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A new Skyrme functional including tensor terms is presented. The
tensor terms have been determined by fitting the results of relativistic
Brueckner–Hartree–Fock (RBHF) studies on neutron–proton drops. Un-
like all previous studies, where the tensor terms were usually determined
by fitting to experimental data of single-particle levels, the pseudodata
calculated by RBHF does not contain beyond mean-field effect such as
the particle-vibration coupling and, therefore, can provide information on
the tensor term without ambiguities. The obtained new functional, named
SAMi-T, can describe well ground-state properties such as binding energies,
radii, spin–orbit splittings and, at the same time, the excited state proper-
ties such as those of the Giant Monopole Resonance (GMR), Giant Dipole
Resonance (GDR), Gamow–Teller Resonance (GTR), and Spin-Dipole Res-
onance (SDR).
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1. Introduction

Even though in the past decades the nuclear ab initio calculations have
made extensive progresses, they are still difficult to be applied to the whole
range of nuclear chart with high accuracy. The nuclear energy density func-
tional theory (DFT) remains the only tool to describe accurately at the same
time the ground-state and excited-state properties along the whole nuclear
chart in a unified way [1–3]. On the other hand, many open questions still
exist in nuclear DFT. One of them, which is also the main focus of this
contribution, is the tensor term [4].
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In the early times, the tensor term in nuclear density functional was
deemed not important and often discarded [5–7]. It attracted attention
when the specific evolution pattern of single-particle (s.p.) levels in the Sn
isotopes and N = 82 isotones was discovered [8] and could be explained by
the effect of tensor term [9]. In contrast, none of the functionals without
tensor term could reproduce this pattern [10–14]. However, it is difficult to
single out the effect of tensor term by just looking at the experimental s.p.
levels as beyond-mean-field effect, e.g., particle-vibration coupling (PVC),
has also strong influence on these levels [15–18].

In this context, we propose to determine the tensor term not by fitting to
experimental s.p. levels, but by fitting to pseudodata from ab initio calcula-
tions. In a recent work, an ideal system, the neutron drops, has been studied
by the relativistic Brueckner–Hartree–Fock (RBHF) theory [19–21] using the
Bonn interactions and a clear signature of tensor term has been illustrated
in the evolution of spin–orbit (SO) splittings [22, 23]. Along this direction,
we further studied the neutron–proton drops with the RBHF theory, which
is also an ideal system confined in an external field without consideration
of center-of-mass correction nor a Coulomb interaction [24]. Then we devel-
oped a new Skyrme functional with tensor term by fitting to the evolution
of SO splittings of the neutron–proton drops from RBHF [24]. In this way,
we can extract the information of tensor term without ambiguity, as there
is no beyond-mean-field effect such as PVC in the RBHF calculation.

We will briefly describe the tensor term in Skyrme functional in Sec. 2.
Some results of the spin–orbit splittings are presented in Sec. 3. Finally, we
give the conclusions in Sec. 4.

2. Tensor term in Skyrme functional

The Skyrme effective interaction with two-body tensor term (VT) is writ-
ten in the standard form as [5, 25]
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where r = r1 − r2,R = 1
2(r1 + r2),P = 1

2i(∇1 −∇2), P ′ is the Hermitian
conjugate of P acting on the left. The spin-exchange operator reads Pσ =
1
2(1 + σ1 · σ2), and ρ is the total nucleon density.

The Hartree–Fock equations for each s.p. level can be obtained by the
variational method with respect to the HF total energy as[

− ~2

2M
∇2 + Uq(r)

]
ψk(r) = ekψk(r) , (3)

where ek is the single-particle energy, ψk is the corresponding wave function,
and q = 0(1) labels neutrons (protons). The single-particle potential Uq(r)
is a sum of central, Coulomb and spin–orbit terms

Uq(r) = U c
q (r) + δq,1UC(r) +U

so
q (r) · (−i)(∇× σ) . (4)

For the calculation of proton–neutron drops, we add an external harmonic
oscillator field. The spin–orbit term reads [4, 25]

U so
q (r) =

1

2

[
W0∇ρ+W ′0∇ρq

]
+ [αJq + βJ1−q] , (5)

where J(r) is the spin–orbit density. Starting from Eq. (1) one would derive
W ′0 =W0. We adopt a more general form and assume thatW ′0 can be defined
and fitted independently as in the case of SAMi functional [26] among the
others.

