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Properties of single-particle states in a fully self-consistent particle-vibration coupling approach
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The properties of single-particle states in the magic nuclei 40Ca and 208Pb, in particular the energies,
spectroscopic factors, and the effective mass, have been studied in a fully self-consistent particle-vibration
coupling (PVC) approach within the framework of Skyrme energy density functional theory. All selected phonons
are obtained by the random phase approximation, and the same Skyrme interaction is also used in the PVC
vertex. We focus on the effect of the noncentral two-body spin-orbit and tensor interactions on the single-particle
properties. It has been found that the contributions of those terms are important to improve the results for 208Pb.
The calculated single-particle energies and spectroscopic factors are compared to available experimental data.
The single-particle level density around the Fermi surface is significantly increased due to the effect of PVC.
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I. INTRODUCTION

Since the 1970s, the self-consistent mean field (SCMF)
approaches have achieved great success in describing various
properties of finite nuclei in their ground state, such as binding
energies, root-mean-square radii, and deformations [1]. The
SCMF approaches have been extended to describe the excited
states, such as multipole giant resonances, and rotational bands
of finite nuclei. In those approaches, one starts in general from
an effective nucleon-nucleon interaction, such as a Skyrme or
Gogny interaction or a relativistic Lagrangian, and the param-
eters of the effective interaction are fitted to the properties of
nuclear matter and some selected data of finite nuclei. The
total binding energy of a nucleus is expressed as the integral
of the energy density that is, in turn, a function of the
one-body densities; these are extracted from the single-particle
wave functions that are, with their corresponding energies,
obtained from the self-consistent solution of the Schrödinger
or Dirac equations. In such calculations, the single-particle
level density and the spectroscopic factors differ from the
experimental findings mainly because of the following reason.
In the mean field theory, the basic assumption is that particles
move independently in the static average potential produced
by the surrounding nucleons. Of course, this assumption is
an ideal one. In practice, nucleons can make collisions with
other nucleons or couple to the collective vibrations of the
whole system. This is related to the concept of the so-called
“dynamical effects” beyond the mean field approximation.
To consider the fluctuations of the mean field potential, one
must go beyond the mean field scheme, which means that the
average potential is no longer static or energy independent,
and is instead energy dependent.

For finite nuclei, the fluctuations of the average potential
are usually described by an effective theory denoted the

particle-vibration coupling (PVC) [2] model. It has been
shown that the particle-vibration coupling affects strongly
the energies of single-particle states around the Fermi surface
and increases the single-particle level density [3–6]. In earlier
times, the PVC calculations lacked any self-consistency since
the Woods-Saxon potential was usually adopted to calculate
the single-particle basis, and the interactions at the PVC
vertex were chosen with a large degree of arbitrariness [3–10].
In a few cases, the Skyrme interaction was adopted both
for the single-particle potential and PVC vertices, but using
only the velocity-independent terms in the PVC vertices
[11]. Recently, microscopic self-consistent PVC calculations
have been performed within either the framework of the
Skyrme energy density functionals [12–15] or the framework
of relativistic (i.e., covariant) functionals [16,17].

So far, even when the central terms of the Skyrme force have
been consistently included in the PVC vertex, the noncentral
terms such as the two-body spin-orbit term or the tensor terms
have been dropped in the calculations [12]. At the same time,
recently much attention has been devoted to the tensor terms
added to the Skyrme force with the goal to explain, e.g.,
the evolution of the single-particle levels in exotic nuclei
[based on Hartree-Fock (HF) or Hartree-Fock-Bogoliubov
(HFB) calculations] [18–27]. Moreover, within the HF plus
self-consistent random phase approximation (RPA), some of
us have investigated the effect of the tensor force on the
multipole response of finite nuclei [28,29]. The response
function of uniform matter, and the occurrence of possible
instabilities, has been the subject of another recent study
[30]. In the present work, we shall study the effect of the
noncentral terms of the Skyrme interactions at the PVC vertex
on the single-particle properties of finite nuclei. We will
discuss the sensitivity of the energy shifts associated with
the single-particle states, of the effective mass, and of the
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spectroscopic factors, when the tensor interaction and the
spin-orbit interaction are included in the PVC vertex. The
calculations are performed for the double magic nuclei 40Ca
and 208Pb. The Skyrme interactions adopted here are SLy5
[31] and T44 [21]. For the case of SLy5, the terms associated
with the tensor force are simply added on top of the central
force as in Ref. [19], whereas, in the case of T44, the tensor
parameters are fitted on the same footing as the other Skyrme
parameters. The ground states and the various excited states
of the nuclei 40Ca and 208Pb are calculated on the basis of the
fully self-consistent HF + RPA framework as in Ref. [32]. The
coupling of the particles to the vibrations is derived from the
same Skyrme force in a consistent way.

