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Abstract

The physical origin of the nuclear symmetry energy is studied within the relativistic mean field (RMF) theory. Based on the nuclear bindir
energies calculated with and without mean isovector potential for several isobaric chains we confirm earlier Skyrme—Hartree—Fock result that
nuclear symmetry energy strength depends on the mean level spadingnd an effective mean isovector potential strength). A detailed
analysis of the isospin dependence of these two components contributing to the nuclear symmetry energy reveals a quadratic dependence ¢
the mean-isoscalar potential,st, and, completely unexpectedly, the presence of a strong linear comper@HiT + 1+ ¢/«) in the isovector
potential. The latter generates a nuclear symmetry energy in RMF theory that is proportiBgahte T (T + 1) at variance to the non-relativistic
calculation. The origin of the linear term in RMF theory needs to be further explored.
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One of the most important topics in current nuclear physics The NSE is conventionally parametrized as:
is to search for the existence limit of atomic nuclei, i.e., to de-
termine the nuclear drip line. In this respect, the role of theEsym= asym(A)T (T + 1), 1)

continuum in loosely bound nuclei and, in particular, its impact .
on the treatment of pairing correlations has been discussed Y&hgreT = |T:| =N — Z|/2. The strength of the NSE admits
pically volume and surface componemigm(A) = ay/A —

great extent in recent time. However, the properunderstandin%{ %2 and i hvsical oridin i ditionall lained i
and correct reproduction of the nuclear symmetry energy (NSEJS/ and its physical origin is traditionally explained in

may have even greater bearing for masses of loosely bound n 2'ms of the kipetig energy and mean isovector potential (in-
clei and certainly is a key issue in the study of exotic nuclei. Théeract_mr:) Zon'fpr:)utll_ons, "msym_(Af) = ‘éki”(‘z) + ai”t(AI)’ re- del

very fundamental questions in this respect concern both the uﬁpectl\ée yl2]. q E Inear term Is ougn I't? he strong 3]{ T(;) € d
derstanding of the microscopic origin of the NSE strength aé:lepen ent and there Is a common beliet that mean-field mod-

well as its isospin dependence. The latter issue has attracted r‘:(‘—:!-S yield essentially only a quadratic team 0. On.the. other
cently great attention also iV ~ Z nuclei, see Ref[1] and hand, the nuclear shell-mod&l-5] or models restoring isospin
references therein symmetry[6] suggest that ~ 1. No consensus is reached so far

concerning the value of although there is certain preference
for A ~ 1. Indeed, experimental masses of nuclei with small
" Corresponding author. values ofT .supports the existence f)f the linear tgith Simi-
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(W. Satuta) wyss@nuclear.kth. §R.A. Wyss). analysis of experimental binding energies for< 80 nuclei.
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One of the most accurate mass formula, the so-called FRDM  _ ,,Ff& ' ' " 77"
[9] employs a value of. ~ 1 but inconsistently admits only a % 18l \ T, ]
volume-like linear term. Assuming (T + 1) dependence Duflo % 12 —K TN .
and Zuker have performed a global fit to nuclear masses obtain- O'g T
ing [10] 0O 4 8 12 16 0 4 8 12 16 20
2 T T T T T T T LN L L L N R
asym(4) = 13# - ZAOTE/‘S [MeV]. ) Z iak ToAss ]
= o_gilﬂ“"'“:.\ ]
A different view on the origin of the NSE was presented © 04l " + = .
recently by Satuta and Wyss. In Ref¢1-13]it was demon- O T e e 16 0 4 s 12 16 20
strated using the Skyrme—Hartree—Fock (SHF) model that the 3 e
NSE can be directly associated with the mean level spac- ~ 24 | T Az160 .
ing £(A) and mean isovector potentiakisym = 1£(A)T? + z m + ]
%K(A)T(T + 1) [11-13] Surprisingly, the self-consistent cal- “ 6L ::‘k,,! ]

culations revealed that the complicated isovector mean potential T

) . 0 8 16 24 32 0 8 16 24 32 40

induced by the Skyrme force is similar to that obtained from a To 22

simple interaction%;c(A)T - T, i.e., is very accurately charac- )

