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Abstract: The tensor-force effects on the evolution of spin-orbit splittings in neutron drops are investigated within
the framework of the relativistic Hartree-Fock theory. For a fair comparison on the pure mean-field level, the results
of the relativistic Brueckner-Hartree-Fock calculation with the Bonn A interaction are adopted as meta-data.

Through a quantitative analysis, we certify that the 7-pseudovector (7-PV) coupling affects the evolutionary trend

through the embedded tensor force. The strength of the tensor force is explored by enlarging the strength f; of the 7-

PV coupling. It is found that weakening the density dependence of f is slightly better than enlarging it with a factor.

We thus provide a semiquantitative support for the renormalization persistency of the tensor force within the frame-

work of density functional theory. This will serve as important guidance for further development of relativistic ef-

fective interactions with particular focus on the tensor force.

Keywords: tensor force, relativistic Hartree-Fock theory, neutron drop, tensor renormalization persist-

ency

DOI: 10.1088/1674-1137/abf036

I. INTRODUCTION

The nuclear tensor force is one of the most important
components of the bare nucleon-nucleon interaction [1,
2]. In recent decades, the effects of the tensor force in
nuclear mediums have also been intensively investigated,
after being neglected for a long time. It has been shown
that the tensor force plays a crucial role in shell-structure
evolution [3-25], spin-isospin excitations [26-31], and gi-
ant resonances [32-34]. In spite of such achievements,
questions remain about the properties of the in-medium
tensor force, i.e., the effective tensor force. Among the
most intricate challenges is the problem surrounding the
constraint of the strength of the tensor force [2]. To
achieve this goal, one needs to determine the observables
that are sensitive to the effective tensor force [2, 8, 35-
37]. By fitting these observables based on certain many-
body theories, one can expect to pin down the sign and
strength of the tensor force.

The nuclear density functional theory (DFT) [38-43]
is currently the only candidate that can be applied to al-
most the whole nuclear chart, except for very light nuclei.
Within both nonrelativistic and relativistic DFT, the para-

meters of the effective interactions are usually determ-
ined by fitting to the bulk nuclear properties, such as the
masses and radii of finite nuclei, as well as the empirical
knowledge of the infinite nuclear matter. However, these
bulk properties are found to be, in general, not sensitive
to the tensor components in effective interactions. In par-
ticular, by adding the Fock term of the pion exchange,
which is one of the most important carriers of the tensor
force in the relativistic nuclear forces, on top of the con-
ventional relativistic mean-field (RMF) theory, Lalazis-
sis et al. [44] found that the bulk properties of spherical
finite nuclei and infinite nuclear matter disfavor the
tensor force, i.e., the optimal fit is achieved for the van-
ishing pion field.

Moreover, the tensor force has the characteristic prop-
erty of spin dependence. It can significantly affect the
shell structure of nuclei, especially those located far away
from the stability line [4]. One of the most famous bench-
marks is the evolution of the energy difference between
the proton states 141, and lg7,, in the Sn (Z = 50) iso-
topes and that between the neutron states 1i13,, and 1hg),
in the N =82 isotones [45]. Based on the Skyrme
Hartree-Fock (SHF) [46], Gogny Hartree-Fock (GHF)
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[6], and the relativistic Hartree-Fock (RHF) [9] theories,
it was found that the tensor force plays a crucial role in
reproducing the empirical trend of the shell structure
mentioned above. Accordingly, by reproducing the shell-
structure evolution, one can expect to calibrate the
strength of the effective tensor force.

Nevertheless, the single-particle states observed ex-
perimentally are usually fragmented [47-50] due to, for
example, the coupling with low-lying vibrations, which is
related to the quenching of the spectroscopic factors. The
distraction arising from the beyond-mean-field correla-
tions makes it ambiguous to directly compare the single-
particle energies calculated by DFT with the correspond-
ing experimental data. A possible solution to eliminate
this kind of distraction is to take into account the particle-
vibration coupling (PVC) in the theoretical calculations
[51-54]. By doing so, the descriptions of the energies, as
well as the wave functions, can be improved, although the
fragmentation of the single-particle states may remain a
problem.

