PHYSICAL REVIEW C 96, 024311 (2017)

Effects of pairing correlations on the neutron skin thickness and the symmetry energy
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We investigated effects of pairing correlations on the neutron skin thickness and the symmetry energy of finite
nuclei. In this calculation we used Hartree-Fock-Bogoliubov method with Skyrme forces and effective pairing
interactions. The results have been compared with available experimental data, Hartree-Fock results as well as the
predictions by droplet model. Finally, our discussion was extended to study of the pairing interaction in nuclear
matter. Roles of isospin 7 = 0 pairing in the nuclear matter were also discussed.
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I. INTRODUCTION

Study of symmetry energy and its density dependence
becomes a great interesting topic in nuclear physics and
astrophysics. Its importance emerges out of understanding the
structure of neutron-rich nuclei, various observational data
of neutron stars, and recent heavy ion collision data because
the isospin and density dependence of the equation of state
(EoS) in nuclear matter can be characterized by the symmetry
energy [1]. The nuclear EoS, which explicates the energy per
nucleon of asymmetric nuclear matter, can be expanded as a
function of neutron-proton asymmetry, § = (p, — p,)/p, ata
given density p

E(p,8) = E(p,0) + Eyn(P)F + - ()

The coefficient of the quadratic in Eq. (1) is the nuclear sym-
metry energy that can be approximated to the energy difference
between the pure neutron matter (PNM) and symmetric nuclear
matter (SNM) [2]. Since most of the nuclear models available
these days are adjusted to the data of the binding energy of
finite nuclei, they agree on the value of the symmetry energy
around saturation density p,. However, when it comes to its
density dependence, there is a strong model dependence. In
order to characterize the density dependence, one explores the
symmetry energy around the saturation density, expanding it
with respect to the density x = (p — p,)/(30):

Egm=J +Lx+ 3K x>+, Q)

where L and K, are the slope and the curvature parameters
of the nuclear symmetry energy at p,. The leading term, J,
indicates the symmetry energy at p, which values are predicted
in the order of 30 ~ 35MeV. The second coefficient is the

slope parameter defined as

IEym(p)
oy o= 3)

but it still has a wide ambiguity (20 ~ 100 MeV) [3]. Since nu-
clear pressure can be calculated as P(p,8) = p*dE(p,8)/dp,

L =3pg
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the L is proportional to the PNM pressure evaluated at
saturation density po,

P(p = po,6 =1) =3pL. “)

Another simple parametrization of the symmetry energy is
usually introduced in the interpretation of heavy ion collision
data

o\’
Eum fsymwo)(p—) I+, )
0

from which the slope and the curvature can be represented
as L =3Jy and K, =9Jy(y — 1) [4,5]. Many of nuclear
experiments have been conducted to make a constraint on
the density dependence of the symmetry energy. The pa-
rameter y = 0.4-1.05 (L = 88 &+ 25MeV) is constrained by
the isospin diffusion data in heavy-ion collisions [4], while
y = 0.69 (L ~ 65MeV) is deduced from isotope ratios [5].
Recent analysis by Ref. [3] shows y =0.79£0.25 (L =
75 £ 25MeV). But the relation is claimed not to be reliable
enough because it does not properly map self-consistent results
[6]. Discussion of nuclear collective motions can also give
a unique chance to determine the incompressibility of the
nuclear system, which is strongly related to the symmetry
energy [7-12]. For instance, the giant dipole resonance in
heavy nuclei reflects the value of y = 0.5-0.65 [13], and
the Thomas-Fermi model results in y = 0.51 [14]. Although
the substantial progress has been made theoretically and
experimentally, the density dependence of the symmetry
energy still remains uncertain and more accurate information
is required to understand it.

