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Beyond the relativistic Hartree mean-field approximation: Energy dependent effective mass
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The standard relativistic mean-field model is extended by including dynamical effects that arise in the
coupling of single-nucleon motion to collective surface vibrations. A phenomenological scheme, based on a
linear ansatz for the energy dependence of the scalar and vector components of the nucleon self-energy for
states close to the Fermi surface, allows a simultaneous description of binding energies, radii, deformations,
and single-nucleon spectra in a self-consistent relativistic framework. The model is applied to the spherical
doubly closed-shell nuclei*?Sn and?%%Ph.
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[. INTRODUCTION energies. A very good agreement was found with the experi-
mental single-particle energies of the valence particle and

Relativistic models based on quantum hadrodynaifdits hole states. In Refd.14-1§ the effects of the collective
provide a microscopic self-consistent description of themodes on the single-particle states and the effective mass in
nuclear many-body problem. Detailed properties of finite nu-2%%b were calculated in a self-consistent microscopic
clei along the g-stability line have been described with particle-vibration coupling model. It was shown that, as a
nuclear structure models based on the relativistic mean-fieltlnction of energy and radial coordinate, the effective mass
(RMF) approximation[2]. With the unified Dirac-Hartree- is enhanced around the Fermi level and on the surface of the
Bogoliubov description of mean-field and pairing correla-nucleus. A similar approach was used in a very recent calcu-
tions, the relativistic framework has been very successfullyfation of the nucleorE mass for a medium-heavy deformed
extended to studies of exotic nuclei far from the valleyBof nucleus as a function of the rotational frequency along the
stability and to the physics of the drip ling3—8]. yrast line[17].

In this framework the single-nucleon dynamics is de- In the relativistic framework, the concept of effective
scribed by classical equations of motion which are derivechucleon mass in symmetric nuclear matter and finite nuclei
self-consistently from a fully relativistic Lagrangian. Stan- was analyzed by Jaminon and Mahaux in R¢i8,19. In
dard relativistic nuclear structure models are based on thaddition to thek mass andE mass, a third effective mass, the
static approximation, i.e., the nucleon self-energy is real, lo“Lorentz mass” appears in the relativistic approach. It re-
cal and energy independent. Consequently, these models deilts from different Lorentz transformation properties of the
scribe correctly the ground-state properties and the sequensealar and vector potentials. In REI9] a quantitative analy-
of single-particle levels in finite nuclei, but not the level sis of the energy dependence of the effective mass was per-
density around the Fermi surface. formed in the framework of the relativistic Brueckner-

In a nonrelativistic mean-field approximation, the total ef- Hartree-Fock approximation to the mean field in symmetric
fective massn* of a nucleon in a nucleus characterizes thenuclear matter. The calculation was based on dispersion re-
energy dependence of an effective local potential that igations that connect the imaginary to the real part of the
equivalent to the, generally nonlocal and frequency depentorentz components of the mean field. Although in finite
dent, microscopic nuclear potentf&),10]. The total effective  nuclei the mechanism which leads to the energy dependence
mass is a product of tHemass which characterizes the non- of the effective mass is different, i.e., it results from the
locality, i.e., momentum dependence of the mass operatocoupling of single-nucleon motion to the collective modes, a
and theE mass which describes the explicit energy depenvery useful result of Ref.19] is that the energy dependence
dence of the mass operator. The coupling of single-nucleoof the total dispersive contribution to the real part of the
motion to collective vibrations and the resulting enhancemean field is almost linear in the regidf—10<E<Eg
ment of the effective mass around the Fermi surface has been10 MeV around the Fermi enerdyr .
extensively studied in the framework of non-relativistic In the present work we propose a phenomenological
Hartree-Fock models. For a review, see Rg#s10] scheme to include the effect of coupling of single-nucleon

