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Abstract

With the development of high-resolution v—ray spectroscopy experiments, experimental data
on energy spectra and electric multipole transition strengths of light A hypernuclei have been
accumulated, and more data on those of medium-heavy and heavy hypernuclei are expected to
be obtained with next-generation facilities such as J-PARC. The measured energy spectra and
electric multipole transition strengths in low-lying energy states provide rich information on the
hyperon-nucleon interaction in nuclear medium and on the impurity effect of a A particle on
nuclear structure. Since information on hyperon-nucleon and hyperon-hyperon interactions can
not be extracted from hyperon-nucleon and hyperon-hyperon scattering experiments, which are
difficult to perform due to the short lifetime of hyperon and unavailability of hyperon beams,
studies of the structure of hypernuclei play a vital role in shedding light on baryon-baryon
interactions. Such information is also crucial in order to understand neutron stars, in which
hyperons may emerge in the inner part.

Many theoretical methods have been developed to study hypernuclei, such as cluster model,
shell model, ab-initio method, antisymmetrized molecular dynamics (AMD), and self-consistent
mean-field models. Among them, the self-consistent mean-field approach offers a way to study
globally the structure of hypernuclei from light to heavy systems, providing an intuitive picture of
nuclear deformation. However, a pure mean-field approximation is formulated in the body-fixed
frame and violates the rotational symmetry, and thus does not yield (hyper)nuclear spectra. This
difficulty can be overcome by going beyond the mean-field approximation introducing quantum-
number projection techniques. The quantum fluctuations in nuclear shapes can also be taken
into account with the generator coordinate method (GCM).

In this thesis, we combine the state-of-the-art beyond relativistic mean-field approach with the
ideas of traditional particle-rotor model, and propose a novel microscopic particle-rotor model for
hypernuclear low-lying states. In this model, hypernuclear states are constructed by coupling the
hyperon to low-lying states of the core nucleus. The novelity of the method is that the structure
of hypernuclei is constructed by taking into account the excitations of the core nucleus, for which
we employ the microscopic beyond-mean-field approach, that is, the generator coordinate method
(GCM) with the particle number and angular momentum projections onto mean-field states.

This novel method is applied to the low-energy spectra of ?\Be7 1/3\0, 2/1\Ne and 3/1\81. Our
results show that the low-lying excitation spectra with positive-parity states of the hypernuclei,
which are dominated by A hyperon in the s orbital coupled to the core states, are similar to
that of the corresponding core states. In particular, we find that the configurations of the first
1/27 and 3/2~ states depend much on the properties of a core nucleus, in particular on the
sign of quadrupole deformation parameter. For example, the energy splitting between the 1/2~
and 3/27 states of IXC reflects the spin-orbital interaction of p-A hyperon, while the situation is
different in 3}Si(oblate), 3 Be (prolate) and %} Ne(prolate), where there are strong configuration
mixings in their 1/27 and 3/2~ states. We also discuss the impurity effect in these hypernuclei.

It is shown that the electric quadrupole transition strength, B(E2), from the first 27 state
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to the ground states is reduced by adding a A particle in the positive-parity states, where the
reduction factor depend on the mass number of the hypernuclei. In order to check the interaction
dependence for 2}\Ne and 3}\81, the calculations are carried out based on two different nucleon-
nucleon effective interactions, PC-F1 and PC-PK1. A slightly larger impurity effect is obtained
with the PC-PKI1 force than with PC-F1 force.

In addition to these studies, we also perform a detailed analysis of the impact of each NA
interaction term on hypernuclear low-energy states for 1/?§C and ?\Be. It is shown that the
A hyperon binding energy decreases monotonically with increasing strengths of the high-order
interaction terms. Moreover, we find that the tensor coupling term decreases the energy splitting
between the first 1/2~ and 3/27 states and increases the energy splitting between the first 3/2%
and 5/27 states in 13C and {Be.

Finally, we apply the microscopic particle-rotor model to A hypernuclei of Sm isotopes and
discuss the transition in the low-energy spectrum from vibrational to rotational characters. The
configuration mixing becomes increasingly stronger for 1/2] and 3/2] states as the shape of
nuclear core varies from near-spherical to well-deformed prolate deformation.

Some results presented in this thesis have been published in the following publications:
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H. Mei, K. Hagino, J. M. Yao, and T. Motoba, Phys. Rev. C 91, 064305 (2015).

3. Triaxially deformed relativistic point-coupling model for A hypernuclei: A quantitative
analysis of the hyperon impurity effect on nuclear collective properties
W. X. Xue, J. M. Yao, K. Hagino, Z. P. Li, H. Mei, and Y. Tanimura, Phys. Rev. C 91,
024327 (2015).