This paper is organized as follows. In Sec. II we will briefly
report the main features of our Skyrme HF plus RPA and PVC
models, as well as the definitions of other quantities which
will be discussed later. The results are displayed, analyzed,
and compared with available experimental data in Sec. III.
Section IV is devoted to the summary and perspectives for
future work(s).

II. METHOD

In this section, we will briefly report the theoretical method
adopted in our calculations. More detailed information about
the Skyrme HF plus RPA calculations can be found in Ref. [32].
First, we start by solving the Skyrme HF equations in the
coordinate space: the radial mesh is 0.1 (0.15) fm for 40Ca
(208Pb), and the maximum value of the radial coordinate is
set to be 15 (24) fm for 40Ca (208Pb), respectively. In order to
calculate unoccupied states at positive energy, the continuum
has been discretized by adopting box boundary conditions. In
this way, we obtain the energies as well as the wave functions
for particle (p) and hole (h) states, which are the inputs for
RPA calculations. We solve the RPA equations in the matrix
formulation; all the hole states are considered when we build
the particle-hole (p-h) configurations, while for the particle
states we choose the lowest six (eight) unoccupied states for
each value of l and j in the case, respectively, of 40Ca (208Pb).
It has to be noted that, for 40Ca, RPA produces instabilities
if we include more than six shells when the tensor force is
considered. For 40Ca (208Pb) we have considered natural parity

phonons with multipolarity L ranging from 0 to 4 (from 0 to
5). For each multipole response we have checked that the RPA
value of the energy-weighted sum rule exhausts almost 100%
of the analytic value calculated from the double commutator.

After we obtain the RPA phonons, in our present PVC
calculations only those having energy smaller than 30 MeV and
fraction of the total isoscalar or isovector strength larger than
5% have been considered for the coupling with single-particle
states. In Table I we present the properties of the low-lying
states of 40Ca and 208Pb, which give important contributions
to the PVC results (the available experimental data are also
shown in Table I). The results are obtained by using the SLy5
and T44 parameter sets with and without consideration of the
tensor force. We can see that the tensor force affects in a
substantial way both the energies and the reduced transition
probabilities of the low-lying states of 40Ca and 208Pb.

The energy of the single particle (s.p.) state i can be obtained
by means of second-order perturbation theory. We use such
an approach in the present work. The dressed single-particle
energy εi is expressed as

εi = ε
(0)
i + �εi, (1)

where ε
(0)
i is the single-particle energy given by mean field

calculations and �εi is the energy shift calculated from the
self-energy, that is,

�εi = �i

(
ω = ε

(0)
i

)
. (2)

The self-energy �i has the following expression:

�i(ω) = 1

2ji + 1

⎛⎝ ∑
nL,p>F

|〈i‖V ‖p,nL〉|2
ω − ε

(0)
p − ωnL + iη

+
∑

nL,h<F

|〈i‖V ‖h,nL〉|2
ω − ε

(0)
h + ωnL − iη

)
, (3)

where ε(0)
p (ε(0)

h ) is the HF single-particle (hole) energy, and ωnL

is the energy of the phonon. The (small) imaginary part η is set
to be 0.05 MeV in our calculations. The numerators contain
the squared modulus of a reduced matrix element called PVC

TABLE I. Energies and reduced transition probabilities of the low-lying states in 40Ca and 208Pb obtained by HF+RPA with SLy5 and T44
parameter sets. The values in parentheses are the results obtained without the contribution of the tensor force. The experimental data are from
Ref. [33].

