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Abstract: We make a new investigation on the correlation at saturation (subsaturation) density between the density

dependence of symmetry energy and the percentage of energy-weighted sum rule (EWSR) exhausted by the pygmy
dipole resonances (PDR) in *Ni and '**Sn. The calculations are performed within Skyrme HF (or HF+BCS) plus
random phase approximation (RPA) (or quasiparticle RPA) by using SAMi-J effective interactions. The effect of

pairing on the dipole strength distribution of ®Ni and the density dependence of symmetry energy is discussed. The

slope parameter L and symmetry energy J at saturation (subsaturation) density are 41.8-90.2 MeV (39.3-64.1 MeV)
and 28.0-32.5 MeV (23.0-23.8 MeV). They are consistent with the currently accepted values except for the sym-
metry energy J at subsaturation density, it is slightly smaller than the data from nuclear mass differences and electric

dipole polarizability.
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I. INTRODUCTION

The properties of strong interaction matter, such as
nuclear systems, are of both the experimental and theoret-
ical interest. Its thermodynamic properties are governed
by the nuclear equation of state, which is a function of the
density, the temperature, and 'the isospin asymmetry.
Asymmetric nuclear matter refers to the nuclear systems
with different ratios of neutrons to protons. The study on
equation of state of asymmetric nuclear matter is a funda-
mental and crucial research topic in the field of nuclear
physics and astrophysics, which holds significant implic-
ations for the areas such as nuclear structures, nuclear re-
actions, and properties of neutron stars[1, 2]. Over the
past few decades, extensive efforts have been made to un-
derstand the equation of state for asymmetric nuclear
matter. However, there remains considerable debate, par-
ticularly concerning the equation of state for asymmetric
nuclear matter, specifically for its isospin dependent com-
ponent, known as the symmetry energy. Therefore, cur-
rent research on the equation of state of asymmetric nuc-
lear matter predominantly focuses on the study of the
density dependence of symmetry energy.
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Information on the symmetry energy can be obtained
from various observables, such as neutron skins, charge
radii of mirror-pair nuclei, binding energies of finite nuc-
lei, isospin diffusions and isotopic distributions in Heavy-
ion collisions and neutron star properties[3—12], none of
them being so far conclusive by itself. The isovector elec-
tric or change-exchange giant resonances are much sens-
itive to the density dependence of symmetry energy.
Hence the properties of giant resonances have ever been
used to evaluate the nuclear symmetry energy. In
Refs.[13—16], it is found that the value of the symmetry
energy is strongly correlated with the centroid energy of
the IVGDR in spherical nuclei. The electric dipole polar-
izabilities have recently been measured in 2%Pb, ®8Ni,
#Ca, and Sn isotopes, and many studies try to constrain
symmetry energy using electric dipole polarizabilities
[17-24]. The isovector giant quadrupole resonance has
also been used to get information of symmetry
energy[25]. The properties of charge-exchange giant res-
onances, such as isobaric analog state, Gamow—Teller,
spin-dipole, and anti-analog giant dipole resonances can
be used to constrain the equation of states of asymmetry
nuclear matter[26—30]. In the review paper by Xavier[2],
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more details can be found about the symmetry energy and
giant resonances as well as their relationship. As we
know that pygmy dipole resonance (PDR) appears in the
strength distribution of isovector dipole resonances in
exotic nuclei[31-33]. The PDR in neutron-rich nucleus is
usually explained as a vibration in which the excess neut-
rons oscillate against a proton—neutron saturated core.
The PDR has been measured experimentally in 3%1328n,
26Ne and %®Ni[34-36]. It is found that the PDR of exotic
nucleus is highly sensitive to the density dependence of
symmetry energy. So the measured strength of the PDR
can be employed to constrain the symmetry energy para-
meters, such as the value of symmetry energy and its
slope parameter at saturation density[37, 38].

