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We construct a new Skyrme interaction Skym* by fitting the equation of state and nucleon effective
masses in asymmetric nuclear matter from chiral two- and three-body forces as well as the binding
energies of finite nuclei. Employing this interaction to study the electric dipole polarizabilities of 48Ca,
68Ni, 1205, and 2%8Pb in the random-phase approximation, we find that the theoretical predictions are
in good agreement with experimentally measured values without additional fine tuning of the Skyrme

interaction, thus confirming the usefulness of the new Skyrme interaction in studying the properties of
nuclei. We further use this interaction to study the neutron skin thicknesses of “8Ca and 208Pb, and they
are found to be consistent with the experimental data.
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1. Introduction

The nuclear electric dipole polarizability ap, which is propor-
tional to the inverse energy-weighted sum of the dipole response
of a nucleus to an external electric field, has recently attracted
much attention due to its strong correlation with neutron skin
thicknesses, the density dependence of the nuclear symmetry en-
ergy [1-9], and the properties of neutron stars [10-12]. The elec-
tric dipole response is dominated by the nuclear isovector giant
dipole resonance (IVGDR), which is the oldest known nuclear col-
lective excitation and has been extensively studied both theoreti-
cally and experimentally [13-16]. It is well known from theoret-
ical studies based on various models that the properties of the
IVGDR, in which neutrons oscillate against protons in a nucleus,
is affected by the density dependence of the nuclear symmetry
energy [17-21].

Experimentally, the electric dipole strength distributions in
48(Ca [22], 120sn [23], and 208Pb [24] have recently been measured
accurately at the Research Center for Nuclear Physics (RCNP) from
proton inelastic scattering experiments at forward angles, while
that of 58Ni has been investigated at GSI using Coulomb excita-
tions in inverse kinematics and measuring the invariant mass in
the one- and two-neutron decay channels [25]. Recently, ab initio
calculations based on chiral effective field theory interactions have
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been successful at describing op in medium-mass nuclei [26,27],
but the description of the dipole response of heavy nuclei remains
a challenge. Therefore, nuclear energy density functionals are still
the most widely-used approach to explore the nuclear equation of
state (EOS) from the electric dipole response.

In the present work, we construct a new Skyrme interaction
Skym* by fitting the equation of state and nucleon effective
masses in asymmetric nuclear matter predicted by chiral two- and
three-body forces as well as the binding energies of finite nuclei.
We then employ it to study the dipole response of #3Ca, ®8Ni,
1205, and 2%8Pb within the random-phase approximation (RPA).
The calculated electric dipole polarizabilities are in good agree-
ment with existing experimental values. In addition, the neutron
skin thickness in 48Ca and 2%8Pb is discussed.

The paper is organized as follows. In Section 2, we explain in
detail the new Skyrme interaction Skx m* and how it is obtained.
In Section 3, we describe the random-phase approximation em-
ployed in our calculations, and in Section 4 we present results and
discussions for the isovector dipole response, electric dipole polar-
izability, and neutron skin thicknesses of #4Ca and 2%8Pb from the
new Skyrme mean-field model. We end with a summary in Sec-
tion 5.

2. A Skyrme interaction from chiral effective field theory
Recently, extended Skyrme interactions have been constructed

in Ref. [28] by fitting to the asymmetric nuclear matter equa-
tion of state from chiral two- and three-nucleon forces [29,30].
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In contrast to previous works [31,32] imposing constraints on
mean-field models from low-density neutron matter, the full den-
sity dependence of the asymmetric matter equation of state was
used in Ref. [28] for the x2 minimization function. In these
calculations, the chiral two-body force was treated at next-to-
next-to-next-to-leading order (N3LO) in the chiral power counting,
while the three-body force was treated at N2LO. Three differ-
ent choices of the momentum-space cutoff were considered {A =
414, 450 and 500 MeV}, and the unknown low-energy constants
associated with short-distance dynamics were fitted [33-36] in
each case to nucleon-nucleon scattering phase shifts and deuteron
properties (in the case of the nucleon-nucleon interaction) as
well as the binding energy and beta-decay lifetime of 3H (in the
case of the three-nucleon force). To fix the gradient contribu-
tions to the energy density functional, the extended Skyrme in-
teractions were also fitted to reproduce the binding energies of
7 doubly-closed-shell nuclei: 160, 49Ca, 48Ca, *6Nj, 100sp, 1325,
and 2%8pb, The conventional Skyrme interaction [37] was found to
be inadequate to describe the density dependence of the equa-
tion of state from chiral effective field theory, leading the au-
thors of Ref. [28] to include an additional density-dependent
and momentum-independent term. The three Skyrme interactions
(Skx414, Skx450 and Skx500) reported in Ref. [28] predict,
however, too large (even larger than the nucleon bare mass m)
isoscalar and isovector effective masses my, and mj 4 at satura-
tion density, which are given by [37]

