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Effective interaction for relativistic theory of nuclear structure
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An effective interaction for relativistic Hartree-Fo¢KF) calculations of nuclear structure is constructed. It
includes a nonlinear functional of the most simple general form taking into account interactions and self-
interactions of isoscalar meson fields. The parameters are determined to reproduce Dirac-Brueckner HF nuclear
matter results obtained from different types of one-boson-exchange pot@B&P fitting NN scattering
data. The effective interaction is used then to calculate ground-state properties of finite nuclei. Results for some
specific OBEP’'YBM-B version are in reasonable agreement with experiment. The symmetry energy coeffi-
cient, in particular, is well reproduced. It is found that tfes” and w* components of the effective interaction
play an important role[S0556-28187)02401-1

PACS numbes): 21.30.Fe, 21.16:k, 21.60.Jz, 21.65:f

[. INTRODUCTION are utilized then to calculate properties of finite nuclei.
A main consequence of this method is that the meson-

In the past two decades steadily growing activity con-nucleon coupling constants can be density dependent, re-
nected with investigating the role of relativity in nuclear flecting the genuine density dependence of the Dirac-
physics has taken pladd—3], the theory of the nuclear BruecknerNN G matrix in the nuclear medium.
ground state being of special interest. Several approaches for Recently, another effective-o model, including nonlin-
solving the problem for nuclear mattédM) and finite nu- ear o and w self-coupling terms, cubic and quartic self-
clei have been developed. The first essential steps in thisiteractions of ther field, and quartic self-interactions of the
field have been connected with using either the relativistian meson, was considered in R¢24]. The density depen-
Hartree method4,5] or the relativistic Hartree-FockRHF) dence, in this case, comes through the effective meson
approacH6-8]. The theory involves several types of mesonmasses. On the basis of that effective interaction, the prop-
fields interacting with nucleons via coupling constantserties of finite nuclei were calculated in the framework of the
treated, some of them, as free parameters. These calculatioredativistic Hartree approximation.
can yield a good fitting for the ground-state properties of NM  In the present paper we also follow the philosophy of the
and finite nuclei(both spherical and deformgd effective Lagrangian and investigate the following model.

The next step, at the present stage already attempted, is to (1) All reasonable meson fields are taken into account,
develop a Dirac theory of the Brueckner-Hartree-Fock typesince it is hard to believe that a simple two meson model
(DBHF), which would yield the nuclear bulk properties would account for all peculiar features of a Dirac-Brueckner
(binding energies, radii, efc.starting from a meson- method[28].
exchange nucleon-nucleon interaction that fits free-spide (2) The interactions of isoscalar meson field®., cw
scattering and deuteron data. In this case the nuclear saturand o?w? term9 are also taken into consideration together
tion properties are derived entirely from tiN potential  with self-couplings of ther and w mesons. Thus all interac-
using no additional parameters. This approach looks appeations and self-interactions of the and w fields (in the most
ing since it has stronger theoretical grounds. However, thaimple general form compatible with invariance consider-
relativistic Brueckner-Hartree-FodRBHF) description of a  ationg are included. In our case, one of the key ingredients
finite structure is a complicated problem, a much more comef the theory is the dressed meson ma$3es].
plicated one than its nonrelativistic counterpart. Calculation (3) The RHF method is used both in the fitting procedure
of the relativistic Brueckner reaction matrices, carried out abf the effective Lagrangiafto the DBHF results of NM with
present only for infinite NM, was started, developed, andiree NN forceg and in calculations of the ground-state prop-
realized in Refs[9-11]. A detailed discussion of the relativ- erties of finite nuclei. The necessity to take into account the
istic Brueckner theory for NM can be found in Reff8—14]. 7r and p mesons is one of the reasons to use the RHF ap-

As for finite nuclei, this program is carried out at presentproximation in the present investigation. The role of the is-
only within certain approximate methods developed by sevevector mesons in the RHF schefwéthout self-interactions
eral theoretical groupgl5—-30. Most of these methods in- of mesons fieldshas been studied earlier in Ref§,18,26,
troduce effective interactions that, being considered withir29,30, while in Refs.[7,8] self-interactions were partially
Dirac mean-field or Dirac Hartree-Fock approximations, re-taken into account. In these investigations it was shown, in
produce RBHF results of NMthe nucleon self-energy and particular, that the Fock-exchange terms are not negligible
binding energies Effective interactions obtained in this way and that important contributions from the isovector mesons
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cannot be included in the mean-field approach. duced, and a brief description of the RHF method for the
In particular, the effect of the pion on the spin-orbit split- model with nonlinear meson self-interaction and meson-
tings was clearly demonstrated in R€,29]. In Ref.[29]it  meson interaction terms is made. In Sec. Ill the effective
was shown that the spin-orbit splitting s of the 19q/,_7,  interaction is fitted, in the framework of RHF method, to NM
neutron shell inSn is decreased by almost a factor of 2 gpservables obtained in the DBHF approach. The properties
(without affecting the binding energy or charge radius sig-of finite nuclei are also calculated and compared with experi-

nificantly). The same was shown earlier to occufiBa for  ment. In Sec. IV the results are summarized and conclusions
the 1ds,,_ 5, proton spin-orbit splittind6]. The pion is cru-  gre drawn.

cial to reproduce the drastic change of the spin-orbit splitting
when going fron*°Ca to*®Ca, the number of protons being
the same in both nuclei.

