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Global properties of the Skyrme-force-induced nuclear symmetry energy
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A novel concept for the nuclear symmetry energy (NSE) is corroborated by large scale calculations. The paper
firmly demonstrates that within the local density approximation, the value of the NSE coefficient, agm(A), depends
on two basic ingredients: the mean-level spacing, £(A), and the effective strength of the isovector mean-potential,
k(A). Surprisingly, our results reveal that these two basic ingredients of agm, are almost equal after rescaling
them linearly by the isoscalar and the isovector effective masses, respectively. This result points towards a hidden
and hitherto unresolved fundamental property of the effective nuclear interaction. In addition, our analysis
yields naturally the ratio of the surface-to-volume contributions to agn, with a value of ~1.6, consistent with
hydrodynamical estimates for the static dipole polarizability as well as the neutron-skin. Although the present
study is restricted to energy density functionals obtained from Skyrme forces the method is general and can easily
be applied to more general local energy density functionals and nonnuclear bifermionic systems.
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The knowledge of the nuclear equation of state (EOS) for
neutron-rich systems is of fundamental importance for nuclear
physics and nuclear astrophysics. The stability of neutron-
rich nuclei, the r-process nucleosynthesis, the structure of
neutron star, and the simulations of supernovae-collapse
depend sensitively on the EOS and, in particular, on the
nuclear symmetry energy (NSE). In all standard text books of
nuclear physics, the NSE strength is divided into a kinetic and
potential term, see, e.g., Ref. [1]. For modern formulations
of the nuclear many body problem based on Hohenberg-
Kohn-Sham local energy density functional (LEDF) formalism
this division becomes artificial and obscures the physical
origin of the NSE. Indeed, a direct microscopic calculations
show that the kinetic energy, A Exin(N — Z) = Eyin(N — Z) —
Exin(N — Z = 0), calculated along various isobaric A = const
chains does by no means correlate with N — Z as depicted in
Fig. 1, see also Ref. [2]. In addition, the division of the NSE
into volume and surface contribution (and eventually higher
order) are difficult to reconcile microscopically with a kinetic
energy dependence, whereas they are naturally embedded in
our approach.

Leaving stereotype expressions behind, we define two
basic ingredients for the NSE strength asym(A): the mean-level
spacing, €(A), and the effective strength of the isovector
mean-potential, x(A), see Ref. [3]. Since e(A) is a well
defined quantity with well known asymptotic limit, having
volume (A~") and surface (A~*/3) parts, our large scale study
of the A-dependence offers a natural series of cross-checks
for this novel interpretation of the origin of the NSE and, in
turn, provides the basic constraints for ¥ (A) and the LEDF. In
particular, our analysis reveals the striking property %BS(A) ~

*
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—Lic(A), that holds for velocity-dependent interactions having
isoscalar m and isovector m} effective masses, respectively.
Since this result emerges from entirely different Skyrme forces
(SF) with respect to parameters and constraints, it indicates an
underlying fundamental property of the effective NN forces,
that remains to be explained.
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The main objective of this work is to study the symmetry
energy, notwithstanding, that a proper understanding is crucial
in order to reach a consensus on the existing variety of SF
parameterizations, or to constrain the coupling constants of a
more general LEDF. Our results point toward a deeper relation
between the average level spacing and the strength of the mean
isovector potential which has not been addressed hitherto. We
focus our investigation on the nuclear case and study Skyrme
forces only because it belongs to the best studied functionals
in nuclear physics. However, the concept can easily be applied
to any EDF, see e.g., Ref. [4], and is not restricted to nuclear
phenomena alone but can be employed to any bifermionic
system. In particular, it may be of relevance for the fast
developing field of ultracold Fermi gases.

In asymmetric infinite nuclear matter (INM), in the vicinity
of the saturation density, pp, the EOS (the energy-density per
particle) is conveniently parametrized using the following
Taylor expansion:
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where I = |N — Z|/A. The isoscalar INM saturation density
po, and the values of the volume binding energy ay, the in-
compressibility parameter K ,, and the asymmetry energy dsym
serve as primary constraints for microscopic nuclear models.
For modern Skyrme force parameterizations which are subject
of the present work py ~ 0.16 fm 3, ay ~ —15.9 £ 0.2 MeV,
Asym ~ 32 £ 2 MeV, and K, ~ 225 & 25 MeV. Higher-order
curvature corrections to the NSE, p, AK,, are rather poorly
constrained.