Recently it has been regarded that the neutron skin thickness
(NST), defined by the difference of the root-mean-square (rms)
radii of protons and neutrons, is a conceivable clue for the
symmetry energy [15-18]

ar,, =2 = ). (©)

The NST depends on the pressure of EoS in nuclear matter, and
thus is related to the first derivative of the symmetry energy like
the slop parameter, L [15,19]. It can be extracted through the
antiprotonic measurements [20], the parity-violating electron
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scattering [21-25], the polarized proton elastic scattering [23],
and other probes like @ or pions which can measure electric
dipole strength functions through electric dipole polarizabil-
ity and/or pygmy dipole resonances [24]. Neutrino-nucleus
scattering in recent neutrino beam facilities could also be an
alternative study for the NST [26].

It is noticeable that the formation of the neutron skin can be
affected by the pairing correlation of nucleons, which is known
to have a minor effect near the saturation density p ~ p,,.
Howeyver, in the surface of finite nuclei where the densities
become lower than the saturation density due to the smearing of
Fermi surface, the contribution of the pairing correlations is no
longer negligible [7]. In particular, the unlike neutron-proton
(np) pairing as well as the like pairing correlations by the
neutron-neutron and proton-proton should also be considered
for a proper account of the symmetry energy because the np
pairing has isoscalar (7 = 0) and isovector (T = 1) pairing
components and they may have different quenching properties
inside nuclei discovered in Ref. [27]. These properties should
be taken into account in the mean-field description of finite
nuclei, in particular, N = Z isoscalar nuclei [28,29]. Even in
the droplet model, the mass excesses of N = Z nuclei show
a zigzag dependence on the mass number due to the pairing
correlations [30]. It is thus worthwhile to discuss the effects
of pairing correlation on the NST and the symmetry energy in
finite nuclei as well as nuclear matter.

In the present work, we mainly employ the Hartree-Fock-
Bogoliubov (HFB) method with Skyrme effective interactions
to estimate the symmetry energy of various nuclei as a function
of NST, concentrating on the influence of pairing correlations.
In Sec. II, we first briefly review the definition of the symmetry
energy and coefficient for finite nuclei, and its relation with
the NST in the droplet model (DM). Sections III and IV are
dedicated to the main calculations and results given by the
mean-field models with Skyrme functionals. In Sec. V, we
discuss the effect of the pairing correlations on infinite nuclear
matter. Then this paper is wrapped up with a summary and
conclusions in Sec. VI.

II. NEUTRON SKIN THICKNESS AND SYMMETRY
ENERGY IN DROPLET MODEL

Possible correlations between the NST (Ar,,) and the slop
of symmetry energy, L, can be inferred from the droplet model
(DM) [16—-18]. In this model, the NST is given by [31]

3 e’z
A DM — e A vw, 7
Tnp 5 [ 70J:| AT ™
where the quantity ¢ is a distance between the neutron and
proton mean surface locations, the second term in the bracket
is due to the Coulomb repulsion. The bulk contribution ¢ is
given as
3 J 1 9J
(5 —1Ic) with x,=-—A""3 (8
2 Q I4+x 40
where J is the leadmg term of the symmetry energy defined
before, Q is the surface stiffness coefficient, which can
be extracted from semi-infinite nuclear matter calculations
[32,33], and I, = ezZ/(ZOJR) with R = r0A1/3. The term
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Ar,; is a correction caused by the different surface widths b,

and b, of the neutron and proton density profiles as

35
ArSY = b2 —b?), 9
5= |35t n) o
which can be fitted as the following ansatz:
Ar ‘“’— (03—+c>5 (10)
0
where ¢ = —0.05 or 0.07 fm is adopted in Ref. [32]. In the

DM, the symmetry energy contribution to a finite nucleus with
amass A is given by [34]

EM = aQM(A) (8 + x,10) A, (11)
where
J
agm(A) = { e (12)

is the symmetry energy coefficient of the corresponding
nucleus. Then, the bulk contribution ¢ to the neutron skin can
be written in terms of symmetric matter properties as follows:

3 3%( ) 27‘0

t= 37 0 (5—1(;):5[1

oMA]AP (S - I¢).

sym

13)

