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Dynamical corrections to the single particle potential are (perturbatively) evaluated.
The corrections to m*/m resulting from the coupling of independent (effective) fermions
to collective vibrations (low energy modes) are analyzed within the NFT formalism.
The results for the 2°8Pb are discussed.

1. Introduction

The motion of nucleons within a nucleus can be
described to a reasonable degree of approximation
as independent particles moving in an average static
potential. The average (Hartree-Fock) potential in-
troduces through its exchange part a non local term
in the single particle field. In limiting situations (nu-
clear matter) this non locality is approximately de-
scribed by dressing the particles with an effective
mass [1, 4].

For finite nuclei, on the other hand, the coupling of
individual particles to the collective motion of the
system, renormalizes the one body propagators
through a highly non local, energy dependent in-
teraction [5, 7]. The corrections to the single par-
ticle motion that are thus produced have a dynami-
cal character.

In this work we concentrate on the study of these
latter effects. In early calculations [8], it was found
that the low energy (empirical) single particle spec-
trum is systematically compressed as compared to
the cigenvalues of a static Wood Saxon well. As
related quantities, both the “E-mass” and the “k-
mass” have been calculated recently [2, 9, 11]. The
relevance of the dynamical effects due to correlated
motions, was again brought up recently in connec-
tion with the structure of the giant collective modes
in finite nuclei [12, 14]. In Ref. 12 an estimate is
made of the additional corrections to the m*/m-ratio

*  Member of the CONICET, Argentina

that should be introduced as a consequence of the
dynamical effects in the RPA description of one
phonon states. The “building-blocks™ picture of fer-
mionic and bosonic degrees of freedom [15] can be
applied, within the framework of (effective) pertur-
bation theories, in order to account for those
dynamical effects.

In the present paper, we discuss to which extent the
particle-phonon coupling can approximately be de-
scribed, at low energy, by a redefinition of the static
properties of the independent particle motion.

In Sect.2 we review the formalism that leads to the
definition of an effective mass, consistent with the
particle-phonon coupling, which has to be regarded
as the signature of the above mentioned dynamical
effects (thus similar to the one introduced, e.g. by
Migdal [16]). In Sect.3 we illustrate the formalism
for the case of a simplified model. The situation
prevalent in the region of 2°8Pb is analized in
Sect. 4. Conclusions are drawn in Sect. 5.

2. Review of the Formalism

The Schrodinger equation for a single particle (s.p.)
in the many body system involves, in general, a non
local potential energy term. To fix ideas we may
think that H(r) is an average s.p. potential and that
F(r,7,e) describes the coupling to collective modes,
thus
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Hon )+ d3r F(r,r, o)y ()= e (r). (1)

To account perturbatively for the non local charac-
ter of F, the integral term of (1) is expanded in terms
of the moment operators [17]

ES  lr 8)—~jF; ¥ S)H (r—=r), dr':

X, %7 . o
a=1,23 (2)
to get

VE(r v, e)y("yd>r =[FO(r, )+ F(r, 0)¢,,
+F2 (r,e)¢,, 0, + .. () (3)

ESP]

(0,, denotes a partial derivative operator and a sum-
mation over repeated indices is assumed).

The isotropic term originated in the second moment
operator reads

FOre)={F(r,r,e)(r' —r)-(r' —r)d>¥ (4)
The r.hs. of (3) can be written in hermitian form
[17], provided that the second and higher order
derivatives of all momenta of order s=4 can be
neglected, and, under this assumption, (1) can be
recast into the form

HE'(r)y(r)=e(r) (5)

where the s.p. (effective) potential HY(r) includes the
corrections to H,(r) both in the kinetic energy term
and in the potential term arising from the moment
expansion of F [16, 17], namely

i) The effective kinetic energy term, with the mass-

ratio
ﬂ(r,g)z"» (1—;iF (r, ¢ ))'(1_(62:))5_81)‘1 (©)
and,

ii) The effective one body potential

0)
Vert(r) = { o)+ FO(r,e)—eg (age )5_5}

OF O\ 1!

(-3 ™
where g denotes the unperturbed s.p. energy that is
closer to the eigenvalue ¢ of (5).

The denominator appearing in (6) can be interpreted
as the residue of the Green’s function at the one
quasiparticle pole (that is the spectroscopic ampli-
tude to populate the s.p. state in a ony body transfer
process); referred to as the E-mass [2]. The numer-
ator is essentially related to the non local character
of F and is usually referred to as the k-mass [2].
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Both contributions (the E-mass and the k-mass) have
been studied in detail for the case of infinite media
[2, 4].