4. Low-energy hypernuclear spectra within a microscopic particle-rotor model with a relativis-
tic point-coupling hyperon-nucleon interaction
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tional
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Chapter 1

Introduction

1.1 Importance of hypernuclei

Atomic nuclei — the core of matters in our nature — are self-bound systems of two types of
baryons, namely, neutrons and protons. Both of them are called nucleons, made up of two types
of quarks, udd and wud, respectively. In principle, the strong interaction that binds nucleons
together inside a nucleus can be described by the theory of quantum chromodynamics (QCD)
[1]. However, the application of QCD to the low-energy structure and dynamics of atomic nuclei
is not straightforward at all because of its non-perturbation nature in the low-energy region,
even though there are many efforts in recent years that have been devoted to overcome this
difficulty. Understanding the properties of atomic nuclei from a fundamental level has still been
a big challenge in nuclear physics.

Besides the neutrons and protons, there are other types of baryon called hyperons, which
contain at least one strange s quark. The typical hyperons are A, (XF, %% ¥7) and (2%, =) with
their constituent quark component of uds, (uus, uds,dds), and (uss, dss), respectively. Among
them, A particle is the lightest hyperon. An atomic nucleus with one or more nucleons replaced
by one (or more) hyperons is called a hypernucleus, which provides a unique laboratory suitable
not only for studying the hyperon influences on nuclear structure, but also for studying the
property of hadrons in nuclear environment.

The A particle inside a nucleus has no charge, no isospin, so it does not suffer from Pauli
blocking by the other nucleons and can go deeply inside the nucleus. These features allow us
to use a A hyperon as a sensitive probe to study the interior of the nucleus and deeply bound
nuclear states. Investigating a dynamical change of nuclear structure induced by the added A
hyperon is a particularly interesting problem in hypernuclear physics.

Another important issue in hypernuclear physics is to understand baryon-baryon interaction-
s. Since hyperon-nucleon and hyperon-hyperon scattering experiments are difficult to perform,
because of the short lifetimes of hyperons (of the order of 10719, e.g., 7 = 263ps for A), it is not
straightforward to extract the hyperon-nucleon and hyperon-hyperon interactions directly from

such scattering experiments. In this situation, investigations of hypernuclear observables, includ-



1.2 Experimental studies on A-hypernuclei

ing hypernuclear spectra and transition strengths, provide an indirect way to explore information

on the hyperon-nucleon and hyperon-hyperon interactions.

1.2 Experimental studies on A-hypernuclei

1.2.1 History of hypernuclear experiment

Since the serendipitous discovery of a A hypernucleus in an emulsion exposed to cosmic rays
in 1953 [2], A—hypernclei have been studied for more than six decades. The history of the
experimental studies of hypernuclei may be classified into four stages. In the first stage (starting
from 1953 to the middle of 1970’s, so called the emulsion era), the binding energies of the ground
states for light A hypernuclei were measured. It has been found that the A potential depth is
about 2/3 of that of nucleons [3].

In the second stage (starting from the early of 1970’s to the middle of 1980’s), excited states
of hypernuclei were studied by the (K, 7~) reaction, especially for p-shell hypernuclei. A very
important finding in these experiments is that the spin-orbit splitting of hyperon states is rather
small [4, 5].

In the third stage (starting from the middle of 1980’s), high-quality A spectra were measured
by the (7%, KT) reaction and hypernuclear spectroscopy was established.

In the fourth stage (starting from 2000), the high-resolution 7-ray spectroscopy of hyper-
nuclei with Hyperball [6-11] and the first (e,¢’ KT) experiment at Thomas Jefferson National
Accelerator Facility (JLab) [12-15] were performed. These opened a new era of hypernuclear
physics.

In the past years, many groups, including CERN, GSI, MAMI, BNL, COSY, J-PARC,
JLab, KEK, et al., have been working on hypernuclear experiments and have made consider-

able progress.

1.2.2 Production reactions of hypernuclei

So far, A hypernuclei in a wide mass range from iH up to 20f\;Pb have been produced as sum-
marized in Figure 1.1. A A hypernucleus can be produced by bombarding the nuclei of a target
material with a beam of particles (pion or kaon), where the nucleons inside the atomic nuclei
are converted into A hyperon. Recently, A hypernuclei can also be produced by electromagnetic
reactions. Three typical reactions, (K, 77), (71, KT), and (e,¢/KT), are shown schematically
in Fig.1.2 at the quark level.

In the (K~, 7~ ) production reaction (used to produce A-hypernuclei at CERN for the first

time |17, 18]), whose elementary process is
K +n—A+ 77, (1.1)

an s quark in the kaon beam is exchanged with a d quark in a neutron resulting in the produc-
tion of a A hyperon. On the other hand, in the (7, KT) and the (e,e’ KT) reactions, whose
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Fig. 1.1 A A hypernuclear chart taken from Ref. [16]. The experimentally identified A hyper-
nuclei and the experimental methods used to study them (reaction spectroscopies of (K, 77),
(7T, K1), and (e,e’ KT), v spectroscopy, and the emulsion method, etc.) are shown.

elementary processes are

™+ n—A+ K (1.2)
e +poA+ e + KT, (1.3)

respectively, an s§ pair is created associatively, resulting in the production of both a A hyperon
and a kaon, and thus they are the associated production reaction.