Therefore, one can infer from Eq. (13) a linear correlation

between the NST (ArB,M) and the symmetry energy coefficient

Sym(A) for an isotopic chain with different mass number
A as shown later on. For a given mass number A, e.g.,
208pb, it is found universally in the mean- -field calculation that
the symmetry energy coefficient a M(A) equals the value of

Eym(p) in Eq. (2) of asymmetry nuclear matter at the density
p=0.1 fm 3. With this relation, one can further reduce the
bulk contribution ¢ in Eq. (13) as

2 Ksm
t=2L 1+ x—22 |xAY36 - 1), 14
% [+ = :|x G-I (14

which shows a linear correlation between the NST (ArDM)
and the slope of the symmetry energy L [16]. Not that Eq. (14)

is different from the ¢ in Ref. [16], where € = ”‘3];0" is used

instead of x = ”3;?.

Consequently, for a given nuclear force with fixed L and
Kym, one could infer from Eq. (14) a linear relation between
the NST (Ar,,) and the asymmetry parameter 8, especially for
heavier nuclei. This relation is confirmed by the antiprotonic
atom x-ray measurement [20], and analyzed within the droplet
model, Skyrme and relativistic mean-field models [16,32],
which were also used to estimate the slope of the symmetry
energy L.

III. NEUTRON SKIN THICKNESS AND SYMMETRY
ENERGY IN SKYRME FUNCTIONALS WITH PAIRING
EFFECTS

In this section, we investigate the relation between the
NST Ar,;, in Eq. (6) and the symmetry energy Egyn,(A) or
the symmetry energy coefficient asy,(A) for finite nuclei with

024311-2



EFFECTS OF PAIRING CORRELATIONS ON THE ...

different mass numbers by including the effects of pairing
correlations. In order to calculate the symmetry coefficient
asym(A) for finite nuclei microscopically, we use the following
recipe to rewrite the Skyrme functional in Ref. [35]:

1
H = Ehz(fnfn + £,7,)
[ 1 Xo I3 X\ ol 2
+_5(1+3)+§<1+3)p }p
[3¢, X,
* E(H?) 16(1+ 2)}(%)
% 1 f 1
—_2(0+2)+§(x3+5)p]
x (o3 + £})
— 3t1 _|_1 +t_2 X +1
| 16 2 16\"2 " 2
x«m)2 +(Vp,)%)
1
+E[(t1 1) (Jn +Ji) — (X, + tzxz)Jz]
w
+3 Vo +1,-Vo, 43, Vo, ] +H., (15
where
1 1
fr =+ o1+ 3) +0(1+3) ]

1
W[ll (xl + §> - t2<x2 + §>i|pn!p. (16)

If we assume p, = p, = 5 1p for symmetric nuclear matter,

1e
1 1 X X
=t (e ) sn(142)
Famp m+2ﬁ2[1(+2 thilt5)P

1 1 1
—W[ﬁ(xl +§) —t2<x2+§)]p, (17)

the Hamiltonian is denoted as . By excluding the Coulomb
energy and the spin energy in H — H,), the density functional
of the symmetry energy is given as

Hsym == HT + HV + ngad (18)

with
hZ
Hp = —(fntn + [T, = 2 sy Tusp)s

fo ! f3 ! 252
- ~ ) [p2s
Hy |:4<0+2>+24< +20 p=0%,

R TV A R

Then the total symmetry energy Eqym(A) and the symmetry
energy coefficient agm(A) for a finite nucleus with the mass
number A are defined as

Eg(A) = / HogmdV = agyn(A) S +x,10)PA. (19)
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FIG. 1. Neutron skin thickness (S) calculated by the Skyrme
Hartree-Fock-Bogoliubov (HFB) model with SkI3, SLy4, SVI inter-
actions and density-dependent ¢ interaction (DDDI) for the pairing
force, comparing with the antiprotonic measurement data [20].