At this point, a decision has to be made in order to
select a proper basis for the expansion of F. We thus
recourse to the Nuclear Field Theory (NFT) [18],
that is different to the usual framework used for
infinite systems (i.e., Brueckner-Hartree-Fock or low
density approximations [2]). Within the NFT it is
assumed an expansion in powers of the degeneracy
that allows to take into account the coupling of s.p.
and low energy collective degree of freedom.

In what follows, we illustrate the coupling mecha-
nism between particles and phonons, within the
NFT, as a source of the dynamical corrections to
the s.p. motion. (For a detailed description of the
theory, we refer the reader to the review paper [18]).
Within this context, we attempt to evaluate the va-
lidity of (6) for the F-kernel which proved to be
suitable for the description of the s.p. spectra around
298ph [6].

3. A Schematic Model

In this section we discuss the dynamical corrections
to the effective mass within a schematic model. We
consider N fermions moving in a one®*dimensional
harmonic oscillator well of frequency w, that we
take as the self consistent one body potential. Each
harmonic single particle level can be occupied by up
to Q particles. If we allow for collective oscillations,
the lowest order dynamical correction to the one
body propagator (Fig. 1 A) corresponds to the pro-
cess of (Fig. 1B). The collective modes are taken to
be of the particle-hole nature and are evaluated
within the RPA. The residual two-body interaction
that we assume to be active has the form*

Vix,x)=V,exp[ —(x*+x'?)/a*]. (8)

The RPA frequencies W, that correspond to the

“breathing” modes, are the roots of the dispersion
relation:
| |V, 1% 26,
9
it ©)

Throughout, we use the notation n>ng, T<ng; ng
labels the last filled shell. The energy ¢,,=¢,—¢;,=(n

* The interaction (8) mocks up a residual multipole-multipole
interaction with a multipolarity that goes roughly as the inverse
of the range a. This can be checked investigating the distribution
of the sum rule,

ST=Z Bs=) WlKSI e~ X b2,
s s
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Fig.1. A Diagrammatic representation of the Dyson equation.
The box represents any irreducible process involving fermionic
and bosonic lines. B Representation of the lowest order process
renormalizing the free propagator. Particle-hole bosons are label-
led by s and single particle states by v. The vertex functions A
couple fermionic and collective modes. C Particular case of B in
which only one intermediate state is assumed to be active (see
Sect. 3)

—m)hw, is the uncorrelated particle-hole energy.
The vertex functions A, that couple the single par-
ticle and collective degrees of freedom are [6, 15],

1 |Vl® 46,0 W,
AZZZ (82-—W2)2 . (10)

Once the vertex functions A, are defined we have all
the ingredients to calculate the kernel F in the har-
monic oscillator representation:

an’ (8) = Cnn' Z /152 V;m” V”n’

0, N
s—e¢.— W

1-0,. .
n s 8-+_8n"+I/Vs ( )
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Fr'm’ (8) = Cﬁn’ Z ASZ Vﬁ",, Vn"

1-6,. o,
e—e, —W, e—e..+W,

-]
1

After expressing F in the coordinate representation,
the effective mass ratio u(x,¢) can readily be calcu-
lated. In Figs.2A and 2B we plot u(x, &) for different
values of ¥, and a. The energy dependence of pu(x,¢)
is given by the energy denominators of F,,.(e) (11).
This is a smooth function of ¢ except in the region
where |¢|x|e,+ W,|. The values of ¢ considered here,
are far from these singularities since we take them
close to the (unperturbed) s.p. energy corresponding
to the first empty (full) level above (below) the Fermi
level. In our calculation we take for ¢ the value that
is obtained from the exact solution of the Dyson
equation using the procedure of [6].

As long as the residual interaction is of short range
(a<b) the function u(r,&) is seen to have most of its
structure inside the harmonic oscillator well and
approach unity outside (Fig.2A). The most impor-
tant effect of an increase in V is through a change
in A that diverges for values of V,, where (9) has a
root at zero energy. As V, approaches that phase
transition region, the lowest RPA root W, tends to
collect a larger fraction of the sum rule. Correspond-
ingly, the oscillations of u(r,¢) become larger. This
behaviour is enhanced for larger a. All these results
point to a correlation between an increasing impor-
tance of non local effects and a concentration of
collective features in the RPA modes.