J π Theory

SLy5 T44 Experiment

Energy B(EL,0 → L) Energy B(EL,0 → L) Energy B(EL,0 → L)
(MeV) (e2 fm2L) (MeV) (e2 fm2L) (MeV) (e2 fm2L)

40Ca 3− 3.225(3.822) 0.884(1.285) × 104 1.366(1.508) 0.852(1.280) × 104 3.74 1.18 × 104

208Pb 2+ 5.155(4.934) 3.065(2.858) × 103 4.549(5.105) 2.478(2.785) × 103 4.09 4.09 × 103

3− 3.585(3.671) 4.928(6.374) × 105 3.337(3.629) 5.739(5.523) × 105 2.61 6.21 × 105

4+ 5.760(5.417) 1.395(1.256) × 107 4.655(5.684) 0.782(1.382) × 107 4.32 1.29 × 107

5− 4.022(4.560) 2.881(4.898) × 108 3.977(4.092) 3.796(2.443) × 108 3.19 4.62 × 108

4.507(5.589) 0.748(1.642) × 108 4.532(5.021) 0.345(1.929) × 108 3.71 3.30 × 108
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vertex, which is expressed as

〈i‖V ‖j,nL〉 = √
2L + 1

∑
ph

XnL
phVL(ihjp)

+ (−)L+jh−jpY nL
ph VL(ipjh), (4)

where VL is the particle-hole coupled matrix element,

VL(ihjp)

=
∑
all m

(−)jj −mj +jh−mh〈jimijj − mj |LM〉

× 〈jpmpjh − mh|LM〉〈jimi,jhmh|V |jjmj ,jpmp〉. (5)

Details of the derivation of Eq. (3) can be found in Ref. [12].
Our prescription for the model space in which the self-energy
(3) is evaluated has been extensively used in the past. It is well
known that if a zero-range force is employed the values of the
self-energy diverge when the model space is enlarged. This
problem has been solved so far in uniform matter through
regularization techniques [34,35], whereas the first results
concerning regularization in finite nuclei have been obtained
only very recently [36].
The PVC effects are included in the energy-dependent self-
energy �. In a uniform system, or in a finite system treated with
the local density approximation, the single-particle energy can
be written in a quite general fashion as

ε(k) = �
2k2

2m
+ �(k,ε(k)). (6)

Here the self-energy � includes both the HF potential and the
dynamical contributions from PVC (or, eventually, further)
correlations; we have emphasized that such self-energy is a
function of the momentum k and energy ε. We can define an

effective mass m∗ through the relation

m∗

m
= �

2k

m

(
dε

dk

)−1

. (7)

The momentum dependence of � gives rise to a non-locality,
or k mass m̃ which is related to � by

m̃

m
=

(
1 + m

�2k

∂�

∂k

)−1

. (8)

The energy dependence of � leads, instead, to a so-called E
mass or ω mass, m, defined by

m

m
=

(
1 − ∂�

∂ε

)
. (9)

Thus, the effective mass m∗ can be expressed in term of m̃ and
m,

m∗

m
=

(
m̃

m

)
α

×
(

m

m

)
α

. (10)

Since we deal in this work with finite nuclei, we have stressed
that these quantities are state dependent by labeling them with
the quantum numbers α of the HF single-particle state.

In particular, for a HF state, the k mass (m̃/m)α can be
written as (

m̃

m

)
α

=
∫

|ϕα(r)|2 m̃(r)

m
d3r, (11)

where m̃(r) is the effective mass associated with the given
Skyrme set (which is density dependent and, therefore, radial
dependent because of the nuclear density profile) while ϕα is
the Skyrme HF wave function.

From the standard many-body theory, the energy-dependent
self-energy enters the Dyson equation for the single-particle

TABLE II. The energies of the neutron single-particle states around the Fermi surface in 40Ca calculated in various approximations. The
spectroscopic factors obtained in the full calculation are also shown in this Table. The results are obtained by using SLy5 and T44 parameter
sets. The experimental data are taken from Refs. [37,38].

HF PVC PVC PVC ε
exp
i Spectroscopic

central central + S.O. full factors

ε(0) �εi εi �εi εi �εi εi Sth
i S

exp
i

SLy5 1f5/2 −1.26 −1.36 −2.62 −1.07 −2.33 −2.11 −3.37 −1.56 0.849 0.95
2p1/2 −3.11 −1.95 −5.06 −1.54 −4.65 −2.04 −5.15 −4.20 0.778 0.70
2p3/2 −5.28 −1.88 −7.15 −2.44 −7.72 −2.98 −8.26 −5.84 0.823 0.91
1f7/2 −9.69 −0.83 −10.52 −1.30 −10.99 −1.56 −11.26 −8.36 0.893 0.77