In the context of the present analysis, two nonrelativisticmotion to surface vibrations, i.e., the energy dependence of
microscopic descriptions of the energy dependent effectivéhe nucleon self-energy, in self-consistent relativistic mean
mass are of particular interest. The analyses of the neutrotfield calculations. Rather than calculating the first-order cor-
208pp [11], proton?°®Pb [12], and neutron®®Ca[13] mean rection to the RMF single-nucleon energy spectra, a linear
fields were based on dispersion relations that connect the reahergy dependence of the scalar and vector potentials is ex-
and imaginary parts of the optical-model potential. The paplicitly included in the Dirac equation. The resulting gener-
rameters of the complex mean field were determined fronalized eigenvalue problem can be solved exactly, and this
available experimental cross sections, and the resultingpproach gives the possibility to reproduce, in a self-
optical-model potential was extrapolated towards negativeonsistent calculation, both the total binding energy and the
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density of single-nucleon states around the Fermi surfacentroduces an effective density dependence. The nonlinear
The principal advantage over perturbation calculations isself-interaction of ther field is essential for a quantitative
however, that the present approach can be easily extendeddescription of properties of finite nuclei.

constrained calculations in deformed nuclei. The main pur- The details of the calculated ground-state properties de-
pose will be the study of shape coexistence phenomena ipend on the choice of the effective Lagrangian. Several ef-

chains of isotopes far from the valley @f stability. fective interactions, i.e., parameter sets of the mean-field La-
p . . . .
grangian have been derived that provide a satisfactory
II. THE RELATIVISTIC MEAN-FIELD MODEL WITH description of nuclear properties along tBestability line. In
ENERGY DEPENDENT POTENTIALS particular, the parameter set NIL30,21] has been adjusted

to ground state properties of a large number of spherical
In the framework of the relativistic mean field approxima- nuclei. Properties calculated with the NL3 effective interac-
tion nucleons are described as point particles that move irtion are found to be in very good agreement with experimen-
dependently in mean fields which originate from thetal data for spherical and deformed nuclei at and away from
nucleon-nucleon interaction. The theory is fully Lorentz in-the line of 8 stability. In particular, NL3 has been used in
variant. Conditions of causality and Lorentz invariance im-most applications of the relativistic Hartree-Bogoliubov
pose that the interaction is mediated by the exchange ahodel to the physics of drip-line nuclg3—8].
pointlike effective mesons, which couple to the nucleons at The effective potential that determines the ground state of
local vertices. The single-nucleon dynamics is described bw finite nucleus is essentially given by the sum of the scalar
the Dirac equation o potential(attractive and the vectow potential(repulsive.
Both potentials are of the order of several hundred MeV in
—1T3) the nuclear interior. The contributions of the isovector
2 p-meson field and the electromagnetic interaction are, of
course, much smaller. In the relativistic Hartree mean-field
=&ii. (1) approximation the nucleon self-energy is real, local, and en-
ergy independent. It should be emphasized, however, that
o, w, andp are the meson fields, amddenotes the electro- even in the Hartree approximation the equivalent Schro
magnetic potentialg,,, g,,, andg, are the corresponding dinger potential is nonlocal, i.e., momentum dependent. This
coupling constants for the mesons to the nucleon. The lowesgsults from the momentum dependence of the scalar density,
order of the quantum field theory is the mean-field approxi-or equivalently, the momentum dependence of the Dirac
mation: the meson field operators are replaced by their exmass in the nonrelativistic reduction of the Dirac equation.
pectation values. The sources of the meson fields are defined A phenomenological description of the effect of coupling
by the nucleon densities and currents. The ground state of fetween single-nucleon motion and collective modes can be
nucleus is described by the stationary self-consistent solutioobtained by assuming that the scalar and vector potentials
of the coupled system of the Dirgd) and Klein-Gordon  depend linearly on energy in the vicinity of the Fermi surface
equations

H 0 0 (1 0
—ia-V+pB(m+g,0)+g,0 +0,73p3+€ A%t ¢,

, , , Vol E)=V,(r) + a(E~Ep),
[—A+mIJo(r)=—g,ps(r)—g20°(r)—gso>(r), (2)
Vo(rE)=V,(r)+a(E-Eg), )
[—A+mZ]%(r)=gup,(r), (3) ,
whereV,(r) andV(r) denote the usual, energy indepen-
—A+m21o0r) = , 4 dent potentials. For simplicity, we only consider the energy
: My 1p7(1)=,ps(r) @ dependence of the two most important contributions to the
effective potential, i.e., the and w fields. As we have al-
ready emphasized in the Introduction, in their analysis of the