Here, it should be noted that this equation is an approximation,
because the symmetry energy coefficient asy,(A) defined
in DM models does not include the shell effect, while the
total symmetry energy Egym(A) includes the shell effect in
the Skyrme functional. By comparison between agym(A) and
ag,%(A), we can deduce the shell effect as shown in the
numerical results in Sec. IV. In the HFB calculations, we use
the box-discretized method with a box size, R, ;, = 20fm, and
the mesh size, dr = 0.1 fm. The angular momentum cut off is
taken as [, = 124.

For the pairing interaction in SLy4, we use the density-
dependent § interaction (DDDI) for the like-pairing field [7,36]

%[1 —n(p"(r)) }ﬁ(r), g=nor p, (0)
Po

where p is the pair density. The parameters in the DDDI are
taken as vy = —458.4MeV fm?, n = 0.71, « = 0.59, p, =
0.08 fm™3, which are determined for the Sn isotopes [37]. The
quasiparticle energy cut off is E_, = 60MeV.

In principle, one should fit the pairing strength for each
employed Skyrme interaction, and also for each isotope chain
according to the experimental pairing gap. But we exploit the
same parameters for different Skyrme interactions in Fig. 1
in order to do systematic calculations for a large number of
isotopes. This also helps us to understand the pairing effects
among the selected Skyrme functionals by comparing the HF
calculation without pairing to the HFB calculation with the
pairing in Figs. 2—-6. But, for nuclear matter, we use different
parameters for SLy4 and SLyS5, which are shown after Egs. (20)
and (24), respectively, because the pairing parameters are well
established for nuclear matter study.

G(r), =

IV. NUMERICAL RESULTS OF NEUTRON SKIN
THICKNESS AND SYMMETRY ENERGY

In this section, we calculate the NST (Ar,,;,) in terms of the
asymmetry parameter §, using HFB theory with three different
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FIG. 2. Symmetry energy Eg, (upper panel) and coefficient
asym (lower panel) as a function of NST for Pb isotopes (A =
180,184, ...,212). The filled symbols denote the results given by the
Skyrme functional SLy4 of HFB calculation with (square) and HF
calculation without (circle) pairing interaction. The open symbols
denote the results in the droplet model (DM) without surface width
corrections (circle), with the surface width correction of ¢ = —0.05
fm (square) and ¢ = 40.07 fm (triangle).

Skyrme functionals, SkI3, SLy4, and SVI, which have quite
different density dependence (characterized by L and Kgym)
for the symmetry energy as shown in Ref. [38]. Second, for Pb
and Sn isotopes, we deduce the correlations of the NST to the
symmetry energy and its coefficient only by taking SLy4 and
SVI functionals which have positive and negative L values,

respectively. The rms radius (r,%( ) in Eq. (6) is calculated
by the self-consistent neutron (proton) density.

Figure 1 shows our results of the NST (S = Ar,,), as a
function of § = (N — Z)/A, compared with the experimental
results deduced from the antiprotonic atom x-ray data [20].
Our results are consistent with the data within uncertainties
and comparable with the results in Refs. [16,32], although we
include the shell and pairing effects in the full self-consistent
calculations. One can see that, even if the three Skyrme
functionals have quite different L and Ky, a linear relation
between the NST and the asymmetry parameter ¢ still holds to

neutron skin [fm]

FIG. 3. Similar as Fig. 2, but for Sn isotopes with A =
120,124, ...,152.

some extent. However, the uncertainties of experimental data
are still too large to deduce the L value in the present model.

Figures 2 and 3 show numerical results for the symmetry
energy Egm(A) (upper panel) and the symmetry energy
coefficient ag,(A) (lower panel) as a function of the NST
for isotopic chain Pb (A = 180,184, ...,212) and Sn (A =
120,124, ...,152), respectively, calculated with the Skyrme
functional SLy4. The filled circles denote the result of the
Hartree-Fock results without pairing, while the filled squares
stand for the result of the HFB results with the DDDI
pairing. For comparison, the results from the DM calculated
by Egs. (11) and (12) are also shown in the figures by the open
symbols, where the circles denote the NST without the surface
width corrections, i.e., b, = b, in Eq. (9), and the triangles
(squares) denote the results given by the parametrized surface
width correction with ¢ = +0.07 fm (¢ = —0.05 fm). One
should notice that, in our mean-field calculations, we include
self-consistently the shell and pairing effects, while the DM
cannot.