1d3/2 −15.17 −0.62 −15.79 −0.54 −15.71 −1.67 −16.85 −15.64 0.886 0.94
2s1/2 −17.26 −1.13 −18.39 −1.51 −18.77 −2.12 −19.38 −18.19 0.845 0.82
1d5/2 −22.10 −0.31 −22.41 −0.65 −22.75 −1.07 −23.17 −22.39 0.923 0.90

T44 1f5/2 −0.21 −2.00 −2.21 −2.59 −2.80 −2.67 −2.88 −1.56 0.696 0.95
2p1/2 −2.79 −2.68 −5.47 −3.43 −6.22 −4.15 −6.94 −4.20 0.773 0.70
2p3/2 −5.59 −2.78 −8.38 −3.97 −9.56 −4.25 −9.84 −5.84 0.676 0.91
1f7/2 −10.59 −1.10 −11.69 −1.66 −12.25 −1.89 −12.47 −8.36 0.815 0.77

1d3/2 −13.99 −1.16 −15.15 −2.92 −16.91 −3.32 −17.31 −15.64 0.737 0.94
2s1/2 −17.18 −1.51 −18.69 −3.85 −21.03 −4.14 −21.32 −18.19 0.746 0.82
1d5/2 −22.59 −0.49 −23.08 −0.78 −23.37 −0.74 −23.34 −22.39 0.772 0.90
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Green’s function G, namely[
ε − ε(0)

α − �α(ε)
]
Gα(ε) = 1. (12)

We work here in the so-called diagonal approximation, in
which one neglects the nondiagonal matrix elements �αβ on
the HF basis [3] and we label �αα simply by �α . The poles of
the Green’s function Gα(ε) correspond to the zeros of

f (ε) = ε − ε(0)
α − �α(ε), (13)

and for each value of α there are several poles ελ
α characterized

by the index λ; in other words, because of the coupling to the
collective vibrations, the single-particle state α becomes frag-
mented. In the vicinity of a given pole ελ

α the Green’s function
can be represented (leaving aside a small “background” part) as

Gλ
α(ε) = Sλ

α

ε − εα

, (14)

where the residues at these poles correspond to the usual
definition of spectroscopic factors Sλ

α , which is given by

Sλ
α =

(
1 − ∂�α

∂ε

)−1

ε=ελ
α

. (15)

The above Eqs. (12)–(15) are quite general. In the current
paper we stick, as already said, to perturbation theory, and
the self-energy is calculated as in Eq. (3). Accordingly, the
spectroscopic factors of the above Eq. (15) are also calculated
only for the renormalized HF states, that is, ελ

α is restricted to
be ε

(0)
i of Eq. (1). Such spectroscopic factors are displayed in

Table II. From the definition of Sλ
α , we can deduce the value

of the energy-dependent effective mass (m/m)α by taking
the inverse of the spectroscopic factor Sλ

α .

III. RESULTS AND DISCUSSION

In this section we shall present our results for two nuclei:
40Ca and 208Pb. The effective Skyrme interactions SLy5 and
T44 are used in our calculations. We will stress, in our
discussion, the effect of the non-central part of the Skyrme
interaction (such as the spin-orbit and tensor terms) on the
single-particle energies deduced from the PVC calculations.

A. Results for 40Ca
In Fig. 1 and Table II we show the results for the energies

εi of neutron single-particle levels around the Fermi surface
in 40Ca, calculated in various approximation. The symbols
are the same as in Eqs. (1) and (15). The results (denoted
by ε(0)) in the third column are obtained within the HF mean
field approximation by including the contribution of tensor
interaction, although the tensor interaction gives almost no
contribution to the single-particle energies in this case since
40Ca is a �l · �s saturated nucleus (although we remind that it
affects the energies and transition probabilities of the low-lying
vibrations in 40Ca [28]). The results in the fifth, seventh, and
ninth columns in Table II correspond to the PVC calculations
with the central Skyrme interaction, the central plus spin-orbit
interaction, and the central plus spin-orbit as well as tensor
interactions in the PVC vertex, respectively. The values in
the columns labeled by �εi are the difference between the
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FIG. 1. (Color online) Neutron states in 40Ca calculated with the
parameter set SLy5 (upper panel) and T44 (lower panel). The various
columns, from left to right, correspond to the HF calculation and
to HF + PVC with only the central interaction in the vertex, to
HF + PVC with central and spin-orbit interaction in the vertex, and
to HF + PVC with central plus spin-orbit and tensor interactions in
the vertex. The last column displays the experimental data.

