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Relativistic mean field approach with density dependent couplings for finite nuclei
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We study finite nuclei within the relativistic mean field approach with density dependent cou(iRiktgD)
based on the relativistic Brueckner-Hartree-FORBHF) results on nuclear matter. We take the linear rela-
tivistic mean-field Lagrangian with mesons o, 8, and p, whose coupling constants with nucleons are
determined so as to reproduce the RBHF results of nuclear matter at various densities and proton fractions. We
apply the RMFD approach to various nuclei with spherical shape including unstable ones in the periodic table.
We find satisfactory results on the nuclear properties. We emphasize here that the proton and neutron effective
masses are largely different from each other as the proton fraction is decreased,fdhd, which forces us
to include the isovector scalar meséiin our approach[S0556-28137)00703-9

PACS numbdps): 21.60.Jz, 21.65:f

I. INTRODUCTION tron stars [8,9]. The calculations of Brockmann and
Machleidt were, however, limited to nuclear matte and neu-
It is very important to reproduce the saturation property oftron matter3].
nuclear matter for the description of finite nuclei and also of Very recently, Engvilket al. calculated the matter proper-
neutron stars and supernovas. The long efforts with théies at various densities by changing the proton fractions
Brueckner theory in the nonrelativistic framework revealed[10]. They applied the RBHF results to neutron stars by im-
that the use of the two-body interaction extracted from theyosing thes equilibrium condition. With their efforts, we
nucleon-nucleon scattering does not reproduce the saturatigibw have new information on the behavior of nuclear matter
property [1]. The calculated results with various tensor at various proton fractions. A thorough investigation of the
strengths on the saturation point rather fall in the so-callelRBHE result is very important for the understanding of
Coester line, which tends to avoid the empirical saturatiomyclear matter properties. It is then very interesting to apply
point [2]. the RBHF results on finite nuclei, as was done for symmetric
Recently, Brockmann and Machleidt took the relativistic nyclei.

framework and performed the relativistic Brueckner Hartree-  Hence, in this paper, we would like to develop the rela-
Fock (RBHF) calculation, where the coupling constants andtjyistic mean-field theory with variable coupling constants
the form factors of the one-boson exchange potentia RMFD) so as to reproduce the RBHF results at various pro-
(OBEP were fixed by the nucleon-nucleon scattering dataon fractions. We would then apply the RMFD approach to
[3]. They found that the relativistic description was essentiahyclei in the periodic table.
and provided a new Coester line, which goes through near This paper is arranged as follows. In Sec. I, we briefly
the empirical saturation point. In particular, the use of thegiscuss the RMED approach and the method of fixing the
parameter set A, which has the smallest tensor strengtoupling constants using the RBHF results. In Sec. Ill, we
among the parameter sets used there, reproduces nearly th@sent the behavior of nuclear matter at various densities
saturation property3]. The relativistic effect provides a and proton fractions. We show also the behaviors of the cou-
strong density-dependent repulsion, which changes the equgfing constants extracted from the RBHF results. We then
tion of state(EOS totally at higher densities than that of the apply the RMFD approach to finite nuclei and compare the
nonrelativistic EO4,5]. This density-dependent repulsion results with experimental data for many nuclei including
originates from the pair terrZ graph), if expressed in the some unstable nuclei in Sec. IV. We devote Sec. V to the

nonrelativistic languagg4,5|. summary of the present work.
Encouraged by this finding, there were many applications
of the RBHF results on nuclei and neutron stars. The RDDH

approach was developed for finite nuclei with the use of the Il. RMED APPROACH
relativistic mean-fieldRMF) theory with density-dependent '
couplings so as to reproduce the RBHF res(ii§ This We follow exactly the concept of the RDDH approach for

RDDH approach provided very good results on the nucleathe construction of the RMFD methd@&]. The concept is
properties as the binding energy and the nuclear radfi®®@r  similar to the work of Negele for his application of the non-
and “°Ca. Including thep meson and the rearrangement relativistic Brueckner-Hartree-Fock results on finite nuclei
terms, finite nuclei including heavy ones are studied in thausing the local density approximati¢thl].