Taking the Pb isotopes as examples, one can see from the
upper panel in Fig. 2 a large increase of the symmetry energy
Egym as a function of the NST for heavier nuclei for both the
DM and mean-field calculations. The NST is known to be

024311-4



EFFECTS OF PAIRING CORRELATIONS ON THE ...

50 ——7—7—

_ 2
a0l g(r) =4nr Hsym I/ \\ 196Pb

30

20

10

g(r) [MeV fm'1]

g(r) [MeV fm'1]

_10 N 1
0

r [fm]

FIG. 4. Symmetry energy density distribution g(r) = 477*Hym
in *Pb (upper panel) and **Sn (lower panel) obtained by the HF
(dashed line) and HFB (solid line) calculation with SLy4 functional.

proportional to the L in the symmetry energy, which is fixed
as L = 100.53 for SLy4 interaction. If we may measure the
NST, S, one can deduce the Egy, for a given nucleus, or vice
verse, from these results. Most of the symmetry energy given
by the DM is larger than those given by the self-consistent
mean-field calculations for a given isotope. The surface width
corrections for the NST become more and more important for
the heavier nuclei in the DM model.

Only for the isotope A = 180, the DM model without
the surface width correction gives the similar results of the
symmetry energy and the NST (almost zero) with the mean-
field calculations. For A = 184, the NST of the mean-field
calculation is closer to the DM result with ¢ = —0.05 fm.
From A = 188 to A = 204, the NST given by the mean-field
model lies between the surface width correction region ¢ =
—0.05 ~ 40.07 fm, which is consistent with the DM ansatz
in Eq. (10).

However, when it comes to the even more neutron-rich
isotopes for A = 208,212, the mean-field calculation gives
larger NST than DM. At the same time, we notice that the
pairing effect from the comparison between the HF and HFB
calculations is almost negligible in this example. This fact

PHYSICAL REVIEW C 96, 024311 (2017)
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FIG. 5. Similar with Fig. 2, but calculated by the Skyrme
functional SVI.

demonstrates that the larger NST in the mean-field calculations
than the DM results is mainly due to the shell effects included
in the HF mean field.

When we come to the symmetry energy coefficient agyy, in
the lower panel in Fig. 2, the rate of change by the neutron
skin is much smaller than that in Egy, because the A and §
dependence in the Egyy, disappears in the coefficient agyy. In
fact, the coefficient asy, depends on the NST, but its variation is
small, maximally less than 2 MeV. It means that the coefficient
sym 1s a property of nuclear matter with the small contribution
from the shell effect. Also we can see more clearly that the
results of DM are larger than those given by the mean-field
models, as explained after Eq. (19).

As expected from Eq. (13), we can see a linear increase of
the symmetry energy coefficient as a function of the NST in
the DM. However, this relation is not found in the mean-field
model at all. It means that the NST depends on the nuclear
structure of each nucleus, i.e., shell effects. Besides, the
difference between the HF and HFB results in the lower panel
is enlarged in the symmetry energy coefficient, dsm,, with a
small scale although they give the similar NST. Namely, not
only the shell effects but also the pairing correlations influence
the agyr, as well as the NST. For example, one can see the largest
difference between the agyy, appears in the isotope A = 196,
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FIG. 6. Similar with Fig. 3, but calculated by the Skyrme
functional SVIL.

which has 114 neutrons and lies between the 82 and 126 major
shells, while the smallest case appears at the double magic
nucleus (A = 208, N = 126) as expected.