It is known alsd6,8,3(Q that RHF approach withr andp
mesons reduces considerably the exaggerated shell effects The effective Lagrangian densifyy of our model is given
obtained in the relativistic mean fie[®@RMF) approximation by a sum of a free Lagrangiafi(¢,0,0,p,m,A), an interac-

II. GENERAL FORMALISM

for the density distributions inside nuclei. tion Lagrangian’;,(nucleon-meson responsible for interac-
All said above shows the general features of any RHRion of nucleons with different meson fields, and a nonlinear
approach produced by andp mesons. potential-energy functional y, (meson-mesogntaking into

The paper is organized as follows. In Sec. Il the descripaccount meson self-interactions and meson-meson interac-
tion of the model is given, the effective interaction is intro- tions of isoscalar meson fields:

|
L=Ly(o,0,0,p,7,A)+ L(nucleon-meson- Uy (meson-meson D

The free Lagrangian density is given by
Lo(@,0,0,p,m,A)= ¢l Yud*—M)ep— %m§02+ %(aMU&MO')"F %miw#w”— %FM,,F’“’-F %miﬁﬂﬁ“— 1G,,GHY

>

+3(9,7 ta—mia?)—tH , HA, )

ENTE

with

FWE d,w,~d,0,,
G,uVEaVﬁ;L_ &Mﬁv '
H,,=d,A,—d,A,. 3)

_ HereM, m;, m,, m, andm_ denote the bare masses of the nucleon and mesons, respectively, whereas , ﬁﬂ, and
m are the corresponding field operat¢r®te thatp,, and 7 are vectors in isospin spacé-inally, A, is the electromagnetic
field, realizing the Coulomb interaction between nucleons.

The meson-nucleon interaction Lagrangian is written as

2 ii__

Ln(NUCIEON-MESOME — 0,600~ 0,07 0,0~ r §T*0,0,6 ~ 0, 87" B 70— 5 97770, 7

_ fr_—
_e¢7“%(1+73)AM€D_m—7;<,0757"“z9#7r'7-<p. (4)

The isospin Pauli matrices are given By r; being the third component af. The pion-nucleon interaction in E¢) is
chosen in a pseudovector form as in R¢&7]. The quantitiesy; (i =o0,w,p,7) are the effective meson-nucleon coupling
constants, whilé, andf , are the isoscalar and isovector-tensor coupling constantgzh=15-.

Finally, the potential-energy functionély, (meson-mesonin Eq. (1) is taken in the form

Un(meson-mesor: Uy (o, @) = bM(g,0)3+ 1¢(g,0)*+ dM(9,0) (020 ,0") — 1e(g,0)2(g2w,,0") — 1 H(g2w ,0™)2,

®

which is specified by five dimensionless parameters, d, responsible for interactions between isoscalar meson fields.
‘e, andf. The form ofUy (o,0) given by Eq.(5) takes into  Equation(5) is the most simple general forftompatible
account self-interactions of the isoscalar-scalar meson fieldith relativistic invariance requirementsontainingo and
(cubic and quartic terms imr), quartic self-interactions of the fields(see also Ref.31]). Thus, introducing interactions and
isoscalar-vector meson fielthe cubic self-interaction-® self-interactions between isoscalar meson figtsse inter-

is not introduced because of its pajitgnd terms which are actions are represented diagrammatically in Figslan im-
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- G , o whereas for the meson and electromagnetic fields one has
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FIG. 1. Diagrammatic representation of interactions between DAVZE e(1+73)7,¢. (6)

isoscalar meson fieldéhe dashed line corresponds to the scalar
meson while the wavy line corresponds to thdield). Caseda),

(b), and(c) represeni®, ¢*, andw* self-interaction terms, respec-
tively, whereas(d) and (e) representow? and ¢w’ interaction
terms, respectively.

In Egs.(6b) and (6c) m% and’ are the scalar and-vector
effective meson masses, respectively. They can be written in
terms of thes and o, fields as

2
portant feature of our approach. It should be emphasized that yyx2— m5'+b_giM (g,0) +c_gi(g(,0)2+d_giM (9uw0)”
the inclusion of the functiondl, into the general frame- 9,0
work of relativistic description is a phenomenological proce- 1—2 2
dure similar to that of considering the short-range two-body ~2805(90%0)",
correlations. Let us notice also that separate components of ., ,  — — 5 T )
the potential energy functionél,, have been treated earlier M." =M, ~2dMg,(9,0)+z€0,(9,0)"+ 17, (9,wo)".
by different authors. @)

Scalar self-interactions were introduced originally into the
nuclear structure context in Ref@2-36. Extensive relativ- . TN %2 .
istic studies with cubic-plus-quartic scalar meson self-"Y o andey in m,~ andm,,” by thelr ground-state expec-
interactions have been carried out by the Hartree metholftion values. Then, the- and w, fields can be cast in the
both for spherical4,5] and deformed nucl€i37]. In Ref.  '0'M
[38] a comparison of the relativistic mean field thedwith
cubic-plus-quartic_ terms and_ the Skyrme ngtree-Fock cr(X)=—g(,J SO x,y)e(y) e(y)dy, (8a)
theory (for properties of nuclei and NMwas carried out. In
Ref. [7], o°+¢* terms were successfully included into the
g:ln:]ivg@ril.( of the relativistic Hartree-Fock theory of spheri- wﬂ(x):gwf S9x,y)ely) ,y'u@(y)d4y1 (8b)