same framework7]. Applications were done also for neu-  We start with the RMF Lagrangiari2,13,
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FIG. 1. Energy per particl&/A of nuclear matter for various FIG. 2. Effective masses for protons and neutrons for various

proton fractionsY,, as a function of the nuclear matter density proton fractions(Y,=0.5, 0.2, 0.1, and)0as a function of nuclear
The solid curves denote the results of Engvik in stepa ¥f=0.1 matter densityp. These are the results of Engvik using the RBHF
starting fromY,=0.5 to Y,=0. The results of Brockmann and theory.
Machleidt forY,=0.5 andY,=0 are shown by dashed curves, for
comparison.
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Here, we have explicitly written the density dependence of g
the coupling constantg,,, g,,, 95, 9,- Hence, we write

RMFD as the suffix of the Lagrangian, whelbe stands for oGP
density. Although written here is only, we mean it ap, P=" T (py=p3)-
and p,,, the proton and the neutron densitigsdenotes the p

nucleon field including protons and neutrons with being

their mass andy, the Diracy matrix. 7* is the isospin ma- Thepg's are the scalar densities,
trix; the Pauli matrix, with the eigenvalues fet, are +1 for
neutrons and-1 for protons in our nuclear physics conven- o od3k M*

tion. In addition to theo, w, andp mesons, we have intro- p2=2f e — (4)
duced the isovector scalar mes§rwhich is found necessary o (2m)° Ej

to reproducing the results of RBHF for variopsandp, . Lg

denotes the boson Klein-Gordon part in the standa_rd formand the corresponding one fpf. Here, the effective mass
[12,13. A* denotes the electromagnetiEM) photon field  \v* js given asM* =M +g,(p) o+ gs(p) &° for neutron and

with the elect.ric charge. This Lagrangian is to be consid-. M*=M+g,(p)o—gs(p)& for proton. The energies are

s;?gr?tse;hat in the nuclear matter frame of the Lorentz |nEnz”= k2+M*2 and E§=k2+ MSZ. The p,’s are the vector
pression of the RMFD Lagrangigfi. densities

In order to make a connection with the results of RBHF at '

variousp, andp, , we first work out infinite matter. We take 5

the mean-field approximation for the meson and the photon n_ jk? d°k

fields and all the symmetry requirements. For genggaind Pv= o (2m)%’ ®)

Pn, We get the Dirac equation

and the corresponding one faf. We note that we have

v gh—M— o—g, 0_ 080 dropped the rearrangement contribution in the Dirac equa-
L 95(P)7=0u(P) 700"~ 0l ) tion, since such a consideration is not made in the RBHF
=9,(p) °y0p® =0 (20 calculation[7].

The RBHF calculation provided 7, UR, U7, andU P for
various p, and p,. These scalar and vector potentials are
with related with the coupling constants as
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29> -V2+m?)o(r)=—g, 1)+ pP(r)],
U+ UP— — gr;(zp) (" + o), ( P o(r)=—0g4(p)lps(r)+ps(r)]
. (= VZ+mE)w’(r)=+g,(p)[p5(r)+pb(n)],
€)
20%(p) (= V2+m3) &%) =+g(p)[p3(r) = ()],
n pP_ d n p
U, tU,=+ m? (P, pu), 2.4 2y 00 n p
w (=Vo+m)p™(r)=—9,(p)[p,(r) —py (1],
(6)
—V2A%r)=ep”(r).
2g3(p) . .
Ug—UE=+—=%—(pi—ph), We solve these coupled differential equations self-
Ms consistently. After solving the coupled differential equations,
we can calculate all the physical quantities. The expression
26%(p) for the energy iE=E,+Eg, where
g,lp
UL-Ub= - =25 (ol b 3
P ER:_f d>r[Ra(p)pn(r) +Rp(p)pp(r)]  (10)

0i1s the rearrangement contribution wily, being the energy

These relations indicate that the complete reproduction of’, A
without the rearrangement contributipb2,13. We remove

the RBHF results needs th&#meson. We shall discuss the o : :
behaviors ofU’s and further the extracted's at various f[he center-of-mass contribution using the simplest formula as
densities in the next section. We mention here that we hav Ref [14]

used the approximation that the Dirac potentials are momen- 3

tum independent, although they depend on the densities AE.,=-41A" 13 (12)
(Fermi momenturn This approximation is extremely good 4

for nucleons up to slightly above the Fermi momenti8h We take the pairing correlations into account by using the

The variation of the potentials with momentum is less than :
few percent. This momentum dependence is included in theall?CS theory, following the procedure of Refd] and([15].

