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The effective-surface approximation is extended taking into account derivatives of the symmetry-energy
density per particle with respect to the mean particle density. The isoscalar and isovector particle densities in
this extended effective-surface approximation are derived. The improved expressions of the surface symmetry
energy, in particular, its surface tension coefficients in the sharp-edged proton-neutron asymmetric nuclei take
into account important gradient terms of the energy density functional. For most Skyrme forces the surface
symmetry-energy constants and the corresponding neutron skins and isovector stiffnesses are calculated as
functions of the Swiatecki derivative of the nongradient term of the symmetry-energy density per particle with
respect to the isoscalar density. Using the analytical isovector surface-energy constants in the framework of the
Fermi-liquid droplet model we find energies and sum rules of the isovector giant dipole-resonance structure in a
reasonable agreement with the experimental data, and they are compared with other theoretical approaches.
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I. INTRODUCTION

Explicit and accurate analytical expressions for the particle
density distributions within the nuclear effective-surface (ES)
approximation were obtained in Refs. [1-3]. They take
advantage of the saturation properties of nuclear matter in
the narrow diffuse-edge region in finite heavy nuclei. The ES
is defined as the location of points with a maximal density
gradient. An orthogonal coordinate system related locally to
the ES is specified by the distance £ of a given point from the
ES and the tangent coordinate n parallel to the ES. Using
the nuclear energy-density functional theory, one can simplify
the variational condition derived from minimization of the
nuclear energy at some fixed integrals of motion in the
&,n coordinates within the leptodermous approximation. In
particular, in the extended Thomas-Fermi (ETF) approach
[4], this can be done in sufficiently heavy nuclei for any
fixed deformation using the expansion in a small parameter
a/R ~ A~'3 « 1 where a is of the order of the diffuse edge
thickness of the nucleus, R is the mean curvature radius of the
ES, and A is the number of nucleons. The accuracy of the ES
approximation in the ETF approach was checked [3] without
spin-orbit (SO) and asymmetry terms by comparing results
with those of Hartree-Fock (HF) and other ETF models for
some Skyrme forces. The ES approach [3] was also extended
by taking into account the SO and asymmetry effects [5-7].

Solutions for the isoscalar and isovector particle densities
and energies in the ES (leptodermous) approximation of the
ETF approach were applied to analytical calculations of the
surface symmetry energy, the neutron skin, and isovector
stiffness coefficient in the leading order of the parameter a/R
[7]. Our results are compared with older investigations [8—11]
within the liquid droplet model (LDM) and with more recent
works [12-27].
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The splitting of the isovector giant dipole resonances
into the main and satellite modes [28] was obtained as a
function of the isovector surface-energy constant within the
Fermi-liquid droplet (FLD) model [29,30] in the ES approach.
The analytical expressions for the surface symmetry-energy
constants have been tested by energies and sum rules of the
isovector dipole resonances (IVDR) within the FLD model
[31] for some Skyrme forces neglecting derivatives of the
nongradient terms in the symmetry-energy density per particle
with respect to the mean particle density. The so called
pygmy dipole resonances (PDR) below the main IVDR peak
as a different phenomenon which might not be the result
of splitting of the IVDR were intensively discussed in the
literature [12-14,22-25,32-35]. They might have a different
nature and actually are not related to each other. In the present
work, we shall extend the variational effective-surface method
accounting for the derivatives introduced by Swiatecki and
Myers within the LDM [8] and apply it to the IVDR splitting.
Some preliminary results were reported in [36].

In Sec. I, we give an outlook of the basic points of the ES
approximation within the density functional theory. The main
results for the isoscalar and isovector particle densities are
presented in Sec. III emphasizing derivatives of the symmetry-
energy density per particle. Section IV is devoted to analytical
derivations of the symmetry energy in terms of the surface
energy coefficient, the neutron skin thickness, and the isovector
stiffness including these derivatives. Sections V and VI are
devoted to the collective dynamical description of the IVDR
structure in terms of the response functions and transition
densities. Discussions of the results are given in Sec. VII and
summarized in Sec. VIII. Some details of our calculations are
presented in Appendixes A and B.

II. SYMMETRY ENERGY AND PARTICLE DENSITIES

We start with the nuclear energy E as a functional of the
isoscalar (p,) and isovector (p_) densities p+ = p, £ p, in
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TABLE 1. Basic parameters of some critical Skyrme forces from Refs. [37,41], including the L derivatives [20,41,44]. In addition to these
standard quantities are the isoscalar and isovector constants C of the energy density gradient terms [Egs. (2) and (8)]; csym is given by Eq. (12)

and the spin-orbit constant S is defined below Eq. (9).

SkM* SGII SLy5 SLy5* SLy6 SLy7 SVsym28 SVsym32 SVmasO8 SVK226 SVkap02
P (fm™3) 0.16 0.16 0.16 0.16 0.17 0.16 0.16 0.16 0.16 0.16 0.16
b, (MeV) 15.8 15.6 16.0 16.0 17.0 15.9 15.9 15.9 15.9 159 15.9
K (MeV) 217 215 230 230 245 230 234 234 234 226 234
J (MeV) 30.0 26.8 32.0 32.0 32.0 32.0 28.0 32.0 30.0 30.0 30.0
L (MeV) 47.5 37.7 48.3 459 474 47.2 7.5 59.5 42.0 35.5 37.0
Cy (MeV fm®) 57.6 43.9 59.3 60.1 54.1 52.7 49.6 51.8 50.9 514 50.7
C_ (MeVfim®) —479 —094 —228 —242 —15.6 —134 19.6 26.0 36.9 30.6 21.9
Csym 3.24 6.07 1.58 1.54 1.77 1.95 1.48 1.40 1.13 1.22 1.46
B —0.64 —0.54 —0.58 —0.52 —0.62 —0.65 —0.48 —047 —0.51 —0.48 —048
the local density approach [4,37-44]: the same function Sgym(€) in Eq. (6):
2
= p_
E /dl' p+E(p1.po), (D £ (04,0-) = Seym(€) (p_) —JIZ )
+

where £(p.,p_) is the energy density per particle,

Epr.p) = —by + I +&(ps) + & (py,p-)
+(Cy/pr +D)(Vpy)
+(C-/p+ +D_)Vp_). ()

Here, b;, ~ 16 MeV is the separation energy of a particle, J ~
30 MeV is the main volume symmetry-energy constant of
infinite nuclear matter, and I = (N — Z)/A is the asymmetry
parameter; N = [ drp,(r)and Z = [ drp,(r) are the neutron
and proton numbers, and A = N + Z. These constants deter-
mine the first two terms of the volume energy. The last four
terms are surface terms. The first two terms are independent of
the gradients of the particle densities and the last two depend
on these gradients. For the first surface term independent of
the gradients ¢, one obtains

K
e+(py) = 18 er[e(wi)], 3

where K, ~ 215—245MeV (see Table 1) is the isoscalar in-
compressibility modulus of symmetric nuclear matter, w, is
the dimensionless isoscalar particle density, w,. = p/p, and

erle(wi)] = 9€* + I*[Sym(e) — J1/ K+, )
with

p—pr l—wy

= = 5

‘ 3p 3 )
€ is the small parameter in the expansion,
K-,

Ssym(E): J—LG—’-TG + .-, (6)

around the particle density of infinite nuclear matter p =
3/4mry ~ 0.16 fm~>, and ry is the commonly accepted con-
stant in the A'/?> dependence of a mean radius. Several other
quantities, which were introduced by Myers and Swiatecki [8],
will be explained below. The derivative corrections of Sgym(€)
in Eq. (6) were neglected in our previous calculations [7]. The
next isovector surface term ¢_(p4,0—) can be defined through

For the first and second derivatives of Sgym(€) with respect to
€ one can take in Eq. (6) the values L ~ 20 + 120 MeV and,
even less known K_ [19,27,45]. The constants C4+ and D4 in
Eq. (2) are defined by the parameters of the Skyrme forces
[4,37,39,41,43],

C—lt 25t 5t
+ — 1 122 32)62,

153 19
- {14+ —= .
36 ( + 3 xz) (8)

The isoscalar SO gradient terms in (2) are defined with a con-
stant: D, = —9m W02/16h2, where Wy ~ 100 — 130 MeV fm’
and m is the nucleon mass. The constant D_ is usually
relatively small and will be neglected below for simplicity.
Equation (2) can be applied in a semiclassical approximation
for a realistic Skyrme force [37,39-42], in particular by
neglecting higher 7 corrections in the ETF kinetic energy [2—4]
and also Coulomb terms. All of them easily were taken into
account [1,5] neglecting relatively small Coulomb exchange
terms. Such exchange terms can be calculated numerically in
extended Slater approximations [46].