Figure 3 for Sn isotopes with A = 120,124, ...,152 shows
the similar calculation results with Fig. 2 for Pb isotopes. First,
one can see from the upper panel that the symmetry energy
given by the DM is again systematically larger than that given
by the mean-field model for a given isotope. However, the NST
of all these isotopes obtained by the mean-field model is larger
than those given by the DM, which is quite different from the
Pb isotopes. This demonstrates that the shell effects play an
important role in producing a large NST in Sn isotopes. From
the comparison between the HF and HFB results, one can see
that from A = 120 to A = 132, the pairing effects is almost
negligible in NST. However, from A = 136 the pairing effects
produce a larger NST for more neutron-rich nucleus, while
a nucleus (A = 132, N = 82) has also no pairing interaction
effects due to the double magic number.

From the lower panel in Fig. 3, we can see again, in the
HFB as well as HF mean field results, that there is no linear
relation like the DM between the symmetry energy coefficient
and the NST in these isotopes. The largest difference between
the HF and HFB results of the symmetry energy coefficient
appears for the isotope A = 144.

PHYSICAL REVIEW C 96, 024311 (2017)

In order to further understand the difference in the sym-
metry energy coefficient due to the pairing effect in A = 196,
we plot the symmetry energy density g(r) = 47 r*Hgym given
by the HF (dashed line) and HFB (solid line) calculations in
the upper panel of Fig. 4. One can see that both the symmetry
energy densities by HF and HFB are mainly contributed around
the surface region r ~ 6 fm, where the HF result without
pairing is more concentrated while the HFB result with pairing
is more diffusive. Integration of this distribution gives the
symmetry energy, Eqm. For instance, in Fig. 2, ngn for 1%°Pb
is shown to be almost same as that by E!FB.Consequently,
the tiny difference does not change the NST as shown in the
x-axis label.

Similarly to the 196py case, we plot, for 144G the symmetry
energy density g(r) = 4711’2HSym given by the HF (dashed
line) and HFB (solid line) calculations in the lower panel of
Fig. 4. One can see again that the symmetry energy densities
by both HF and HFB are mainly contributed around the surface
region r ~ 6 fm. Integration of this distribution gives rise
to a bit larger symmetry energy and thus larger symmetry
coefficient and NST by the HFB result than those of HF in
this nucleus. This is consistent with the fact that the pairing
effects become significant in open-shell nuclei, which retain a
wide smearing surface region, because in open-shell nuclei the
attractive short-range nucleon-nucleon force giving rise to the
pairing correlations is stronger than the repulsive particle-hole
force. This feature was widely discussed in other shell model
and QRPA calculations [39-41].

Similar analyses are done for Pb and Sn isotopes with SVI
Skyrme functional in Figs. 5 and 6. One can see that the
overall behavior of the symmetry energy and coefficient are
similar with those given by the SLy4. But, the NST is much
smaller than those by SLy4 because the L value is much smaller
than that of the SLy4 functional. However, the pairing effects
produce less different NST from the HF results in these two
isotope chains with the SVI functional.

From the above, we can see that the mean-field models
which include self-consistently the full shell and pairing effects
gives less symmetry energy and coefficient, but larger NST,
compared with the DM model which does not have these two
effects. In the mean-field model, the symmetry energy and
coefficient are mainly contributed by the surface region, which
is mainly driven by the shell and pairing effects. In particular, in
open-shell nuclei, the pairing and shell effects play meaningful
roles in the symmetry energy and the NST because those nuclei
have wide smearing surface allowing the pairing.

V. PAIRING IN INFINITE MATTER

This section is devoted to the effects of the pairing
correlations in infinite nuclear matter. Nuclear energy density
for the nuclear matter can be written as a sum of Skyrme and
pairing terms

&= gSkyrme + S

pair*

2D
The Skyrme energy density, ESkyrme, corresponds to Eq. (15),
but the Coulomb, spin-orbit, and gradient terms are omitted
for the case of infinite matter. In the BCS approximation as the
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simplest approach, the pairing energy density is defined by

1
Enuir = -3 > N.AZ (22)

T=n, p

where N, = qurmi/JTzﬁz is the density of neutron (v = n)

and proton (r = p) states, and the pairing gap, A,, can be
obtained by solving the BCS gap equation,
G, [*r A
A, =1 / . @3
2 Jo Jletk), — 1)*+ A2