, Fermi surface anomaly and depletion of the Fermi sea in the
for the sigma meson, omega meson, rho meson, and photBiativistic Brueckner-Hartree-Fock —approximatiofi.9)],
field, respectively. .Due to (iharge conservation, only the thirdy; minon and Mahaux have shown that the total dispersive
component of the isovectgi meson contributes. The source conripution to the real part of the mean field potential dis-
terms in Eqs(2)—(5) are sums of bilinear products of baryon plays an almost linear energy dependence in a region of
amplitudes, and they are calculated in the no-sea approxima:z +-1g MeV around the Fermi energy. A linear energy depen-

tion, i.e., the Dirac sea of negative energy states does N@fence of the real part of the mean field potential in the region
contribute to the nucleon densities and currents. Due to timg __ 5 E<E_+5 was also found in the calculation of the

reversal invariance, there are no currents in the static Solutiog,cjeon effective mass if°%b in the framework of the mi-

for an even-even system, and therefore the spatial VeCtQroscopic particle-vibration coupling mod&ee Fig. 1 of

componentsw, ps, andA of the vector meson fields vanish. pef [16]). I the effective potential in the Dirac equation

The quartic potential depends only linearly on energy, this defines a generalized
eigenvalue problem

—AA%(r)=epy(r), 5

1 1 1
U(o)=5mo?+ 30,0°+ 7930 (®)

2 Holy)=AE[4), ®
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whereHp, is the energy independent Dirac Hamiltonjmee  we calculate the single-nucleon spectra of the doubly closed-
Eq.(1)], and on the right-hand sidex E is the matrix which  shell nuclei?®®Pb and'®2Sn. In this particular calculation the
contains the linear energy dependence. Equa@rcan be  starting point is the NL3 parameter set. This effective inter-
solved exactly, and in this way the effect of coupling to action has been adjusted to ground-state properties of a num-
collective modes can be included in the self-consistent calber of spherical nuclei and, of course, it reproduces the bind-
culation of the ground state of a nucleus. ing energies of%%Pb and**%n. The calculated densities of

In principle, there is no deeper reason for heand w single-nucleon states around the Fermi surface are, however,
potentials to have the same energy dependence. If they haweo low as compared with the experimental spectra, i.e., the
like in Egs.(7), the total correction to the effective single- effective mass is too low and energy independent. By includ-
nucleon potential is @ E—Eg), and there is no correction ing the linear energy dependenc® in the effective single-
to the spin-orbit term of the effective potential, which is nucleon potential of the Dirac equation, the binding is obvi-
given by the difference of the and w potentials[2]. Since  ously reduced and the parameter set of the effective
in the present analysis we are only interested in the effect oimteraction has to be readjusted. In principle, the parameter
the density of states around the Fermi level, we assume thef the energy dependence in Eqgs. (7) can be calculated
same linear energy dependence ¥orandV,. This means from the imaginary part of the optical potential by using
that, in principle, an additional parameter can be adjusted tdispersion relations, or by coupling single-nucleon states to
obtain, if necessary, a better agreement for the energy splicore vibrations calculated with the relativistic random phase
tings of the spin-orbit partner levels in spherical or deformedapproximation. That would, of course, mean a differeror
nuclei. every nucleus. In the present self-consistent meinas an