Another option to avoid the distraction of the beyond-
mean-field correlations is to seek for the ab initio calcula-
tions which can serve the meta-data, instead of the exper-
imental data. In the last decade, the ab initio calculations
have progressed greatly [55-58]. In particular, Shen ef al.
have established the self-consistent relativistic Brueck-
ner-Hartree-Fock (RBHF) theory for the finite nuclei and
achieved a much better agreement with the experimental
data employing only the two-body interaction [59-61], in
contrast to the previous nonrelativistic Brueckner-
Hartree-Fock calculations. Like other ab initio calcula-
tions, the RBHF calculation is computationally consum-
ing for heavy and even medium-mass nuclei.

In a neutron drop, a collection of neutrons confined
by an external field, for example, a harmonic trap, only
the neutron-neutron interaction exists, and the equations
are easier to be solved compared with real finite nuclei. It
thus draws great attention [62-68] and provides an ideal
platform to link the ab initio and DFT calculations [69-
75]. More importantly, both the single-particle energies
calculated by the RBHF theory and those calculated by
the DFT are quantities on the pure mean-field level,
which ensures that one can make a fair comparison
between the two.

Great successes have been achieved in nuclear phys-
ics with the nuclear covariant density functional theory
(CDFT) [39-42]. As a branch of CDFT, the RHF theory
shares the common advantages of it [76-82]. In addition,
the RHF theory can take into account the tensor force via
the Fock term without extra free parameters [9, 13, 78,
83-88]. In particular, the quantitative analysis of tensor-
force effects in the RHF theory was recently performed
[89]. According to the famous mechanism revealed by
Otsuka et al. [4], spin-orbit (SO) splittings are sensitive to
the tensor force. Taking the SO splittings calculated by

the RBHF theory as meta-data, the strength of the tensor
force was explored in the RHF theory [68, 74, 90, 91].
Nevertheless, the contributions of the tensor force were
not quantitatively extracted in these works. In the present
work, we will first quantitatively verify the tensor-force
effects on the SO splittings in neutron drops within the
RHF theory. In addition, the strength of the tensor force
will be further explored. Motivated by the idea of renor-
malization persistency of the tensor force [92, 93], partic-
ular attention will be paid to the density dependence of
the tensor force in the nuclear medium.

This paper is organized as follows. In Section II, the
RHF theory and the method to evaluate the tensor force
contributions are briefly introduced. In Section III, we
clarify the tensor-force effects on the evolution of the SO
splittings in neutron drops and then further explore the
strength of the tensor force. A summary is provided in
Section IV.

II. THEORETICAL FRAMEWORK

In the CDFT, the nucleons are considered to interact
with each other by exchanging various mesons and
photons [39-42, 94-98]. Starting from the ansatz of a
standard Lagrangian density, which contains the degrees
of freedom associated with the nucleon field, the meson
fields, and the photon field, one can derive the corres-
ponding Hamiltonian as

H= [ @xply oMy
1 - —
+§Z¢:ffd3xd4W(x)w(y)F¢(x,y)D¢(x,y)
XYY (x), (1

where ¢ is the nucleon-field operator, and ¢ denotes the
meson-nucleon couplings, including the Lorentz o-scal-
ar (o-S), w-vector (w-V), p-vector (p-V), p-tensor (p-T),
p-vector-tensor (p-VT), and n-pseudovector (7-PV)
couplings, as well as the photon-vector (4-V) coupling.
Here, I'y(x,y) and Dy (x,y) are the interaction vertex and
the propagator of a given meson-nucleon coupling ¢, re-
spectively; their explicit expressions can be found in
Refs. [78, 83, 84, 99-103]. Evidently, the photon field is
not considered in the case of neutron drops.

The nucleon-field operators, ¥ (x) and ¢ (x), can be
expanded on a set of creation and annihilation operators
defined by a complete set of Dirac spinors {¢, (r)}, where
r denotes the spatial coordinate of x. In this work, the
spherical symmetry is assumed. Then, the energy density
functional can be obtained through the expectation value
of the Hamiltonian on the trial Hartree-Fock state under
the no-sea approximation [94]. Variations of the energy
density functional with respect to the single-particle wave
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functions give the Dirac equations,
fdr' h(r,r)o(r) = ep(r), )

where h(r,r’) is the single-particle Hamiltonian. In the
RHF theory, h(r,r’) contains the kinetic energy 7K, the
direct local potential 4P, and the exchange nonlocal po-
tential AF; see Refs. [79, 83, 102, 104] for detailed ex-
pressions. Notice that the tensor force contributes only to
the nonlocal potentials.