Each reaction has its own advantages. The (K~,7~) production reaction is mostly used
because of ease of tracking of the reaction products. The (7, KT) reaction is best suited for
studying deeply bound states in medium and heavy hypernuclei [19, 20]. The (e, ¢’ K1) reaction
can populate spin-flip hypernuclear states with unnatural parity. Other production reactions,
such as (K ~,7%), could complement our knowledge of hypernuclear spectroscopy.

The energy resolution of hypernuclear levels is very important for studying the fine-structure
of hypernuclei. The (e,e¢’ KT) hypernuclear reaction has the largest advantage in high energy
resolution, which is expected to be as good as a few 100keV [15, 22, 23| due to a lower energy
spread of primary electron beams than that for secondary meson beams in (K, 7~ ) and (7, K™T)
reactions. In the (K~ ,77) and (71, KT) reactions, the energy resolution of hypernuclear levels
are limited no better than 1.5MeV due to the inherently limited quality of these secondary
hadronic beams [22].

In the past decades, thanks to the development of the HyperBall, many high-resolution y-ray
spectroscopy experiments have been carried out for A hypernuclei [6-11]. The experimental data

on energy spectra and electric multipole transition strengths have been accumulated, providing
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Strangeness exchange reaction
K-{T
(K~m7) 5
reaction { d
nyd
u
Associated production reaction
T { u e } K*
(m+,K*) d S
: s
| reaction n { g d } A
u u
e 7 e
(e,£K") ) g § ke
reaction 8]
pld d
u u

Fig. 1.2 A schematic presentation of three strangeness producing reactions used to study hyper-
nuclei. Taken from Ref. [21].

rich information on a hyperon-nucleon interaction in the nuclear medium as well as the impurity
effect of the A particle on the structure of atomic nuclei [21, 24]. It is noteworthy that the next-
generation facility J-PARC has already been in operation [25|, opening up a new opportunity
to perform high precision hypernuclear y-ray spectroscopy studies. Today, many researchers are
attempting to achieve more accurate measurement for a variety of hypernuclei in complementary
ways, e.g., at J-PARC using hadron beams, GSI using heavy ion beams, MAMI and JLab using
electron beams. These experiments will shed light on low-lying states of hypernuclei, especially

those of medium and heavy hypernuclei.

1.3 Theoretical methods for hypernuclei

In order to analyze and interpret these experimental data, over the past decades, several different
types of theoretical models have been developed. Based on realistic hyperon-nucleon and hyperon-
hyperon interactions, ab-initio calculations, which establish a direct link between experimental
observables and the underlying interactions, have been applied to p-shell single-A hypernuclei,
1Li, 3Be and '3 C [26].

On the other hand, since the lifetime of a A hyperon in the nuclear medium (~ 1071%5) is
much longer than the time scale of the strong interaction (~ 10723s), well developed nuclear
theory models with an effective A-nucleus interaction can be used to study the hypernuclear
system.

For instance, a shell model, in which nucleons move independently in an average field (mean-
field) and has achieved a great success in describing nuclear structure and magic numbers, has
been extended to p- and sd-shell hypernuclei [27-30].

A cluster model, in which a nucleus is divided into several clusters and nucleons are confined
within each cluster, describes successfully an interesting character, that is, the clustering struc-

ture of nuclear systems. This model has been applied to study the structure of p- and sd-shell
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hypernuclei with three- and four- body calculations as well as double-A hypernuclei (?\ AHe and
1L Be) with five-body calculations [31-37].

Anti-symmetrized molecular dynamics (AMD), which describes a nucleus with antisymmetrized
products of Gaussian wave packets of nucleons, has been developed to study the hypernuclear
structure up to pf-shell hypernuclei [38-41].

The self-consistent mean-field approach, which has been a powerful tool for studying the
properties of normal nuclei, has also been extended to investigate the structure of hypernuclei

both on relativistic and non-relativistic frameworks [42-48|.

1.4 Impurity effects of A hyperon

2.186 __3" rrrrrr 7/2* 2.521
5/2* 2.050
9.3+2.1 &* fm* 3.6£0.5"° e” fm*
3/2" 0.692
o_y 1 .
(MeV) T [ 1/2 0
°Li iLi eV

Fig. 1.3 The excitation energy and the E2 transition strength for low-lying states of 6Li and RLi.
The excitation energies are taken from Refs. [6, 21|, while the B(E2) strengths are taken from
Refs. |7, 21, 49].

One important and interesting question in hypernuclear physics is how an additional A par-
ticle affects the properties of the nuclear system. Since a A particle is located deeply inside the
atomic nuclei, the presence of a hyperon as an impurity may significantly change nuclear proper-
ties. In particular, the additional A hyperon introduces an attractive force between the A particle
and the nucleons, and may cause a shrinkage of the nuclei. This is the so-called “glue-like” effect.