1 1 1
=—4+=[3t t2(5 + 4x s 1
e —+ 213t + 05+ 4x) 10 (1)
1 1 1
— = — + =[t12 +x1) + 22 + X2)]00. (2)
my,, m 4

This fact makes Sky414, Skx450 and Skx500 unsuitable for
studying the nuclear giant dipole resonances. It is well known that
the my , is related to the enhancement factor « in the Thomas-
Reiche-Kuhn sum rule [38], given by the relation 1+« =m/m} ,,
and thus affects the nuclear dipole response function. We note
that in Skyrme functionals the neutron and proton effective masses
my and mj at total baryon number density p are related to the
isoscalar and isovector effective masses m;(p) and m§ (o) by [39]

! =(1+9) ! ) ! (3)
my mg omy’

1 1 1
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where § = (on — pp)/(pn + pp) is the isospin asymmetry with
on (pp) being the neutron (proton) density.

In the present work, instead of directly fitting the three EOSs
predicted by chiral effective field theory as in Ref. [28], we treat
them as theoretical uncertainties on the equation of state and con-
struct a Skyrme interaction by fitting the central values. As shown
later, taking into account the theoretical uncertainties makes it
possible to use the conventional Skyrme interaction to reproduce
the predicted EOS from chiral effective field theory. To improve
the description of nucleon effective masses, we further include
in our fit the isoscalar and isovector effective masses m;‘,O/m =
0.82 £ 0.08 and m} ;/m = 0.69 £ 0.02 at saturation density that
are extracted from the single-particle energies of protons and neu-
trons in asymmetric nuclear matter, computed recently in Refs. [40,
41] from chiral two- and three-body forces. From the momentum-

and energy-dependent nucleon single-particle energy e(p) = % +

ReX(p,e(p)), where p is the nucleon momentum and the self-
energy X is computed at second order in perturbation theory, the

nucleon effective mass m* can be extracted by the definition
p de

— = (5)
m dp

The m7, and mjj’o then can be obtained by invoking Eqs. (3)
and (4). Since the effective masses in the Skyrme-Hartree-Fock
model are momentum-independent, we average the momentum-
dependent effective masses from chiral effective theory over a mo-
mentum range around the Fermi momentum, which accounts for
most of the theoretical uncertainties. It is interesting to see that
the m"j,o from chiral effective field theory is consistent with that

from an analysis of dipole resonances in 298Pb based on conven-
tional Skyrme interactions [42].
Our new Skyrme interaction therefore has the usual form:

v(ry, 1) =to(1+x0Py)d(r1 —12)
1
+50(+x Po)[K'?8(r1 —12) +c.c]
+t2(1 +x2P5)K - 8(r1 — ra)k

1 ri+r
+5t3(1 +x3P5)p% <%) 8(r1—r2)

+iWo(01+02) - [k x 8(ry —rp)k], (6)
where o; is the Pauli spin operator, P = (1 +01-02)/2 is the
spin-exchange operator, k = —i(V1 —V3)/2 is the relative momen-

tum operator, and k' is the conjugate operator of k acting on the
left.

Following Refs. [43,44], we express the 9 parameters to — t3,
X0 — x3 and « of the Skyrme interaction in terms of 9 macroscopic
quantities: my , mj’o, the nuclear matter saturation density po,
the energy per particle of symmetric nuclear matter Eg(0p), the
incompressibility Ko, the gradient coefficient Gs, the symmetry-
gradient coefficient Gy, and the magnitude Esym(00) and density
slope L of the nuclear symmetry energy at po [43,44]. Here the
Gs and Gy are defined by expressing the momentum-dependent
or finite-range terms of the Skyrme energy density functional Hgp,
as [43]

Gs Gy
Hin=—-(Vp)* = == (Vpn = V0p)* 7)
with
G—9t 1t(4x +5) (8)

s =35l 3yl ,
3 1
= —t1(2 1 —1t(2 1).