The energy density per particle in Eq. (2) contains the first
two volume terms and surface components including the new
L and K_ derivative corrections £_ (in contrast to Ref. [7])
and also the isoscalar and isovector density gradients. Both
are important for finite nuclear systems. These gradient terms
together with the other surface components in the energy
density within the ES approximation are responsible for the
surface tension in finite nuclei.

Asusual, we minimize the energy E under the constraints of
fixed particle number A = [ dr p.(r)and neutron excess N —
Z = [ dr p_(r) using the Lagrange multipliers A, and A_, the
isoscalar and isovector chemical-potential surface corrections
(see Appendix A). Taking also into account additional defor-
mation constraints (like the quadrupole moment), our approach
can be applied for any deformation parameter of the nuclear
surface, if its diffuseness a is small with respect to the curvature
radius R. Approximate analytical expressions of the binding

C = —-L

|
B~
3| =
N
—
+
N | WD
Rt
N~
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energy will be obtained at least up to order A%/3. To satisfy the
condition of particle number conservation with the required
accuracy we account for relatively small surface corrections
(<a/R ~ A™'3 in first order) to the leading terms in the
Lagrange multipliers [2,3,5,7] (see Appendix B). We take
into account explicitly the diffuseness of the particle density
distributions. Solutions of the variational Lagrange equations
can be derived analytically for the isoscalar and isovector
surface tension coefficients (energy constants), instead of the
phenomenological constants of the standard LDM [8] (the
neutron and proton particle densities were considered earlier
to be distributions with a strictly sharp edge).

III. EXTENDED ISOSCALAR AND
ISOVECTOR DENSITIES

For the isoscalar particle density, w = p, /p, one has up to
the leading terms in the leptodermous parameter a/ R the usual
first-order differential Lagrange equation [3,5,7]. Integrating
this equation, one finds the solution:

v ity £
= ay | — x=2, 9
* /w "Vyele” " a ®

forx < x(w =0)and w = Oforx > x(w = 0), where x(w =
0) is the turning point. 8 = D, p/C, is the dimensionless SO
parameter; see Eq. (4) for e [e(y)] (for convenience we often
omit the lower index “+” in w4.). For w, = w(x = 0), one has
the boundary condition, d?w(x)/dx?> = 0 at the ES (x = 0):

dei[e(w)]

eﬁdw0}+wxl+ﬂw0[ "

} =0. (10)

In Eq. (9), a = 0.5 — 0.6 fm is the diffuseness parameter

(71,
oK
o= [CPKs (11
3002,

found from the asymptotic behavior of the particle density,
w ~ exp(—&/a) for large £ (¢ > a).

As shown in Refs. [3,5], the influence of the semiclassical
h corrections (related to the ETF kinetic energy) to w(x)
is negligibly small everywhere, except for the quantum tail
outside the nucleus (x= 1). Therefore, all these corrections
were neglected in Eq. (2). With a good convergence of the
expansion of the e, [e(y)] in powers of 1 — y up to the leading
quadratic term [3,5] and small 7 2 corrections in Eq. (4),
e = (1 — y)2, one finds analytical solutions of Eq. (9) in terms
of the algebraic, trigonometric, and logarithmic functions [7].
For = 0 (i.e., without SO terms), it simplifies to the solution
w(x) = tanh® [(x — x0)/2] for x < x9 = 2arctanh(1/\/§) and
zero for x outside the nucleus (x > xp).

After simple transformations of the isovector Lagrange
equation (A1) one similarly finds up to the leading termina/R
in the ES approximation for the isovector density, w_(x) =
p—/(pl), the equation, and the boundary condition (A3). The
analytical solution w_ = wcos[¥(w)] can be obtained through
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FIG. 1. (Color online) Isovector w_ (13) (with the relevant value
of L Refs. [20,41,44]) and without the (L = 0) derivative L constant,
and isoscalar w = w, (see [7]) particle densities are shown vs x =
&/a for the Skyrme force SLy5* [x =~ (r — R)/a for small nuclear
deformations [31,36,43]].

the expansion (AS5) of ¥ in powers of

() = — / (12)
w) = , Coym=4a | ———.
4 cym” T 7 I1C_|

Expanding up to the second order in y one obtains (see
Appendix A)

2
lu=waMwWH%wO—w§m+~>, (13)
with
v = 9w+, (14)
J1+ 8

B+ 2+ A L1+ B)/(3))
2ceym(1 + B)

[see also the constant c3 (Appendix A) at higher (third)
order corrections]. The constant ¢ [Eq. (15)] for the isovector
solutions w_, Eq. (13), is modified with respect to Ref. [7] in
two aspects. In addition to the L dependence there are also
higher order terms from a nonlinear equation (A4) for ¥ (w)
(Appendix A). Notice also that w_ depends on L in second or-
derin y butitis independent of K_ at this order (Appendix A).

In Fig. 1, the L dependence of the function w_(x) is shown
within the total interval from L =0 to L = 100 MeV [20]
and it is compared to that of the density w(x) for the SLy5*
force as a typical example. As shown in Fig. 2 in a larger
(logarithmic) scale, one observes notable differences in the
isovector densities w_ derived from different Skyrme forces
[37,41] within the edge diffuseness. All these calculations have
been done with the finite proper value of the slope parameter
L. For SLy forces this value is taken from Ref. [44], for SG 11
from Ref. [20] and for others from Ref. [41] (Table I). As
shown below, this is in particular important for calculations of
the neutron skin of nuclei. Notice that, with the precision of line

E:

, 5)
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FIG. 2. (Color online) Isovector density w_(x) (13) (in the loga-
rithmic scale) as a function of x within the quadratic approximation
to e, [e(w)] for several Skyrme forces [20,37,41,43,44].

thickness, our results are almost the same taking approximately
L = 50MeV for SLy5* and L = 60 MeV for SVsym32. Note
also that, up to second order in the small parameter y, the
isovector particle density w_ in Eq. (13) does not depend on
the symmetry-energy in-compressibility K_. The K_ de-
pendence appears only at higher (third) order terms in the
expansion in y (Appendix A). Therefore, as a first step of the
iteration procedure, it is possible to study first the main slope
effects of L neglecting small 1> corrections to the isoscalar
particle density w4 (9) through e, (4). Then, we may study
more precisely the effect of the second derivatives K_ taking
into account higher order terms.

We emphasize that the dimensionless densities, w(x) [see
Eq. (9) and Ref. [7] ] and w_(x) (13), shown in Figs. 1 and
2, were obtained in leading ES approximation (a/R < 1)
as functions of specific combinations of Skyrme force pa-
rameters like B and cgym [Eq. (12)] accounting for the L
dependence [Eq. (15)]. These densities are at the leading order
in the leptodermous parameter a/R approximately universal
functions, independent of the properties of the specific nucleus.
It yields largely the local density distributions in the normal-
to-ES direction £ with the correct asymptotic behavior outside
of the deformed ES layer at a/R < 1, as is the case for
semi-infinite nuclear matter. Therefore, at the dominating
order, the particle densities wy are universal distributions
independent of the specific properties of nuclei while higher
order corrections to the densities wy depend on the specific
macroscopic properties of nuclei.