For the RHF theory with density-dependent effective
interactions, the meson-nucleon coupling strengths are
taken as functions of the baryonic density p,. For con-
venience, here we explicitly present the density depend-
ence of the 7-PV coupling, which reads

frlp) = fr(0)e™ <, 3)

where & = pyp/psar. With the saturation density of the nucle-
ar matter pgy, and f;(0) corresponds to the coupling
strength at zero density. The coefficient a, determines
how fast the coupling strength f; decreases with the in-
creasing density. The density dependence of the other
meson-nucleon couplings can be found in Refs. [78, 84].

The external field to keep neutron drops bound is
chosen as a harmonic oscillator (HO) potential as

1
Uho (1) = Eszrz, 4

with fiw = 10MeV. It is worth noticing that the choice of
the external field here is not completely arbitrary, but is
optimal, as specifically discussed in Ref. [91].

In Ref. [89], the tensor force in each meson-nucleon
coupling was identified through the nonrelativistic reduc-
tion. They can be expressed uniformly as

N 1
-
Vo= = FoS 12, (%)

where m, is the meson mass, ¢ is the momentum trans-
fer, and S|, is the operator of the tensor force in the mo-
mentum space, which reads

1
Sn=(01-9)(02-9) - 3 (o )" (6)

The coefficient ¥, associated with a given meson-nucle-
on coupling reflects the sign and the rough strength of the
tensor force, as listed in Table 1 of Ref. [89].

The method to quantitatively evaluate the contribu-
tions of the tensor force was also established in Ref. [89].
Using this method, one can first calculate the tensor-force

contributions to the two-body interaction matrix ele-
ments; the explicit formulae are referred to Appendix C
in Ref. [89]. Then, the contributions of the tensor force to
the nonlocal potential can be obtained, and eventually, its
contributions to the single-particle energies are quantitat-
ively extracted.

III. RESULTS AND DISCUSSION

First, we calculate the binding energies and radii of
neutron drops with the neutron number N from 4 to 50
using the RHF theory with the effective interaction PKO1
[78], as shown in Table 1. The effective interaction PKO1
is the first widely used RHF functional with density-de-
pendent meson-nucleon coupling strengths. It has pro-
duced good descriptions for finite nuclei and nuclear mat-
ter, comparable with those of the RMF functionals. In

Table 1. Binding energies and radii of neutron drops calcu-
lated by the RHF theory with the effective interaction PKO1
[78], compared with the results without the tensor force (de-
noted by PKOI, (). See the text for more details.

E /MeV r/fm
N PKOI PKOI1,, PKOI PKO1,,
4 60.679 60.518 2.527 2.526
6 93.123 92.629 2.589 2.593
8 125.681 125.680 2.703 2.703
10 175.632 175.518 2.836 2.836
12 223.301 222.924 2.921 2.923
14 268.870 268.180 2.981 2.987
16 316.018 315.445 3.067 3.074
18 365.329 365.206 3.150 3.151
20 414.085 414.084 3.216 3.216
22 477.173 477.112 3.281 3.281
24 539.286 539.075 3.336 3.337
26 600.468 600.065 3.383 3.386
28 660.757 660.163 3.425 3.430
30 725.978 725.415 3.485 3.491
32 790.552 790.090 3.538 3.546
34 858.068 857.635 3.594 3.598
36 925.387 924.758 3.644 3.646
38 992.335 992.686 3.692 3.692
40 1059.237 1059.236 3.733 3.733
42 1137.216 1137.188 3.770 3.770
44 1214.829 1214.734 3.805 3.805
46 1292.080 1291.902 3.837 3.838
48 1368.977 1368.722 3.867 3.869
50 1445.527 1445.220 3.895 3.899
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particular, the tensor force is explicitly taken into ac-
count in PKO1, owing to the inclusion of the Fock terms
of the relevant meson-nucleon couplings. The comparis-
on between the energies and the radii of neutron drops
given by the RBHF calculation with the interaction Bonn
A and those by the RHF calculation with PKO1 has been
presented in Ref. [68].