To discuss the spatial structure of the kernel and the
fact that is an oscillating function of x let us consid-
er two extreme cases. In the situation a) we assume
that all particle (hole) vertex functions can be re-
placed by an average value 4 ,(A,) and that the only
intermediate state to which the state v is coupled, is
built by the same state v plus a boson of frequency
W (Fig. 1 B). In this case all particle (hole) levels are
shifted by the same amount F, (F, ):

n>ig
nsng

< _ 0
ng(h)_ Evpin " Evpm F"p(h)
— —
-+ Ao ~ Ao (12)
(e — 0 ~i '
Svp(h) (W+ 8"p(h)) w

The situation b) is quite the opposite. We assume
that as a result of the coupling to the collective
modes only the first empty and last full levels are
affected, being shifted by the same amount but in
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Fig.2A and B. Effective mass ratio p(x,¢) as a function of x for
short A and long B range forces, the value W that labels each
curve is the energy of the lowest RPA root (9) in units of the
frequency W, of the central oscillator well. The calculation in-
volves the boson space of Fig. 1. Fermions are assumed to fill four
oscillator shells (n,=3) and are allowed to move up to n,,, =8
The arrow on the abscissas indicates the “radius” of the system
defined by the last occupied orbit

opposite directions

d¢ de, =F,, . (13)

ve+1— T 08

The corresponding kernels in the coordinate repre-

sentation are:

E(x,x)=F, ¥ ¢05(x) e, (xX)+E, ¥ U5x)P, &)
Vp > VF VnEVE

=F, o(x—x)—(d¢, —de,) p(x,X) (14)
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B x)=F (0% (x) 0, () — k(%) 9,.(x)
:Fv;«(pph(xa x')—p(x, x,))' (15)

In (14) and (15) p(x,x) is the one body density
matrix and p,(x,x’) corresponds to the density dis-
tribution obtained by promoting particles from the
last filled shell to the first empty level. In (14) we
notice an irrelevant local component proportional to
o(x—x') that shifts all (particle and hole) levels by
the same amount. The non local term is given by
p(x,x) times the core polarization dhw,. In this
case the behaviour of yu, follows that of the density,
being roughly constant in the interior of the nucleus
and approaching unity outside.

In a general situation it is not possibie to define the
average values A, and A, because levels close to the
Fermi surface are affected in a different way than
those far from it. We approach in this way to the
second of the extreme pictures considered above. In
(15) the non locality is no longer determined by p
but rather by its (particle-hole) fluctuations. As a
consequence pu presents the oscillatory behaviour
that we observe in Fig. 2. This feature is a signature
of a complicated type of non local effects that are
originated in the coupling to the low energy vibra-
tions of the many body system.

4. A Realistic Situation

We now proceed to the analysis of the realistic
situation prevalent in the valence orbitals close to
the Fermi surface of the 2°8Pb core. As fas as non
local effects are concerned, we follow the procedure
of lumping them in the second moment of the kernel
F, performing an average over all valence orbitals.
We thus define the expectation value

p= ol vy =a? (112, (16)

hz vy

(working in the state representations rather than in
the coordinate representation).

In (16) 22 is the residue of the Green’s function at
the one quasiparticle pole and ¢, is the bare single
particle energy that is closest to it. We first consider
the energy dependent effects (E-mass) [9-11] as con-
tained in the residue 2. In the present calculation
we use the solution of the Dyson equation displayed
in Fig. 1 A. The residues 22 can be calculated using
the Ward identity that is equivalent to impose that
the dressed fermions are eigenstates of the number
of particles operator [19].
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The collective modes of the 2°8Pb are described by
the RPA diagonalization of a residual multipole
isovector and isoscalar particle hole interaction with
multipolarity A (0<A<9). The strength of the iso-
scalar coupling constants are determined by the self
consistency condition of requiring that the average
over all nucleons of the single particle multipole
field must be equal to the corresponding defor-
mation amplitudes of the central potential [20]. The
isovector strength is obtained from optical potential
information [21]. This residual interaction provides
a fairly good description of the ground state re-
sponse function [1]. We refer the reader to [6] for
further numerical details such as tables of excitation
energies and BE % values obtained within this frame-
work.