IV. ISOVECTOR ENERGY AND STIFFNESS

The nuclear energy E [Eq. (1)] in the improved ES
approximation (Appendix B) is split into volume and surface
terms [7],

E~ —by, A+ J(N — Z)*/A + Es. (16)

PHYSICAL REVIEW C 92, 064311 (2015)

For the surface energy Eg one obtains
Es=E{P + E, (17)

with the isoscalar (4) and isovector (—) surface components:

S
ESY = b(;)4 (18)
wrg’
where S is the surface area of the ES, bgi) are the isoscalar

(+) and isovector (—) surface-energy constants,

oo Dy dp+
b ~ 8rriCy f_oo de (1 + C—p+)< 7 ) (19)

These constants are proportional to the corresponding surface
tension coefficients oy = b(si) /(47r?) through the solutions
(9) and (13) for p4(£&) which can be taken into account in
leading order of a/R (Appendix B). These coefficients oy
are the same as found in the expressions for the capillary
pressures of the macroscopic boundary conditions [see Ref. [7]
with new values ¢y modified by L and K_ derivative
corrections of Egs. (4) and (7)]. Within the improved ES
approximation where also higher order corrections in the
small parameter a/R are taken into account, we derived in
Ref. [7] equations for the nuclear surface itself (see also
Refs. [2,3,5]). For more exact isoscalar and isovector particle
densities we account for the main terms in the next order of
the parameter a/R in the Lagrange equations [see Eq. (Al)
for the isovector and Refs. [2,3,5] for the isoscalar case].
Multiplying these equations by dp_ /90§ and integrating them
over the ES in the normal-to-surface direction £ and using
the solutions for w4 (x) up to the leading orders [Egs. (9)
and (13)], one arrives at the ES equations in the form of the
macroscopic boundary conditions [2,3,5,7,30,47-49]. They
ensure equilibrium through the equivalence of the volume and
surface (capillary) pressure variations. As shown in Ref. [7],
the latter ones are proportional to the corresponding surface
tension coefficients 0.
For the energy surface coefficients b(si) (19), one obtains

b = 6C, T, /(roa),

1
T = / dwy/w(l + Bw) e [e(w)], (20)
0
b = kg I, kg =6pC_ J_/(roq), @21)
_ [ w e le(w)]
J- —/0 N T pw
. 2
x {COS(III) + %[1 n 2’5y(w)]}
/ (1 —wydw [~ {1 2y (w)
ﬂw Csym(l +8)

y V| 1 61 T 1
+<1+/3> . +ﬁ)<c5ym_5) '

(22)
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For y and ¢, see Egs. (12) and (15), respectively. Simple
expressions for the constants b(Si) in Egs. (20) and (21) can
be easily derived in terms of algebraic and trigonometric
functions by calculating explicitly integrals over w for the
quadratic form of e [e(w)] [Egs. (B3) and (B5)]. Note that in
these derivations, we neglected curvature terms and, being of
the same order, shell corrections, which have been discarded
from the very beginning. The isovector energy terms were
obtained within the ES approximation with high accuracy up
to the product of two small quantities, I and (a/R)>.

According to the macroscopic theory [7-10], one may
define the isovector stiffness Q with respect to the difference
R, — R, between the neutron and proton radii as a dimension-
less collective variable 7,

1o 2 Q‘L’28

3 a5 Qu* dnr}’

T = (Ry — R})/ro, (23)

EX) =

where 7 is the relative neutron skin. Comparing this expression

to Eq. (18) for the isovector surface energy written through the

isovector surface-energy constant b(S_) [Eq. (21)], one obtains
12

Q= k. (24)

Defining the neutron and proton radii R, , as positions
of maxima of the neutron and proton density gradients,
respectively, one obtains the neutron skin 7 (Ref. [7]),

8al

2
rocsym

T =

g(wy), (25)

w3/2(1 +,8U))5/2
g(w) =
(I+B8)Cw +1+4Bw)
+2y(1 +¢y)[cw — csym(1 + 2¢p)]} (26)
is taken at the ES value w, [Eq. (10)]. Finally taking into
account Egs. (24) and (21), one arrives at
KB 9P

Q=-v kDT 22 T 1682w,

{w(1 + 22y )?

@n

where J_ and g(w) are given by Egs. (22) and (26), respec-
tively. Note that Q = —9J? /4kg was predicted in Refs. [8,9]
and therefore for v = 9/4 the first part of (27) which relates
Q with the volume symmetry energy J and the isovector
surface energy constant kg, is identical to that used in Refs. [8—
11,19,20]. However, in our derivations v deviates from 9/4
and it is proportional to the function 72 /g?(w,). This function
depends significantly on the SO interaction parameter 8 but not
too much on the specific Skyrme force (see Ref. [7] for details).

Notice that the approximate universal functions w(x)
[Eq. (9) and Ref. [7]] and w_(x) [Eq. (13)] can be used in
the leading order of the ES approximation for calculations
of the surface energy coefficients bgi) [Eq. (19)] and the
neutron skin 7 o< I [Eq. (25)]. As shown in Ref. [7] and
in Appendix B, here only the particle density distributions
w(x) and w_(x) are needed within the surface layer through
their derivatives [the lower limit of the integration over &

PHYSICAL REVIEW C 92, 064311 (2015)

in Eq. (19) can be approximately extended to —oo because
there are no contributions from the internal volume region in
the evaluation of the main surface terms of the pressure and
energy]. Therefore, the surface symmetry-energy coefficient
kg in Egs. (21) and (B5), the neutron skin 7 [Eq. (25)],
and the isovector stiffness Q [Eq. (27)] can be approxi-
mated analytically in terms of functions of definite critical
combinations of the Skyrme parameters like B8, cym, a, C—,
and parameters of infinite nuclear matter (by, p, K;), also
the symmetry-energy constants J, L, and K_. Thus, in the
considered ES approximation, they do not depend on the
specific properties of the nucleus (for instance, the neutron
and proton numbers), the curvature, and the deformation of
the nuclear surface.

V. THE FERMI-LIQUID DROPLET MODEL

For IVDR calculations, the FLD model based on the lin-
earized Landau-Vlasov equations for the isoscalar [/, (r,p,?)]
and isovector [8f_(r,p,?)] distribution functions can be used
in phase space [30,50,51],

98f,

+ LV, 18f, + 8(e — ep)(6Va + VE) = 851,
dt m_

(28)

Here e = p?/(2m?) is the equilibrium quasiparticle energy
(p=1pl) and e, = (pf)2/(2mjt) is the Fermi energy. The
isotopic dependence of the Fermi momenta pf =pr(1FA)
is given by a small parameter A = 2(1 + Fy) 1/3. The reason
for having A is the difference between the neutron and proton
potential depths from the Coulomb interaction. The isotropic
isoscalar Fj and isovector F; Landau interaction constants
are related to the isoscalar in-compressibility K = 6e,(1 +
Fp) and the volume symmetry energy J = 2e,(1 + F()/3
constants of nuclear matter, respectively. The effective masses
m* =m(1+ Fy/3)andm* = m(1 4 F|/3) are determined in
terms of the nucleon mass m by anisotropic Landau constants
Fy and F|. Equations (28) are coupled by the dynamical
variation of the quasiparticles’ self-consistent interaction § V.
with respect to the equilibrium value p?/(2m%). The time-
dependent external field V., o exp(—iwt) is periodic with
a frequency w. For simplicity, the collision term §St; is
calculated within the relaxation time 7 (w) approximation
accounting for the retardation effects from the energy-
dependent self-energy beyond the mean-field approach 7 =
47T,/ (hw)?* with the parameter 7y oc A~'/? [see Eq. (80) of
Ref. [51] at zero temperature and also Ref. [30]].