self-consistent calculations of the RBHF equati¢Bsl0]. n this work, we do not consider the deformations.
Hence the calculated results under this approximation are
slightly different from the RBHF results fdg/A. The differ-
ence is, however, very small. .
We write the equations of motion of nucleons and mesons e present here the results of the RBHF calculations ob-
for finite nuclei. The normal modes of the nucleon field aretained by Engviket al. [10]. First of all, we show in Fig. 1
obtained by solving the following equation: the energy per particle of nuclear mattg-r for various proton
fractions, Y, ,[ = py/(pn+ pp)], as a function of the nuclear
matter densityp(=p,+p,). The solid curves denote the re-
sults of Engvik in step oAY,=0.1 starting fromY,=0.5 to

Ill. RBHF RESULTS AND THE RMFD PARAMETERS

—ia-V+BM+Bg,(p)a(r)+g,(p)w’(r) Y,=0. As comparison, we show the results of Brockmann
and Machleidt[3] by dashed curves fo¥,=0.5 (nuclear
(1-79 mattey andY ,=0 (neutron matter We note thaE/A shown

+Bds(p) °8%(r) +9,(p) °p%Ar) e > A%(r) here are calculated by using, and U, and therefore they
are slightly different from the values tabulated in their papers
1+7 [3,10. These two groups do the same calculations and
+Rn(p) ——+Ry(p) T} hi=Ei¢; (1) should get the same results féf,=0.5 andY,=0. The dif-
ferences are not large, but appreciable. They should originate
from the ambiguities in extractiny, andUg. U, and U
with the rearrangement terR,(p) for neutrons, are, in principle, dependent not only on the Fermi momen-
tum (density, but also on the momentum of each nucleon.
They are, however, approximated to be constant of momen-
o o tum. The slight fluctuations seen in the results of Engvik are
0’ (r){¥y"¢¥)  to be considered as the numerical ambiguities in extracting
U, andUg in the RBHF calculations at present.
d 00 Surprising results of the RBHF calculations are shown in
(9_,% 9p(p)|p(r) Fig. 2 for the proton and the neutron effective masdésfor
O various Y, as a function of nuclear matter density For
X0y, (8)  Y,=0.5, the effective masses for protons and neutrons are
the same, as indicated by the thick solid curve. Wsis
decreased, the neutron effective mass increases at all densi-
We get a similar expression f&,(p), which is obtained by ties, where the cases ff,=0.2, 0.1, and 0 are shown con-
replacingp, by p, in the derivative of the coupling constants. secutively with sold curves to avoid confusion of the presen-
The Klein-Gordon equations far, w, &, p are tation. The proton effective mass behaves differently. At

0 7_0

o (1)) +

d d
R”(p):{ﬁ_pn d.(p) apr 9.(p)

() (yr0y)+

J
+L7_Pn gs(p)
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FIG. 3. The scalar and vector potentials for protons for various FIG. 4. The scalar and vector potentials for neutrons for various
proton fractionsY|, as a function of the nuclear matter density Y, as a function of the nuclear matter dengityThe notations are
The results a¥ ,=0.5, 0.4, and 0.3 are denoted by solid curves andthe same as in Fig. 3.
those aty,=0.2, 0.1, and 0 by dashed curves. These are the results