terized by a single streng#(A) [11-13] This study revealed Fig. 1. The mean level spacing (left) and its counterpart (right) scaled

also that the SHF theory yield in fact a (partial) linear termby m*/m for A = 48 (upper), 88 (middle) and 160 (lower) isobaric chains

with 1 ~ K/(zasym) and that this term originates from neutron— calculated using effective Lagrangians NL3, TM1, and PK1 as marked in the

proton exchange interaction. Qgr%e; gféh;ivved areas correspond to the empirical mean level spacing:
Alongside with the SHF calculation, the relativistic mean AAa T

field (RMF) theory has been used for a large variety of nuclear . ) ,
structure phenomerfd4]. Since the RMF theory is based on approach pertaining to the isovector channel. These properties

a very different concept from the SHF, it is highly interesting € expected to be fairly parameterization independent, in par-

to investigate the structure of the NSE in the framework of thdicular that these parameterizations reproduce rather well the
RMF theory. equation of state for densitigs< 0.2 fm~3 [21,22]

The details of RMF theory together with its applications The Dirac equations are solved by expansion in the harmonic
can be found in a number of review articles. see for eXammé)scillator basis with 14 oscillator shells for both the fermion
Ref.[15] and references therein, and will not be repeated herdi€!dS and boson fields. The oscillator f_riz/%uency of the har-
The basic ansatz of the RMF theory is a Lagrangian densit]'onic oscillator basis is set two = 414~/ MeV and the
whereby nucleons are described as Dirac particles which ind€formation of harmonic oscillator bagig is reasonably cho-

teract via the exchange of various mesons [the isoscalar—scalS" 10 obtain the lowest energy. Generally speaking, the RMF
sigma ¢), isoscalar—vector omega) and isovector—vector calculation reproduce the experimental binding energy to an ac-

rho (0)] and the photon. Ther and » mesons provide the CUracy less than 1%. For the present study we are mainly inter-
attractive and repulsive part of the nucleon—nucleon force, re€Sted in the NSE emerging in the RMF theory due to the strong
spectively. The isospin asymmetry is provided by the isovectofParticle-hole) interaction. Hence the Coulomb potentials and
» meson. Hence, by switching on and off the coupling tohe the pairing ct_)rrelatlo_ns will be _neglected in the following. The
meson, one can easily separate the role of isoscalar and isovdt!l Potential in the Dirac equation is

tor parts of the interaction and study them independently. _

In the nuclei considered here, time reversal symmetry ithOt_ V(r)0+ﬂS(r) o
preserved and the spatial vector component®0p and A =8w® (N +8pT - p () + Bgoo (). 3)
fields vanish. This leaves only the time-like componen®s
7% and A°. Charge conservation guarantees that only the thir
component of the isovectgi® meson is active. For reason of
simplicity, axial symmetry is assumed in the present work. They. ) — o 0(r) + Bg, o (1),

Dirac spinory; as well as the meson fields can be expanded N -0

in terms of the eigenfunctions of a deformed axially symmetricViV(r) =8pT P (D). (4)
oscillator potentia]16] or Woods—Saxon potentifil 7], and the The binding energy calculated with the full potentiaj in
solution of the problem is transformed into a diagonalization ofgq, (3) is denoted a€. The energy obtained by switching off

a Hermitian matrix. - the isovector potentiali, =0, i.e. by taking in the calculation
The RMF calculations are performed for the= 40, 48, 56, Viot = Vis, is denoted byE7. In order to single out the impact

88, 100, 120, 140, 160, 164, and 180 isobars with the effectivgf jsoscalar fields on the NSE, we use to extract the mean
Lagrangians NLJ18], TM1 [19], and PK1[20]. Our choice |eye| spacing:(A, T,) along an isobaric chain

of the parameterizations is somewhat arbitrary. However, the

purpose of this work is not to make a detailed comparison O A T)—E AT.—=0) = } A THT2 5
the data but rather to investigate specific features of the RMF 74, T.) — Er—o(A. I =0) 28( T ®)

It can easily be separated into isovector and isoscalar compo-
ents, i.e.Viot = Vis + Viv, Where
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