The single particle states are taken from the experi-
mental evidence. This is certainly not a clean choice
since the empirical values have already built in all
possible renormalization processes. A choice free of
this problem would imply a procedure such as that of
[22]. This lengthy calculation is beyond the scope of
the present paper and would not affect the main con-
clusions that are drawn from the present discussions
that, as we shall see, are based on average estimates.
We restrict our analysis to the neutron single par-
ticle space since the behaviour of protons is com-
pletely analogous adding no further insight into the
problem. Nevertheless proton states are included in
the RPA description of collective bosons. We refer
the reader to [6] for further technical details.

The general features of the 2 that are relevant to
the discussion can be summarlzed in the following
comments:

a) The values of 2?2 throughout the last filled and
first empty shell are roughly the same for all states.
b) An average value can be defined as:

2 Qa
S gy =220 - 17
plh) Z Qv (
Vp(h)
10 10
1Cy Sp=1-LC 1 &,
L

051
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Typical values of S, , 0.8 are obtained with a space
of intermediate states that include particle-hole and
pairing boson with 0</4<9 and fermion states be-
longing to one major shell above and one below the
Fermi surface.

c) Some individual values of 22 for a few states
(notably the j,,,) are sensible to the relative po-
sition of one and three quasiparticle states.

The signature of the coupling with strongly col-
lective modes can be investigated more closely by
breaking up the value of S, into the contributions
of each multipolarity involved in the calculation
(Fig.3). The low multipole modes, notably the 3~
(2.62MeV) state, are seen to be the main respon-
sibles for the departure from unity of S,

These values for the residues 2 are almost the same
as those of Ref 14 (cf. Table3 Ref. 14 and Fig. 6
Ref. 6 for numerical details) and slightly larger
(~10%) than those of [7] in which is used a Lan-
dau-Migdal type of residual interaction with finite
range corrections. In both these references no special
consideration is made of the non local effects arising
from the particle vibration coupling.

We now turn to consider these (k-mass) contained in
the second moment of the kernel. The matrix ele-
ments of the second moment can be written in term
of the matrix elements of the kernel F as:

FH0)=Fuoo) LRI+ LR 1) 7570 N)

—3(F, %()+2F AN LYY # P (n, N) (18)
N

where

Iif,i—jR )Pt 2drs

Fn, N)= j r*|R, |2 R, Ry, dr (19)
0

being R, (r) the radial wavefunction.

We notice that (18) only involves the [=0 and I=1

components of F due to the selection rules of the

Sh=1-LCy

Fig. 3. Departure from unity of the
average spectroscopic factor (17) as a
function of the multipolarity of the
collective (particle-hole) modes includ-
ed in F. The magnitude S(S,) corre-
sponds to the average over the first
(last) empty (occupied) major shell.
Full (dashed) lines are results obtained
with only isoscalar (isoscalar plus

isovector) bosons
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hw=66 MeV

only isoscalar modes
———-isoscalar and isovector modes

(bare)
huw=60 MeV

{T=0 polarized)
hw=53 MeVv

T=1 polarized)

Fig.4. Averaged second moment
F'2 (20) and the corresponding
effective mass ratio u(e) (including
the S, factors) as a function of the
energy. The distance between the
bare and polarized centroids of

particle and hole levels are indicated
in the upper part of the figure. Full
and dashed lines have the same
meaning as in Fig. 3

neutron particle
levels 1.

radial matrix elements. With these values (18). we
thus define the average quantity

Y Q)

FO(g)== ) (20)
Y Q,
This is to be evaluated at energies of the order of
the centroids of the particle and hole s.p. levels. The
function F'®(g) is shown in Fig. 4 together with the

ratio u(e) including the factors S, .

The values of u for hole states are seen to behave
almost constantly in the energy range between the
bare and polarized centroids with 0.70 < ;1. <0.85

neutron hole
levels

£=-15MeV

Fig. 5. Contributions to the second
moment F® (20) for each multipo-
larity. The energy ¢ is chosen close
to the centroids of (neutron) particle
{ex3.5MeV)and hole(ex ~1.5MeV).
Full and dashed lines have the same
meaning as in Fig. 3

this limits depending on whether the isovector mo-
des are considered or not. The range of variation of
Hpanicies 18 1nstead larger in the corresponding energy
range with values i, ;<045 This is in direct
relationship with the larger change of the centroid of
particles levels as compared with that of holes.

These results of u are somewhat smaller than those
obtained in [23] in which an analytic expression of
the kernel F is obtained through an averaging pro-
cedure over intermediate particle-boson states.