of Engvik using the RBHF theory. p=0.068and 0.09 withY,=0.45 and 0.5 down tp=0. The
same method is used for other coupling constants. We find
smaller densities, the proton effective mass decreases wigimilar behavior for thes meson coupling also.
decreasing,, while at larger densities, it increases with, Here, we note that we are unable to drop ¥igdepen-
which is shown by dashed curves. At largethe effective dence ing, andg,,. In fact, we tried to take out th¥,,
masses of protons and neutrons tend to coincide. This effeglependence of, and g, and try to reproduce the RBHF
is not considered up to now in any of the relativistic mean-results by using again thé, independent isovectoig; and
field (RMF) theories[14,16]. g,. The outcome was very bad. Hence, we decided to allow
We also show the results of the RBHF calculations on théhe Y, dependence for all the couplings.
vector and the scalar potentials for protons and neutrons at The § meson couplingy; decreases monotonically with
various proton fractions in step dfY,=0.1 as functions of ~density. TheY, dependence seems weak. Hence, for our
the nuclear matter density in Figs. 3 and 4. We recognize thdaractical study of finite nuclei, we may be able to t
the potentials are almost unchanged at largg for independeng ;. This observation is true also fg,. In this
0.3<Y,<0.5 as shown by solid curves except for the protonstudy, however, we keep the sm#l| dependence for calcu-
potentials at small densities. However, they change largeliations of finite nuclei.
asY, is decreased further, which is shown by dashed curves. The p meson coupling, also decreases monotonically
Notice that the behaviors of potentials are largely differentwith density. At high densityp>0.2 fm™3), it even changes
between protons and neutrons at sn¥g/L sign. We need to explain this sign changegpf In the RMF
From these vector and scalar potentials for protons antheory, we change the sign of the meson Lagrangian entirely
neutrons at various densities and proton fractions, we artor the p meson, the kinetic part, and the mass part, in order
able to extract the coupling constays,g,,,95.9,. Since  to change the repulsive contribution of themeson to the
the range information is lost in nuclear matter, we take theattractive contribution. This change of the sign of fhene-
masses of mesons as those values of the parametdy. set Son part does not influence the results of finite nuclei, since
They arem,=550 MeV; m,=782.6 MeV; m;=983 MeV; the nuclear density does not go up to this large value.
m,=769 MeV. We consider these masses as our standard
choice of the study of finite nuclei. We show in Fig. 5 the
coupling constants for various, as a function of the nuclear
matter density. We calculate finite nuclei with the RMFD approach. The
The o meson couplingy,, decreases with density mono- parameters for the meson couplings are those shown in Fig.
tonically. The dependence on the proton fractignis inter- 5. The calculated results for the binding energy per particle
esting. At largep (p>0.1 fm3), theY, dependence is small BE/A and the charge radiug; are compared with experi-
down toY,~0.3, but it becomes strong for smallgp,. At ment in Table I. In addition to stable nuclei, we calculate
smaller p (p<0.1 fm™3), g, increases with decreasing, also unstable nuclei in order to see the isovector effect.
down toY,~0.3 and then decreases with decreasfpgWe The experimental values are listed in the second column
note here that the behavior of the calculated results of Engn units of MeV. When we choose the standard masses for
vik at p=0.035and 0.049 withY,=0.45 and 0.5 is irregular. mesons, the results found are those listed in the third column.
On the other hand, such an irregular behavior is not found iThe energy is about 1 MeV small@inder binding for 1°0.
the results of Brockmann and Machleidt¥ig=0.5. There-  The corresponding charge radius is 2.61 fm as compared to
fore, we disregarded the results at these four points. Then wibe experimental value 2.74 fm, as listed in the seventh and
made smooth linear extrapolation using the results asixth columns. The radius is about 0.1 fm smaller than ex-

IV. FINITE NUCLEI
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FIG. 5. The coupling constantg,,, g,,, 95, andg,,, for various proton fraction¥, as a function of the nuclear matter densityThe
standard masses are used for these mesops550 MeV; m,=782.6 MeV;m=983 MeV; m,=769 MeV in order to extract the coupling
constants from the scalar and the vector potentials of Engvik. The resi{s=dL5, 0.4, and 0.3 are denoted by solid curves and those at
Y,=0.2, 0.1, and 0 by dashed curvés). The o nucleon coupling constagt, . (b) The w nucleon coupling constagt, . (c) The § nucleon
coupling constangs. (d) The p nucleon coupling constamj, .

periment. This small radius is related with the saturation dentwo groups indicate the difficulty of extracting the momen-
sity of the RBHF results with sef, which is 0.19 fm®  tum independent vector and scalar potentials in the RBHF
instead of 0.17 fm®. Similar results are also found f8fCa.  calculations of nuclear matter.
Hence, the isoscalar part of the RMFD approach is almost We should mention also the difference of our results from
satisfactory. those of Fuchet al.[7]. They are again based on the RBHF
Here, we would like to make a comparison with the re-calculation of Brockmann and Machleidi8]. Hence, the
sults of Brockmann and ToKi6]. They found the binding same statement as made above holds in this comparison. We
energy 7.5 MeV and the charge radius 2.66 fm i and  should therefore consider that the effective theory as the
8.0 MeV and 3.36 fm fof°Ca. These differences are causedRMFD approach, which based on the infinite matter results
by the very small differences iB/A (Ug andU,) at small  of the RBHF theory, is almost able to reproduce the proper-
density between the two group,10]. In fact, the binding ties of finite nuclei. We considexE~1 MeV, AR.~0.1 fm
energy result is sensitive to the couplingsgyf andg, at  as the error of the RMFD approach.
small density. When we replaagg, and g,, of Brockmann Nuclei with the neutron numbex being different from
and Toki, which are based on the RBHF calculation ofthe proton numbeF are calculated for several nuclei. Gen-
Brockmann and Machleidt, by the presentandg,,, at the erally, the binding energies are smaller by almost 1.5 MeV
small density(p<0.04 fm ), we found that the binding en- than the experimental values. The isovector mesons contrib-
ergy for %0 is decreased by 0.4 MeV and the charge radiusite repulsively and reduce the binding energy by about 0.5
decreased by 0.05 fm. We note that the rearrangement terMeV. This we can see by suppressing theand p meson
contributions are included in Table I, while they are not in-contribution in the RMFD calculations, the results of which
cluded in the results of Brockmann and Toki. These veryare shown in the fourth column f@E/A and in the ninth
small differences ife/A (Ug andU,) at small density by the column forR.. The change in the charge radius is small.
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TABLE I. The binding energies per particlBE/A [MeV], and the charge radR. [fm] are listed for various nuclei denoted in the first
column. The experimental values are given in the second colunmBEbA and in the sixth column foR.. RMFD denotes the results of the
RMFD calculations with the use of the density dependent couplings,far, 6, andp mesons. The rearrangement terms are also included
for these calculations. RMFD with, o denotes the results with only the and @ mesons with rearrangement terms. RMFD wRrk-0
denotes those with all the mesons but without the rearrangement terms.