Quartic self-coupling terms of the meson field were ) ©)
introduced into the relativistic theory in R¢B9]. They were ~WhereS” andS* are theos andw meson propagators. They
shown to be essential for obtaining a proper density depergatisfy the equations
dence of the vector potential. The effective Lagrangian with

To solve Eqgs(6) for o andw,,, we linearize them, replac-

2 o —
" self-interaction terms was utilized later in Refg4,40— [O+mzA(N)]1S(xy) = 8(x—y), (93
42] in the framework of a relativistic mean-field theory for 2
nuclear structure. [O+mi?(r)]S“)(x,y)=8(x—y). (9b)

Finally, the inclusion of therw? and o?w? terms is moti- ) o o _
vated by investigations carried out in RE8] and references For thew andp,, fields one can write similar expressions
therein. to Egs.(8a) and(8h) with the corresponding propagat@s’

The Euler-Lagrange equations for the various fields car@nd S¥. Note that theo and « effective massesn} and
be obtained from the Lagrangian density given by B. m? depend o and, consequenth5” andS'“’ do not have
For the nucleon field one has a Dirac equation the simple Yukawa form a8™ and S

In the present paper we investigated an effective Lagrang-

i M- L T ian including interactions and self-interactions of isoscalar
'Y u 90790y @u™ 3 T 0u® T GpY Put T fields. The interactions of isovector fields formally can also

be incorporated into the scheme of the present investigation.

For example, one may take into account self-interactions of

the p meson field of the typecS ~(g25, 5*)%. However,

since thep meson contribution itself is small in comparison

(63 with that of thew meson in the nuclear structure problems,
we may hope that including) will not influence essentially

f
4 v > >
oM at’d,p, T (el2) y*(1+ m3)A,

T > o
_m_ﬂ- 757/"6}”77-.7- QD(X):O,
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the results obtained here. For this reason, this type of self- TABLE |. Saturation nuclear matter quantities fitted by our RHF
interactions is ignored at the present stage. approximation to reproduce DBHF NM results obtained from dif-
The nonlinear terms proportional t6°c” and 7°w,w*  ferent types of OBEP'¢BM-A, BM-B, DJM, and DIM-Q.

(the strength of these interactions may be determined frorf
chiral model$ can be taken into account in the HF approxi- Type of OBEP BM-A~ BM-B DM  DIM-C
mation as a density-dependent contribution to the pion mass | _

and modifying the pion propagator in the same way as abov& (fm ™) 01788 0.1562 ~ 0.1718 = 0.1813
for the o and w,, fields [8]. However, it is known[1] that ~ E/Aled (MeV) —-1517 -1347 -148 -157
polarization effects induced by mesons in the nuclear me- K (MeV) 188 171 245 329
dium also produce a density-dependent contribution to th&s(po.k=kg) (MeV)  —368.1 —342.1 —404.7 —436.3
pion mass. It can be shown that these two density-dependeBf(p, k=kg) (MeV) 291.0 274.1 325.8 350.7
contributions almost cancel each other. Just for this reasos
the pion mass in the nuclear medium is taken to be equal to

its bare mass in the present investigation. Ill. RESULTS FOR NUCLEAR MATTER
From £ one can write down an equivalent Hamiltonian AND FINITE NUCLEI
density asH=Hy+H,, whereH, is linear in the meson

We start from the Lagrangian given by E3). This La-
grangian is considered as an effective one with the scalar
massm, and theg, andg,, coupling constants, the values of
— .= — b, c, d, e, andf being treated as effective parameters of our
— g 1 e I l )

Ho=¢(—iy-V+M)e+3¢(9,0+9,7 0, )¢, (10 theory (although actually our approach contains only five
adjustable parameters; see below

fields:

whereasH; contains only nonlinear terms like®, ¢*, o*

etc. The nonlinear character Bff; makes the calculation of
its exchange contribution to the energy rather complicated. ) ) _
Thus, as irmﬁ,‘z and mj,z, we replacer and w, field opera- Using the RHF approach, we dete_rmlne the effective pa-
tors inH, by their ground-state expectation values. rameters of our models by reproducing the DBHF nuclear
Using equivalent expressions to H8) for all the meson Matter resultequilibrium densitypo, binding energy per
fields in the Dirac equatiofdeduced frome) andH,, we  Particle  E/A)(pp), compressibility modulusK, scalar
can write both of them in a form where only the nucleon>s(Po.k=Kg), and tlme“_kezo(po,k:kp) components of the
fields ¢(x) are present. Then the Dirac equation can be obPucleon self-energyobtained by a number of authors on the

tained fromH,. Thus, in our approactt, plays the role of ~asis of freeNN forces.
a first order perturbation. We utilize here the DBHF nuclear matter results of