The solutions of Eq. (28) are related to the dynamic mul-
tipole particle-density variations, 6o, (r,t) o< Y,o(7), where
Y,0(7) are the spherical harmonics and # = r/r. These so-
Iutions can be found in terms of the superposition of plane
waves over the angle of a wave vector q,

Sfi(pvrvt) = /quYAO(Q) 6fi(pvq’a))
xexp[—i(wt — qr)], (29)

where §f.(p,q,®) is the Fourier transform of the distribu-
tion function. The time dependence (29) is periodic as the
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external field V, is also periodic with the same frequency

w = prsTq/m% where st =5, and s~ = S(NZ/A'? The
factor (NZ /Az)l/ * accounts for conserving the position of
the mass center for the isovector vibrations [53]. The sound
velocity s can be found from the dispersion equations [30].
The two solutions s,, with n = 1,2 are functions of the Landau
interaction constants and w7 . Because of the symmetry inter-
action coupling the “out-of-phase” particle-density vibrations
of the s; mode involves the “in-phase” mode s, inside of the
nucleus.

For small isovector and isoscalar multipole ES-radius
vibrations of the finite neutron and proton Fermi-liquid
drops around the spherical nuclear shape, one has §R.(t) =
Rasi(t)Yw(f) with a small time-dependent amplitude a?(t) =
ot;[exp(—i ot). The macroscopic boundary conditions (surface
continuity and force-equilibrium equations) at the ES are given
by Refs. [7,30,51]:

+ vy a
u, |,—r = Rag Y0(F),

—t N
STIE|,_g = ai Py Yio(F). (30)

The left-hand sides of these equations are the radial com-
ponents of the mean-velocity field u = j/p (j is the current
density) and the momentum flux tensor 8I1,, defined both
through the moments of é f (r, p,#) in momentum space [30,51].
The right-hand sides of Eq. (30) are the ES velocities and
capillary pressures. These pressures are proportional to the
isoscalar and isovector surface-energy constants b? inEq. (19),

Py =2bEp Py ATV, 31)
where P, = (A — 1)(A + 2)/2, P- = 1. The coefficients bf
are essentially determined by the constants C. [Eq. (8)] of
the energy density (2) in front of its gradient density terms.
The conservation of the center of mass is taken into account
in the derivations of the second boundary conditions (30)
[30,51]. Therefore, one has a dynamical equilibrium of the
forces acting at the ES.

VI. TRANSITION DENSITY AND NUCLEAR RESPONSE

The response function x4 (w) is defined as a linear reaction
to the external single-particle field F(r) with the frequency
w. For convenience, we may consider this field in terms of a
similar superposition of plane waves (29) as 6f+ [30,51]. In
the following, we will consider the long wavelength limit with
VEr.1) = () F(r) and a5 (1) = a2 e @1 where
ai‘t’” is the amplitude and w is the frequency of the external
field (7, = +0). In this limit, the one-body operator F(r)
becomes the standard multipole operator, F (r) = r*Y,o(#) for
A = 1. The response function y.(w) is expressed through the
Fourier transform of the transition density p(r) as

xx(@) = —/dr F(r) p2(r)/egy”. (32)

The transition density p{(r) is obtained through the dynam-
ical part of the particle density dp4(r,t) in a macroscopic
model in terms of solutions § f (r,p,?) of the Landau-Vlasov
equations (28) with the boundary conditions (30) as the
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same superpositions of plane waves (29) [30]: §p_(r,t) =

P ag p®(x) Yig(F) e’ where
°(x) = ﬂ[ [ (Ow(x) + &dl} (33)
PR = Gian [ g dx |
8 = / a2 5, (34)
0 1—w
& = / Cdw L + O (W), (35)
0
a
K = KO[I n Ex(u))], (36)

ko, = g R. The first term in (33), proportional to the dimension-
less isoscalar density w(x) (in units of p) accounts for volume
density vibrations [Eq. (9)]. The second term o dw_/dx,
where w_ is a dimensionless isovector density (in units of
pI) corresponds to the density variations from a shift of the ES
[Eq. (13)]. The particle number and the center-of-mass position
are conserved, and j, (k) and j;(x) are the spherical Bessel
functions and their derivatives. The upper integration limit w,
in Egs. (34) and (35) is defined as the root of a transcendent
equation x(wg) + R/a = 0. As shown in Appendix A, the
SO- and L-dependent density w_(x) is of the same order as
w(x). The dependencies of w_(x) on different Skyrme force
parameters, mostly the isovector gradient-term constant C_,
the SO parameter §, and the derivative of the volume symmetry
energy L, are the main reasons for the different values of the
neutron skin.

With the help of the boundary conditions (30), one can
derive the response function (32) [30],

r
@) =Y x" @ =) A" ,)/D}" (w - ,-5), (37)

withw = ppsako(NZ/A2)"? /m*R) (m* ~ m* = m*). This

response function describes two modes, the main (n = 1)
IVDR and its satellite (n = 2) as related to the out-of-phase
s1 and in-phase s, sound velocities which are excited in the
nuclear volume, respectively. We assume here that the “main”
peak exhausts mostly the energy weighted sum rule (EWSR)
and the “satellite” corresponds to a much smaller part of the
EWSR as proportional to the asymmetry parameter, / < 1.
This two-peak structure is from the coupling of the isovector
and isoscalar density-volume vibrations because of the neutron
and proton quasiparticle interaction 6 V1 in Eq. (28). Therefore,
one takes into account an admixture of the isoscalar mode to
the isovector IVDR excitation. The wave numbers ¢ = «,/R
of the lowest poles (n = 1,2) in the response function (37) are
determined by the secular equation,

3e,kpc”

Sy Lk + ¢ () = 0. (38)
N

D = ji(ko) =
The width of an IVDR peak I' in (37) corresponds to an
imaginary part of the pole having its origin in the collision
term 6 St of the Landau-Vlasov equation. At this pole, for the
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TABLE II. The isovector energy k¢ and the stiffness Q coefficients are shown for several Skyrme forces [37,41,44]; v is the constant of
Eq. (27); t/1 is the neutron skin thickness calculated by Eq. (25) with the corresponding L; the functions D(A) for the FLD model in the last
three lines are calculated with the relaxation time 7 having the constant of its frequency dependence Tgp, = 300 MeV? s as explained in the
text and in the figures [51]; the quantities kg ,, vy, Qo, 7, and Dy are calculated with L = 0.

SkM*  SGII  SLy5 SLy5* SLy6  SLy7 SVsym28 SVsym32 SVmas08 SVK226  SVkap02
ks.o (MeV) —247 -0.53 —12.6 —13.1 —-9.03 -7.09 11.4 15.6 37.1 23.7 12.7
kg (MeV) —248 —046 —14.6 —150 —10.1 —7.61 13.3 18.2 46.7 29.5 14.8
Vo 163 21.9 0.59 0.92 1.21 1.99 0.90 0.84 0.89 0.79 0.89
v 2.27 1.89 0.28 0.60 0.62 0.73 0.58 0.61 0.86 0.70 0.59
0o (MeV) 59642 29908 73 72 137 287 —62 —-55 —62 -30 —63
0 (MeV) 823 2570 42 41 63 98 —34 —34 —34 —21 —36
/1 0.006 0.004 041 0.43 0.26 0.16 0.43 0.53 0.040 0.89 0.45
/1 0.055 0.014 0.9 0.60 0.40 0.28 0.62 0.73 1.68 1.18 0.64
Dy (MeV) '328n 89 91 101 89 104 102 78 79 81 77 84
D (MeV) ®Ni 91 92 100 88 104 95 79 80 83 78 85
1328n 89 91 100 89 103 95 77 78 81 76 83
208py, 90 91 109 88 102 93 77 78 81 76 82

relaxation time one has forces than discussed in [36]. They are obtained within the

T, = 42To ) (haoy )2, (39) ES approximation with the quadratic expansion for e, [e(w)]

with an A-dependent constant 7y oc A~'/3. For the amplitudes
one has A(;’) o« A"~ The complete expressions for the am-
plitudes A(k") and the constants cf") are given in Refs. [30,51].
Assuming a small value of A, one may call the n = 2 mode
a “satellite” to the “main” n = 1 peak. On the other hand,
other factors such as a collisional relaxation time, the surface
symmetry-energy constant by, and the particle number A lead
sometimes to a re-distribution of the EWSR values among
these two IVDR peaks. The slope L dependence of the
transition densities p®(x) [Eq. (33)] and the strength of the
response function,

(40)

[Eq. (37)], has its origin in the symmetry-energy coefficient
b§” [Egs. (21),(22), (15), (4), and (6)]. Thus, one may evaluate
the EWSR sum rule contribution of the nth peak by integration
over the region around the peak energy E, = hw,,

S(w) = Imy, (w)/7

S = p? / dw o Sy(w). 41)

In accordance with the time-dependent HF approaches
based on the Skyrme forces (see, for instance, [24,25,28]),
we may expect that the energies of the satellite resonances
in the IVDR and ISDR channels can be close. Therefore, we
may calculate separately the neutron p,’(x) and proton py(x)
transition densities for the satellite by calculating the isovector
and isoscalar transition densities at the same energy E; and in
the same units as p4,

PL(x) + pZ(x)

pY(x) — p2(x)
5 , .