BE/A RMFD RMFD Re RMFD RMFD
Nucleus (MeV) RMFD o,0 R=0 (fm) RMFD o,0 R=0
%0 7.98 7.01 7.01 6.89 2.74 2.61 2.61 2.50
220 7.36 5.92 6.34 5.74 2.65 2.61 2.56
“ca 8.55 7.54 7.54 7.43 3.45 3.31 3.31 3.20
“8Cca 8.67 7.18 7.39 7.03 3.45 3.35 3.36 3.24
907¢ 8.71 7.38 7.48 7.19 4.26 4.07 4.07 3.98
1245 8.47 6.88 7.17 6.76 4.67 451 4.51 4.38
208pp 7.87 6.20 6.56 6.08 5.50 5.33 5.31 5.15
24pp 7.77 6.05 6.50 5.95 5.32 5.29 5.21

We discuss here the meson mass dependence. The mederp,+ p,) and the proton fractior, [=p,/(p,+pp)]. The
mass contributes to the range of the effective interaction. Imeson couplings are fixed at variopsandY,, so as to re-
principle, the ranges of these interactions could change iproduce the RBHF results of Engi0]. It is very interest-
nuclear medium from those in free space. The results preng to note that the effective masses for protons and neutrons
sented up to now are those with the use of the same mesame largely different at smal,. This large difference can
masses as those of thEN interaction. We know that the use only be accommodated by introducing thé meson
of largerm,, increases the binding energy, while it decreasegisovector-scalar mespn
the nuclear radif17]. When we taken,=600 MeV instead We have made calculations of finite nuclei including the
of m,=550 MeV, we findBE/A is increased by about 1 unstable ones in the periodic table in order to better see the
MeV and the radius is decreased by about 0.1 fm. A changisovector effect. We have found the agreement with experi-
of a similar amount is also seen when we change ¢he ment very satisfactory, keeping in mind that the RMFD ap-
meson mass. The change of the isovector meson massesproach does not include any additional parameters for finite
this range is not so effective. nuclei. Generally, the binding energies per patrticle for finite

The rearrangement terms contribute favorably to both theuclei are less by 1 to 1.5 MeV as compared to experiment.
binding energies and the charge rafli. They make the The charge radii are smaller by 0.1 to 0.15 fm than the ex-
potential of the nucleon shallower by about 10 MeV in theperimental values.
middle of the nucleus and hence act repulsively to the poten- We have found some differences from the results of other
tial. The wave functions are therefore pushed outwardsgroups, who use the nuclear matter RBHF results of Brock-
which results in the increase of the charge radius. It has amann and Machleidt. The differences are caused by the ex-
effect of increasing the radius by about 0.1 fm as can be sedmaction ofUg andU,, at small densities. We consid&aE~1
by comparing the seventh column with the ninth column.MeV andAR.~0.1 fm as the errors of the RMFD approach.
The results without the rearrangement terms are shown in thdence, we think the results of the RMFD approach are quite
fifth column for BE/A. Since we have to subtract the rear- satisfactory.
rangement energies in the total energy, they provide attrac-
tion contribution to the binding energy. They increase the ACKNOWLEDGMENTS
binding energies by about 0.1 to 0.2 MeV.
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