Gy 32t1( X1 + )+32t2( X2+ 1) 9)

Consequently, the Skyrme mean-field models have the following
10 parameters:

P =1{po, Eo(po), Ko, Esym(p0), L,
Gs, Gy, Wo, m;o, mto} (10)

These parameters have clear physical meanings and their ranges
are empirically known, which increases significantly the efficiency
of the optimization algorithm. The parameters Gs, Gy and Wy,
which are not constrained by the nuclear equation of state, have
been studied [45-47] consistently in chiral effective field theory
via the density matrix expansion in the Hartree-Fock approxima-
tion. However, higher-order terms in the expansion are needed
to produce reliable constraints on the associated parameters in
Skyrme functionals. In the present work we constrain the values
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of Gs, Gy and Wy by fitting to the binding energies of double-
closed-shell nuclei as in Ref. [28].

As in the usual fitting procedure, we optimize the parameters
p(p1, P2, -+, pN) by minimizing the weighted sum of the squared
deviations from the data as

ng Sky EFT 2
E;™ (pi, 8;) — E} (Pi,(?i))
2 § : i 1
X = (
i=1

OE

Sk 2 2
N i B — B N my o/m —0.82
— o8 0.08

m* ,/m — 0.69\ 2
0
+<—“‘ ) ,

0.02 (1

where E; is the binding energy per nucleon in nuclear matter with
the nucleon density p; = {0.01, 0.04, 0.08, 0.16, 0.20, 0.24,
0.28, 0.32} fm™> and the isospin asymmetry 6i2 ={0, 0.25, 0.5,
0.75, 1}; B; is the total binding energy of the ith nucleus; ‘Sky’
and ‘EFT’ indicate predictions of the Skyrme-Hartree-Fock model
and chiral effective field theory, while ‘exp’ indicates the experi-
mental data. The adopted error op is set to be 1 MeV, while o is
taken to be max(0.25, ogrr(p)) MeV where ogrr(p) is the theoret-
ical error of the EOS due to the variation of the momentum cutoff
used in chiral effective field theory. Since the predictions of chiral
effective field theory are very precise at low densities (e.g., the er-
ror is 0.02 MeV in neutron matter at p = 0.01 fm~3), a minimum
error of 0.25 MeV for the EOS is introduced to take account of the
deficiency of the Skyrme parametrization. The optimization is car-
ried out by employing the POUNDERS algorithm in the distribution
of PETSc/Tao [48], which has been successfully used previously to
calibrate nuclear energy density functionals [44,49,50].

Once the optimized parameter set p, is obtained, the x2 near
Po can be approximately written as

N

1
X2 ()~ X*(Po) + 5 D _(Pi = Poi) Mij(p; — Poj), (12)
ij
with M;; = % »’ The errors of parameters then can be esti-
0
mated as

e =v (M, (13)

which is the allowed variation of the parameter p; within the el-
lipsoid of x% — x2(py) < 1. Using the covariance matrix = M™1,
the correlation matrix can be estimated as

Xij
where Cj; is the correlation coefficient between parameters p;
and pj. The extrapolation error of any observables and the cor-
relation coefficient between them can also be determined (see e.g.,
[51,52]).

The obtained parameter set py, named Skym*, including
its uncertainties, together with the corresponding Skyrme pa-
rameters are listed in Table 1. It is seen that the parameters
0o, Eo(po), Ko, Esym(po) and L, which characterize the density-
and isospin-dependence of the nuclear EOS, are well constrained
by the predicted EOS from chiral effective field theory. If we
had removed from the fit all data points shown in Fig. 1 for
the equation of state of asymmetric matter, the uncertainty in L
would be roughly 60 MeV. Also, the isoscalar gradient coefficient
Gs =141.5+7.3 MeV - fm® and the spin-orbit coupling strength

Cij= (14)

Table 1

Parameters of the Skyrme interaction Skxm* and their errors o: lines 1-9 show
the chosen 9 macroscopic quantities used to express the Skyrme parameters (see
text for details); lines 10-19 show the Skyrme parameters.