The cluster model has been used to study the structure change after including a A hyperon.
Motoba et al. were the first to point out that the inter-cluster distance and the E2 transition
strengths are drastically reduced in the p-shell and sd-shell A hypernuclei (including iHe, 714,
ABe, 12C, 21 Ne, etc.) compared to those of the core nuclei [31, 32, 50, 51]. AMD and mean-
field calculations also show the shrinkage of the intercluster distance by adding a A particle
[42, 43, 38]. The theoretical prediction for such appreciable shrinkage of the nuclei after adding
a A particle has been clearly confirmed in the experiment by measuring the B(E2) value in {Li.
Notice that B(E2) value is sensitive to a size contraction as it is approximately proportional to
the fourth power of the nuclear size. The measured reduced transition probabilities are B(F Z;RLi
5/2F — 3/2%) = 3.6 £ 0.570%e? fm* [21, 7] and B(E2;5Li 37 — 17) = 9.3 + 2.1¢? fm* [49], as
shown in Fig. 1.3, indicating that the size of °Li in RLi is smaller than that in the free space.

Due to the “glue-like” effect, when a A particle is added to a very weakly bound nuclear

system, the resultant hypernuclei will become more stable against nucleon or cluster decay and
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it is expected that the neutron-drip line and proton-drip line are extended from those in ordinary
nuclei. %He and RBe [52] are the typical examples for the change of the neutron and proton drip
line, respectively, in which ®He is unbound by 0.89 MeV above the a + n breakup threshold and
6Be is located at 1.37 MeV above the o 4+ p + p breakup threshold. Meanwhile, an interesting
phenomena concerning neutron halo has been observed in neutron-rich nuclei, in which the
neutron density distribution extends to large distance. Three-body and four-body cluster models
have been used to study such halo structure influenced by adding a A particle. It has been
found that the additional A hyperon stabilizes these unstable nuclei and the halo structure
disappear [53, 54]. The same conclusion is also made with non-relativistic and relativistic mean-
field calculations [55, 56]. Moreover, the relativistic Hartree-Bogoliubov method found that
the spin-orbit potential plays an important role in stabilizing neutron-rich nuclei [56]. On the
experimental side, many neutron-rich hypernuclei have been or will be produced, such as ?;H [57],
QHe and 2Be at J-PARC, {Li at KEK.

The shape polarization effect of A hyperon has been investigated with both non-relativistic
mean field and relativistic mean field calculations. It has been found that the addition of the
A particle in s-orbit changes the deformation of the core nucleus [42, 43| and makes the energy
surface somewhat softer along the quadrupole deformation degree of freedom [44]|. The potential
energy surface of hypernuclei with A hyperon in s-orbit (p-orbit) have smaller (larger) deforma-
tion of energy minimum than that of the core nucleus. A dramatic change of the deformation
has been found in 2%:30:32Sj and 12C after adding a A particle with relativistic mean field [43] and
AMD |[58] calculations.

The investigation of the impurity effect of A hyperon on nuclear collective excitation with
a five-dimensional collective Bohr Hamiltonian [46, 59] have shown that A hyperon in s-orbit
increases the excitation energy of the 2] state and decreases the B(E2;2] — 07) value of the
core nuclei inside 2/5\Mg, 2XMg and 3/1XSi hypernuclei.

1.5 Aims of this work

1.5.1 Successes and limitations of mean-field approaches for hypernuclear
structure

Among the theoretical methods mentioned in Sec.1.3, the self-consistent mean-field model is
the only microscopic method which can be globally applied from light to heavy hypernuclei.
Moreover, the mean-field approach has an advantage in that it can automatically lead to the
optimized deformation of a nuclear system, which is one of the important features of atomic
nuclei. Many nuclei are deformed in their ground states and exhibit characteristic collective
excitation spectra, such as rotational band. In the mean-field model, which is defined in the
body-fixed frame, the optimized deformation is yielded by minimizing the total energy of a
system through the mechanism of the spontaneous symmetry breaking in a self-consistent way.
The mean-field model is suitable to study the change of nuclear shape induced by the addition of

a A hyperon. These kinds of studies have been performed in recent years and it has been found
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that the potential energy surface of a hypernucleus is generally softer against deformation than
that of the corresponding core nucleus [44].

On the other hand, pure mean-field approximation does not yield a spectrum of nuclei due
to the broken symmetries. Furthermore, one can not directly connect mean-field results to
spectroscopic observable, such as B(E2) values. To overcome the deficient of mean-field models,
one has to transform from the intrinsic frame to the laboratory frame. One way to restore the
broken symmetries is by introducing projection techniques. Such kind of development has been
carried out with the Skyrme density functional [60]. A further improvement has been made by
taking into account configuration mixing with the generator coordinator method (GCM) based
on a relativistic point-coupling energy density functional (see Appendix F). Notice that the
shape fluctuation effect, which is not included in the pure mean-field approximation, will be
more important in hypernuclei than in normal nuclei due to a softer energy surface. The GCM
approach offers an intuitive way to study the hypernuclear shape fluctuation as well as the nuclear
shape polarization due to the A hyperon, but the computational cost is quite expensive. Another
way to go beyond the pure mean-field approximation is to rely on additional assumptions such
as the rigid rotor model, which however would not work for, e.g., nuclei with small deformation

or with shape coexistence.