The ground state of a spherical or deformed nucleus isdjustable parameter, determined by a fit to ground state
obtained from a self-consistent solution of the coupled sysproperties, together with the parameter set of the effective
tem of equations: the Dirac generalized eigenvalue equatiobagrangian. In this work we only calculat@Pb and*3%Sn,
(8), and the Klein-Gordon equatiori®)—(5). The equations although of course a larger set of nuclei would be necessary
are solved by expanding the nucleon spinors and the mesdn obtain an optimal set of parameters. For closed-shell nu-
fields in a spherical or deformed harmonic oscillator basis. Irclei without pairing, the Fermi energy is taken as the half-
the present work we only consider spherical nuclei. Insteaégnergy between the last occupied and the first unoccupied
of calculating an energy dependent correction to singlesingle-nucleon orbit. The linear energy correction to the ef-
nucleon spectra determined by some of the standard RMfective potential is confined to the windok;— 10<E
parameter sets such as NL3, we include the energy deper<Eg+10 MeV. In addition to the available binding energies
dent potentials in the fitting procedure that is used to conand radii, the fitting procedure is constrained with the aver-
struct an effective interaction. By adjusting the meson-age energies of hole and particle states in the last occupied
nucleon coupling constants, the mass of theneson, the and the first unoccupied major shells, respectively.
parameters of ther meson self-interaction terms, and the In each iteration step, and for given single-nucleon angu-
parameterx of the linear energy dependence in EGB, to  lar momentum and parity, the generalized eigenvalue prob-
nuclear matter and properties of finite spherical nuclei, wdem (8) is solved in two steps. In the first step the single-
seek to obtain a simultaneous description of binding energiesucleon energy independent Dirac Hamiltontap [see Eq.
and of densities of single-nucleon states in the valence shell§l)] is diagonalized in the harmonic oscillator basis. From

In order to illustrate the method, in the present analysighe resulting single-nucleon spectrum we determine the
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eigenvectorsy; with eigenvaluese; in the energy interval of the effective mass. The spectra obtained with the full po-
~=+10 MeV around the Fermi energy. In the next step thetential are in good agreement with the experimental single-
matrix of the generalized eigenvalue problem is constructedieutron levels. The energy dependent correction, however,
seldom changes the ordering of states, and therefore we still
(¢ilHoly), find inverted doublets, such as, for examplés23p3, and
H, ={ (silHo+2a(E-Epl ) ©  litz2gepin ZOBEb. In Table | we compare the NL3 effec-
tive interaction with the new set of parameters which is ob-
for Ep—10<e;,€j<Ep+10 MeV. tained by including the energy dependent correction to the
single-nucleon potential in the fitting procedure. We note that
Ihe values of the parameters change very little as compared
"With the original NL3 parametrization, with the exception of
a somewhat more pronounced decrease of the rho-meson

;ggﬂ;n d(len Enqd((a?c.: :Ltohrotl;]gehs\évfogg tr;?rtnlr_]:IuE(;e .tasncg);ﬁl.'_c't coupling. The adjusted value of the coefficient of the linear
! P : ! ! .energy dependence in Eq¥) is 2a=-0.288. This value

bution obviously vanishes at large distances, i.e., all matrpéan be compared with the one calculated in the self-

elementsH;; vanish for larger becausej;(r)—0. _consistent microscopic particle-vibration coupling model of
The set of states which is the solution of the generahzeq;efs_[m_lq_ For proton stateEr—5<E<Eg+5 MeV in
eigenvalue problem is not orthogonal. This is not a big ef'ZOSPb(see Fig. 1 of Ref[16]), the coefficient of linear en-

fect, however, because the energy dependent correction {qqy dependence of the real part of the mass operator is
the potential is relatively small, and it affects only a small

number of states in the vicinity of the Fermi level. After the 1 g £ | The parameter set of the NL3 effective interaction
orthogonalization, the new set of orthonormalized states 1$1] (center colump and the new interactiofright column which

identified with the single-nucleon spectrum. There is N0 Sigesyits from the inclusion of the linear energy dependence in the
nificant difference between the diagonal matrix elements ofgective single-nucleon potential.

the Hamiltonian in this basis, i.e., the “single-particle ener-
gies,” and the original eigenvalues. We have verified that the NL3 NEW
same value for the ground-state energy is obtained when this

For a solution in coordinate space, the equivalent of thi
two-step procedure is the inclusion of the theta functio
®(10 MeV—|E—Eg]) in front of the energy dependent cor-

939.0 MeV 939.0 MeV

quantity is calculated as the sum of kinetic and potentiaMm
energies, or as the sum of the “single-nucleon energies” antfo
the energies of the meson fields. m,