Here, we also calculate the energies and radii of neut-
ron drops with PKO1 without the tensor force, i.e., the
contribution of the tensor force to the nonlocal mean field
is excluded in each step of the iteration before conver-
gence is reached, using the method proposed in Ref. [89].
The results are shown in Table 1 and compared with the
results of the full calculation with PKO1. It is evident that
the results with and without the tensor force are close to-
gether, which means that the tensor-force contributions to
the energies and radii of neutron drops are negligible. In
particular, the contributions of the tensor force almost
vanish in the neutron drops with spin saturation, namely
N =8, 20, and 40. This is in agreement with the common
understanding of the properties of the tensor force [2, 4].

The single-particle energies of neutron drops as a
function of the neutron number », calculated by the RB-
HF theory using the interaction Bonn A, are shown in
Fig. 10 in Ref. [68]. In general, the single-particle ener-
gies calculated by the RHF theory (which are not expli-
citly shown here for simplicity) reproduce the results us-
ing the RBHF theory well for states near the Fermi en-
ergy. However, for those far away from the Fermi energy,
the differences between the results of the two models are
remarkable. It is known that the value of single-particle
energy is determined by various components of the nucle-
ar force, such as the central force and the SO force. In
contrast, the evolution of SO splittings is mainly determ-
ined by the tensor force and largely free from the other
components [2]. Thus, the evolution of SO splittings,
rather than the single-particle energies themselves, should
be adopted as a benchmark for the tensor force. As a typ-
ical representative, the relative change of SO splittings
from the neutron-proton drop 420 (Z =20, N =20) to
4820 one (Z =20, N =28), calculated by the RBHF the-
ory using the Bonn A interaction, is employed to determ-
ine the tensor term in the Skyrme interactions [21].

Displayed in Fig. 1 are the SO splittings of doublets
lp, 1d, 1f, and 2p in neutron drops, calculated using
both the RMF and RHF theories. The results of the RB-
HF theory obtained using the Bonn A interaction [74] are
also shown for comparison, serving as the meta-data. One
can see that the meta-data present a nontrivial pattern: the
SO splittings vary monotonously and even linearly
between the neighboring (sub)shells N =8, 14, 20, 28,
40, and 50. Such a feature arises from the characteristic
spin-dependent properties of the tensor force, as pointed
out in Ref. [74].

For the calculation with PKDD [105], which is an
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Fig. 1. (color online) From top to bottom, the SO splittings

of doublets 1p, 1d, 1f, and 2p in neutron drops. The results
are calculated using the RHF theory with the effective interac-
tions PKO1 [78], PKO2 [9], and PKA1 [84], as well as using
the RMF theory with PKDD [105]. The results of RBHF [74]
with the Bonn A interaction are shown as meta-data. The con-
tributions of the HO potential in the RMF calculation with
PKDD are also presented, denoted as “HO (PKDD).”

RMF functional with density-dependent meson-nucleon
coupling strengths, the results are evidently far away
from the meta-data. This is mainly because of the ab-
sence of the explicit tensor force in the framework of
RMF [9, 74], due to the lack of the Fock term. As a typic-
al representative of the RHF effective interactions, PKO1
[78] reproduces the pattern of meta-data qualitatively,
which is attributed to the tensor force in the 7-PV coup-
ling [74]. Interestingly, even though the tensor force is
explicitly involved in PKO2 [9] and PKA1 [84], their res-
ults obviously deviate from the meta-data. In fact, the res-
ults of PKO2 and PKA1 are similar to that of PKDD
rather than PKO1. To understand this phenomenon, one
needs to examine the details of the tensor force arising
from each meson-nucleon coupling, which are identified
in Ref. [89].

Among all the meson-nucleon couplings involved in
the current RHF effective interactions, only the n-PV
coupling produces a tensor force that matches the proper-
ties of spin dependence revealed in Ref. [4], i.e., it is re-
pulsive (attractive) when the two interacting nucleons are
parallel (antiparallel) in their spin states. The tensor
forces in the other couplings are opposite to that in the n-
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PV coupling in sign, as shown in Table 2 of Ref. [89].
Meanwhile, it has been shown that the tensor force in the
n-PV coupling dominates those in the other couplings.
Thus, for PKO2, where the 7-PV coupling is absent, the
tensor force mainly comes from the w-V coupling. This
means that the sign of the net tensor-force contribution in
PKO?2 is opposite to that in PKO1. That is why PKO2
cannot reproduce the pattern given by RBHF, even qualit-
atively. PKA1 contains not only all the meson-nucleon
couplings involved in the PKO series but also the p-T and
p-VT couplings, which create tensor forces with consid-
erable strengths. As mentioned above, the tensor-force
contributions arising from these two couplings, partially
cancel the corresponding contributions from the 7-PV
coupling. Therefore, PKA1 gives worse description of the
meta-data than PKO1 does.