Integrating out the r-dependence from the energy-density
leads then to the semiempirical mass formula (LD) which is
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FIG. 1. The kinetic energy AEy,(N — Z) = Exnw(N —Z) —
Exin(N —Z =0) versus N — Z calculated along isotopic chains
ranging from A = 20 till 88, see legend. The calculations have
been done using the Skyrme-Hartree-Fock approach. Note, that
AEyin(N — Z) does not show the parabolic behavior AEy;,(N —
Z) ~ (N — Z)?* characteristic for the NSE . This clearly proves that
for microscopic calculations that reproduce the binding energy, the
kinetic energy is not the proper source for the symmetry energy. This
is also in contradiction to the Fermi gas model.

conventionally written as

E a al, I
—=—av+—s+|:ag/n)1— m o <I2+’\Z)+""

A Al/3 Al/3 :
2

where ag and aﬁgr)n are coefficients defining contributions from
the surface energy and the surface part of the symmetry energy,
respectively. There is at present no consensus concerning the
magnitude, X, as well as origin of the term linear in ~/, which
is often called the Wigner energy. Another controversy exists
concerning the surface contribution to the NSE. The values
of the surface-to-volume ratio rs;v = alj, /aly) quoted in
the literature vary strongly. For example, Danielewicz [5]
estimates it to be 2.0 < rg/y < 2.8, the mass formula of Ref. [6]
yields rg;y ~ 1.6 while the hydrodynamical-type models that
include properly polarization of the isovector density predict
rsyv ~ 2 [7].

In our previous letter [3] we have demonstrated that the
Skyrme-Hartree-Fock (SHF) symmetry energy behaves rather

unexpectedly according to the formula:

ESHD = 1e(A, TOT* + Le(A, TOT(T + 1D,  (3)

sym
where e(A, T;) = ¢(A) and k (A, T,) = k(A) denote the mean-
level spacing at the Fermi energy in isosymmetric nuclei and
effective strength of the isovector mean-potential, respectively.
More precisely, « is related to the isovector part of the SF
induced LEDF (S-LEDF) H(r) = Y, _ | H:(r):

H = Ctppzzj_‘)CtApptApz + C:Ptfr
+CtJ J,2+C,VJ,0rV'Jz- )

Definitions of all local densities and currents p, T, (J_)as well
as the explicit expressions for coupling constants C, can be
found in numerous references and we follow the notation used
in Ref. [8]. Due to the isoscalar-density dependence of the SF,
the coupling constants C/[po] of the S-LEDF are functionals of
Po, giving rise to the isoscalar rearrangement mean-potential
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Uo=)_1—0.1 aa—ié) p?2. Since our procedure of extracting ¢ and «
involves setting the C; = 0, see Ref. [3], part of the U related
to the C{ is formally treated as being related to the isovector
degrees of freedom. Note that this separation is consistent with
the way the symmetry energy constraint is superimposed on
the SF.

We determine the global mass dependence of the SHF values
of e(A) and k (A) by means of a systematic calculation covering
all even-even nuclei having 20< A< 128 from N =Z to
almost the neutron drip line. Coulomb and pairing effects are
disregarded, i.e., the emphasis is on the strong interaction
acting in the particle-hole channel. The calculations are
performed for a set of different SF parametrizations as the
SkP [9], SkXc [10], Sly4 [11], SkO [12], SkM* [13], and
SIII [14], using the SHF code HFODD of Dobaczewski et al. [8].

The procedure used to extract (A, T;) and k (A, T;) follows
exactly the one outlined in Ref. [3]. First, we set all the
isovector coupling constants C; = 0 in the S-LEDF (4) and
extract €(A, T;) by comparing calculated excitation energy
AESTO(A T = ESTO(A T — ESTY(A, 0) to

AES (A, T,) = 1e(A, T)T?. )

In the next step, we compute the total SHF binding energy
Esur(A, T;) and compare

AEsup(A, T,) — AEG (A, T.) = 1c(A, THT(T + 1), (6)

in order to determine x (A, T).