The non local effects accounted for in (20) can be
inspected in more detail fixing the value of ¢ in the
above mentioned regions and plotting separately the
contributions of each multipolarity 4 (Fig.5). There
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Table 1. Single particle energies of an odd neutron in the presence
of the 298Pb core

n j [MeV] nooj [MeV]
0h 972 =517 1g 92 1.70
Lf 772 —4.04 0i 1172 2.48
01 1372 —-333 0j 132 3.13
2p 32 —2.61 2d 5/2 3.27
1/ 572 —-227 3s 12 3.74
2p 12 —1.70 lg 772 4.20
2d 32 424

are several points that are noteworthy. In the first
place, we find the same feature displayed in Fig.3 in
the sense that the largest contributions are due to
the lowest values of 4. In this case larger oscillations
are found for even and odd values of 4, displaying in
this fashion that non local effects can hardly be
represented, in low energy, by the single number
arising from the average of the expectation values of
the second moment F®)(g). We thus recover the fea-
tures concluded from our schematic model of Sect. 3.
In the second place, even and odd multipolarities
largely cancel their effects with each other giving a
total correction that is small compared with each
individual contribution. In the last place we note
that the inclusion of the isovector modes have a
significant contribution enhancing rather dramati-
cally the pattern obtained with only T =0 bosons.

5. Discussion and Conclusions

In the preceeding sections we have analyzed the non
local effects and the effective mass induced by the
coupling of individual nucleons to collective nuclear
surface oscillations.

The values of the spectroscopic factors as signature
of energy dependent effects are discussed in the
208ph case. These are almost independent of the
excitation energy of the s.p. levels and may present
singular behaviours for individual cases under the
form of a fragmentation of the one body transfer
strength. This situation arises whenever two single
particles energies ¢, und ¢, and one collective fre-
quency W are tuned to each other in such a way
that e, =e, + W causing a vanishing energy denomi-
nator in F, . From the physical point of view this
kind of resonance implies that a nucleon in the level
v, has a large amplitude to change to level v, as a
consequence of being weakly coupled to the col-
lective vibrational field. This feature is nevertheless
taken into account by this treatment; since the ker-
nel is evaluated summing up an infinite series of
diagrams. In the Pb region we averaged the particle
and hole spectroscopic factors to provide a number
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that can be associated to the whole of each of the
two shells involved in the calculation*. If this is
broken up into the contributions of each multipo-
larity, low values of 4 and strong collective modes
share the largest contributions.

The non local features of the kernel as measured by
the second moment F©), are studied within the
framework of a schematic model and in the realistic
situation of 2°8Pb. In the 2°®Pb case we define av-
erage values for particle and hole s.p. levels. In spite
of the fact that we only consider averaged values the
non local effects still show up as can be seen in the
large oscillations shown in Fig. 5.

We find again that u is particularly sensitive to the
lowest multipoles with large cancellations between
the contributions of even and odd 4. This feature is
completely similar to that found in [6] studying the
polarization of the 2°8Pb core (see Fig.5, Ref. 6).
This resemblance is of course not casual. From the
arguments at the end of section 3 it follows that if
we limit our analysis to the average behaviour of
particle and hole levels the absolute magnitude
(rather than the range) of the non local effects in u is
given precisely by the core polarization dhw. The
coupling of single particles and collective modes do
give rise to a compression of the single particle
spectrum in the neighbourhood of the Fermi surface.
As long as this is considered as an average effect it
may be thought of as an energy-dependent rede-
finition of the mass of the valence nucleons. Howev-
er the energy dependence and non local features
show themselves very sensitive to the nature of the
low energy nuclear collective motion. This influence
may be indeed so important as to invalidate the
truncation of the moment expansion to the second
order. These features hamper any further refinement
in the use of the concept of an effective mass at low
energy for {inite systems as a way of mocking up the
coupling of s.p. and low energy collective vibrations.
Thus, for instance a redefinition of the mass of nu-
cleons moving in particular particle-hole configu-
rations that coherently build up a collective mode,
should be considered as an extremely crude approxi-
mation that perhaps amounts to not more than in-
troducing an ad hoc free parameter. This only ac-
quires physical meaning in the very restricted si-
tuations in which no strongly collective modes are
present and three quasiparticle states remain un-
coupled.

The authors wish to acknowledge helpful discussions with Drs.
G.G. Dussel and H.S. Kohler and to Dr. D.R. Bes for reading the
manuscript and making many valuable suggestions.

This work was partially supported by the CONICET through the
Carrera del Investigador Cientifico.

*  Thus ignoring the fragmentation of the j,,,, and i7y, [5-7].
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