The denominator of the integrand in Eq. (23) denotes the
quasiparticle energy with the chemical potential, A, and the
single-particle energy, €(k) = /i%k?/2m*, which is assumed to
be the energy of free particle with the effective mass, m*,
in nuclear matter. First, we use the SLy4 functional with the
density-dependent contact interaction, Eq. (20), for the pairing
force used in the previous section for finite nuclei. Second, we
take SLy5 functional with the pairing field, G, written in the

form of
G, = v0|:1 - n<ﬁ) } (24)
Po

For nuclear matter by the SLyS5, we have used two types
of pairing interaction adjusting the parameter, n = 0.5 for
mixed-type and n =0 for volume-type interactions. The
strength parameter v, for each 5 is determined to reproduce
the pairing gap of '°Sn (A ~ 1.321 MeV) obtained by the
HFB calculation with SLy5 [42]. For SLyS5, the energy cutoff
for the pairing window is taken to be 60 MeV and

_[—218MeV fm’
07 1—-325MeV fm®

forn =0

for n = 0.5. (25)

For simplicity, we fix the parameter o to be one since the
pairing strength is rarely sensitive to it [43].

The pairing gaps obtained by self-consistently solving
Eq. (23) are shown with SLy4 (upper panel) and SLyS5 (lower
panel) functionals in Fig. 7. The density dependence in the
mixed-type interaction in SLy5 strongly suppresses the pairing
gap above saturation density because of the surface-type
pairing, similarly to those by SLy4 which is also a kind of
mixed-type interaction due to nonzero n value. All the while,
if we take the volume type pairing, the pairing gap was not
suppressed in the high density region.

In fact, in contrast to the low density region where the
pairing gaps are microscopically understood, there are still
ambiguities at higher densities than the nuclear saturation
density. Such an ultradense nuclear matter is thought to acquire
superfluidity through the formation of nucleon Cooper pairs
due to the dominance of the long-range attractive part of the
nucleon-nucleon (N N) interaction. In this context, it may be
interesting to see if the strength v, is far from the values
constrained by finite nuclei. Then we have also tested by
multiplying a factor 2 to the strength in Eqgs. (20) and (25)
for SLy4 and SLy35, respectively.

Moreover, recently, there are many discussions regarding
the pairing correlations by the 7 = 0 channel contribution
coming from the unlike pairing by the neutron-proton (np)
pairing correlations [40,44-46]. The np paring has two
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FIG. 7. Pairing gaps obtained with the density-dependent &
interaction of which parameters are determined in regard to SLy4
(upper panel) and SLy5 Skyrme (lower panel) functionals.

components 7 = 0 and 1, while the like-pairing correlations
from neutron-neutron and proton-proton have only 7 =1
contribution. In particular, the 7 = 0 channel was shown to
have pairing gaps much larger, about twice, than the T = 1
pairing channel [47,48]. That is another reason why we tested
the pairing contribution on the nuclear matter case enlarged
by the factor 2, whose results are presented as dashed lines in
Fig. 7. The pairing gaps by the enlarged 2 vy become about 6
times larger than those by the standard pairing interaction.

Finally, by using the energy functional in Eq. (21), we
calculate the EoS of the system, i.e., the energy per nucleon
as a function of density. The EoS of the PNM and also the
SNM in the BCS approximation are shown in Fig. 8. One
may notice that, in the difference between the dotted and
solid lines, the pairing effects by the strength vy make only an
indiscernible difference in the energy per nucleon, irrespective
of the kinds of Skyrme functionals. Next we increase the
strength parameter n twice, then the E/A becomes lower
in the lower density region. Specifically, the change in the
SLy4 functional makes the effect significant. But, in the high
density region, the enlarged pairing gap effects appear only in
the volume type interaction of SLy5. Systematic calculations
involving the microscopic effects, e.g., three-body forces,
detailed isospin-dependent pairing effect, etc., are required
to properly describe the pairing in the nuclear matter.
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FIG. 8. Energy per nucleon versus density in symmetric nuclear
and pure neutron matter for the SLy4 (upper panel) and SLy5 Skyrme
(lower two panels) functionals.