1.5.2 Aims of this thesis

Given this situation, in this thesis, we will propose a novel microscopic particle-rotor model
(MPRM) for low-lying spectra of single-A hypernuclei. In MPRM, the hypernuclear states are
constructed by coupling a hyperon to low-lying states of the nuclear core through a A hyperon
interacting with the nucleons inside the core nucleus. The novel feature of our method is that
we combine the motion of the A particle with the core nucleus states, which are described by the
state-of-the-art covariant density functional approach; that is, the generator coordinate method
(GCM) based on the relativistic mean-field (RMF) approach supplemented with the particle
number and the angular momentum projections.

In contrast to the conventional particle-rotor-model, which usually describes the deformed
core nucleus with a rigid rotor, the low-lying states of the core nucleus are constructed micro-
scopically in MPRM. That is, we superpose many quadrupole deformed RMF+BCS states, after
both the particle-number and the angular-momentum projections are carried out. In this way,
the shape fluctuation effect is naturally taken into account in our approach.

Compared with the GCM approach for hypernuclei, the MPRM provides a more convenient
way to analyze the components of hypernuclear wave function and also it significantly reduces
the computation costs.

The thesis is organized as follows. In Chapter 2, theoretical framework of the mean-field
and the beyond-mean-field methods are introduced based on relativistic point-coupling model by
taking '?C as an example. In Chapter 3, the NA effective interaction based on the relativistic
point-coupling model for single-A hypernuclei is introduced. In Chapter 4, the microscopic

particle-rotor model (MPRM) for the low-lying states of single-A hypernuclei is proposed. In



1.5 Aims of this work

Chapter 5, the microscopic particle-rotor model is applied to 1%(7, %Be, 2/1\Ne, 3/1\81 and Sm A
hypernuclei. Low-lying states of I%C and the impact of each N A interaction term on hypernuclear
low-lying states are also discussed in details. Finally the summary of this thesis and a brief

outlook for future investigations are given in Chapter 6.



Chapter 2

Beyond relativistic mean-field approach

for even-even nuclei

2.1 The relativistic mean-field theory with point coupling inter-
action (RPC)

2.1.1 Introduction

Before we introduce the microscopic particle-rotor model for hypernuclei, we first review the
beyond relativistic mean-field approach for their even-even core nucleus. Atomic nuclei are
composed of protons and neutrons, which are the bound states of quarks and gluons. These
are treated as a quantum mechanical many-body sysyem of Fermions in low energies nuclear
theory. Since the nucleon-nucleon interaction derived from the QCD of quarks and gluons is
very complicated, one usually takes a phenomenological approach, which extracts the nucleon-
nucleon interaction from the nucleon-nucleon scattering data, and makes prediction for nuclei
using such interactions. Yet, the VNV interaction derived in this way is strongly repulsive at short
distances and difficult to handle. In order to remedy this, an effective interaction (G-matrix) in
the nuclear medium has been derived with a Brueckner type calculation [61]. Since the Brueckner
theory has been possible only for nuclear matter so far [62], more phenomenological concept has
been developed. That is, the most successful method starts from an effective density dependent
energy functional with the parameters fitted to experimental data, which are understood as a
phenomenological parametrization of the G-matrix.

One such approach is the relativistic mean-field (RMF) theory, which starts from relativistic
quantum field theory, using a Lagrangian to describe point-like nucleons interaction through
the Finite-Range meson exchange (RMF-FR) [63, 64|. This model based upon a coupled field
theory of Dirac nucleons and effective meson fields treated at the mean-field level, where den-
sity dependence is modeled by nonlinear meson self-couplings. This procedure is completely
phenomenological and the parameters are adjusted specifically for mean field applications. This
relativistic model has been quite successful, providing a natural explanation of large spin-orbit

splitting needed for the understanding of magic numbers in finite nuclei, a new saturation mech-

9



2.1 The relativistic mean-field theory with point coupling interaction (RPC)

anism by the relativistic quenching of the attractive scalar field, and pseudo-spin symmetry
[65, 66], etc. The relativistic mean-field theory has achieved a great success in describing the
bulk properties of both finite nuclei and nuclear matter and in understanding the nucleonic shell
structure and magic numbers.

A zero-range version, i.e. point-coupling, of RMF (RMF-PC) has also been proposed [67-
72]. In this model, a nucleus is described as a system of Dirac nucleons that interact in a
relativistic covariant manner with point couplings. The interaction used in RMF-PC model are
composed of zero range and derivative terms, which is to account for the finite ranges of the
meson. This model can be viewed as an approach that lies in between the RMF-FR approach
and the non-relativistic Skyrme-Hartree-Fock (SHF) approach [73-75], which is also based upon
density-dependent contact interactions with extensions to gradient terms, kinetic terms, and the
spin-orbit interactions.