3 (42)

Py (x) = Py (x) =

VII. DISCUSSION OF THE RESULTS

In Table II we show the isovector surface energy coefficient
kg [Eq. (21)], the stiffness parameter Q [Eq. (27)], its constant
v, and the neutron skin t [Eq. (25)] for many more Skyrme

and neglecting the I slope corrections, for several Skyrme
forces [37,41] whose parameters are presented in Table I. Also
shown are the quantities ko, vo, Qo, and ty neglecting the slope
corrections (L = 0,K_ = 0). This is in addition to results of
Ref. [7] where another important dependence on the SO inter-
action measured by 8 was presented. In contrast to a fairly good
agreement for the analytical isoscalar surface-energy constant
b(S+) (20) as shown in Ref. [7] and references cited therein, the
isovector energy coefficient k¢ is more sensitive to the choice

of the Skyrme forces than the isoscalar one b(SJr) [Eq. (20) and
Ref. [5]]. The modulus of kq is significantly larger for most of
the Skyrme forces SLy... [37] and SV... [41] than for the other
ones. However, the L dependence of kg is somewhat small in
these forces (cf. the first two rows of Table II) as it should
be for a small parameter € of the symmetry-energy density
expansion (6). For SLy and SV forces, the stiffnesses Q are
correspondingly significantly smaller in absolute value being
closer to the well-known empirical values Q ~ 30—35MeV
[9-11] obtained by Swiatecki and collaborators. Note that
the isovector stiffness Q is even much more sensitive to
the parametrization of the Skyrme force and to the slope
parameter L than the constants k. In Ref. [7], we studied
the hydrodynamical results for Q as compared to the FLD
model for the averaged properties of the giant IVDR (IVGDR)
at zero slope L = 0. The IVDR structure in terms of the two
(main and satellite) peaks was discussed earlier in Ref. [31] at
L = 0in some magic nuclei with a large neutron excess within
the semiclassical FLD model based on the effective-surface
approach. For the comparison with experimental data and
other theoretical results we present in Table II (rows 9 and 11)
a small L dependence of the IVGDR energy parameter D =
EwveprA', where Ervepr = [ES1 + E2S:1/[S1 + Splisthe
IVGDR energy for the isotope 1328n [S, = S(w,); see also
Eq. (40) for the definition of the strength S(w)]. A more precise
reproduction of the A dependence of the IVGDR energy
parameter D for finite values of L (see the last three rows for
several isotopes) might determine more consistent values of Q,
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FIG. 3. (Color online) IVDR strength functions S(w) vs the
excitation energy fiw are shown for vibrations of the nucleus '**Sn
for the Skyrme force SLy5* by dots and dashed lines at L = 50 MeV
and solid lines for L = 0; red or magenta (‘“out-of-phase”) and green
(“in-phase”) curves show separately the main and satellite excitation
modes, respectively (Secs. IV and V); the collision relaxation time
T = 4.3 x 107! 5 in agreement with the IVGDR widths [51].

but, at present, it seems to be beyond the accuracy of both the
hydrodynamical and the FLD models. The IVGDR energies
obtained by the semiclassical Landau-Vlasov equation (28)
with the macroscopic boundary conditions (30) of the FLD
model (Ref. [7]) are also basically insensitive to the isovector
surface energy constant kg [6,7,31,36]. They are in a good
agreement with the experimental data, and do not depend much
on the Skyrme forces even if we take into account the slope
symmetry-energy parameter L (last three rows in Table II).

More realistic self-consistent HF calculations taking into
account the Coulomb interaction, the surface curvature, and
quantum shell effects have led to larger values of QO ~ 30 —
80MeV [4,20]. For larger Q (see Table II) the fundamental
parameter (9J/4Q)A~'/3 of the LDM expansion in Ref. [8]
is really small for A % 40, and therefore, the results obtained
using the leptodermous expansion are better justified.

An investigation within the approach presented in Sec. V
shows that the IVDR strength is split into a main peak
which exhausts an essential part of the EWSR independent
of the model and a satellite peak with a much smaller
contribution to this quantity. Focusing on a much more
sensitive ks dependence of the IVDR satellite resonances,
one may take now into account the slope L dependence of
the symmetry-energy density per particle (6) (Refs. [22-25]
and [31]). The total IVDR strength function being the sum of
the “out-of-phase” n = 1 and “in-phase” n = 2 modes for the
isovector- and isoscalarlike volume particle density vibrations,
respectively (solid lines in Figs. 3 and 4 for the zero L, and
dotted and dashed lines for the finite L) has a somewhat
remarkable shape asymmetry [31,36]. For SLy5* (Fig. 3) and
for SVsym32 (Fig. 4) one has the “in-phase” satellite to the
right of the main “out-of-phase” peak, cf. with the traditional
PDR to the left of the main one. An enhancement to the left of
the main peak for SLy5* is from increasing the “out-of-phase”
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FIG. 4. (Color online) The same total and different modes (main
and satellite) strengths as in Fig. 3 are shown for different L = 0 and
60 MeV for the Skyrme force SVsym32.

strength (red solid and magenta rare dotted curves, Fig. 3)
at small energies because of the appearance of a peak at the
energy about a few MeV, in contrast to the SVsym32 case. The
semiclassical FLD model calculations at the lowest & order
should be improved here, for instance, by taking into account
the quantum effects like shell corrections within more general
periodic-orbit theory [51,52]. In the nucleus '*?Sn the IVDR
energies of the two peaks do not change much with L in both
cases: E; = 17 MeV, E, = 20 MeV for SLy5* (Fig. 3) and
E, =15MeV, E, = 18 MeV for SVsym32 (Fig. 4). We find
only an essential re-distribution of the EWSR contributions
(normalized to 100% for the EWSR sum of the main and
satellite peaks) [Eq. (41) for S{"]. This is from a significant
enhancement of the main “out-of-phase” peak with increasing
L, S" =89% and S\ = 11% for SLy5* (Fig. 3), and more

T T T T T T T T T
- 2081, 1 1321 68NT; 1
Pb Sn Ni
0.2+ —0.2 —0.2 —
~~
é SLy5* SLy5* SLy5*
ot —L=01 —L=01 —1=0 1
ceee 50 ceee 50 s 50
L SVsym32 | .| SVsym32 | | SVsym32 |
0.1 10 0.1 10 0.1 =0
60 60 S 60
ob 1 I ! ob 1 1] == Cl T
10 15 20 25 30 10 15 20 25 30 10 15 20 25 30
ho (MeV) ho (MeV) ho Mev)

FIG. 5. (Color online) The total IVDR strength functions S(w) vs
the excitation energy hw (in MeV) for different double magic nuclei
for SLy5* and SVsym32 forces; a slight dependence on the slope
parameter L (in MeV) as compared to the L = 0 case at the main
peaks is shown.
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FIG. 6. (Color online) The IVDR splitting vs the asymmetry
parameter / = (N — Z)/A. (Top) The energies E, of the main peak
(n = 1) and satellite (n = 2); black (n = 1) and red (n = 2) open
squares are obtained from the experimental data for the integral cross
sections of Refs. [54-58] for several Sn isotopes, as explained in the
text [30]; the solid and dotted black lines with opened circles are the
main L = 50 MeV and 0 peaks for SLy5*, respectively; the same red
curves show the satellites; the solid and dashed blue lines with open
diamonds denote the main L = 60 MeV and 0 peaks for SVsym32*,
respectively; the same magenta curves show the satellites; the green
dots stands for the averaged (IVGDR) experimental data (three last
from Adrich et al. [32]) and arrows show the particle number of the Sn
isotopes. (Middle) The ratio of the strengths at the satellite to those at
the main peak, S, = S(w,) (black solids and red dots for SLy5*; blue
solids and magenta dashed curves for SVsym32). (Bottom) The SV
normalized to 100% as explained in the text with the same notations
as in the top plot.

pronounced EWSR distribution S\ = 76% and S{" = 24%
for SVsym32 (Fig. 4) [cf. with the corresponding L =0
results: S\ = 88% and 3" = 12% for SLy5* and $\" = 73%

and S = 27% for SVsym32].