508.1941 MeV
782.5010 MeV

508.8500 MeV
782.5550 MeV

The resulting single-neutron spectra ##%Pb and*’Sn m, 763.0 MeV 763.0 MeV
are displayed in Figs. 1 and 2, respectively. they are comg, 10.2169 10.2200
pared with the relativistic Hartree mean-field results calcug,, 12.8675 12.8730
lated with the NL3 interaction, and with experimental single-g,, 4.4744 4.4000
neutron spectrd22—27. In comparison with the original g, -10.4307 fm? -10.2153 fm'?
NL3 interaction, we note a considerable improvement of they, -28.8851 -29.0960
calculated spectra. The increase of the density of statesy -0.288

around the Fermi surface results from the energy dependenee
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~—0.35. In addition to single-nucleon spectra, we also TABLE Il. Neutron (left pane) and proton(right pane) single-
compare the experimental and calculated binding energiegarticle energie&,; in °Pb. For each panel, the left-hand column
for 29%b the experimental value is1636.47 MeV, the value specifies the radial, orbital, and total angular momentum quantum
calculated with NL3 is—1639.54 MeV, and the full, energy numbers, the column labeled NL3 contains results calculated with
dependent effective potential gives1636.80 MeV. For the standard relativistic Hartree mean-field approximation, the en-
18251 the binding energy calculated with NL34s1105.44 €9y spectrum calculated with the full, energy dependent, model

MeV, the value obtained with the new parameter set ispotential is displayed in the third column. Theoretical spectra are

_ : S ..compared to the experimental energies shown in the column labeled
_ﬁgégé |\|>|/I§\>/’ and the experimental binding energy ISEXP. With boldface letters are listed the average energies for par-

The single-neutron spectrum 6P%b can be compared ticle and hole states.
with those obtained with the self-consistent microscopic Neutron state Proton state
particle-vibration coupling modesee Fig. 2 of Ref[15]), ] NL3  Ful Exp nlj NL3 Ful Exp
and with the phenomenological dispersion relation analysis
of Ref.[11] (see Fig. 9 of that articje In comparison with 4s,, -0.36 -1.46 -1.90 B;, 258 0.60 -0.17
the experimental spectrum, the results of the present calcad,, -0.02 -1.19 -1.40 By, 1.83 0.00 -0.68
lation are somewhat better than those obtained with the migd,, -063 -1.72 -2.37 2, 055 -092 -0.98
croscopic particle-vibration coupling, but not as good as theg,, -057 -1.60 -1.44 2, -144 -255 -2.90
spectrum which results from dispersion relations betweenthgg, . 250 -3.17 -394 g, -460 -497 -3.80
real and imaginary parts of the optical-model potential. This;; =~ 297 329 -316 i, -1.03 -2.37 -2.19
is, of course, not very surprising. In the analysis of R&&] ;= 048 -160 -251 E 128 245 -1.79
the mass operator is the sum of a Hartree-Fock term and 3 133 220 -263
energy dependent term which arises from the coupling to thgg 767 -7.34 737 8, -815 -7.95 -8.01
microscopically calculated RPA vibrations. A number of ap-.. 8.41 7'94 8.26 g 2 9'25 8'79 8'36
proximations have to be made in such a microscopic calcus. 2 '9'09 -8.38 '7'94 o 10 28 _1(') 16 -9'68
lation, which will necessarily affect the quality of the final £ 2 o o Sz Tt o
single-nucleon spectrum. On the other hand, there is no ad- "2 -111-10.05-9.71 gy, -1505 -13.55 -11.48
justable parameter such asin the microscopic calculation. 9?2 1339 -11.78 -10.78 My, -10.21 -9.82  -9.35
In the phenomenological analysis of REf1] the total dis- Ui, 960 -897 -900 E, -11.30 -1057 -9.38
persive contribution to the effective potential is written as akh -1047 -9.55 -9.25
sum of volume and surface components. A relatively large
number of parameters was used to adjust these two contribu-
tions separately. It was shown that about 40% of the total lil. CONCLUSIONS
correction results from volume dispersive effects and about | gpplications of standard relativistic mean-field models

60% from the surface-peaked correction. The comparisofy the description of ground state properties of spherical and
with the single-neutron spectra of Refd5,11, as well as  geformed nuclei, the nucleon self-energy is real, local, and
with the experimental data, shows that our linear ané8tz  energy independent. This leads to the well known problem of
presents a very good approximation of the dynamical effectgy effective mass, i.e., low density of single-nucleon states
which arise from the coupling of single-nucleon and collec-¢jgse to the Fermi surface. In the nonrelativistic framework,

tive degrees of freedom. this problem has been considered in first-order perturbation,
In Tables Il and Il we list both the neutron and the proton

levels of 2%Pb and'®2Sn, respectively. For the last occupied
and first unoccupied major shells, we compare the result
calculated with the standard relativistic Hartree mean-fiel