For each A and small T, the values of ¢(A, T,) oscillate
quite rapidly. However, they clearly tend to stabilize for T, > 8
where €(A, T;) =~ ¢(A). The values of «(A, T,) appear to
stabilize faster and «(A, T,) & k(A) essentially already for
T, >4. It should be mentioned that in the case of the SkO
parametrization the formula (6) does work only approximately.
For this force we observe a clear enhancement in the linear
term, ~7T. This effect is, however, much weaker than the
analogous effect found recently within relativistic mean field
[4], where it restores the Egy, ~ T(T + 1) dependence of the
total NSE.

For further quantitative analysis of the mass dependence
of the NSE we use the mean values of £(A) and k(A). These
averages over 7, at fixed A are calculated using the following
restricted set of nuclei: T, >4 for A = 20; T, > 6 for A = 24;
and T, > 8 for A > 28. By using a restricted set of nuclei we
smooth out both £(A) and K (A) curves in order to diminish the
possible influence of shell structure.

The & and i curves are presented in Fig. 2. The figure shows
several universal features which appear to be independent of
the type of the SF parametrization: (i) strong dependence of
£(A) on kinematics (shell effects); (if) almost no dependence
of K (A) on kinematics; (iii) clear surface (Nﬁ) dependence
reducing the dominant volume term (~%) in both £(A) and
Kk(A).

Indeed, the values of £(A) show characteristic kinks close
to double-(semi)magic A-numbers. These kinks are magnified
when all the calculated nuclei are used (no smoothing) to
compute £(A), but without affecting qualitatively the overall
profile of the curve. On the other hand, < (A) is almost perfectly
smooth with barely visible traces of shell structure. It confirms
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FIG. 2. The isoscalar effective mass scaled values of £*(A) =
—18(A) (stars) and i (A) (circles) calculated using the SHF method
with SLy4 parametrization. Open symbols denote £*(A) and <(A)
averaged over all the calculated nuclei. Filled symbols mark smoothed
values of £*(A) and K(A) calculated using a restricted set of data.
Vertical arrows indicate major shell gaps. Note the strong influence
of shell structure on £*(A) and the smooth behavior of K (A).
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our earlier conclusion [3] that the gross features of the Skyrme
isovector mean potential can be almost perfectly quantified
by a smooth curve parametrized by a small number of global
parameters.

In the analysis of a leptodermous expansion of &(A)
and K©(A) we consider volume (V) and surface (S) terms
assuming that: £2(A) = ey /A — e5/A*3 and k(A) = ky /A —
ks/A*3. The values of the isoscalar-effective-mass-scaled
expansion coefficients e, &5 as well as the values of the
isovector-effective-mass-scaled expansion coefficients «y, kg
are collected in Table I. First of all, let us observe that the
calculated value of &}, ~ 100 MeV corresponds to the pure
Fermi gas estimate erg. This result can be understood based on
the analytical expression for the Skyrme force NSE coefficient
in the limit of symmetric INM, @), provided that the standard

sym?
textbook formula is rewritten in the following way:

1 m 372\ .
a%’,ﬁf gEFG (m_é) + |:<T> Clp5/3+Cf,0

1
g[b"(oo) + Koo,

)
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FIG. 3. The correlation between the effective mass scaled volume
ey and «; (open dots) and the surface &§ and «{ expansion
coefficients. Note, that except for the SIII and SkKM* interactions,
which are not constrained properly, the expansion coefficients are
equal, see also Table I.

where C and C{ define the isovector part of the S-LEDF,
see Eq. (4). Equation (7) clearly separates the contributions
from the isovector and isoscalar part and relates the latter
to the single particle energies in INM, &, = 2”—;1 +X(p,gp) =
2)’:—;3, with a self-energy term, X(p, ¢,), that describes the
interaction with the nuclear medium incorporated into the
isoscalar effective mass. Hence, Eq. (7) further supports our
interpretation of the NSE strength.