The nucleon fle|dp(X) can be expanded ona Complete SetBrockmann and MaCh|6|d]20] obtained for different fits of
of stationary single-particle Dirac Spino{rga(z)e—iEat}. As- one-boson-exchange potenti@lge consider two versions of
suming the tree approximation and the static limit for thec@lculations denoted as BM-A and BM:Band those of

meson fields, we obtain the Dirac equation for the spinoid® Jong and Malfief21] (denoted as DIM and DIMjGsee
f (%): Table ). We follow the notation utilized in Ref.24] (one

can find a more detailed description of the potentials and
notations in Refs[20, 21, 24). In the calculations we have
used M=939 MeV, m,=550 MeV (or 571 MeV),
m,=782.6 MeV (or 784 Me\), m,=764 MeV, m_ =139
MeV, g%4n=14.81, g74w=055, f,/g,=3.7, and
This equation is formally identical to the corresponding onef ,/g,=0. The quantities in parentheses are used in models
of Ref.[6] (whereU, =0); only theo andw propagators are fitting the DJM and DJM-C results.
different (one can find more details in R4f7]). We have performed two types of calculations with five
To calculate the nucleon self-energy entering the Diraadjustable parameters. In calculations of the first type, the
equation, we can use the expressions developed in[Bef. values ofg,, g,, b, ¢, ande or f have been chosen to
replacing the Yukawa propagators of th@nd e mesons by reproduce by our RHF calculations the DBHF nuclear matter
the new onegsee Eqs(9), for exampld. In NM, 3 is mo-  properties, whereas was taken equal to zero. Table | gives

A. Nuclear matter

[—ia-V+BM+B3(X)]f(N)=Ef(X). (12

mentum dependent and can be writter{ &As five NM quantities corresponding to our fits in the RHF ap-
proach for eachiNN interaction considered.
S(P)=3a(p)+ yoSo(P) + 7 PEu(p). (12) It is well known[6,7] that one-boson-exchange potentials

(OBEP’S generated by the exchange af and p mesons
contain a repulsive contact interactidr). In accordance
The scalag, timelike 3, and spacelik&, components  with nonrelativistic calculations, it is possible to simulate

of the self-energy are defined in Rd®B]. In the present part of the effects of short-range correlations 7#nand p
model, however, the free meson massgsandm, must be  contributions by removing the spuriodr) force from the
replaced by the respective effective massésandm’ . One  potential part of the nuclear Hamiltonian. To see the impor-
should have in mind also that the nonlinear part of thetance of this contact interaction, we have carried out RHF
HamiltonianH, should be taken into account when writing calculations of infinite and finite systems considering four
down the total energy of the system. models specified by the following choices.
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TABLE Il. Adjusted parameter values of different RHF effective interactions obtained by reproducing the
DBHF NM data of Table I.

Model M1 M2 M3 M4 M1 M2 M3 M4
Parameter BM-A BM-B

g§/4w 6.7616 7.6248 6.1715 7.8924 6.8723 7.9962 6.3821 8.1465
giﬁw 10.063 7.0022 9.0327 7.4593 10.417 7.6645 9.4424 7.9335
—bx10° 5.992 3.904 7.5092 3.6640 5.381 3.8217 7.4065 3.6431
Tx10° 2.828 —5.3967 1.587 —1.0646 4477 —4933 —0.0566 —1.1588
§<102 0 0 2.6397 1.9258 0 0 2.2598 1.7094
fx10? 2.844 2.1887 0 0 2.514 2.0898 0 0

Esym () 47.33 39.72 46.97 39.99 41.40 35.28 41.19 35.39
Parameter DIJM DIM-C

g§/47r 7.7341 8.9074 7.0264 9.4065 7.2281 8.7937 7.1844 9.3952
gﬁﬁw 11.575 8.6648 10.294 9.4689 11.317 8.9903 11.187 10.036
—bx10° 2.785 2.2021 3.8298 2.0909 1.146 1.2123 1.3436 1.1423
Tx10° 3.29 —2.516 1.1664 1.8185 2.485 —1.1453 8.5031 3.0018
§<1O2 0 0 1.547 1.816 0 0 1.8701 1.7357
fx 10 1.888 1.7997 0 0 1.339 1.6415 0 0
€sym(@4) 48.77 41.78 48.31 42.29 52.46 45.17 52.53 45,92

Model 1 (M1) corresponds te_=0,f_¢0 (no sforce inm  range of densities; our results give similar or better fits to

and p potentialg. o BM-B data than the corresponding ones obtained in Ref.
Model 2 (M2) corresponds te=0, f#0 (with §force in  [24]. The difference between mode¥s1—-M4 in reproduc-

7 and p potentials. o ing the E/A density dependence becomes important at rela-
Model 3 (M3) corresponds te+0, f=0 (no sforce inm tively high densitiegkg>1.8 fm ™).

and p potentials. o In Fig. 2(b) we present the same results as in Fig) 2
Model 4 (M4) corresponds te#0, f=0 (with §force in  coming from modeld2.1,M2, andM 2.2 (in all these cases