TABLE lll. Same as in Table I, but for the neutron and proton
ingle-particle states if®%Sn.

approximation(NL3 interaction, the energy spectrum calcu- Neutron state Proton state
lated Wlth the full, energy depe_n_dent model potential, and th(?”j NL3  Ful  Exp  nlj NL3  Full Exp
experimental energies. In addition, we compare the average
energies of holéparticle states 2fg 0.08 -0.96 -0.58 8, -422 -6.27 -6.83
3py, -0.26 -1.25 -092 My, -533 -7.33 -6.84
> (2j+ 1)Eq; lhg, -0.46 -121 -1.02 dy, -529 -7.08 -7.19
(E)= nij (10) 3py, -057 -150 -1.73 @y, -7.05 -856 -8.67
. ’ 2f;, -1.33 212 -258 (@, -9.95 -10.77 -9.63
> (2)+1)
< Ep -059 -1.44 -1.03 E, -6.73 -8.32 -7.92

2dy, -8.76 -8.03 -7.31 (g, -16.12 -16.06 -15.71
where the sum runs over occupi@dahoccupied states within ~ 1hy,, -7.65 -7.33 -7.55 Ry, -17.11 -16.65 -16.07
a major shell. Obviously the inclusion of linear energy de-3s,,, -8.33 -7.71 -7.64 E, -16.28 -16.15 -15.77
pendence in the nucleon self-energy considerably improvesd,, -10.48 -9.47 -8.96
the calculated single-nucleon spectra, while at the same timgy,,, -12.31 -10.84 -9.74
it enables the self-consistent calculation of global grounds, -10.65 -955 -8.81
state properties, such as the binding energy and radii.
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either by explicitly coupling the single-nucleon states to col-mean-field model. With the inclusion of linear energy depen-
lective RPA modes, or by using dispersion relations that conedent terms in the scalar and vector components of the
nect the real and imaginary parts of the optical-model potenaucleon self-energy for states close to the Fermi surface, the
tial. In the present work we have studied a phenomenologicgdarameter set of the effective Lagrangian has to be read-
scheme which allows the inclusion of the dynamical effect§usted in order to reproduce both the global ground state
of coupling of single-nucleon motion to surface vibrations inproperties and the densities of single-nucleon states. The re-
self-consistent relativistic mean field calculations. Thesu|ting Sing'e-nuc'eon Spectra have been Compared with ex-
scheme is based on a linear ansatz for the energy dependeng&imental data, as well as with previous nonrelativistic first-
of the scalar and vector components of the nucleon selfprder perturbation calculations f@P%b. It has been shown
energy for states close to the Fermi surface. This defines fhat the energy dependent effective mass considerably im-
generalized Dirac eigenvalue problem, which can be solveflroves the calculated single-nucleon spectra. By allowing the
self-consistently together with the Klein-Gordon equationssimultaneous description of binding energies, radii and
for the meson fields. Thus, rather than calculating the firstsingle-nucleon spectra, the self-consistent method studied in
order correction to the single-nucleon spectra, the assumphis work presents a natural phenomenological extension of
tion of linear energy dependence for the mass operator efhe relativistic mean-field model. Work is in progress on the
ables a self-consistent calculation of both the global groundierivation of the energy dependent effective mass by cou-
state propertiegmasses, radiiand the single-nucleon levels pling single-nucleon states to surface vibrations calculated in
around the Fermi Surface. The mOde| that we ha.Ve Stud|e€he re|ativistic random phase approximation, and on the ex-
might be especially useful in studies of shape-coexistencgnsion of the model to deformed nuclei.

phenomena in nuclei far from the valley @f stability. Be-

cause of the simple linear energy dependence of the effective

single-nucleon potential, the method can be easily extended ACKNOWLEDGMENTS

to constrained calculations in deformed nuclei.
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