Figures 5 and 6 show more systematic study for several
isotopes and for the chain of the Sn isotopes, respectively.
In Fig. 6, we compare the results of our calculations with
the experimental data. The latter were obtained by fitting the
experimental strength curve for a given almost spherical Sn
isotope by the two Lorenzian oscillator strength functions as
described in Refs. [30,51]. It is always possible in the case
of the asymmetric shapes of the strength curves with usual
enhancement on the right of the main peak, even in the case
where the satellite cannot be distinguished transparently well
from the main peak in almost spherical nuclei (unlike the
clear shoulders for the IVDRs in deformed ones). Each of
these functions has three fitting parameters such as the inertia,
stiffness, and width of the peak. We found somewhat good
agreement of our ETF ES results with these experimental data
for the energies, ratio of the strengths at the satellite to the
main modes, and the EWSR contributions.

More precise L-dependent calculations change essentially
the IVDR strength distribution for the SV forces because of the
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smaller ¢y, value as compared to other Skyrme interactions
(see Table I). For 2°®Pb one obtains E; = 15MeV, S\ = 91%
for the main peak and E, = 17 MeV, S;l) = 9% the satellite for
SLy5*; and E| = 13 MeV, Sil) = 83% for the main peak and

E, =16 MeV, Sél) = 17% the satellite for SVsym32 forces.
These calculations are qualitatively in agreement with the

experimental results: E; = 13 MeV, Sfl) = 98% for the main

peak and E; = 17 MeV, S;l) = 2% the satellite. Discrepancies
might be related to the strong shell effects in this stable double
magic nucleus which are neglected in the ETF ES approach.
Decreasing the relaxation time 7 by a factor of about 1.5
almost does not change the IVDR strength structure. However,
we found a strong dependence on the relaxation time 7 in a
wider region of 7 values. The “in-phase” strength component
with a wide maximum does not depend much on the Skyrme
force [37,41,43], the slope parameter L, and the relaxation
time 7. We found also a regular change of the IVDR strength
for different double magic isotopes (Fig. 5). In addition to a big
change for the energy (mainly because of E) and the strength
[S1(w)], one also obtains more asymmetry for %8Ni than for
the other isotopes. Calculations for nuclei with different mass
A were performed with the relaxation time 7 [Eq. (39)] where
To = Top,(208/A)'/? with the parameter Topp, = 300 MeV? s
derived from the IVGDR width of 2®®Pb, in agreement with
experimental data for the averaged A dependence of the
IVGDR widths (o« A~%/3). In this way the IVDR relaxation
time 7,, becomes larger with increasing A as A'/3, and at the
same time, the height of peaks decreases. The L corrections
are also changing much in the same scale of all three nuclei.
The essential parameter of the Skyrme HF approach leading
to the significant differences in the kg and Q wvalues is
the constant C_ [Eq. (2) and Table I]. Indeed, C_ is the
key quantity in the expression for Q [Eq. (27)] and the
isovector surface-energy constant kg [or b, Eq. (21)],
because Q o 1/ks o 1/C_ and kg o< C_ [7]. Concerning kg
and the IVDR strength structure, this is even more important
than the L dependence although the latter changes significantly
the isovector stiffness Q and the neutron skin 7. As seen in
Table I, the constant C_ is very different in absolute value
and in sign for different Skyrme forces whereas C.. is almost
constant (Table I). The isoscalar energy density constant b(s+)
is proportional to C; [Eq. (20)], in contrast to the isovector
one. All Skyrme parameters are fitted to the well-known
experimental value 19(;) = 17—19 MeV while there are so far
no clear experiments which would determine kg well enough
because the mean energies of the IVGDR (main peaks) do
not depend very much on kg for different Skyrme forces (the
last three rows of Table II). Perhaps, the low-lying isovector
collective states are more sensitive but at the present time there
is no careful systematic study of their k¢ dependence. Another
reason for so different kg and Q values might be because of
difficulties in deducing kg directly from the HF calculations
because of the curvature and quantum effects. In this respect,
the semi-infinite Fermi system with a hard plane wall might
be more adequate for the comparison of the HF theory and
the ETF effective-surface approach. We have also to go far
away from the nuclear stability line to subtract uniquely the

064311-9



J. P. BLOCKI, A. G. MAGNER, AND P. RING

coefficient k in the dependence of b\ o I2 = (N — Z)?/A?,
according to Eq. (21). For exotic nuclei one has more problems
to derive k¢ from the experimental data with enough precision.
Note that, for studying the IVDR structure, the quantity kg
is more fundamental than the isovector stiffness Q because
of the direct relation to the tension coefficient o_ of the
isovector capillary pressure. Therefore, it is simpler to analyze
the experimental data for the IVGDR within the macroscopic
HD or FLD models in terms of the constant k. The quantity
Q involves also the ES approximation for the description
of the nuclear edge through the neutron skin 7 in Eq. (24).
The L dependence of the neutron skin 7 is essential but not
so dramatic in the case of SLy and SV forces (Table II),
except for SVmas08 forces with the effective mass 0.8. The
precision of such a description depends more on the specific
nuclear models [19,20,27]. On the other hand, the neutron skin
thickness 7, like the stiffness Q, is interesting in many aspects
for an investigation of exotic nuclei, in particular, in nuclear
astrophysics.

We emphasize that for specific Skyrme forces there exists
an abnormal behavior of the isovector surface constants kg
and Q. It is related to the fundamental constant C_ of the
energy density (2) but not to the derivative symmetry-energy
density corrections. For the parameter set T6 (C_ = 0) one
finds kg =0 (Ref. [7]). Therefore, according to Eq. (27),
the value of Q diverges (v is almost independent from C_
for SLy and SV forces; Table II and Refs. [7,31,36]). The
isovector gradient terms which are important for the consistent
derivations within the ES approach are also not included (C_ =
0) into the symmetry-energy density in Refs. [15,17,18].
In relativistic investigations [12,13] of the structure of the
IVGR distributions, the dependence of these quantities on the
derivative terms has not been investigated so far. It therefore
remains an interesting task for the future to apply similar
semiclassical methods such as the ES approximation used here
also in relativistic models. Moreover, for RATP [37] and SV
[41] (like for SkI) Skyrme forces, the isovector stiffness Q is
even negative as C_ > 0 (kg > 0) in contrast to other Skyrme
forces. This would lead to an instability of the vibration of the
neutron skin.

Table II shows also the coefficients v of Eq. (27) for the
isovector stiffness Q. They are almost constant for all SLy and
SV Skyrme forces, in contrast to other forces [7]. However,
these constants v, being sensitive to the SO (f) dependence
through Egs. (26), (25), and (22), change also with L (Table II).
As compared to 9/4 suggested in Ref. [8], they are significantly
smaller in magnitude for most of the Skyrme forces.