PVC results and the original HF values. The results are also
compared with the available experimental data.

The same information for the single-particle energies is
shown in Fig. 1. From Table II and Fig. 1, we can see that
the single-particle energies, both below and above the Fermi
energy, become more negative when the calculation includes
the PVC effects. This qualitative outcome has been already
found and explained in Ref. [12]. For the PVC results obtained
with only the central terms of the Skyrme force in the vertex,
the maximum energy shift is −1.95 MeV (−2.78 MeV) for the
2p1/2 (2p3/2) state using the SLy5 (T44) interaction. The spin-
orbit interaction shows a repulsive effect on the energies of var-
ious giant resonances in light nuclei, and an attractive effect in
heavy nuclei when included as a residual interaction in the RPA
calculations. In the PVC calculations, from Table II we see that
it gives a repulsive contribution to the energy shift for some
states and an attractive contribution for some other states in the
case of the SLy5 force, while if one moves to the T44 force, the
spin-orbit interaction always gives an attractive contribution
for all single-particle states. We will now discuss the contribu-
tion from tensor terms. From Table II, we can see that the tensor
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TABLE III. The calculated effective mass around the Fermi
surface for neutrons in 40Ca in various approximations. The results
are obtained by using the SLy5 and T44 parameter sets.

HF PVC PVC PVC
m̃/m central central + S.O. full

m/m m∗/m m/m m∗/m m/m m∗/m

SLy5 0.852 1.091 0.931 1.107 0.944 1.170 0.999
T44 0.857 1.153 0.988 1.313 1.127 1.347 1.155

force gives an attractive contribution to the energy shift of all
the single-particle levels, for both the SLy5 and T44 Skyrme
forces. We have also calculated the r.m.s. deviation σ between
theoretical and experimental single-particle states. The value
of σ is 1.026 (1.578), 1.330 (1.975), 1.566 (2.755), and 2.393
(3.010) in the cases of HF, PVC with central terms, PVC plus
central and spin-orbit terms, and full PVC calculation per-
formed with SLy5 (T44), respectively. These results would go
in the direction of calling for a refit of the Skyrme parameters.

In Table II, we also show the calculated spectroscopic
factors of single-particle states and the corresponding exper-
imental data. The results that we display are obtained by the
full calculation (all terms in the PVC vertex). For the SLy5

parameter set, the calculated and measured values are more or
less the same both for the particle and hole states. For the T44
parameter set the calculated results are systematically smaller
than the experimental data for hole states. For the particle
states, the results do not show a clear tendency.

In Table III we show the effective k mass, E mass, and
the total effective mass in 40Ca within various approximation.
These are obtained by averaging the effective masses asso-
ciated with the single-particle states that we have calculated
(the averages being, of course, done with the proper weights
2jα + 1). The effective k mass is about 0.85 around the Fermi
surface within the pure Hartree-Fock mean field calculation
for both the SLy5 and T44 parameter sets. When one goes
beyond the mean field calculation, the mass operator is not
only momentum dependent but also energy dependent: we can
see that the calculated E mass is approximately in the range
between 1.09 and 1.35 around the Fermi surface. The effective
mass, which is the product of k mass and E mass, is ≈1. We
conclude that the level density around the Fermi surface is
enhanced when we go beyond the mean field approximation
using the PVC model.

B. Results for 208Pb

In Table IV we show the results for the energies εi of
neutron single−particle levels around the Fermi surface in

TABLE IV. The same as Table II in the case of the nucleus 208Pb. The experimental data are taken from Refs. [37,38].

HF PVC PVC PVC Spectroscopic
ε(0) central central + S.O. full factors

�εi εi �εi εi �εi εi ε
exp
i Sth

i S
exp
i

SLy5 3d3/2 0.335 −0.41 −0.07 −0.337 −0.002 −0.326 0.009 −1.40 0.911 1.09
2g7/2 0.15 −0.69 −0.54 −0.47 −0.32 −0.64 −0.49 −1.44 0.870 1.05
4s1/2 −0.10 −0.31 −0.41 −0.34 −0.44 −0.31 −0.41 −1.90 0.922 0.98
3d5/2 −0.65 −0.59 −1.24 −0.68 −1.33 −0.71 −1.36 −2.37 0.834 0.98