Quantity Sk m* o

po (fm™) 0.1651 0.0025
Eo (MeV) —~16.07 0.06

Ko (MeV) 2304 6.6
Esym(00) (MeV) 30.94 0.46

L (MeV) 456 2.5

Gs (MeV - fm®) 1415 73

Gy (MeV - fm®) —705 32.6

m# o/m 0.750 0.040

m o/m 0.694 0.020
Wo (MeV - fm®) 119.8 49

to (MeV - fm?) —2260.7 365.8

t; (MeV - fm®) 433189 30.661
t; (MeV-fm®) 274.553 173.611
t3 (MeV - fm>+3%) 12984.4 1762.4
X0 0.327488 0.110201
X1 —1.088968 0.303910
x2 —1.822404 0.366035
X3 0.442900 0.215646
o 0.198029 0.054443

E (MeV)

—-10¢t

200 0.08 0.16 0.24 032
p (fm~3)

Fig. 1. (Color online.) EOS of asymmetric nuclear matter predicted by Sk m*. For
comparison, predictions from the chiral effective field theory are also shown.

Wo =119.8 4.9 (MeV - fm’) are consistent with the values at
sub-saturation densities of about 0.03 fm™> in the energy density
functional derived from chiral two- and three-body forces [47]. We
show in Fig. 1 the EOSs of asymmetric nuclear matter predicted
by the Sk m* interaction together with predictions from chiral ef-
fective field theory. One can see that the new interaction can well
reproduce the EOSs from chiral effective field theory calculations.
In Table 2, we list the binding energies and charge radii of 160,
403, 48(a, %6Ni, 100sn, 1325n, and 208Pb obtained by Hartree-Fock
calculations using Sk m*, together with their experimental values.
It is seen that our results are overall in very good agreement with
the experimental data for the 7 doubly-closed-shell nuclei.

Fig. 2 shows the absolute values of correlation coefficients cal-
culated among the 10 parameters po, Eo(00), Ko, Esym(00), L, Gs,
Gy, Wy, m;"O and mf,,o. We find that m"i’o is almost independent
of all other parameters, which reflects the fact that it is poorly con-
strained by the data from the EOSs and nuclear binding energies
used in our fit. Except mt,o' most parameters are correlated with
each other, but generally the correlations are weak with the abso-
lute value of the Pearson coefficient R less than 0.8. The spin-orbit
coupling strength Wy is strongly correlated with both the isoscalar
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Table 2

Comparisons of binding energies B (in MeV) and charge radii rc (in fm) of 298Pb,
132gp, 100gp, 56Nj, 48Ca, 40Ca and '0 from Hartree-Fock calculations with the

Sk m* interaction to experimental data.

Z. Zhang et al. / Physics Letters B 777 (2018) 73-78

BexP B rexP Te
208pp —1636.44 —1635.71 5.50 5.46
132gp —1102.90 —1103.47 471 4.68
1005 —825.78 —826.77 - 4.45
S6Nj —483.99 —482.83 - 3.74
48Ca —415.99 —416.55 3.48 3.47
40ca —342.05 —342.08 3.48 3.46
160 —127.62 —127.24 2.70 2.74
—r 1.0
myo
Mo 0.8
Wo
Gy
0.6
Gs
L
0.4
Esym(po)
Ko
0.2
Eo(p0)
Po
0.0
-~ n > o o o
O O =T %4 *3

Po
Eo(po)
Ko
Esym(00)

Fig. 2. (Color online.) Absolute values of correlation coefficients among the 10 pa-
rameters po, Eo(00), Ko, Esym(00), L, Ksym, Gs, Gv, Wo, m{, and mj .

effective mass mg o and the isoscalar gradient coefficient Gs, which
are related to the momentum-dependent terms in the Skyrme in-
teraction.