It is noticeable that the RMF effective interaction PK-
DD also presents some kinks. To elucidate where these
kinks arise from, we calculate the contributions of the ex-
ternal HO potential, denoted as “HO (PKDD)” in Fig. 1.
By comparing the results of PKDD and “HO (PKDD),”
one can find that the kinks given by PKDD are determ-
ined by the external HO potential. This also explains why
the results given by different RMF effective interactions
are so similar to each other, as shown in Fig. 2 of Ref.
[74]. Definitely, the external potential can also affect the
shell structure given by the RHF effective interactions.

It has been shown that the meta-data can be better re-
produced by PKO1 when the coupling strength of n-PV
is enhanced properly [68, 74]. Actually, the RHF effect-
ive interaction PKO3 [9], which contains the same kinds
of meson-nucleon couplings as PKO1 but slightly
stronger 7-PV coupling strength, can also provide a com-
parable description of the meta-data. According to the
previous works and the discussion above, it can be shown
that the 7-PV coupling, essentially the embedded tensor
force, plays a crucial role in determining the evolution-
ary trend of the SO splittings in neutron drops. Neverthe-
less, all these analyses regarding the tensor-force effects
are intuitive to some extent, while the quantitative invest-
igation is missing.

Since the tensor forces arise from only the exchange
terms of the relevant meson-nucleon couplings, we first
calculate the contributions of the exchange term of each
meson-nucleon coupling to the SO splittings of 1p and
1d doublets. The results are shown in Fig. 2. It can be
seen that the evolution of the SO splittings calculated by
PKOI1 (black filled circles) is mainly determined by the
contributions of the exchange terms (red triangles with
cross). When the contribution of the exchange terms is
excluded, i.e., simply subtracted from the results of the
full calculation, the trend (black open circles) becomes al-
most the same as that given by PKDD shown in Fig. 1.
Here, we remind that PKDD is an RMF effective interac-
tion, which does not contain the exchange terms. Re-
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Fig. 2. (color online) Contributions of the exchange terms to

the SO splittings of 1p and 14 doublets in neutron drops, cal-
culated by the RHF theory with the effective interaction
PKO1. For comparison, the total SO splittings, the contribu-
tions of the tensor force from the n-PV coupling, and the res-
ults without the contribution of the Fock terms are also shown.
See the text for more details.

markably, the pattern given by the exchange term of the
7-PV coupling (blue open stars) is almost the same as
that by the total exchange term. The combined contribu-
tions of the exchange terms of the o-S and w-V coup-
lings (green open triangles) are also considerable;
however, in general, they are not considerably decisive
for the kinks as those of the 7-PV coupling. The contribu-
tions of the p-V coupling are negligible because of the
small coupling strength.

It is well known that the 7-PV coupling contains not
only the tensor force but also central components. Thus, it
is of particular significance to quantitatively evaluate the
contributions of the tensor force from the 7-PV coupling.
We calculate the tensor-force contributions using the
method developed in Ref. [89]. The results are also
shown in Fig. 2, denoted by the blue filled stars, which
are almost hidden behind the blue open stars. One can
find that the contributions of the 7-PV coupling are al-
most totally determined by the tensor force, whereas the
role of the central force is negligible. In other words, the
m-PV coupling affects the evolutionary trend almost fully
through the embedded tensor force. We thus certify
quantitatively that it is reasonable to explore the tensor-
force effects by varying the n-PV coupling in previous
works.