The most striking result of our analysis is the near-equality
of " &~ i* occurring for all modern parametrizations, see
Table I and Fig. 3. Indeed, &* differs from «* only for old
parametrizations like the SIIT and SkM*. This result confirms
the rather loose claims often appearing in textbooks that
“the kinetic energy [epg] and the isovector mean-potential
contribute to the agyy, in a similar way” is indeed correct but
only after disregarding non-local effects. To our knowledge,
it has never been discussed why these apparently independent
quantities should be similar.

The most important and challenging question is whether
the relation &* ~ i* is purely accidental, reflects a certain
symmetry of the SHF solution or pertains to a fundamental
property of the effective NN interactions. It is probably not

TABLE I. The table includes: the isoscalar, m{/m, and the isovector, m}/m, effective masses; the volume, &}, (ky ), the surface e5(«3),

.
and the ratios r, = €5/ey (e = k§/ky) of the expansion coefficients scaled by the isoscalar £*(A) and the isovector i *(A) = 'Z—I‘E(A) effective
masses, respectively; the ratios of volume ry, = &7, /ky, and surface rg = &5/k§ expansion coefficients and the INM estimate r{,, = &) /K (x>

stimate g : : alues aV)  q®
the INM estimate a5} and the calculated values agg), agn,

values of &}, ky(s)» o a), and @), are given in MeV.

andrs/v =a

) /aV) of the symmetry energy coefficient as defined in Eq. (2). The

sym

sym

*

a® a4
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mé/m mT/m ST/ 8:‘ Te Ky Kg T ry rs r(*oo) sym sym sym rS/V
SLy4 0.695 0.800 945 1475 1.56 947 1375 1.45 1.00 1.07 1.07 32.0 31.8 48.0 1.51
SkXc 1.006 0.752 108.6 1643 1.51 107.6 1652 1.54 1.01 0.99 0.88 30.1 31.4 479 1.53
SkP 1.000 0.741 108.8 175.1 1.61 106.0 163.1 1.54 1.03 1.07 0.95 30.0 31.5 494 157
SkO 0.896 0.852 107.2 166.2 1.55 110.6 176.1 1.59 0.97 0.94 0.79 32.0 31.2 49.0 1.57
SkM* 0.789 0.653 106.3 180.9 1.70 714 1073  1.50 1.49 1.69 1.37 30.0 30.5 49.2  1.61
SII 0.763  0.655 97.5 1438 1.47 752 103.2 1.37 1.30 1.39 1.34 28.2 30.3 433 143
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surprising that it does not hold explicitely in the INM limit,
since the analytical formula (7) does not contain any scaling
of the isovector effective mass, m7. Indeed, Eq. (7) relates
to the translationally invariant medium while m} defines
the enhancement of the energy weighted sum rule for the
translational symmetry violating (finite nucleus) dipole mode.

On the other hand, it is rather hard to believe that by
complete accident four modern parametrizations would behave
synchronously in the isovector channel, correlating £* and
ic*, particularly that these forces have been fitted to the data
in a truely different manner. Looking into the key isovector
coupling constants C} and C} one immediately observes that
they vary in an entirely irregular fashion from force to force.
The C7 increases by a factor of five when going from SLy4
to SkP or SkXc while for the momentum term C| even the
sign appears to be not established, see Fig. 4. In spite of
that C{ and CT appear to be linearly correlated as shown
in Fig. 4. This result and the near-equality £* ~ &* indicates
that isovector part of the LEDF is neither well understood nor
well constrained. To find an explanation of, in particular, the
later result will be therefore a challenge for further studies
especially that, in our opinion, such an explanation cannot
be done at the level of effective theory operating exclusively
with coupling constants fitted to the data. Indeed, violation
of & ~ i* correlation by older parametrizations like SkM*
or SIII suggests that this near equality reflects the nature of
the effective interaction in nuclei rather than some hidden
symmetry of the SHF solution.