In Ref.[38], the measured percentages of energy-
weighted sum rules (EWSR) exhausted by the pygmy di-
pole resonances in ®Ni and '*2Sn are used to constrain
the symmetry energy and its slope parameter at satura-
tion density. The calculations are performed by using a
representative set of Skyrme effective forces and relativ-
istic meson-exchange effective Lagrangians. In this work,
we will investigate again the correlation between the per-
centage of EWSR and the slope parameter of symmetry
energy by considering three new features that containing
more physical information. Firstly, we employ a family
of effective Skyrme interactions in the calculations to get
more clean correlation between the percentage of EWSR
and the density dependence of symmetry energy. The in-
teractions are named as SAMi-J interactions[39], they are
built by fitting the parameters to some properties of finite
nuclei. At the same time, the symmetry energy remains
fixed value (=22 MeV) at p ~ 0.1 fm~> as a constraint, in
such way the interactions are characterized by different
values of the symmetry energies and slope parameters at
saturation density. In the fitting procedure, all isoscalar
observables remain unchanged, e.g., the incompressibil-
ity coefficient almost equals to 245 MeV. Secondly, some
research works suggest that observables from finite nuc-
lei usually provide more precise constraints on symmetry
energy and its slope parameter at subsaturation density
rather than at saturation density[14, 40—42], so we will
constrain the density dependence of symmetry energy not
only at saturation density, but it is also quite interesting to
constrain the symmetry energy at subsaturation density in
this work. Pairing correlation might affect the distribu-
tion of PDR in %Ni, which is often ignored in previous
research works. Consequently it may also result in
slightly different values of symmetry energy and its slope
parameter. This shall be discussed in this study.

The paper is organized as follows. A brief report on
the Skyrme HF and RPA (or HF+BCS and QRPA) meth-
ods is presented in Section II. In Section III we show the
results and discussions. Finally, a summary and some re-
marks are given in Section IV.

II. THEORETICAL FRAMEWORK

The standard form of the Skyrme interaction and its
energy density functional can be found in Ref. [45].
Within the Skyrme HF+BCS approximation, the quasi-
particle wave functions and their quasiparticle energies
are obtained from the self-consistent equation,

2
(st
2mj(r)

Where U,(r) = V2(X) + 65 proton Veour(®) — iV2 (1) - (VX )+
Vi V2(r) is the central potential field for nucleons,
Veou(r) is the Coulomb potential, V? (r) is the spin-orbit
potential, and. V}, is the pairing potential. For the
Skyrme HF calculations, the pairing potential is blocked.

We employ a density dependent zero range pairing

force in our calculations, which is expressed as,

V+wm>%m=%%m, (1)
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where p(r) is the nucleon density, py is the saturation
density of nucleons (with a numerical value of 0.16
fm™), and 5 can take values of 1.0, 0.5, and 0.0, corres-
ponding to surface, mixed, and volume pairing correla-
tions[46, 47], respectively. Since the mixed type pairing
interaction has the advantages of surface and volume
pairing interactions, so we adopt it as the pairing interac-
tion in our calculations. By fitting the experimental neut-
ron pairing gap (1.39 MeV) of ®Ni calculated through a
five-point formula, the strength V, of the pairing force
can be determined, the values of V, are -561.8, -563.3, -
579.5, -588.7, and -589.3 MeV - fm’ for SAMi-27 to
SAMi-35, respectively.

The isovector giant dipole resonance states can be ob-
tained from the RPA or quasiparticle RPA[48]. The well-
known RPA (QRPA) method in matrix form is given by,

(3 2)(E)e(5) o

where E, is the excitation energy of the v—th excited
state, and X*, Y” are amplitudes for forward and back-
ward transitions, respectively.