In the RMF-PC model, the energy functional is a simple functional of particle density and
its derivative, which makes RMF-PC model much easier to be implemented for numerical calcu-
lations compared to SHF. Throughout this thesis, we will base our discussions on the relativistic

point coupling model.

2.1.2 The lagrangian

The Lagrangian density of the relativistic point-coupling model is constructed as a power series
in (1OT'y) and their derivatives, where O is either 1 or 7, T being the isospin vector, I' €
{1, %475, Y570, o } is one of the 4 x 4 Dirac matrices and 1 is the Dirac field of nucleon. In this

work, we use the following Lagrangian density introduced by Biiervenich et al. in Refs. [76, 77]:
L = jfree + gzlf + -i/ﬂhot + gder + gem : (21)

Here the colons :: denote a normal ordering with respect to the vacuum state. In Eq.(2.1), Zfrec

is the Lagrangian density for free nucleons given by

Dg/ﬂfree = 1/}(27#(9“ - m)w (22)

The Lagrangian density for four fermions coupling term, .2, is given by

1 — — 1 — - 1 - - 1 - _
Ziy = —5as(Wy)(W¥) = sav () (Wr*'Y) — Sars(WTy) - (V1) — sarv (bTy) - (V7).
(2.3)
The derivative terms, .%y.,, which simulate in a simple way the finite range of the nucleon-nucleon

forces are

Lier = — %55(@@1#)(3”@1/1) - %5@(31/1/;%L¢)<8V1[}7uw)
1

— SOrs(OT) - (2F6) = Jrv (ObT) - (BT ). (2.4

10



2.1 The relativistic mean-field theory with point coupling interaction (RPC)

The higher order interaction term, .4}, which corresponds to the self-couplings of the scalar

and vector mesons, is written as:

Fror = 3850 — s = W) (). 2:5)

The electromagnetic field, Z.,,, is also introduced to provide the electromagnetic interaction

between protons as
— T3

2

where e is the charge unit for protons and A, is the electromagnetic field. The isospin of neutron

-1
gem = —61117”

1
VA= G 26)

and proton are associated with 73 = +1 and 73 = —1, respectively, so that %.,, vanishes for
neutrons. The electromagnetic field tensor reads F),, = 0,4, — 0, A,.

The total Lagrangian (2.1) contains eleven coupling constants ag, ay, ars, arv, B8s,7s, Vv,
dg, 0y, Org and o7y, where the subscripts S, V and T indicate scalar, vector and isovector fields,
respectively. Here, the symbol « stands for the four-fermion terms, d for the derivative couplings,

and [ for the third-order term as well as 7 for the fourth-order terms.

2.1.3 Energy density functional

The Hamiltonian density ¢ can be derived from the 00 component of the energy-momentum

tensor T;

2
0% . 02 .
= = — A, - Z. .
=Ty o0 P+ 8AM m < (2 7)
Substituting the Lagrangian (2.1) to Eq.(2.7), one obtains the explicit expression for the Hamil-
tonian as
ﬁ = /d’l” : [%ree + jﬁlf + Hot + Hger + %m] 5 (28)
where
\'%afree = TE(Z’Y -0+ m)% (2'93)
1 - - 1 - _
Hafp = ias(lﬂlb)(ibw) + §Oév(1/}’m¢)(¢’v“¢)
1 . - 1 - -
+ 504Ts(¢7'w) (Y1) + §OéTV(¢TW¢) (T, (2.9b)
1 - - 1 - -
Hier = §5s(au¢¢)(3”¢¢) + §5v(3u¢’7u¢)(5”¢7“¢)
+ %5TS(8V7J)T7J}) : (ay'(/_”-q/)) + %6TV(8V1ZT'YM¢) ) (8V7/_)T’7u¢)v (2'90)
1 - 1 - 1 _ _
Hhot = gﬂsww?’ + nys(lw)‘* + ZW[(WW)(WW)P, (2.9d)
Ao, = A Y[(1 — 73) /2" — FOHOpA,, + iFWF’“’. (2.9e)

11



2.1 The relativistic mean-field theory with point coupling interaction (RPC)

No-sea approximation

The field operator 1(r) can be written in a second quantization form

(r) =D _wn(r)ar+ ) vi(r)a (2.10a)
k R

= dilr)al + ) d(r)a; (2.10Db)
k R

where aL is the creation operator for a nucleon in state k and a}; is the creation operator for
an antinucleon in antinucleon state k. In the mean-field calculations, the so-called no-sea ap-
proximation is adopted, which means the levels in the Dirac-sea of anti-particles are assumed
to be all occupied and thus are not taken into account. Only the positive energy states are

considered explicitly in this approximation. With this approximation, the Dirac field operator

r)= Zwk(r)ak, P(r) = Zzﬁk(r)a,t (2.11)
k k

where ¢ (7) (Dirac spinor) is the single-particle wave function with large and small components

bulr) = ( JilT) > (2.12)

igk(r)