3. Isovector dipole response and random-phase approximation

The dipole response of a nucleus can be calculated in the
random-phase approximation using the dipole operator

N & 7Y
Fz;ZnYm(ﬁ)—;Zrmmﬂ-), (15)
i=1 i=1
where r; is the nucleon’s radial coordinate and Yy () is the cor-
responding spherical harmonic function. In the RPA method, the
isovector dipole strength function is evaluated as

S(E) =) _I(VIF0)IS(E — Ev). (16)
%

where |0) is the RPA ground state, and |v) is the RPA excited state
with E, being its energy. Defining the moments of the strength
function as

me= [ dEE'S(E) = 3 0 IFIOPES, (17)

%

the electric dipole polarizability «p can then be calculated accord-
ing to

8m 5

8
ap = ?ﬂez/dEE_ls(E) = -ems. (18)

Table 3

Experimental data for the electric dipole polarizabilities ap (in
units of fm3) for 48Ca [22], 88Ni [25], 129Sn [23], and 2%8Pb [24]
together with the results of RPA calculations using the Skym*
Skyrme parametrization.

Expt. Sk m*
48Ca 2.07(22) 2.27(5)
68Ni 3.88(31) 4.06(7)
1209 8.59(36) 9.28(14)
208pp 19.6(6) 19.87(29)
1.8 T T T T - T T T 3
(a) *®Ca v (b) 68Ni )
% 1.2+ ) 12
s
=
o~
E 0.6 11
= \ .
C
o
5 00 T20e - 0
c (c) **°sn 4
>
2
c 4t R + {10
=
(o)} M o
C " LY
g . Ny
= o2r o . . + P - 15
0 . . . ; 0

25 5 10 15 20 25
E (MeV)

5 10 15 20

Fig. 3. (Color online.) Strength functions of the IVGDR in 43Ca, ®¥Ni, '29Sn, and
208ph obtained from RPA calculations using Sk m*. For comparison, experimental
data [22-25] are shown as black solid circles.

In the present work, we employ the Skyrme-RPA code by Colo
et al. [53] to calculate the electric dipole polarizabilities of “3Ca,
68Ni, 1205n, and 298pb. As pointed out in Ref. [5], to compare the
RPA results with experiment, the experimentally extracted values
of ap for 120Sn [23] and 2%8Pb [24] need to be corrected by sub-
tracting the contributions from quasi-deuteron excitations [54,55],
while that of 68Ni [26] should be modified by including the correc-
tions from the extrapolated low-energy and high-energy regions.
The corrected experimental data are shown in Table 3.

4. Results and discussions

In Fig. 3, we show the isovector dipole transition strength func-
tions for 48Ca, Ni, 120Sn, and 2%8Pb obtained from the RPA cal-
culations using the Skyrme interaction Skym*. Here the curves
are obtained by smearing each of the discrete RPA peaks by a
Lorentzian function of 2 MeV width, which is taken to reproduce
the experimental width of the IVGDR. For comparison, the mea-
sured strength functions for these nuclei are shown as black solid
circles, and the experimental peak energies Ex = 18.9, 17.1, 15
and 13.43 MeV [22-25,56] of the IVGDR in “8Ca, 58Ni, 120Sn, and
208ph are indicated by the arrows. It is seen that the Skym* in-
teraction gives dipole strength functions which are consistent with
experimental measurements, except the predicted second peak at
higher energy that is not found in experimental data, especially for
1205n. Such an unphysical high-energy peak is expected to become
a long high-energy tail if more complex configurations beyond the
1p — 1h states are included in the RPA calculation [57]. For 298Pb,
the predicted peak energy Eyx from Skym* at 13.6 MeV is in par-
ticularly good agreement with the experimental value. This is due
to the m}, ;, = 0.694m, or equivalently x = 0.44, predicted by chiral
effective field theory, which is roughly consistent with the value
k = 0.4 determined by fitting the IVGDR peak energy in 2%Pb us-
ing conventional Skyrme interactions [42].



Z. Zhang et al. / Physics Letters B 777 (2018) 73-78 77

20t —— Skym™
t Exp

15
=
h=

10
s i

5

a8 68N 120, 208pp,

Fig. 4. (Color online.) Electric dipole polarizabilities of *3Ca, 68Ni, 129Sn, and 298pb
predicted by Sk m*. For comparison, experimental data [22-25] are shown as black
solid circles.

The relation between mt,o or x and Ey can be understood from
the approximate relation [18,21]

Eo= [T (19)
m_q

While the inverse energy weighted sum rule m_q [Eq. (17)] is re-
lated to the electric dipole polarizability via Eq. (18), the energy
weighted sum rule m; depends inversely on the isovector effective
mass m*‘j’o at saturation density in the conventional Skyrme mean-
field model [58]. The latter can be understood by the fact that the
my can be expressed as [53]

9 1 NZ

-2 % 20
™= aram A (TR (20)

where the factor « is inversely proportional to mjyo.