1j15/2 −1.20 −0.77 −1.97 −1.30 −2.50 −1.42 −2.62 −2.51 0.656 0.58
1i11/2 −1.02 −0.43 −1.45 −0.48 −1.50 −0.49 −1.51 −3.16 0.904 0.86
2g9/2 −3.22 −0.52 −3.74 −0.64 −3.86 −0.57 −3.79 −3.94 0.869 0.83

3p1/2 −8.05 −0.05 −8.10 0.01 −8.04 −0.18 −8.23 −7.37 0.889 0.90
2f5/2 −8.95 0.05 −8.90 0.16 −8.79 −0.01 −8.96 −7.94 0.883 0.60
3p3/2 −9.19 0.06 −9.13 0.05 −9.14 −0.16 −9.35 −8.26 0.858 0.88
1i13/2 −10.19 0.16 −10.03 0.07 −10.12 −0.06 −10.25 −9.24 0.908 0.91
2f7/2 −12.07 1.07 −11.00 1.33 −10.74 1.58 −10.49 −9.81 0.534 0.95
1h9/2 −12.07 0.21 −11.86 0.45 −11.62 0.45 −11.62 −11.40 0.789 0.98

T44 3d3/2 0.20 −0.55 −0.35 −0.44 −0.24 −0.44 −0.24 −1.40 0.895 1.09
2g7/2 0.14 −0.85 −0.71 −0.53 −0.39 −0.61 −0.47 −1.44 0.832 1.05
4s1/2 −0.35 −0.48 −0.83 −0.50 −0.85 −0.47 −0.82 −1.90 0.896 0.98
3d5/2 −0.88 −0.72 −1.60 −0.81 −1.69 −0.81 −1.69 −2.37 0.855 0.98

1j15/2 −0.30 −0.87 −1.17 −1.80 −2.10 −1.77 −2.07 −2.51 0.583 0.58
1i11/2 −2.19 −0.39 −2.58 −0.51 −2.70 −0.57 −2.76 −3.16 0.884 0.86
2g9/2 −3.28 −0.52 −3.80 −0.69 −3.97 −0.68 −3.96 −3.94 0.877 0.83

3p1/2 −7.91 −0.08 −7.99 0.04 −7.87 0.03 −7.88 −7.37 0.905 0.90
2f5/2 −8.92 0.03 −8.89 0.19 −8.72 0.18 −8.74 −7.94 0.888 0.60
3p3/2 −9.14 0.11 −9.03 0.19 −8.95 0.21 −8.93 −8.26 0.844 0.88
1i13/2 −9.18 0.17 −9.01 −0.01 −9.19 0.01 −9.17 −9.24 0.903 0.91
2f7/2 −12.10 0.54 −11.56 0.49 −11.61 0.68 −11.42 −9.81 0.580 0.95
1h9/2 −13.14 0.13 −13.01 0.43 −12.71 0.44 −12.70 −11.40 0.831 0.98
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FIG. 2. (Color online) The same as Fig. 1 in the case of the
nucleus 208Pb.

208Pb calculated within various approximations, exactly as in
the case of 40Ca that we have just discussed. The results given
by the HF mean-field approximation, denoted by ε(0) in the
third column, are obtained by including the contribution of the
tensor interaction. There are finite contributions of the tensor
terms to the single-particle energies in the ground state of 208Pb
which is not a �l · �s saturated nucleus. The results are compared
with the available experimental data. The same theoretical and
experimental energies are displayed in Fig. 2.

From Table IV and Fig. 2, we can see that the PVC
calculations give a small repulsive contribution to the energy
for most of the hole states below the Fermi surface. One
noticeable exception is the 2f7/2 hole state which is shifted up
in energy by about 1.60 MeV in the case of the SLy5 parameter
set, and by 0.70 MeV in the case of the T44 parameter set.
On the other hand, for its spin-orbit partner state 2f5/2 the
energy shift is rather small. This goes against the prejudice
that spin-orbit partner states should be affected more or less
in the same way by the PVC effects: in this case, the special
role of the coupling with the low-lying 3− breaks this rule of
thumb. For the particle states, the energy shift �εi is always
negative but its magnitude depends on the state chosen and
on the approximation scheme. In particular, the spin-orbit and
tensor terms of the force do not give a systematic effect: for
some states they give a repulsive contribution to the energy

TABLE V. The same as Table III in the case of the nucleus 208Pb.