In Fig. 7 we show, in the case of the Skyrme forces SLy5*
and SVsym32, the transition densities p$(x) of Eq. (33)
for the “out”-of-phase (—) and the “in”-phase (+) modes
of the volume vibrations at the excitation energy E, of the
satellite. The transition densities were not presented in our
preliminary publication [36]. These are the key quantities for
the calculation of the IVDR strengths, according to Eq. (32).
The L dependence is somewhat small, slightly notable mostly
near the ES (|x|< 1). From Fig. 8, one finds a remarkable
neutron vs proton excess near the nuclear edge for the same
forces, which is, however, very slightly depending on the slope
parameter L. A small dependence of the transition densities
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FIG. 7. (Color online) The IVDR main out-of-phase (p_, “out”)
and in-phase (8p,“in”) transition densities p®(x) [Eq. (33)] multi-
plied by (r/R)?, vs x = £/a ~ (r — R)/a (spherical nuclei) for the
satellite in '*2Sn with the Skyrme forces SLy5* [43] (upper panel)
and SVsym32 [41] (lower panel); the two characteristic values L = 0
and L = 50 (or 60) MeV are shown; the relaxation time 7 is the same
as in Fig. 3.

on L comes through the symmetry-energy constant k¢ which
is almost the same in modulus for these forces. We did not
find a dramatic change of the transition densities with the sign
of kg. Therefore, there is a weak sensitivity of the transition
densities on L through the energy E,. We would have expected
a stronger influence of the sign of kg on the vibrations of the
neutron skin rather than on the IVDR. This different sign leads
to the opposite, stable and unstable, neutron skin vibrations.
One observes also other differences between the upper (SLy5*)

s 1‘328 n
F satellite

T
SLy5*

| |
5 4 3 2 1T x=E/q 0

\
1
— T 1 T
SVsym32 1[-60 L=0 ]
n_

‘ :
132 Sn
satellite

1 x=t/a’ !

FIG. 8. (Color online) The same but for the IVDR neutron (n)
and proton (p) transition densities p“(x) [Eq. (33)] multiplied by
(r/R), vs x =&/a ~ (r — R)/a for the satellite at the energy E,
in 1*2Sn with the Skyrme forces SLy5* [43,44] (upper panel) and
SVsym32 [41] (lower panel); the two characteristic values L = 0 and
L =50 (or 60) MeV are shown, too; the relaxation time 7 is the
same as in Fig. 3.
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FIG. 9. (Color online) The IVDR n-p transition densities p“(x)
multiplied by (r/R)> vs the dimensionless distance parameter
x =§&/a =~ (r — R)/a for the same double magic nuclei slightly
depending on the slope parameter L (in MeV) for a given example
SLy5* of the Skyrme forces as compared to the L = 0 case near the
ES edge as in Fig. 8.

and the lower (SVsym32) panels in both figures: We find a
redistribution of the surface-to-volume contributions of the
transition densities for these two modes. Again, as in Figs. 9
and 10, one finds a considerable change of the neutron-proton
transition densities for the different isotopes for SLy5* and
SVsym32.

The last figure shows theoretical (Fig. 11) evaluations
of the neutron skin. Figure 11 shows the absolute values
of the skin obtained from t// multiplying the mean-square
evaluations of the nuclear radii by the factor \/% for an easy
comparison with experimental data given in [27]. For 2%Pb,
one finds that the experimental values Ar,,,” = 0.12 — 0.14 fm
in Ref. [27] (0.1561’8:8%? fm [59]) are in good agreement with
our calculations Ar;';,e"r ~ 0.10 — 0.13 fm within the ES ap-
proximation (the limits show values from SLy5* to SVsym32).

o, 6 I ' I T I, T =
< *%ph  SVsym32 satellite ]
&
2. L=60 L=0 |
3 n ieee
6L \ \ \ ‘ L P 2=
-2 -4 3 2 x=C/a -1 0 1
o 6 T T T T T T
= B2Gn  SVsym32 satellite
~P.</
S ,L=60 1=0
3 P
6L £ ‘ — 1 \ ‘
-5 -4 -3 2 X=E/a -1 0 1
o, 6 T ' 1 ' T ' 1 1 =
& sE *Ni SVsym32 satellite
= °F
e 0
Q- -----
3
6 I ! L P |
-5 -4 3 -2 ng/a -1 0 1

FIG. 10. (Color online) The same as in Fig. 9 but for the Skyrme
force SVsym32.
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FIG. 11. (Color online) Neutron  skin  thickness  Ar,, =
\/%(R,, —-R) = \/%ror (ro = 1.14 fm) as a function of the
derivative constant L for the same isotopes as in Table II and Figs. 5,
9, and 10 for the SLy5* and SVsym32 forces; full symbols show
SLy5* and open ones correspond to SVsym32 calculations; arrows
show approximately the values of L for different Skyrme forces
taken from Refs. [41,44].

For the isotope 12481 one obtains Arfl};for ~ 0.09 — 0.12 fm,
also in good agreement with experimental results. For the
isotope '32Sn, we predict the value Ar}l}f"r ~0.11 —0.15fm.

Similarly, for ®*Ni and **Ni, one finds Arfr 2 0.03 — 0.04
(like in Ref. [27]) and 0.08 — 0.11 fm, respectively.

VIII. CONCLUSIONS

The slope parameter L was taken into account in the leading
ES approximation to derive simple analytical expressions for
the isovector particle densities and energies. These expressions
were used for calculations of the surface symmetry energy, the
neutron skin thickness, and the isovector stiffness coefficients
as functions of L. For the derivation of the surface symmetry
energy and its dependence on the particle density we have to
include main higher order terms in the parameter a/R. These
terms depend on the well-known parameters of the Skyrme
forces. Results for the isovector surface energy constant kg,
the neutron skin thickness t, and the stiffness O depend in
a sensitive way on the parameters of the Skyrme functional
(especially on the parameter C_) in the gradient terms of the
density in the surface symmetry energy [see Eq. (2)]. The
isovector constants kg, 7, and Q depend also essentially on
the slope parameter L, in addition to the SO interaction
constant 8. For all Skyrme forces, the isovector stiffness
constants Q are significantly larger than those obtained in
earlier investigations. However, taking into account their
L dependence they come closer to the empirical data. It
influences more on the isovector stiffness Q and on the neutron
skin 7, than on the surface symmetry-energy constant k.
The mean IVGDR energies and sum rules calculated in the
macroscopic models like the FLD model [6,30] in Table II
are in fairly good agreement with the experimental data for
most of the kg values. As compared with the experimental
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data and other recent theoretical works, we found a somewhat
reasonable two-peak structure of the [IVDR strength within the
FLD model. According to our results for the neutron and proton
transition densities [Figs. 8—10], we may interpret semiclassi-
cally the IVDR satellites as some kind of pygmy resonances,
in addition to the traditional studies [12-14,22-25,32-35].
Their energies, sum rules, and n-p transition densities obtained
analytically within the semiclassical FLD approximation are
sensitive to the surface symmetry-energy constant k, and
the slope parameter L. Therefore, their comparison with the
experimental data can be used for the evaluation of k, and L.
It seems helpful to describe them in terms of only few critical
parameters, like k¢ and L.