The reduced transition matrix strength can be ex-
pressed as,

B
—A*
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where F, is the external field transition operator. For the
isovector giant dipole resonance, the external field oper-
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ator is,

ﬁluzgzrpylu_gzrnylu- (4)

III. RESULTS AND DISCUSSIONS

Firstly we employe the Skyrme HF plus RPA meth-
ods to compute the ground-state properties, excited states
of ®Ni and '*2Sn as well as the constraints on the density
dependence of symmetry energy. The effect of pairing on
the results will be discussed in the last paragraph of this
scetion. The dipole strength distributions of %Ni and
1328n are shown in Fig. 1, the results are calculated by us-
ing SMAI-J Skyrme interactions. One can see that the
pygmy dipole resonances are located at energy around 11
MeV for %Ni (9 MeV for *2Sn), while the giant dipole
resonances are located at energy around 16 MeV for ®Ni
(14 MeV for '32Sn). As shown in the figures, the dipole
strength distributions for two nuclei are much sensitive to
density dependence of the symmetry energy, not only for
the giant dipole resonances, but also for the pygmy  di-
pole resonances. For the interaction with larger sym-
metry energy, it gives a stronger response strength, and a
lower peak energy for giant dipole resonance, this hap-
pens both for the strength distributions-of ®*Ni and '*?Sn.
This could be explained as the following: in general,

-
(9}

S(fm*/MeV)
S

a

E(MeV)

Fig. 1.  (color online) The dipole strength distributions of
%Ni (a) and '32Sn (b), the results are calculated by SAMi-J in-
teractions.

there is an inverse correlation between the particle-hole
configuration energies and their contribution to the giant
resonance states in RPA calculations. If the configuration
energies decrease (increase), their partial reduced trans-
ition amplitudes increase (decrease). The properties men-
tioned above are usually used to constrain the equation of
state of asymmetric nuclear matter[14, 37, 38, 42].

In Ref. [38], the properties of pygmy dipole reson-
ances of %Ni and *>Sn have been suggested to obtain the
information of symmetry energy at saturation density.
Several representative relativistic and non-relativistic ef-
fective interactions are adopted in the calculations. In this
work, we will use the pygmy dipole states given by
SAMi-J Skyrme interactions to constrain the properties of
symmetry energy. For such interactions, the symmetry
energies at p~ 0.1 fm™ are kept unchanged. So they
could have different behaviours at the densities of 0.11
fm™ and 0.16 fm™, respectively. Also the incompressib-
ility coefficients of these interactions are kept as 245
MeV. Such features may give a smaller uncertainty on
the constrained results. For the convenience of readers,
we show the calculated symmetry energies and its slope
parameters at density of 0.11 (0.16) fm™ for the SAMi-J
Skyrme interactions in Table 1. Experimentally the per-
centage of energy-weighted sum rule exhausted by the
pygmy dipole resonances in '¥Sn has been measured
with the LAND-FRS facility at GSI, Darmstadt in 2005.
The measured value of the EWSR percentage for '32Sn is
2.6% = 1.6%][34]. Later, the EWSR percentage ex-
hausted by the ®Ni pygmy dipole resonances has been
measured by using the RISING setup at the fragment sep-
arator of GSI in 2009. The measured EWSR percentage
for ®Ni is 5.0% + 1.5%[36]. In Fig. 2 (a), the EWSR per-
centages exhausted by pygmy dipole resonances in %Ni
and 'Sn are plotted as function of symmetry energy
slope parameters at nuclear saturation density. The solid
circles (blue) and squares (green) are the results calcu-
lated by using SAMi-J Skyrme effective interactions for
%Ni and '32Sn, the blue and green lines are the fitted res-
ults. It is seen that the calculated EWSR percentages
show very good linear function of the slope parameters at
nuclear saturation density. It means that the EWSR per-
centage is very sensitive to the density dependence of
symmetry energy. The shaded areas with blue and green
colors are the experimental results for %Ni and '32Sn, re-
spectively. The constrained slope parameter L is to be in
the interval 46.8-97.4 MeV for ®Ni and 34.0-93.2 MeV
for '32Sn. Considering the overlapped area constrained
from two nuclei yields the final constraints: the slope
parameter L at saturation density is in the range of
46.8-93.2 MeV, which overlaps with the value in Ref.
[38]. In Fig. 2 (b), the good linear correlation of sym-
metry energies J and its slope parameters L of SAMi-J in-
teractions at nuclear saturation density is shown. We can
deduce the value of symmetry energy from the obtained
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Table 1. The symmetry energies (J) and its slope parameters (L) at density of 0.11 (0.16) fm™3 for the Skyrme interactions used in
this work.
SAMi-27 SAMi-29 SAMi-31 SAMi-33 SAMi-35
J(MeV) 22.9(27.0) 23.2(29.0) 23.4(31.0) 23.9(33.0) 24.4(35.0)
L(MeV) 34.1(30.0) 44.5(51.6) 55.8(74.4) 66.7(95.4) 77.2(115.0)
9 — : . . shown to be well constrained by the equation of states of
_13!\" 1=0.999 @ nuclear matter at p. = 0.11 fm™ rather than at saturation
- S’l 0996 density. So this paragraph is devoted to constrain the
X 6 p=0.16Mm 1 density dependence of symmetry energy at density of p.
(% =0.11 fm™. In Fig. 3, the similar results are presented as
= 3l | in Fig. 2, but the slope parameters and the values of sym-
L metry energy are calculated at p. = 0.11 fm™. It can be
seen from Fig. 3 (a) that the calculated EWSR percent-
0 - - - - ages also show very good linear function of the slope
0 30 60 % 120 150 parameters. calculated at 0.11 fm™. It means that the
L(MeV) EWSR percentage is also very sensitive to the density de-
39 0999 ) pendence of symmetry energy at 0.11 fm™. Together
36| p=0.16fm> 1 with the experimental data, the constrained slope para-
meter L is to be in the interval 41.6-67.8 MeV for %Ni
< 33p 1 and 35.8-66.2 MeV for *2Sn. From the overlapped area,
% 30! ] one get the slope parameter L(p,) at 0.11 fm™ is in the
= range of 41.6-66.2 MeV. In Fig. 3 (b), the good linear
27} J=28.5~32.9 MeV - correlation of symmetry energies J(p.) and its slope para-
L=46.8~93.2 MeV meters L(p.) of SAMi-J interactions at nuclear subsatura-
240 30 60 90 120 150 tion density is shown. We can deduce the value of sym-
L(MeV) metry energy from the obtained range of slope parameter,
. ) it is in the range of 23.1-23.9 MeV.
Fig. 2. (color online) Panel (a), the percentage of EWSR ex-