HF PVC PVC PVC
central central + S.O. full

m̃/m m/m m∗/m m/m m∗/m m/m m∗/m

SLy5 0.839 1.156 0.968 1.198 1.002 1.229 1.028
T44 0.841 1.157 0.973 1.200 1.009 1.235 1.038

shift (with respect to the shift obtained by retaining only the
central part of the Skyrme force at the PVC vertex), whereas
for some other states they give attractive contributions. We
have also calculated the r.m.s. deviation σ between theoretical
and experimental single-particle states. The values of σ are
1.451, 1.030, 0.993, 1.097 for SLy5 and 1.421, 1.002, 0.907,
0.873 for T44 in the cases of HF, PVC with central terms, PVC
with central plus spin-orbit terms, and full PVC calculations,
respectively. In this case the inclusion of all terms in the PVC
vertex produces an improvement of the results, although such
improvement is small.

In Table IV we also show the calculated spectroscopic
factors of the single-particle states and the corresponding
experimental data. The calculations are performed within
our full PVC model. For the particle states, the agreement
between the calculated and the measured spectroscopic factors
is generally satisfactory. For the hole states, the largest
disagreement between theoretical and experimental data is
found in the case of the 2f5/2 and 2f7/2 states. For the
2f5/2 state, we can see that it is rather fragmented from the
experimental side, whereas the calculated fragmentation is
rather small. For its spin-orbit partner state 2f7/2, the situation
is opposite.

In Table V, we show the effective k mass, E mass, and total
effective mass in 208Pb. As in the previous case of 40Ca, we
have averaged the effective masses of the states that we have
considered (above and below the Fermi surface). The effective
k mass is about 0.84 around the Fermi surface in the pure
HF calculation with the SLy5 and T44 parameter sets. When
one goes beyond the mean field calculation, we see that the
calculated E mass is approximately between 1.16 and 1.24
around the Fermi surface. The total effective mass, that is, the
product of the k mass and E mass, of the states around the
Fermi surface is about 1 (which is comparable to the empirical
value).

IV. SUMMARY

In this paper, the properties of the single-particle states,
in particular the energies, the spectroscopic factors, and
the effective masses in the magic nuclei 40Ca and 208Pb
have been studied in a fully self-consistent particle-vibration
coupling (PVC) approach within the framework of Skyrme
energy density functional theory. All the vibrations (phonons)
are produced within a fully self-consistent random phase
approximation (RPA) scheme. The SLy5 and T44 parameter
sets are adopted; the tensor terms are added to the central terms
without any refit in the case of the SLy5 parameter set.
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We have paid a specific attention to the effect produced
on the single-particle properties by the noncentral part of the
Skyrme interaction. It has been found, in the case of the single-
particle energies, that the contributions to their energy shifts
induced by the tensor and spin-orbit terms are smaller than
those coming from the central Skyrme terms. In the case of the
spin-orbit terms, the contribution to the single-particle energy
shift is quite random for both 40Ca and 208Pb, namely it can
be either positive or negative. The contribution to the energy
shifts stemming from the tensor force is negative in 40Ca, while
it has a random sign for 208Pb.

For 208Pb using the set T44, our results are improved with
respect to the experimental findings by the contributions of
spin-orbit and tensor forces. The calculated single-particle
energies and spectroscopic factors show an overall good
agreement with data. This is reflected in the enhancement of
the single-particle level density around the Fermi surface, due
to the PVC correlations. The effective mass becomes indeed
close to 1 around the Fermi energy, and this is consistent with
the empirical information.

This work is a further step in the direction of improving
mean-field models when they need to be compared with the
single-particle states and their fragmentation. The role of
higher-order processes, beyond our simple perturbation theory
approach, should be investigated. More importantly, we should

see if more significant improvements in the agreement between
theory and experiment can be obtained when the effective force
is refitted.

The coupling between single-particle and collective degrees
of freedom is also important if one wants to describe of the
optical potential that characterized finite nuclei when projectile
nucleons interact in, e.g., a scattering process. The particle-
vibration coupling can provide an important contribution to the
imaginary part of the optical potential. Work in this direction
is also in progress.
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[12] G. Colò, H. Sagawa, and P. F. Bortignon, Phys. Rev. C 82,

064307 (2010).
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