It is notable that, in both the RHF and RBHF calcula-
tions, the filling approximation is adopted, i.e., the last
occupied levels are partially occupied with equal probab-
ilities for the degenerate states. Such an approximation
may affect the levels which are not fully occupied but
does not affect the neutron drops with closed (sub)shells.
If we consider only the neutron drops with closed
(sub)shells, i.e., those with N =8, 14, 20, 28, 40, and 50,
we can avoid the distraction from the filling approxima-
tion. Here, we define the slope of the SO splittings in
neutron drops with respect to the neutron numbers as
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AES.O. (NZ) - AEs.o. (Nl)
Ly _nN, = , 7
NN, No— N, (7

where AE;, (N) is the SO splitting in the neutron drop
with the neutron number N. For the neutron drops with
closed (sub)shells, the combination of (N;-N,) has the
following choices: (8-14), (14-20), (20-28), (28-40), and
(40-50). Following the strategy proposed in Ref. [74],
i.e., multiplying the f;(0) in PKOl by a factor A
(1> 1.0), we calculate once again the SO splittings in
neutron drops. Then, we obtain the slopes defined above
for different SO doublets and the root-mean-square (rms)
deviations (denoted by A) with respect to the RBHF res-
ults as

5. ( LRHF _ LI_{BHF)Z
A= LA i (8)

10 ’

where LY (LRBHF) s the slope calculated by the RHF
(RBHF) theory, and i runs over all the possible combina-
tions of (N;-N) for different SO doublets. The results are
presented in the upper half of Table 2. It can be seen that
A=1.42 gives the smallest A among the values of 2,
which is 0.0362MeV. This, in general, agrees with the
conclusion in Ref. [74].

To present a clearer comparison, we consider the res-
ults of 2=1.0, 1.2, 1.4, and 1.6 as examples and display
them in Fig. 3. One can find that the results of 1= 1.2 are
slightly closer to the meta-data compared with the origin-
al PKOI. The meta-data can be reproduced better when
A =1.4, which is quite close to the optimal value of 1.42.
If A becomes significantly larger, the results get worse in
general. Accordingly, it can be seen that the results of
A = 1.6 evidently deviate from the meta-data.

In addition to the strength of the tensor force, the
properties of the tensor force in nuclear medium is also of
great interests and still under discussion [2]. It has been
argued that the bare tensor force does not undergo signi-
ficant renormalization in the medium, which is denoted as
the tensor renormalization persistency [92, 93]. In other
words, the effective tensor force would be similar to the
bare one. If this is true, one could also anticipate to veri-
fy such a property in the framework of DFT. Within the
RHF theory with density-dependent effective interac-
tions, the renormalization can be, to a large extent, reflec-
ted by the density dependence of the coupling strengths.
Minor renormalization can naturally manifest as weak
density dependence. For the n-PV coupling, which serves
as the main carrier of the tensor force, tensor renormaliz-
ation persistency requires that the coefficient of density
dependence a, should be small, as indicated by Eq. (3).
In our previous work [102], we have shown that weaken-
ing the density dependence of the 7-PV coupling, i.e., re-
ducing a,, can improve the description of the shell-struc-

AE,, (MeV)

--#-- Bonn A

— — PKO1 (»=1.0
—-—PKO1 (A=1.2
——PKO1 (A=14
---- PKO1 (A=1.6

Fig. 3. (color online) From top to bottom, the SO splittings
of doublets 1p, 1d, 1f, and 2p in neutron drops. The calcula-
tions are performed by the RHF theory with the effective in-
teraction PKOI, of which the 7-PV coupling strength £;(0) is
multiplied by a factor A (1=1.0, 1.2, 1.4, and 1.6). The results
of RBHF obtained using the Bonn A interaction are also
shown for comparison.

ture evolution in the N =82 isotones and the Z =50 iso-
topes more efficiently, compared with enlarging f(0)
with a factor. Inevitably, the beyond-mean-field correla-
tions in the experimental single-particle energies make
the comparison with the results on the mean-field level
ambiguous. With the meta-data given by the RBHF the-
ory, which are also on the pure mean-field level, we can
further explore the tensor renormalization persistency in
a more convincing way.

Aiming at this goal, we recalculate the SO splittings
in neutron drops with the RHF theory using PKO1, but
the coefficient of density dependence a, is multiplied by
a factor n (0.0 <5 < 1.0). We present in the lower half of
Table 2 the rms deviations of the slope of the SO split-
tings between the neighboring (sub)shells. One can see
that the smallest deviation is obtained when n=0.33,
which is 0.0334MeV. We also find that the minimum
value of A for modification with n is smaller than that
with A, which means that the modification with 7 is more
adequate. Thus, one can conclude that weakening the
density dependence is an available and efficient way to
improve the description of the evolution of SO splittings.
It should be stressed that this conclusion is reached by the
comparison between the CDFT calculation and ab initio
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Table 2.