7~ and p potentialg. the ow? term is exclude)] while in Fig. 2c) the same results
The values of adjusted parameters for all these cases agge given for modeld2.3, M2, andM 2.4 (the o?w? term

presented in Table II. excluded. We see that thew? term does not influence es-

Calculations of the second type, allowing the parametersentially the E/A)(kg) dependence for NM, but the absence
‘e andf ord andf to be nonzero simultaneously, have beenof the o?w? term may produce a drastic effegto conver-
connected with the BM-B version of the OBEP. Trying to gence forM 2.3 atk->1.5 fm ! is achieved
incorporate all terms dfJ, into a self-consistent procedure,  Figure 3 illustrates thé&/A density dependence of neu-
we have considered four different modifications of model 2tron matter[the notation being the same as in Figa)2
(M2.1-M2.4). We have used only five NM observables. Differences between models with and withaift) interac-
Thus one of the valued or e was taken equal to zero while
f{he other one was chosen small and arbitrary to Ch_eCk Its TABLE Ill. Same as in Table Il, for the BM-B version of the
influence. Finallyg,,, 90 b., ¢, andf were treated as ad]gst— OBEP, but choosing or € different of zero.
able parameters. The fitting procedure was realized in the

same way as for calculations of the first type. The values of Model

the parameters obtained in this case are given in Table IIl.

Self-consistency was achieved for all parameter sets, at aftarameter M2.1 M2.2 M2.3 M2.4

densities investigated, except in the cé4®2.3, becausen’ 5

becomes zero at densities larger thgmand self-consistency go/Am 10.423 8.4439 6.6306 11.445

is lost. 92/4m 10.94 8.3902 5.6006 13.313
The results of our calculations are illustrated by Figs.—bx10? 4.65 3.59 0.61 8.93

2-7. In Fig. Za), the binding energy per particle/A in —cx10° 1.53 0.96 6.4 6.25

nuclear matter is given as a function of the Fermi momentuny 0 0 —~0.005 0.005

ke for the BM-B version of the OBE potential. Dots corre- 5~ 001 0.01 0 0

spond to the DBHF data obtained by Brockmann and:—
Machleidt in Ref[20], while curves represent our results for
modelsM1-M4. It is seen that theE/A)(kg) dependence esym@s) 36.83 35.58 34.29 37.27
is reproduced rather accurately by our calculations for a wide

0.1037 0.0230 0.041 0.0171




172

. SAVUSHKIN et al.

3 : gt -
S - &t -
g 1T -_
< <
> > ]
o - O F —
F 4
o e
| |
Q 1 1 1 8 N S S G |
' 1 1.5 2 ' 1 1.5 2
Ke (fm™") Ke (fm™")
T T 'll
3 1
(c) 1!
.II
I
ol k
I3 /1 7
/i
1
S ol I |
[ o«
= I
O_ ' —
(@]
: i
8 1 L " . s I ) P " 1
{ 1 1.5 2
Ke (fm™")

FIG. 2. (a) Binding energy per particlE/A in NM as a function of Fermi momentukg for the BM-B version of the OBE potential. The
dots show the DBHF data obtained in REZ0]. The curves represent our results: The solid line corresponds to btlethe dashed line
to modelM 2, the dot-dashed line to modkl 3, and the dotted line to mod&i 4. (b) The same results as {i@) but obtained for models
M2.1,M2, andM2.2. The solid line corresponds to modéP.1, the dashed line to modk12, and the dot-dashed line to modéP.2. (c)
The same results as {a) but obtained for models12.3,M 2, andM 2.4. The solid line corresponds to modi¢R.3, the dashed line to model
M2, and the dot-dashed line to modéR.4.

tion in the range of nuclear densities can be explained beFig. 4(e) for model M 2.1, corresponding to the BM-B ver-

cause of the different symmetry energy values. sion of the OBE potential. One can see from these figures
Contributions of separate nonlinear componentsipfto  that thes® contribution toE/A, for all models considered, is

the NM binding energyE/A at different densities are shown negative at all densities, and the contribution of tfeand

in Figs. 4a)—4(d) for modelsM1-M4, respectively, and in  ¢?w? terms is positive(unless these terms are included si-
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g§/4w20.4, as in Refs[20, 21], the a, value is reduced

o
(o]
N about 7%.
B. Finite nuclei
Using different sets of parameters given by Table II, we
3 . have carried out RHF calculations for the finite nucié®

and“°Ca. The results, including proton binding energies, to-
tal binding energies per particlgvithout c.m. corrections
and rms charge radii, are presented in Tables IV anth¥
experimental values are given in Table)MWodelsM 1 and

: M3 [without a &(r) interaction in7 and p meson contribu-
tions| give appreciably more bound single-particle levels and
nuclei than model$12 andM4 [with a &) interaction.

These results are related to the fact that models with a
repulsive §(r) interaction need a stronger attractive finite-
- range force to reproduce the saturation conditions of NM. In
atomic nuclei, the finite-range force is less effective than the
zero-range force because of the nuclear surface. As a result,
models with a repulsivé(r) force are less bound than mod-
els without it.