¥ (r) is simplified as

and ¢ (r) is defined as T (r)7o
With Eq.(2.11), the normal ordering of (/)2 in Eq.(2.8) is given as

=: Zl/;k( rYal o (7)ag Z¢z al iy (r)ap :

kk’ w
=" () (7)Y () (r) : afapalay - . (2.13)
kk! iw

Hartree approximation

The nuclear many-body wave function at mean-field level is a Slater determinant of single-particle

wave functions N
~ [ oo, (214)
k=1

where |0) is the vacuum state. With the above wave function, we can calculate the energy
corresponding to the Hamiltonian in Eq. (2.8) with the Wick’s theorem. The expectation value

of H turns out to be the expectation values of two field operators. Neglecting the Fock-term as

12



2.1 The relativistic mean-field theory with point coupling interaction (RPC)

done in the covariant density functional theory, namely, only the direct-term is kept as

(@] (D)2 1 @) = i)t (7)Y u(r )y (B (afar )| @) (D] (a] ay)| D)

k! w
= Or(r)re (r) > ()b (7 ) S S
k! I
= t(r Z di(r (2.15)
k

Similarly, we can derive expectation values of other terms in the Hamiltonian. The final energy

functional is expressed in terms of the corresponding local densities and currents as
Epr|p, ji', Aul = dr[pf(r)(cc- p+ Bm — m)iy(r)]
DF|05J; s Au k p k
k

+ [ar {O‘;pém + 25 540) + gty + 2 () V0s(r) + O () )

A L) 0 + ) V3 + 25 () + 2 prg(r)Vprs ()
Ty ()it () 4 SB i (1), (1) 4 o (e b (210)
where the local densities are given by
ps(r) = (®[P(r Zwk (2.17a)
pv(r) = (P[(r)r00(r Zwk )Y0Yk (T (2.17D)
prs(r) = (@[¢(r) Zwk )Tk (r (2.17¢)
and currents are given by
ur) = @) = 3 ulrrtts (2.18)
J13,(7) = (0T ) = 3 el () (2.18)

Here, the space-like component of the photon field is neglected due to the Maxwellian magnetic
field A having a small electromagnetic coupling [78].
2.1.4 Equation of motion for nucleons

For the ground state of an even-even nucleus, one has time-reversal symmetry. In this case, the
time-odd space-like components of the currents j# vanish and only the zero-components exist.

The equation of motion for nucleons can be obtained by minimizing the energy functional in

13



2.1 The relativistic mean-field theory with point coupling interaction (RPC)

Eq.(2.16) with respect to the single-particle wave functions v, that is

4]

ST (Eorlp. s 4] = exlielin) ) = 0 (2.19)

which leads to the Dirac equation for nucleons,

{a-p+Bm+ S(r)] + V(r) g = extbr, (2.20)

where the scalar potential is given by S(r) = Vs(r)+73- Vrs(r) and the vector potential is given
by V(r) = V2(r) + 13- VA, (r) with

Vs(r) = agps(r) + Bspg(r) +vspd(r) + 6sVps(r), (2.21a)
V) = avpv(r) + b () + 0y 2oy (r) + et A%r) (221b)
Vrs(r) = arsprs(r) + 615V prs(r), (2.21c)
VPy(r) = arvprv(r) + oy Vipry(r). (2.21d)

2.1.5 Pairing correlation

In addition to the self-consistent mean-field potentials, pairing correlations, which is one of the
most important complements in nuclear shell structure, have to be included in order to describe
deformed nuclei as well as open-shell nuclei. For this purpose, the BCS (Bardeen-Coorper-
Schrieffer) approximation has been often used to treat the pairing correlation [79-82], except for
nuclei close to the neutron and proton drip-lines [83]. In this approximation, the ground-state

of nuclear system is approximated

1BCS) = ] (ur + veele! )]0), (2.22)
k>0

where v and up = /1 — v,% are the pairing amplitudes.
In this thesis, we employ a density-independent § force for the pairing interaction

VP () = Voo (r — 1) (2.23)

with a smooth cutoff factor fj [84] to simulate the effects of finite range

1
1+ expl(er — er — AB) /]’

Tk = (2.24)

where V; is the pairing strength for protons or neutrons (V, or V},) and € (e = e — m) is
the single-particle energy. The chemical potential e is determined by the constraint on average

particle number (®|N;|®) = N;, where N; is the correct particle number of neutron or proton.