For further perspectives, it would be worthwhile to apply
our results to calculations of the IVDR strength structure
within the FLD model [30] in a more systematic way. In
this respect it is also interesting that the low-lying collective
isovector states are expected to be even more sensitive to
the values of kg within the periodic orbit theory [52,60,61].
More general problems of classical and quantum chaos in
terms of the level statistics and Poincare and Lyapunov
exponents (Ref. [62] and references therein) might lead to
progress in studying the fundamental properties of collective
dynamics like nuclear fission within the Swiatecki-Strutinsky
macroscopic-microscopic model. Our approach is helpful also
for further study of the effects in the surface symmetry
energy because it gives analytical universal expressions for
the constants kg, 7, and Q as functions of the slope parameter
L which do not depend on specific properties of nuclei as they
are directly connected with a few critical parameters of the
Skyrme interaction without any fitting.
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APPENDIX A: SOLUTIONS OF THE ISOVECTOR
LAGRANGE EQUATION

The Lagrange equation for the variations of the isovector
particle density p_ is given in the local coordinates &,n by
[5,7]

3%p_ - d
_ 20_H————[pre_(pL,p)]+r_ =0, (Al
og2 +2C_H 08 dp_ lo+e—(o+,0-)]+ (AD)

where H is the mean curvature of the ES, and A_ is the ES
correction to the isovector chemical potential. Up to the leading

2C
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terms in a small parameter a/R one gets from Eq. (A1)
8%p_
982

- di[me—(m,p-)] =0. (A2)
o

We neglected here the higher order terms proportional to
the first derivatives of the particle density p_ with respect
to £ and the surface correction to the isovector chemical
potential in Eq. (A1) (Refs. [2,3] for the isoscalar case). For
the dimensionless isovector density w_ = p_/(pI) one finds
after simple transformations the following equation and the
boundary condition in the form,

dw_ Sym(©(1+Bw) / w?
—_— = CS m e — 1—_
dw 4 e[e(w)] w?

w_(w=1)=1,

’

(A3)

where B is the SO parameter defined below Eq. (9), gsym =
Ssym/J s Csym is defined in Eq. (12), and Sgym(€) in Eq. (6).
The above equation determines the isovector density w_ as a
function of the isoscalar one w(x) [Eq. (9)]. In the quadratic
approximation for e[e(w)] [up to a small asymmetry correction
proportional to 12 in Eq. (4)], one finds an explicit analytical
expression in terms of elementary functions [7]. Substituting
w_ = w cosyr into Eq. (A3), and taking the approximation
e = (1 — w)?, one has the following first-order differential
equation for a new function ¥ (w):

B w(l —w) siny ﬂ _ gsym(e)(l + Bw) sinyr
Csym dw

1—w

cosyy, Y(w=1)=0.

Csym

(A4)

The boundary condition for this equation is related to that of
Eq. (A3) for w_(w). This equation looks more complicated
because of the trigonometric nonlinear terms. However, it
allows one to obtain simple approximate analytical solutions
within standard perturbation theory. Indeed, according to
Egs. (A3) and (9), where we do not have an explicit x
dependence, we note that w_ is mainly a sharply decreasing
function of x through w(x) within a small diffuseness region
of the order of one in dimensionless units (Figs. 1 and 2).
Thus, we may find approximate solutions to Eq. (A4) with its
boundary condition in terms of a power expansion of a new
function ¥ (y) in terms of a new small argument y [Eq. (12)],

o]

V) =vw) =) e y"(w),

n=0

(A5)

where the coefficients ¢, and y are defined in Eq. (12).
Substituting the power series (A5) into Eq. (A4), one expands
first the trigonometric functions into a power series of y
according to the boundary condition in Eq. (A4). As usual,
using standard perturbation theory, we obtain a system of
algebraic equations for the coefficients ¢, [Eq. (AS)] by
equating coefficients from both sides of Eq. (A4) with the
same powers of y. This simple procedure leads to a system of
algebraic recurrence relations which determine the coefficients
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¢, as functions of the parameters B and cgyn, of Eq. (A4),

1
¢y =0, Cl:ﬁ’
° B2 42+ a4p)
CH —m ———————
2T 2o p\T T 3

3

_Cl{fc% 5612 CoCym <ﬂ N i)
3 Csym 2cy 3J

K_c? c2

L oo 4 sym symL L
21 (A6
gf ol T =7 127 pei — 67 ) 1O

and so on. In particular, up to second order in y, we derive
analytical solutions as functions of B8, ¢gym, J, and L in an
explicitly closed form:

V() =yl +ay), o= YA (A7)
2 24+ L2 (1 3J
Cz:ﬂcsym+ + L2, (1+ B)/(3)) a8

2(1 + ,3)3/zcsym

Thus, using the standard perturbation expansion method of
solving w(y) in terms of the power series of the y up to y2,
one obtains the quadratic expansion of y(w) [Eq. (13)] with
¢ = cz/cy. Notice that one finds a good convergence of the
power expansion of 1//(y(w)) (A7) in y(w) for w_(x) at the
second order in y (w) because of values of ¢y, larger one for
all Skyrme forces presented in Table I [Eq. (12) for cgym].

APPENDIX B: DERIVATIONS OF THE SURFACE ENERGY
AND ITS COEFFICIENTS

For the calculation of the surface energy components E(Si)
of the energy E in Eq. (1) within the same improved ES
approximation as described above in Appendix A we first
separate the volume terms related to the first two terms of
Eq. (2) for the energy density £ per particle. Other terms of
the energy density p&(p4,p-) in Eq. (2) lead to the surface
components E;E [Eq. (18)], as they are concentrated near
the ES. Integrating the energy density p& per unit of the
volume [see Eq. (2)] over the spatial coordinates r in the local
coordinate system &, (see Fig. 1) in the ES approximation,
one finds

jgdS dE[CL(Vpr)* + presr(pr.p)] X oL S,
&in

B

where &, < —a (Refs. [2,3,5]). The local coordinates &,n
were used because the integral over & converges rapidly within
the ES layer which is effectively taken for |£|< a. Therefore
again, we may extend formally &;,, to —o0 in the first (internal)
integral taken over the ES in the normal direction £ in Eq. (B1).
Then, the second integration is performed over the closed
surface of the ES. The integrand over £ contains terms of the
order of (p/a)* o« (R/a)* like the ones of the leading order
in the first equation of Ref. [7]. However, the integration is
effectively performed over the edge region of the order of a
that leads to the additional smallness proportional to a/R. At
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this leading order the 1 dependence of the internal integrand
can be neglected. Moreover, from the Lagrange equations
[see Eq. (A2) for the isovector case] at this order one can
realize that terms without the particle density gradients in
Eq. (B1) are equivalent to the gradient terms. Therefore, for
the calculation of the internal integral we may approximately
reduce the integrand over & to derivatives of the universal
particle densities of the leading order pi(£) in & using
C(Vps) + pres(py.p-) ~ 2C.(0p+/0§)* [see Egs. (9) and
(13) for wi(x)]. We emphasize that the isovector gradient
terms are obviously important for these calculations. Taking
the integral over £ within the infinite integration region (—oo <
& < oo) out of the integral over the ES (d S) we are left with the
integral over the ES itself that is the surface area S. Thus, we
arrive finally at the right-hand side of Eq. (B1) with the surface
tension coefficient o = b(si) / (47{}”3) [see Eq. (19) for b(si)].

Using now the quadratic approximation e[e(w)] =
(1 — w)? in Eq. (19) for b5 (D_ = 0) one obtains (for < 0,
see Table I)

b =65 e 2,
roa

(B2)

where

1
Ty = / dw w(l + Bw) (1 —w)
0
TN =B+ )+ T2 arcsin /-],

(B3)

24— ﬁ)5/2

with
D =344 +8), TP =-3-68.

For the isovector energy constant [7_ one finds

(B4)

_ 1
J. = ﬁ dw Jw(l + Bw)(1 — w)(1 + Ty (w))?
0
e Pl Wiy
1920(1 + B)(—p)2 L~ \ ¢
@) (Csym i/
+J° ( = )arcsm ,8], (B5)
with
TND(&) = 105 — 48{95 + 75¢ + B[119 + 10¢(19 + 6¢)
+8B%(1+ 10¢(1 + ¢)) + 8£(5¢(3 + 2¢) — )]},
TP@) = 15(7+2B[53 +2¢) + 88(1 + )
x@B+¢+28(1+ NI} (B6)
These equations determine explicitly the analytical

expressions for the isoscalar (bg”) and isovector (bf())
energy constants in terms of the Skyrme force parameters;
see Eq. (15) for ¢ and Eq. (12) for c¢qym and y(w). For the
limit 8 — 0 one has from Egs. (B3) and (B5) J. — 4/15.
With Egs. (25) and (26) one arrives also at the explicit
analytical expression for the isovector stiffness Q as a
function of C_ and g. In the limit C_ — 0 one obtains k; — 0
and Q — oo because of the finite limit of the argument
Coym/C — 2(1 4+ B)/[B + (1 + B)L/(3J)] of the function J_
in Eq. (B5) [see also Eq. (13) for ¢ and Eq. (12) for ceym].
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