N The experimental binding energies fio0 and“°Ca lie
1 1.5 2 between the corresponding results for models with and with-
K (fm™") out a &r) interaction. This is what we will expect if we
introduce form factor§FF’s) to take care of the finite size of

FIG. 3. The same curves and notations as in Fig) But for  nucleons and take into account short-range correlation ef-

neutron matter. fects. Thus, because of the FF’s, the repulsi®e interac-
tion is replaced by a repulsive short-range interaction and
multaneously, while that of theo* term may be negative Corrélations do not eliminate completely this contribution.
[BM-B(1)] or positive[BM-B(2,3,4,2.1]. The char_ge radius is too small, mainly M1 and M3 _

In Fig. 5 we show the RHF fitting oE(kg ,k=kg) and models, whlch.are more bound. We must note at thI.S point

3 «(ke ,k=kg) to the DBHF calculations of Refi20] for that the repulsiveXr) interaction decreases the density os-

M1-M4 models corresponding to the BM-B version of the C|rlllat|0ns |Cin3|de nuclei 7] and contributes to increase the
OBE potential. Our results of the spacelike componenf: arge radius. .

_ The NM saturation density, and the scalar mass,, are
2v(kg ,k=Kkg) of the nucleon self-energy are also presentec{W g

. . 0 very important quantities in determining the charge ra-
grheese[i;HF results for this component are not available atdius. Thep, values taken in the present paper from models

, ) , BM-A, DJM, and DJM-C, are larger than the values usually

_ It was ment|one_d abpve that dressmg _of isoscalar meson$seq in phenomenological relativistic modé6s7] (not re-

in the _nuclear medium is an essential point of our approachated to the BHF approximationAs for the bare scalar me-

For this reason, the density dependence of the effective megy, mass, the values of, (550 or 571 MeV used in models

son masses, andm, is shown in Figs. &), 6(b), 7(@, and  BM-A, BM-B, DJM, and DIJM-C are larger than the opti-

7(b) for modelsM2.1-M2.4, respectively, corresponding to mum ones used in phenomenological relativistic approaches

the BM-B potential. It should be noted that, in the caseto obtain a good description of finite nuclei geometrical

M2.3, m; goes to zero akg~1.5 fm %, almost at normal properties[6,7]. Just these two parameters are mainly re-

nuclear density. sponsible for the small values of the charge radii found in
An interesting NM observable is the symmetry energythis work in comparison with the experimental data. The

(esymaz, a being the asymmetry parameteffhe value of value of theK modulus, rather small in models BM-A and

esym at the saturation densitg, has been calculated for all BM-B, is also responsible for a larger compression of nuclei

models considered here, and the results are shown in Tabléscause of the surface tension.

[l and lIl. It is seen that the BM-B potential, for models with ~ The spin-orbit splittings are too large in models giving the

&(r) interaction, gives quite reasonable values of the symmesmallest values of the charge radii. In these cases the nuclear

try energy coefficient, in contrast to the other versions of thesurface is sharper and the fields are stronger, and as a result,

OBE potentials, which give too strong valugmote thate,,,,  the spin-orbit interaction is larger.

is an increasing function op [45] and that the estimated The best models correspond to the BM-B OBEP interac-

experimental, value is=35 MeV [31]) tion. Different choices fod, e, andf have been tried. Our
The symmetry energy was obtained in all models considealculationgsee Table |l show that thed parameter should

ered here at the fixed values gﬁ/47r (=0.59 and f /g, be very small and reasonable results can also be obtained

(=3.7). It is worth noting that a smalleg, could be ob-  with negative or positive small values ef

tained by decreasing thg, value, with only very small In Table VI the most reasonable results of the present

modifications of NM properties. For instance, taking RHF calculation, obtained for the moddI2.1, are compared
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FIG. 4. (a) Contributions to theE/A of separate nonlinear componentstbf as functions ofkg for the BM-B version of the OBE
potential. ModelM 1. The dashed line corresponds to thecontribution, the dashed-dotted line to théself-interaction, the dotted line to
the w* term, and the solid line to ther*+ "+ »?) interaction.(b) The same as ifa). Model M2. (c) The same as ifid). Model M3. The
dashed line corresponds to th&contribution, the dashed-dotted line to thself-interaction, the dotted line to théw? term, and the solid
line to the(¢®+ o+ 0?w?) interaction.(d) The same as ifa). Model M 4. (e) The same as ife). Model M2.1. The dashed line corresponds
to the ¢® contribution, the dashed-dotted line to tiéself-interaction, the dotted line to th€w? term, the dashed-triple-dotted line to the
o* self-interaction, and the solid line to tie®+ o*+ w*+ d?w?) contribution.

with both the best results from Ref24], obtained in the calculations give very close results and are in reasonable
RMF approximation, and the experimental data. The preserdgreement with experiment.

calculations and those of Rd24], based on the BM-B in- The results for the modeé¥2.2 are very similar to those
teraction, contain the same numkéy of parameters: g, of the modelsM2.1 andM 2, although for the modei12.1

d.,, b, ¢, andf. In M2.1 thee value (=—0.01 is chosen the nuclei are a little less bourideeE/A(kg) in Fig. 2(b)].
arbitrarily, i.e., not fitted. A detailed comparison of single- The problem of inverted position of levelsg,-1d5/, ob-
particle levels,E/A, Ry, and AE, 5 shows that these two tained in Ref[24] is also present in our calculations. Com-