For %8Ni, panel (b) of Fig. 3 shows that there is a so-called
pygmy dipole resonance around 9.55 MeV in the experimental
strength function that carries 2.8(5)% of the energy weighted sum
rule my [25]. Due to the smearing of the RPA states in the cal-
culation, the pygmy resonance is not seen and appears instead
as a low-energy tail in the theoretical strength function. The RPA
strength in the energy region of 0-11 MeV carries 2.7% of the to-
tal energy weighted sum rule and is similar to that carried by the
pygmy dipole resonance. Its contribution to the dipole polarizabil-
ity is 0.38 fm> and thus underestimates the experimental value of
113 fm3 [5,25] as for most Skyrme-type interactions.

Fig. 4 exhibits the electric dipole polarizabilities of “8Ca, ®3Ni,
1205, and 208pb predicted by the Skym* mean-field model to-
gether with the experimental results [22-25] (detailed numerical
values are listed in Table 3). We find that RPA calculations using
the Skym™* interaction can overall well reproduce the experimen-
tal data. For '20Sn the prediction of Skym* is slightly larger than
the experimental value. This could be due to the fact that, in the
present work, we do not include pairing correlations, which re-
duce the electric dipole polarizability in the Sn isotope chain [5].
In the case of “8Ca, we observe that the results are consistent
with recent ab initio calculations [26] of the dipole polarizability
from chiral effective field theory. We would like to point out that
we have calculated the electric dipole polarizability by using dis-
crete RPA peaks because the 1p — 1h RPA cannot give rise to the
spreading width of nuclear giant resonances observed in experi-
ments. Including the spreading width, which can be done by taking
into account the coupling of 1p — 1h states with more complicated
multi-particle-multi-hole configurations, is expected to reduce the
calculated ap slightly. This can be seen by smearing the RPA peaks
using the Lorentzian function with a certain width. In the case of

only one Lorentzian function of width T, the electric dipole polar-
izability is at most reduced by [5]
FZ

Aap aD4E§' (21)
According to this formula, using the experimental value of the peak
energy (13.43 MeV) and width (4.07 MeV) of the IVGDR [56], we
estimate that the reduction should be less than about 0.45 fm?
(~ 2%) for 298Pb. Such a small correction does not influence our
conclusion.

The neutron skin thickness, which has been demonstrated to
be strongly correlated with the electric dipole polarizability, is an
important probe of the density slope of the nuclear symmetry en-
ergy as well as the EOS of pure neutron matter. Therefore, we also
employ the Skxm* mean-field model to predict the neutron skin
thicknesses of 48Ca and 2%8Pb, and the obtained results are given

by
Arnp(*8Ca) : 0.167 £ 0.004 fm,
Aty (P%8Pb) : 0.170 £ 0.005 fm.

We find that the predicted results for 2%8Pb are in very good agree-

ment with the constraint Ary, =0.15£0.03 (stat.)fgg; (sys.) fm

extracted from coherent pion photoproduction cross sections [59]
and are also consistent with the constraint Ary, = 0.302 +
0.175 (exp) & 0.026 (model) + 0.005 (strange) fm [60] extracted
from the parity-violating asymmetry measurement in the Lead Ra-
dius Experiment (PREX) [61].

5. Summary

We have constructed a new Skyrme interaction Sky m* by fit-
ting the EOSs and nucleon effective masses in asymmetric nuclear
matter predicted by chiral effective field theory together with the
binding energies of selected closed shell doubly-magic nuclei. The
new model was employed to study the isovector dipole response of
48Ca, 88Nj, 120Sn and 298pPb. We have found that the new interac-
tion can well reproduce the experimental data on the peak energy
of the giant dipole resonance and the electric dipole polarizability.
We have further calculated the neutron skin thicknesses of 48Ca
and 2%8pb. The predicted neutron skin thickness of 2°8Pb from our
study is also consistent with the experimental values [59-61]. Our
results thus confirm the usefulness of the new Skyrme interaction
Skxm* in studying the isovector properties of nuclei in regimes
where ab initio calculations with chiral nuclear forces may not be
feasible.
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