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Abstract: Some special issues of the random phase approximation (RPA) in the relativistic ap-
proach are reviewed. A full consistency and proper treatment of coupling to the continuum are re-
sponsible for the successful application of the RPA in the description of dynamical properties of fi-
nite nuclei. The fully consistent relativistic RPA(RRPA) requires that the relativistic mean filed
(RMF) wave function of the nucleus and the RRPA correlations are calculated in a same effective
Lagrangian and the consistent treatment of the Dirac sea of negative energy states. The proper
treatment of the single particle continuum with scattering asymptotic conditions in the RMF and
RRPA is discussed. The full continuum spectrum can be described by the single particle Green’s
function and the relativistic continuum RPA is established. A separable form of the paring force is
introduced in the relativistic quasi-particle RPA.
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1 Introduction

The relativistic random phase approximation
(RRPA) is a relativistic extension of the random
phase approximation (RPA) for studying nuclear
excitations and giant resonances in a microscopic
way. In the relativistic approach, it is well known
that the consistency is extremely important, be-
cause the nucleon potentials are determined by a
large cancellation between attractive scalar and re-
pulsive vector self-energies. A fully consistent
treatment of RRPA within the relativistic mean
field ¢ RMF)
o

approximation requires two as-

pectst! Firstly, the particle-hole residual inter-
action must be determined from the same Lagrang-

ian used in the RMF ground states. Secondly, the

* Received date: 27 Aug. 2008

RRPA configuration space includes not only the
usual particle-hole states (ph), but also the pairs
formed from occupied states in the Fermi sea (h)
and empty negative-energy states in the Dirac sea
(o). The inclusion of these configurations is essen-
tial for the conservation of the vector current and
the decoupling of the spurious states™. This co-
herent effects of o¢h pairs have been studied in the
isoscalar giant monopole resonance (ISGMR). A
large effect from the coherent ¢h pairs has been ob-
served in the ISGMR. The origin of the contribu-
tions from Dirac states has been studied and it is
found that the coherent effects of oh pairs are
mainly through the isoscalar meson".

In recent years, the physics of exotic nuclei at-
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tracts more attentions both experimentally and
theoretically. Due to the closeness of the Fermi
surface to the particle continuum in exotic nuclei
the coupling between bound states and the particle

5

continuum become important™ >, The continuum
often exhibits resonances with a pronounced single-
particle character, which are single-particle reso-
nance states. In microscopic studies nuclear collec-
tive giant resonances are explained by the particle-
hole excitations in a coherent way, where the par-
ticle continuum plays an important role™ * ™1, The
effect of the resonant continuum upon pairing cor-
relations was studied in the non-relativistic Har-

tree-Fock ( HF )

boundary conditions are introduced'®. It was

approximation, where proper
found that the resonant continuum HF-BCS results
are generally close to those of the HF-Bogoliubov
even in neutron-rich nuclei. The contribution from
the resonant states in the giant resonances has been
studied in the RRPA™,

tribution of the particle continuum is mainly from

It was found that the con-

the single-particle resonances in the continuum.
Actually the particle continuum can be exactly
treated by solving the single particle Green’s func-
tion numerically. A relativistic continuum RPA
(RCRPA) will be discussed in this paper.

As regards the relativistic Hartree Bogoliubov
(RHB) in finite nuclei, only phenomenological
forces have been used in the spin-singlet, isospin-
triplet pairing channel so far. A simple monopole
or zero range pairing force are commonly adopt-
ed™",

energy nuclear structure over the known mass ta-

Although successful in describing the low-

ble, the two phenomenological pairing interactions
lack a link to the bare nucleon-nucleon(NN) inter-
action. In addition, it is well known that a zero
range pairing force has to be regularized with a cut-
off in the gap equation to avoid the divergence.
Those pairing forces were directly fitted to finite
nucleus data, and may thus renormalize beyond-
mean-field effects. In addition, their fittings could

be only performed where experimental data are

available. Extrapolating the use of these interac-
tions towards the drip lines is not reliable. One ex-
ample of a finite-range pairing force is Gogny effec-
tive interaction in the 'S, channel™"”, which has al-
so a clear link with the bare NN interaction. Un-
fortunately such pairing forces with finite range
usually are technically difficult to deal with. It is
even more critical when going beyond the mean
field calculations. A separable form of pairing in-
teractions in the 'S, channel for the Gogny effec-
tive interaction is introduced. With such a simple
separable form pairing properties provided by the
Gogny force in nuclear matter can be reproduced.
The relativistic quasiparticle RPA (RQRPA) with
the Gogny pairing force as well as its separable
form could well describe the nuclear excitation en-
ergies of the lowest 27 states and the BE2 decay
rates.

The paper is arranged as follows. The for-
malism of the RRPA is briefly presented in Sec. II.
The effects of the consistency in the RRPA, 1. e.
the contribution from the oh pairs is depicted in the
isoscalar giant monopole resonance for **Pb. The
particle continuum and the giant resonances with
those single particle resonances in the continuum
are studied in Sec. III. The Gogny pairing interac-
tion with a separable form is adopted in the study
of the ground states and collective excitation

states, which are presented in Sec. IV.