The parameters α and β in Eq. (5) include contributions from the (ex-
change part of the) central term and from the tensor term

α = αc + αT , β = βc + βT , (6)

where

αc =
1

8
(t1 − t2)−

1

8
(t1x1 + t2x2) , αT =

5

12
U , (7a)

βc = −
1

8
(t1x1 + t2x2) , βT =

5

24
(T + U) . (7b)

3. Results and discussion

The fitting protocol of SAMi-T is similar to that of SAMi [26], with
further constraint on the tensor term from the pseudodata of spin–orbit
splitting evolution in neutron–proton drops by RBHF calculations using the
Bonn A interaction [27]. The detail of the fitted data and fitted results has
been reported in Ref. [24]. The new functional SAMi-T can give a good
description of ground-state properties such as binding energy and charge
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radii (with an accuracy of 1% for several selected doubly magic nuclei),
excited state properties such as GMR, GDR, GTR, and SDR [24]. In this
contribution, we focus on the spin–orbit splittings of finite nuclei given by
SAMi-T.

In Fig. 1, the proton spin–orbit splittings in several finite nuclei calcu-
lated by SAMi-T are shown, in comparison with experimental data, with
the results of SAMi, and of RBHF theory using the Bonn A interaction. For
90Zr and 208Pb, SAMi-T and SAMi give similar results, while for the doubly-
closed-shell nuclei 16O and 40Ca, the spin–orbit splittings given by SAMi-T
agree well with experimental data but those given by SAMi are slightly
smaller. This is understandable as both SAMi-T and SAMi have been fitted
to the SO splittings of 90Zr and 208Pb, but tensor terms (α and β) been re-
duced the SO splittings in these two spin-unsaturated nuclei. Therefore, to
reproduce the same data in these two nuclei SAMi-T need larger SO terms
(W0 and W ′0). For spin-saturated nuclei like 16O and 40Ca, the tensor terms
give no contribution and with larger SO terms SAMi-T will give larger SO
splittings.
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Fig. 1. Proton spin–orbit splittings of finite nuclei calculated by SAMi-T, in com-
parison with experimental data, results of SAMi functional, and RBHF theory
using the Bonn A interaction.

The spin–orbit splittings given by RBHF are also smaller than the data.
Since the relative change of SO splittings as the particle numbers contains the
information of tensor force, when we fit the spin–orbit splittings of neutron–
proton drops given by the RBHF theory, we only fit the relative change
instead of the absolute value. As the ab initio RBHF calculation starts with
the bare nuclear force which is fitted to nucleon–nucleon scattering, there
is no free parameter and the information of tensor force by RBHF shall be
reliable in this sense.
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For nuclei 48Ca, 56Ni, 100Sn, and 132Sn, the spin–orbit splittings given
by SAMi-T and SAMi are both smaller than the data, while for 90Zr they
are both larger.

4. Summary

In this work, we developed a new Skyrme functional SAMi-T with ten-
sor term guided by the ab initio relativistic Brueckner–Hartree–Fock calcu-
lations. Using the spin–orbit splittings of neutron–proton drops calculated
by RBHF, which does not contain beyond-mean-field effect such as particle-
vibration coupling, the tensor terms of SAMi-T have been well-constrained.
Besides that, SAMi-T follows the fitting protocol of the successful SAMi
functional, and it can well describe the ground state properties (such as
binding energy, charge radii, and spin–orbit splittings) and excited state
properties (such as GMR, GDR, GTR, and SDR) of finite nuclei [24].

We have compared the spin–orbit splittings of several nuclei given by
SAMi-T and by SAMi. It was found for spin-saturated nuclei such as 16O
and 40Ca that the SO splittings by SAMi are slightly smaller than the ex-
perimental data and SAMi-T improves in this case.
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