hausted by the PDR in ®Ni and '32Sn as function of sym-
metry energy slope parameter L at density of 0.16 fm™>. The
solid circles (for %8Ni) and squares (for '32Sn) are the results
calculated by SAMi-J interactions. The straight lines corres-
pond to the results of the fits. The shaded areas with blue and
green colors present the experimental data for Ni and '32Sn,
respectively. Panel (b), correlation between the symmetry en-
ergy J and the slope parameter L at density of 0.16 fm™ given
by SAMi-J interactions, the shaded area is the constrained res-
ult for symmetry energy and slope parameter.

range of slope parameter. J is in the range of 28.5-32.9
MeV, it is a little bit smaller than the value in Ref. [38],
where J is 31.0-33.6 MeV.

It is well known that the average density of finite nuc-
lei is less than the saturation density. For example, the av-
erage density of 2°Pb is about 0.11 fm™. And thus the
properties of heavy nuclei most effectively probe the
properties of nuclear matter around 0.11 fm™ rather than
at saturation density. It has been shown that the neutron
skin thickness of heavy nuclei is uniquely fixed by the
symmetry energy slope L(p.) at a subsaturation cross
density p. = 0.11 fm>[41, 42]. In Refs.[49, 50], the
monopole resonance energies of heavy nuclei have been

9 .
—*Ni r,=0.999 (a)
"8 r, =0.996
2 6} p=0.11fm”
X
g :
m 31 /
0 1 L L
0 30 60 90 120
L(MeV)
25 T T T
r,=0.979 (b)
p=0.11fm™
—~ 24 B
>
[}
=
- 23 L
J=23.1~23.9 MeV
L=41.6~66.2 MeV
22 : : :
0 30 60 90 120
L(MeV)