VI. SUMMARY AND CONCLUSIONS

We calculated the neutron skin thickness (NST) of heavy
nuclei by using a droplet model and three Skyrme functionals
SLy4, SkI3, and SVI, which have quite different energy
dependences, characterized by the slope L and the curvature
Koym in the symmetry energy. A linear relation between the
NST and the asymmetry parameter § can be deduced from
the antiprotonic atom x-ray measurement data. Another linear
relation between the NST and the L has been widely discussed.
We compare our results of NST with those experimental data,
which are consistent within the error bars. But it turns out to be
still difficult to extract the information of the slope L from this
investigation with the present experiment’s accuracy, although
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the three different Skyrme functionals retaining different L
values could reproduce the data within experimental error bars.

We also calculated the symmetry energy and its coefficient
in terms of the NST for Pb and Sn isotopes from the self-
consistent Skyrme models, SLy4 and SVI, and compared to
those given by the droplet model. We found that most of the
mean-field calculations give less symmetry energy but larger
NST than those by the droplet model. The pairing effects as
well as the shell structure are shown to affect more or less
the neutron skin thickness. In order to argue the effects from
the pairing correlation, we also compare the results between
the Hartree-Fock and Hartree-Fock-Bogoliubov calculations.
It turns out that the symmetry energy density is mainly
distributed around the nuclear surface region and the pairing
effects also show up mainly on the surface region in the
symmetry energy and the NST for some open-shell nuclei
having wide smearing.

By using the same Skyrme functional SLy4 used for finite
nuclei and another Skyrme functional, SLyS, we calculated
the pairing effects on the nuclear matter. Results by SLy4 and
mixed-type SLy5 functionals show maximally about 2.5 MeV
pairing gaps in the low density region. But the volume type
of the pairing by SLyS5 leads to about 2.5 MeV pairing gaps,
which are saturated even above the normal density region.
If we take into account the enlarged vy strength assumed to
come from the T = 0 pairing channel, the pairing gaps were
increased up to 13 ~ 19 MeV by SLy5 and SLy4 types in the
low density region, respectively. But the volume type SLy5
shows about 17 MeV pairing gap in the high density region.
In the binding energy, as shown in Fig. 8, the pairing effects
were not so salient for SLyS5, but may become stronger by the
enlarged T = 0 pairing correlation channel. A more stronger
binding energy by this enlarged 7' = O pairing contribution
was also confirmed for SLy4 interactions.

In conclusion, first, our results by different Skyrme func-
tionals show that the slope of the symmetry energy, L, is a
key factor for determining the NST. For example, the NST by
different Skyrme functionals, which have different L values,
reveals large differences as shown in the x axis in Figs. 2, 3
and 5, 6. Second, for a given symmetry energy, the NST by DM
is smaller than Skyrme functionals, which comes from the shell
effects considered in the mean-field calculations. Third, the
pairing effects as well as the shell effects may play meaningful
roles in the NST, but they are shown to be minor in the bulk
properties in the symmetry energy. Nevertheless they turned
out to contribute to the symmetry energy and the asymmetry
coefficients of finite nuclei. As argued in the present work, the
pairing effect comes mainly from the surface part. Butthe J, L,
K in the symmetry energy are thought to be matter properties.
Therefore, we addressed that the pairing interaction has to be
taken into account for the NST of finite nuclei.

Finally, the T = O pairing contribution should be reexam-
ined for a proper understanding the nuclear matter. Future
experiments for the neutron skin thickness of Pb and Ca
may deduce the precise constraint for the symmetry energy
from those experiments. In particular, we need more detailed
experimental data and more refined calculations of 7 =0
contribution by the Skyrme functional approach for a further
conclusion of the pairing effects in the nuclear matter.
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