2 Relativistic Random Phase Approx-
imation

In the RRPA one starts with a self-consistent
solution for the ground state and obtains the static
mean field. The unperturbed polarization operator

on the Hartree ground state can be expressed as™"”

H()(Pv Q; Xy s 12) :lTI'EPGH<11 , 1'2) X
QGu(xss 11)] ’ (D)

where Gy is the single-particle Hartree propagator.
In the RMF theory no-sea approximation is im-

posed. This approximation in the RMF prescrip-
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tion might be implemented by replacing G;; with
Grur » 1. €. by shifting the negative-energy poles to
the lower-half planel"?), Substituting Grur into
Eq. (1) the unperturbed polarization operator in a
spectral representation has the following retarded

form,

H(’f(Pa Q; r, r’;E):

2 [f’h(r)P‘If“(r)‘IifH(r/)QlFl,(r/)
h, a=p.a Ei (Ea — Eh) + 177

v, (r) P, (r) Wh(r/)Q\Ifa(r’)}
E+ (E,—Ey) +iy :

(2)

It shows that the unperturbed polarization in-
cludes not only the particle-hole pairs but also pairs
formed from the Dirac sea and Fermi sea states.

The response function of a quantum system to
an external field is given by the imaginary part of
the polarization operator,

1

R(P, P; E) =— Im I*(P, P; k, k; E) |i=y=0>»
T

3

where P is an external field operator. The RRPA
polarization operator is obtained by solving the lin-

earized Bethe-Salpeter equation,
(P, Q; k. k's E) =II,(P, Q; k. k', E) —

Z g:zj d3k1d3k2 HO(P9 F[; k9 kl; E) ><

i

D,‘(k] _kga E)H(F,v Q;kzv k/7 E) . (4)

In the relativistic approach, the residual par-
ticle-hole interactions are just meson propagators.
Therefore, in the above equation the sum i runs
over ¢,~ w and p mesons with g; and D, being the
corresponding coupling constants and meson prop-
agators, I"=1 for the s-meson, I" =" and ¥ r,
for the ¢ and p mesons, respectively. The meson
propagators for non-linear models are non-local in
momentum space, and therefore have to be calcu-
lated numerically"?.

In order to show the importance of the consis-
tency in the RRPA, we calculate the ISGMR in
%Ph with and without the contributions of the oh

pairs, which are plotted in Fig. 1. The solid and

long-dashed curves are the RRPA strengths with
and without Dirac states, respectively, which are
The ISGMR
pushed strongly down without the Dirac state con-

tributions. The short-dashed curve is the RRPA

markedly separated. strength is

strength with the contributions of ah pairs coming
from the vector meson only, which is more or less
the same as the case without Dirac states. The
dash-dotted curve is calculated with only the scalar
meson contributions to the ah pairs. It is clearly
seen that the contributions of the scalar meson in
the oh pairs dominate whereas those due to the
vector meson are largely suppressed. Due to the
relativistic structure of the RPA equation Matrix
elements of vector fields w. coupling «h and ph are
largely reduced. Cancellations between scalar and

vector fields are not taken place.
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Fig. 1 ISGMR strength distribution in **Pb calculated with

NL3 parameterization.

3 Single Particle Resonances in the

Continuum

The single particle resonances are meta-stable
states captured by the centrifugal and Coulomb
barrier, which wave functions have large probabili-
ties inside the nucleus. They could be calculated in
the Dirac equation with imposing proper scattering
asymptotic conditions. The scattering asymptotic
conditions are composed of the Dirac Coulomb
wave functions, because at a large distance, nucle-

ar potentials generated by exchanging mesons van-

ish, and only Coulomb and centrifugal potential re-



JE 7 %Y O e

%26 &

mains. In the relativistic approach a spin depend-
ent interaction even with only Coulomb interaction
is built into the theory automatically, which is dif-
ferent from that in the non-relativistic approach.
The resonant-states are characterized by the phase
shift crossing to n/2, where the scattering cross
section of the corresponding partial wave reaches
its maximum. The decay widths of those resonant-
states can be roughly explained by considering the
penetrability through the Coulomb and centrifugal
barriers in view of the quantum mechanics.

The effect of resonant states on pairing corre-
lations is studied in the RMF-BCS approximation.
A quantity of FEuos = Erur _ERMF+13(‘5 , which char-
acterizes the pairing correlations energy. The Epyes
in Ni-isotopes calculated in the RMF-BCS with dis-
cretized states or resonant states and including the
widths are plotted in Fig. 2. It is shown that the
width effect gets more and more pronounced as the
neutron number increases, especially near the drip
line. Therefore a proper treatment of the resonant
continuum including its width might be necessary

for the nucleus near the drip line.
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Fig. 2 The pairing correlation energies Epcs in the RMF-BCS
with discretized states(RMF+ BCS) or resonant states
(RMF+BCSR) and including the widths (RMF+ BC-
SRW) in Ni-isotopes.