The rms deviations A (in the unit of MeV) of the slope of the SO splittings between the neighboring (sub)shells. The upper

panel gives the results of PKO1 with £ (0) multiplied by a factor A (1 > 1.0); the lower panel gives the results of similar calculations but
with a, multiplied by a factor (0.0 <5< 1.0). The optimal values of 1 and 5 as well as the corresponding A are shown in bold font.

See the text for more details.

) A 1.0 1.1 1.2 1.3 1.4 1.42 1.5 1.6
Jo o Afn
A 0.0909 0.0758 0.0601 0.0456 0.0366 0.0362 0.0402 0.0561
n 0.7 0.6 0.5 0.4 0.33 0.3 0.2 0.1
An — Nz
A 0.0645 0.0543 0.0439 0.0356 0.0334 0.0341 0.0441 0.0643
4 T T T T T

one, both of which belong to the pure mean-field level.
Even though we did not perform a complete refitting pro-
cedure yet, we indeed provided a semiquantitative sup-
port for the renormalization persistency of the tensor
force.

To illustrate the discussion above more clearly, the
results with =0.0, 0.3, 0.6, and 0.9 are considered as
examples and shown in Fig. 4, in comparison with the
RBHF results. It can be seen that a smaller a,, which
means weaker density dependence, gives a better descrip-
tion of the evolution of SO splittings. When 7 =0.3,
which is quite close to the optimal value of 0.33, the
meta-data are reproduced quite well. If 7 is too small, the
results become visibly worse. Eventually, when 7 = 0.0,
the deviation from the meta-data is much more significant.

IV. SUMMARY

In this work, we have investigated the tensor-force ef-
fects on the evolution of SO splittings in neutron drops
within the framework of the RHF theory. The corres-
ponding results of the RBHF calculation with the Bonn A
interaction were adopted as meta-data. Since the results
of the RHF theory and the meta-data calculated by the
RBHF theory are both within the pure mean-field level,
fair comparisons can be made between them. Through a
qualitative analysis of the results using the RHF effective
interactions PKO1, PKO2, and PKA1, we confirmed that
the tensor force in the effective interactions plays a cru-
cial role in reproducing the meta-data. Meanwhile, for the
RMF effective interactions, it was found that the evolu-
tion of SO splittings is mainly determined by the external
HO potential. Moreover, we found that the contributions
from the exchange terms almost fully determine the evol-
ution of SO splittings. Among all the meson-nucleon
couplings, the exchange term of 7-PV coupling plays the
dominant role. In particular, the tensor-force contribution
was extracted, and it was found that the 7-PV coupling
affects the evolutionary trend through the embedded
tensor force, while its central force has almost invisible
effects. This conclusion verifies quantitatively that it is
reasonable to explore the tensor-force effects by varying
the 7-PV coupling strength. In other words, the evolution
of SO splittings belongs to the observables that can con-
strain the strength of the tensor force.

.- PKO1: agonay | |
HE I P |

T
‘
‘

‘
~
o
:

1d

AE, (MeV)
w
T

| — — PKO1 (n=0.9)
5 —-—PKO1 (n=0.6)
—— PKO1 (n=0.3)
4r ---- PKO1 (n=0.0)
3 et :
- 2p
2
1 L. L. 1
10 20 30

Fig. 4. (color online) Similar to Fig. 3, but a, is multiplied
by a factor n (y=0.9, 0.6, 0.3, and 0.0).

The strength of the tensor force was explored by en-
larging f, in two different ways: (i) multiplying a factor
A (1> 1.0) as a whole and (ii) weakening the density de-
pendence by multiplying a factor (0.0 <n < 1.0) for the
coefficient a,. To avoid possible distractions from the
filling approximation adopted in the RHF and RBHF cal-
culations, we took into account only the neutron drops
with (sub)shell closure and calculated the slopes of the
SO splittings between the neighboring (sub)shells.
Judging from the rms deviations of the selected slopes,
with respect to those calculated from the meta-data, we
found that when 2~ 1.4 or 5~ 0.3, the meta-data are re-
produced best. In particular, weakening the density de-
pendence appears to be slightly better than enlarging f;
with a factor. In this manner, we provide a semiquantitat-
ive support for the remormalization persistency of the
tensor force. Naturally, in practice, an overall refitting of
the parameters in the RHF effective interaction is neces-
sary. Work in this direction is in progress.
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