Our interpretation of £(A) can be further tested by eval-
uating r, = gg/ey using the semi-classical approximation
[15]. The appropriate formula which takes into account the
diffuseness of the potential, see Ref. [16]:

) ; ®)

where g(er) is the level density at the Fermi energy, kr ~
1.36 fm~! while V), and S denote volume and surface
matter-distribution, respectively. Assuming spherical geom-
etry f,—z ~ rALm and adopting for r, & 1.14 fm, i.e. the value
consistent with the standard Skyrme force saturation density

1 1 T SM
8(A)’\’g(€F) NZ I—EW'F

1 N R=0.97
160 | SkP ]
/.
120 [ SKkM* 1
80 - 1

-03 -02 -0.1 0 0.1
@y
FIG. 4. The values of C} versus the kinematic effective mass

defined as (i})~! = %Cf p for the SF used in this work. Solid line is
a result of a linear fit which is shown in the legend.
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po ~ 0.16 fm~!, one obtains r, ~ 4,%” ~ 1.52 which is
indeed very close to the calculated ratios, see Table I.

The SHF models yield rg/y ~ 1.6 in accordance with the
LD ratio [6]. The static dipole polarizability (SDP) ap [o(w)
denotes the photoabsorption cross-section],

2

o= / O(Lzu)d‘“ =27 ap, )]
w hc

provides an independent cross-check of the ratio s, . Indeed,

using the so-called hydrodynamical model a simple estimate

for ap can be derived [7]:

S5r
~ M) S/v
ap X oy (1+§—A1/3+-..>, (10)

where agv[) = i%—i? is the so-called Migdal SDP value [17]
Asym

which is valid for large systems with negligible surface contri-
bution. Using (r?) = 2 R*A where R = 1.2A4' fmanda{};) =
30 MeV one obtains, in the Migdal’s limit, a(j\;)A*S/ 3 x
1.73 ub/MeV. Using this estimate and the experimental value
of Ug(p)A*W 3 22.740.2 ub/MeV which is almost constant
for A >100 [18], one obtains rg,y~1.65, consistent with our
estimates based on the SHF calculations.

The neutron skin thickness
ot = [ P = )~ )

-7
o [1- 52T

N
=12 sym Al/3

is yet another quantity which sensitively depends on isovector
properties. Using an explicit expression for ' one obtains the
hydrodynamical model formula for the relative neutron skin
thickness,

/2 N-—-Z 2r
2 [~ - S/V—
5ra = n {1+ A7 } (12)

60'|||||||||||||||
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FIG. 5. The relative difference between the values of neutron
skin thickness calculated using SHF model, Sr,%(SHF), and the values,

8r2 <hydm), estimated from the hydrodynamical expression (12) taken at
rs;v = 1.6. Note, that the relative difference (width) does not exceeds

+2% supporting the consitency of our approach.
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which does not depend on agy, but only on the ratio rg,y.
The estimate (12) taken for rg/y = 1.6 provides again a very
consistent results with our microscopic SHF calculations as
shown in Fig. 5. Unfortunately, neutron rms radii are even
today rather poorly known and can therefore not be used to
constrain the LEDF or the EOS, see however Ref. [19]. It is
worth noticing that the expansion (12) differs qualitatively
from the semiempirical formulas used in the literature, see
Refs. [20,21].

In summary, the global mass dependence of the NSE strength
asym(A) and its two basic ingredients related to the mean-level
spacing, ¢(A), and to the mean-isovector potential, «(A) is
studied in detail within the SHF theory. Our interpretation of the
symmetry energy enables us to unambiguously establish the

PHYSICAL REVIEW C 74, 011301(R) (2006)

surface-to-volume ratio of agym(A), rs;v =~ 1.6 in agreement
with the LD value of Ref. [6]. This ratio is consistent with
simple hydrodynamical estimates for the SDP and neutron
skin thickness. The most striking results of our calculations is
the near-equality of £* ~ i* revealing that contribution to asym
due to the mean-level spacing and due to the mean-isovector
potential are similar but only after disregarding nonlocal
effects. This indicates a fundamental property of the nuclear
mean field that requires further studies.
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