55 EFFECTIVE INTERACTION FOR RELATIVISTC . .. 175

T T T
gL ]
I (o)

o
o 4
'/
= -
~ -
< e
(] L~ -
ol memmmiiiz—- o — 27T e
\\\ -
\\
ol T~
ey _
|.
ok
9 1 s s . " 1 . . N L
| 1 1.5 2
-1
Ke (fm™")
FIG. 4 (Continued.
T T T
o
S+ 4
re}
>
[}
2°er 7
]
o
S
3+ 4
|
1 1 |

1 1.5 2
Ke (fm™")

FIG. 5. Present calculations &fy(kr .k=Kkg), 25(kg . k=kg),
and 3y(kg ,k=kg) components and for the BM-B version of the
OBE potential for model$11-M4. The types of the lines are the
same as in Fig. (). The dots show the results farg(kg ,k=kg)
and2 g(kg ,k=kg) from Ref.[20].
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FIG. 6. (@ mZ as a function of the Fermi momentuka . The
results are given for the BM-B version of the OBE potential for
modelsM 1-M 4. The type of the lines are the same as in Fig).2
(b) m¥ as a function of the Fermi momentuka . The types of the
lines are the same as in Fig.ag

paring the results for modeM 1 andM 3, one can see that in
absence of ajr) interaction in7 and p potentials and for
sets with a moderatié modulus, a positive value favors a
larger binding energy of thes?,, level, recovering the nor-
mal single-particle order.

The saturation properties of nuclear maftey, E/A(py)]
of the BM-A and DJM-C interactions are in better agreement
with the usually accepted ones than those derived from
BM-B and DJM interactions. On the other hand, for finite
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FIG. 7. (&) The same as in Fig.(6) but for modeldM2.1,M2.2,
M2.3, andM2.4. The solid line corresponds to moddl2.1, the
dashed line to modé¥1 2.2, the dot-dashed line to moddI2.3, and
the dotted line to modeM2.4. (b) The same as ifa) but for
m*

w "

TABLE |IV. Results of RHF calculations for finite nuclei for

modelsM1 andM 2.

Model M1
BM-A BM-B DJM DJM-C

160
1s4/5 (MeV) 68.87 59.16 66.65 68.42
1psp (MeV) 35.17 29.30 35.15 36.96
1py (MeV) 21.34 18.01 20.13 20.23
E/A (MeV) 11.9 10.1 11.3 11.2
Rep (fm) 2.19 2.31 2.25 2.24

“Oca
1dsp, (MeV) 25.54 20.9 26.34 28.68
251, (MeV) 19.78 14.2 18.26 16.71
1dg, (MeV) 15.14 12.2 14.85 15.37
E/A (MeV) 10.8 9.2 10.3 10.3
R¢p, (fm) 2.95 3.11 3.01 2.98
Model M2

BM-A BM-B DIM DJM-C
160

15y, (MeV) 51.5 43.7 53.0 54.3
1psp (MeV) 23.3 19.5 25.0 26.1
1p4 (MeV) 13.5 12.0 13.3 13.5
E/A (MeV) 7.55 6.77 7.45 7.38
R¢p, (fm) 2.46 2.59 2.46 2.45

40Ca
1dg;, (MeV) 16.0 20.9 22.4
2315 (MeV) 8.99 8.80 8.54
1ds, (MeV) 8.15 9.19 9.7
E/A (MeV) 7.34 8.10 8.23
Rep (fm) 3.30 3.17 3.15

nuclei. This compensation is more than enough for models
without &(r) in 7 andp interactions(M 1 andM 3), whereas
for the other modelfM2 and M4) it is not enough. We
would like to note down here that our calculations coincide
in this point with the Gmuca results obtained in the RMF
approximation24] for the BM-B potential.
In Table VI our results are also compared to the RHF
results of Ref[30], based on the model RDHF3C and on the
BM-A version of the OBE potential. The andp mesons are

treated similarly to the present case. The essential point of
the model RDHF3C is the density dependence of the isosca-
lar coupling constantg, andg,. The meson-meson interac-

tions are not taken into account. It is seen that our effective
interaction approach gives a better description of single-

nuclei, models based on the BM-B interaction, especially Séparticle spectra, binding energies, and, especially, spin-orbit
M2.1, are the best ones. This observation, a little surprisingsp|ittings than the approximation considered in R81)].

can also be extracted from the Gmuca results.
As we said before, a relatively small value g, in com-

IV. SUMMARY

parison with the usually accepted one, seems to be required

in RHF calculation$6,7]. On the other hand, the small value

In the present paper we have investigated various types of

of the NM binding energy per particle in models BM-B is effective interactions calculating the ground-state properties

compensated by relatively largm, and smallK values,

of finite nuclei in the relativistic framework. As mentioned

which are responsible for a small surface energy in finiteabove, an investigation of the same type is carried out by
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TABLE V. Results of RHF calculations for finite nuclei for TABLE VI. Present calculations are compared with the relativ-