It is important to take account of the pairing
correlations in the study of multipole collective ex-
citations for open shell nuclei. The relativistic qua-
si-particle RPA(RQRPA) in the response function

formalism, which has provided a convenient and

useful method to describe collective excited states
of nuclear many-body systems is performed. For
the detailed description of RQRPA based on the
RMF-BCS ground state can be found in Ref. [12].
We apply the RQRPA to investigate the evolution
of isovector giant dipole resonance(IVGDR) in the
neutron rich Ni-isotopes. It is found that in addi-
tion to the normal GDR strength around the energy
at 16 MeV, the low-lying dipole strength appears
at the excitation energy below 10 MeV. Differing
from the normal GDR response, the low-lying res-
onance can be interpreted as the vibration of the
excess neutrons against the core formed with equal
number of protons and neutrons out of phase',
The calculated centroid energies of low-lying dipole
strengths as a function of the differences of the
neutron and proton rms radii in Ni-isotopes is plot-
ted in Fig. 3. We notice that the evolution of cen-
troid energies in the low energy region has a strong
dependence on the thickness of neutron skin. The
experimental measurements on the low-lying dipole
excitation in neutron-rich nuclei might provide in-

formation on the neutron skin.

9t uuEy
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Fig. 3 The centroid energies of the isovector dipole strengths
in the low-lying region below 10 MeV versus the differ-
ences of the neutron and proton rms radii in Ni-iso-

topes.

The single particle continuum in the RPA
could be exactly treated by employing the Green’s
function technique. The single particle Green’ s
function characterizes all information of occupied

and unoccupied single particle states. It can be cal-
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culated numerically as proper combinations of the
regular and irregular solutions of the Dirac equa-
tion. Based on the Green’s function method we
construct the relativistic continuum random phase
approximation (RCRPA) to describe nuclear col-
lective excitations in finite nuclei. We apply the
fully consistent RCRPA to study the ISGDR and
ISGMR in *®Pb and compare with those obtained
in the RRPA, which are shown in Fig. 4.
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Fig. 4 The isovector giant dipole and isoscal monopole reso-

nances in *Ph.

4 Gogny Pairing Interaction with a

Separable Form

We adopt a method, which has been proposed
by Duguett!™ to derive a separable form of the
Gogny pairing interaction by recasting the gap
equation in nuclear matter. In the center of mass
frame the matrix element is approximated by a
separable form, <k\Vi§,0 k'Y =2v(k)v(k’). A sim-
ple Gaussian form for the separable force is as-

sumed, v(k) =e «*

, where A and o are two pa-
rameters of the separable force. The gap equation
in the plane wave basis, which is the usual BCS

equation in the 'S, channel, reads as

Ak’
2E,

A :—r de ek | V'S K (5)

0o 2w
where E, :m is a quasi-particle ener-
gy with g, being the in medium on-shell single par-
ticle energy associated with the chemical potential
#. One solves the gap equation Eq. (5) in 'S, chan-
nel at various densities in nuclear matter with the
Gogny force; D1 and D1S. We obtain sets of pa-
rameters o = 0. 405 fm”, A= — 738 MeV fm® for
DI and o = 0. 415 fm*, A = — 728MeV fm’ for
D1S. The separable forces can reproduce the gap
closure almost perfectly, especially in the case of
Gogny force with D1S parametrization. This new
separable force has a very simple form, and makes
mean field plus Bogoliubov calculations in the coor-
dinate space tractable.

In order to carry out the RHB calculation with
the Gogny separable pairing interaction in finite
nuclei a Moshinsky transformation has to be intro-
duced in the calculation of the pairing matrix ele-
ments. The wave functions of paired nucleons are
expressed in the laboratory coordinate, while the
separable pairing interaction is obtained in the cen-
ter of mass frame of two paired particles. We cal-
culate the pairing energies in isotope chains ' Sn—
°Sn and "' Pb—**'Pb in the RHB approach. Good
agreement of the pairing energy calculated with
Gogny pairing force and its separable form is ob-
served, where the largest discrepancy is less than
10%.

Collective low-lying excited states in weakly
bound nuclei are best described by the RQRPA
based on the RHB framework. It has been investi-
gated that the experimental data of the lowest E2
states as well as the BE2 in Sn-isotopes are well
described in the RQRPA with NL3 and Gogny D1S
pairing interaction. As far as we are aware, no
other theoretical calculation has produced better re-
sults. The calculation with the Gogny separable
pairing force can give almost the same results as
the Gogny force. In Fig. 5 we show the lowest E2

states in Sn-isotopes, where the squares are the ex-
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perimental data. The solid circles and triangles are
calculated in the RHB-RQRPA with the Gogny

pairing and its separable force, respectively.
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Fig. 5 The collective low-lying excited state E2 in Sn-iso-

topes.
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