of L =4 response functions is displayed in
Fig. 7. In Ca there is a well-marked peak at E„„k=17
MeV and a large background persisting up to 75 MeV.
We find that this background is very close to the Hartree
strength distribution for excitation energies above 20
MeV. The overall aspect of the I.=4 response in Ca is

FIG. 7. L=4 response functions (in frn MeV ') in Ca and

Zr. The arrow indicates a low-lying state in Zr. The Zr
curve corresponds to 6=2 MeV.

similar to that found in nonrelativistic continuum-RPA
calculations. In Zr the most apparent structures con-
sist of a low-lying state at 8 MeV, two resonances at 12
and 20 MeV and a far extending tail. Again, the oscilla-
tions in the 35—45 MeV region may be attributed to the
continuum discretization procedure. In general, these
calculations show that, for L & 2, the collectivity is much
less pronounced and the multipole strength tends to be
distributed over a wide energy range.

V. CONCLUSION

We have applied a relativistic RPA approach to the
study of giant resonances in finite nuclei. The present
model is consistent in the sense that the same effective
Lagrangian determines self-consistently the Dirac-
Hartree single-particle spectrum and also the p-h interac-
tion. Thus, there are no more free parameters once the
coupling constants have been adjusted on nuclear matter
and ground-state properties. As a general conclusion, it
can be stated that the relativistic model gives a qualita-
tively satisfactory description of isoscalar giant reso-
nances. . Although an even better description could be ob-
tained alternatively in a consistent nonrelativistic model,
it must be stressed that the dynamics of the two models
are different. Indeed, a characteristic feature of nonrela-
tivistic effective interactions is that they have a strong
density dependence. On the other hand, the relativistic
effective Lagrangian we have used does not contain such
an explicit density dependence.

We have restricted ourselves to the ring approxima-
tion, without exchange contributions in the interaction
vertices. This approximation is consistent with the
Dirac-Hartree approximation used for determining the
starting effective Lagrangian. The omission of exchange
(Fock) terms results in a renormalization of coupling con-
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stants for the isoscalar mesons, but it leaves the cou-
plings of isovector mesons rather badly determined.
Indeed, in the Dirac-Hartree approximation, the p meson
contributes only in X+Z systems while the w meson does
not contribute at all. Therefore, the ring approximation
may be acceptable for isoscalar modes, but a study af iso-
vector giant resonances would require an RPA calcula-
tion where exchange interaction vertices are also included
and where m.- and p-coupling constants are determined
from a Dirac-Hartree-Pock model of nuclear ground
states.

In the case of isoscalar monopole resonances, we find
that the resonance energy is not well defined in light nu-
clei (' O, Ca), but the breathing inode appears strongly
in Zr. A detailed comparison with nonrelativistic RPA
results shows that the relativistic model predicts too-high
energies, but much less than the large discrepancy that
one might guess by looking only at the value of the
compression modulus (K =545 MeV) of the present mod-
el. The prediction (21) based on a scaling method is also
seen to be largely overestimating the present results. It
seems quite possible to obtain reasonably good monopole
energies in finite nuclei if one lowers moderately the
compression modulus from its present value, for instance,
by adding o. and o terms to the Lagrangian. This
would be a meaningful improvement if one could achieve
a good description of monopole energies in a wide range
of nuclei at the cost of only two additional parameters in
the efT'ective Lagrangian.

The isoscalar quadrupole resonances appear as collec-
tive states in all nuclei. The residual interaction is
strongly attractive in this model and shifts the RPA
strength several MeV below the unperturbed strength.
The calculated quadrupole energies are higher than those

predicted by nonrelativistic RPA calculations which
more or less agree with the data. One may relate this de-
fect to the rather small value of the e6'ective mass M*.
Other e6'ective Lagrangians with larger values for M*
(Ref. 2) could perhaps improve the prediction of quadru-
pole energies. The comparison of our results with the
prediction (23) obtained by the scaling method of Ref. 7
is satisfactory if one does not consider nuclei lighter than

Ca and if one identifies the quantity (ttt'to)& of Eq. (23)
with our E3 energy.

It would be interesting to explore further the proper-
ties of RPA states in the relativistic approach. On the
one hand, our discretization and averaging procedure has
the advantage of rendering numerical calculations rather
fast, but it has the disadvantage of not treating correctly
continuum e6ects. It is possible to improve on this point
by using a representation of the single-particle propaga-
tor GH in terms of two linearly independent solutions of
the Dirac equation, as it was done, for instance, by
Wehrberger and Beck. ' On the other hand, the relativis-
tic model should also be applied to the study of isovector
giant resonances, where m and p mesons should play a
prominent role. Another question of interest is that
raised by Auerbach et a/. ' who argue about the existence
of discrete NN states embedded in the continuum. These
states are described by the 6+6~ terms neglected in the
present work, and our formalism could be used to study
these NN excitations and their modifications due to resid-
ual interaction.
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