modelsM3 andM4. istic mean-field results obtained in R¢24] (BM-B version of the
OBE potential, the relativistic HF results of Ref30] (designated
Model M3 as RDHF3G@, and the experimental data. The calculations of Ref.
BM-A BM-B DJM DJM-C [30] include = andp mesons and are based on the BM-A version of
" the OBEP.
O
15y, (MeV) 745 65.6 71.7 68.8 Present BM-B version Experiment
1ps), (MeV) 38.8 33.2 38.7 373 theory of Ref.[24] Ref.[30] [43,44
1p1, (MeV) 21.7 18.5 20.3 20.2 180
E/A f(MeV) 12'1‘4 2'24 1;'20 1;'54 sy/» (MeV) 43.7 41.07 42.98 468
cn (fM) : : : : Pan (MeV) 20.0 18.77 21.31 18.4
400, P (MeV) 13.2 12.38 15.72 12.1
AEpmi " (MeV) 6.8 6.39 5.59 6.3
1ds, (MeV) 27.2 22.4 28.0 28.9 —E/A (MeV) 7.81 7.89 7.41 7.98
251/, (MeV) 29.2 27.5 25.6 17.3 Ren (fm) 2.59 253 2.68 2.73
1d3); (MeV) 15.7 12.9 14.8 15.4
E/A (MeV) 10.7 9.12 10.1 10.3 40ca
Rep (fm) 2.90 3.03 2.96 2.98
ds;, (MeV) 15.91 14.54 18.95 15.5
251, (MeV) 7.41 6.92 13.78 10.9
Model M4 dgp (MeV) 8.99 8.66 12.67 8.3
BM-A BM-B DIM DJIM-C AEdM? " (MeV) 6.92 5.88 6.28 7.2
g —EIR Mev) 8.09 7.72 7.81 8.55
Rep (fm) 3.35 3.38 3.35 3.48
1sy, (MeV) 45.4 42.8 50.8 53.0
1ps, (MeV) 20.2 19.2 24.0 25.6
1py, (MeV) 12.5 12.0 13.6 13.9
Eif(im)e\/) g:gg ggi ;22 Z:ig reproducing within the RHF method the DBHF data for NM.

The two remaining parameters have been chosen in an arbi-
40ca trary way.
Our results show that thew? term does not influence

1ds/, (MeV) 16.73 15.6 20.1 21.9 essentially the NM binding energy density dependence,
2s1, (MeV) 9.24 8.68 8.39 8.27 \yhile the contribution of all other components by, is
1d3, (MeV) 8.47 8.13 9.65 9.98 much more important.

E/A (MeV) 1.47 7.39 8.28 8.38 Models connected with the BM-B potential, especially
Ren (fm) 3.24 3.33 3.21 3.17

those without ad(r) force, give very good values of the
symmetry energy. The Fock terms play an important role in
determining this quantity. Note that the RMF approximation
considered in Ref.24] (without ap meson givesa, values
Gmuca in Ref[24]. In both cases the effective interactions close to 20 MeV.
are derived from the same DBHF results. However, these The effective interaction obtained is utilized to calculate
two effective approaches differ in the general structure of thdinite nuclei propertie¢see Tables IV-\)| without introduc-
effective interaction and in the presen@s absenceof the  ing new additional parameters.
Fock-exchange terms. To make a direct comparison with the RMF results of
We aim to provide a direct link between the nucleon-Ref. [24], our calculations are restricted to the same nuclei
nucleon interaction and the nuclear structure within a relativ®0 and“°Ca which were considered by Gmuca. The results
istic model, taking into account all reasonable mesons, shown in Tables IV and V, obtained using the effective La-
, and p (both vector and tensor couplingsThe effective  grangian without eithew?w? or * terms, for all models
interaction just contains the nonlinear functiohh|, of the considered and all versions of OBE potentials are rather poor
most simple general form compatible with relativistic invari- in comparison with experiments and previous stud&g].
ance requirements, including all possible terms of interactiotHowever, the results given in Table inodelM2.1, based
and self-interactions of isoscalar meson fields of order nobn the BM-B version of the OBEP obtained when both
higher than quartic in meson fields. oo’ and w” terms are included, look quite reasonable. This
In Ref.[24], the RMF approach was adopted and, consefact shows that?«? andw* terms ofU,, are essential com-
quently, the contributions ofr and p mesons were ignored. ponents of the effective Lagrangian adopted here; moreover,
Furthermore, only self-interactions of the and @ meson as seen from Table Ill, the negative value of the coefficgent
fields were involved, therw? and 0?0’ terms being com- (determining the strength of the?w? interaction is prefer-
pletely ignored. able (e=—0.01). The important role of the’w? term is
Our approach contains five fitting parameters, just thelemonstrated also by calculations in the moéli.3. Con-
same number as in ReR24], which have been adjusted by vergence is lost when this term is neglected.
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The approach developed here can be considered aspaopagators in calculating properties of nuclear structures
method avoiding complete DBHF calculations for finite within the RHF framework.
structures. Inclusion of self-interactions and interactions be-
tween different meson fields leads to meson dressing, i.e., to
the density dependence of the meson effective masses. Me-
son dressing in the nuclear medium is one of the key ingre- Two of the author4L.N.S. and V.N.F. are very grateful
dients of our theory. Thus the effective interaction intro-to the University of Cantabria for hospitality. All of the au-
duced in this paper may be considered as a convenient tool thors are also very thankful to Nguyen Van Giai for helpful
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