Fig. 3. (color online) The same as in Fig. 2, but for the dens-
ity of 0.11 fm™3.
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Effect of pairing correlation on the strength distribu-
tion of ®Ni is ignored in previous study, we shall discuss
the effect of pairing correlation on the results of *®Ni. It
shall give some changes in final results of the density de-
pendence of symmetry energy. As discussed in Refs. [52,
53], the pairing correlation enhances the low energy di-
pole strength in neutron-rich nucleus >0 compared to the
results of no pairing calculations. For ®Ni, we get simil-
ar results for pygmy dipole states. The pygmy dipole
strength is slightly enhanced by including pairing correla-
tions for all SAMi-J interactions. The calculated percent-
ages of energy-weighted sum rules for each interactions
are slightly larger that the values of no pairing. This fea-
tures are depicted in Fig. 4, Fig. 4 (a) and (b) are the res-
ults for densities 0.11 fm™ and 0.16 fm™, respectively.
The blue (green) symbols and lines have the same mean-
ing as in Fig. 2 and Fig. 3, the red symbols and lines are
the results for considering pairing. Together with the res-
ults given by considering pairing, we can see that the ex-
tracted slope parameter is shifted down slightly. The
value is in between of 39.3-64.1 MeV (41.8-90.2 MeV)
for density 0.11 (0.16) fm™>. The corresponding sym-
metry energy is in 23.0-23.8 MeV (28.0-32.5 MeV) for
density 0.11 (0.16) fm™.

IV. SUMMARY

This study provides a comprehensive investigation on
the density dependence of symmetry energy by using the
properties of pygmy dipole of the neutron-rich nuclei
%Ni and '32Sn. We utilize the Skyrme-HF (or HF+BCS)
and RPA (or QRPA) to calculate the ground-state and ex-
cited state properties with SAMi-J Skyrme interactions.
The strength distributions indicate that the PDR in the re-
sponse function is highly sensitive to the density depend-
ence of symmetry energy. It gives the chance to con-
strain the density dependence behavior. Meanwhile we
also discuss the effect of pairing correlation on the res-
ults. By comparing the measured and calculated percent-
ages of EWSR associated with the PDR in ®Ni and !**Sn,
the ranges of the symmetry energy parameters L and J at

——"Ni r,=0.999 @) |
9 —*Ni r,=0.999(BCS)
**?8n r,=0.996
L Gl p=0.11fm?
X
2
il
O 1 L L
0 30 60 90 120
L(MeV)
ol —— "N’ 1 =0.999 (®) |
—*Ni r,=0.999(BCS)
~—"’snr,=0.996
S @le=0.16fm"
X
=
il
0 L L L L
0 30 60 90 120 150
L(MeV)

Fig. 4.
(a), the results with pairing for ®*Ni are also shown in the fig-

(color online) The same as in Fig. 2 (a) and Fig. 3

ures.

saturation density and subsaturation density are con-
strained. The deduced slope parameter L and symmetry
energy J at saturation density are 41.8-90.2 MeV and
28.0-32.5 MeV, which are consistent with the currently
accepted limits (L = [30.6,86.8] MeV, ] = [28.5, 34.9]
MeV)[51]. The slope parameter L(p.) and symmetry en-
ergy J(p.) at subsaturation density are 39.3-64.1 MeV and
23.0-23.8 MeV. The slope parameter L(p.) we obtained
is consistent with the data from nuclear mass differences
(L(p.) = 49.6+ 6.2 MeV)[8] and the data from electric di-
pole polarizability in 2®Pb (L(p.) = 47.3+ 7.8 MeV)[42].
The symmetry energy J(p.) at subsaturation density we
obtained is slightly smaller than the data in Refs. [8, 42],
they get J(p.)~ 26.0 MeV.
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