14



2.1 The relativistic mean-field theory with point coupling interaction (RPC)

Following Ref.[84], the cutoff energy AFE; is chosen from the condition

2> fo =Ny + 1.65N?, (2.25)
k>0

with ur = AFE;/10. The contribution of pairing interaction to the ground state energy is

expressed in terms of the pairing tensor k
* V’T k
Epair [k, K7 = T=§np 1 drez(r)k-(r) (2.26)

where the pairing tensor x(r) (the pair density) is given by
R(r) = =2 frupvrle(r) . (2.27)
k>0

The occupation probabilities are determined by the gap equation as

€L — €EF
1— k

1
2 \/(Gk—t‘F)ZJFf;?A%

vE = . vitui=1. (2.28)

Here, the single-particle gaps Ay are state dependent and are determined as

Ay = / dr gl (1) A () (), (2.29)

where A, (r) is the local pair potential determined as

0 Epair

Ar(r) = Ok, (T)

1
= §VT,A<,;T(T), (230)
The pairing strength parameters V; have been adjusted by fitting the average single-particle

pairing gap
Zk fkviAk
> frvi

to the experimental odd-even mass differences [84]|. The pairing strength parameters and the

<A>= (2.31)

coupling constants appearing in the Lagrangian, Eq.(2.1), are fitted to experiment data simultane-
ously. The values of these parameters are shown in Table 2.1 for two parameter sets, PC-PK1 [72]
and PC-F1 [68|.

2.1.6 Center-of-mass correction

The mean-field approximation violates the translational symmetry. In order to correct this, the
center-of-mass correction, which has been found very important in predictions for light nucle-
i [84] and exotic nuclei, should also be taken into account. In this thesis, we adopt the same

microscopic estimate as in Ref. [68], in which the center-of-mass correction is calculated through
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2.1 The relativistic mean-field theory with point coupling interaction (RPC)

Table 2.1 Coupling constants for PC-F1 [68] and PC-PK1 [72] sets.

PC-F1 PC-PK1
as (MeV~—2) —3.83577 x 10~* —3.96291 x 10~*
Bs (MeV—?) 7.68567 x 10711 8.6653 x 10~ 11
vs (MeV—8) —2.90443 x 10717 —3.80724 x 10717
5s (MeV—) —4.1853 x 10719 —~1.09108 x 10~10
ay (MeV~2) 2.59333 x 104 2.6904 x 104
v (MeV~8) —3879x 1071 —3.64219 x 10718
Sy (MeV—) —1.1921 x 10719 —4.32619 x 10710
ary (MeV—2) 3.4677 x 107° 2.95018 x 10~°
Sv (MeV—4) —42x 1071 —4.11112 x 10710
V, (MeV fm?) — 321 — 330
Vi, (MeV fm?) — 308 —349.5

the expectation value of the kinetic energy for the center-of-mass motion with respect to the

mean-field wave function as:
(P
E _ _ cm 2.32
= Y el (2.32)

T=N,p

where m, and A, are the mass and the particle number of neutron or proton, respectively, and

Py = Z? P, is the total momentum of the system.

2.1.7 Total energy of nuclear system

The total energy for the nuclear system includes the energy corresponding to the Lagrangian

(2.1) and the pairing energy (2.26) as well as the center-of-mass correction (2.32):
Eiot = Epr [P, ]Zuv Au] + Epair[/fa ’i*] + Eem. (233)

The express of energy Fpp after introducing the pairing correlation reads:

Eorlp, ' A, =3 [ dredlulr)(a-p -+ Bm — myun(r)
k

o [an{ G+ 52080 + okt + Sos(rITps(r) + i)t r)

ars o oTs

A Lm0 + SV + 5 () + S prg () Vprs ()

ary . . ory . . 1
v ()it () + gy (1), iy () + 5 <r>eA°<r>} (239
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2.1 The relativistic mean-field theory with point coupling interaction (RPC)

Here, the local densities and currents are sumed up all occupied states in the Fermi sea with the

occupation factor v,% of each orbit determined in the BCS approximation with §-pairing force:

isoscalar — scalar density : ps(r) = Z V2 (1) (1), (2.35a)
k>0
isoscalar — vector density : Z v (1) Yot (r), (2.35b)
k>0
isovector — scalar density : prs(r Z v (r)TR(T), (2.35¢)
k>0
isovector — vector density : prv(r Z V2 (1) TY0UR(T), (2.35d)
k>0
isoscalar — vector current density : gt(r) = Z VR () (r), (2.35€)
k>0
isovector — vector current density : gy (r Z v (r) Ty (7). (2.35f)
k>0

2.1.8 Quadrupole deformation constrained calculation

RMF-PC calculations often lead to a deformed ground state with a finite value of quadrupole
operator. While the unrestricted RMF-PC calculation can only give the local minimum on the
energy surface, a constrained RMF-PC calculation can be performed in order to obtain the energy
surface as a function of quadrupole moments (gag) and (ga2). The quadrupole moments (gao)
and (ga2) are related to the Hill-Wheeler [85] coordinates 3,v(8 > 0) by the following relations:

. ) 3
(G20) —\/;@z —z? =) = —WAR%B cosy (2.36a)

EHRNPE BT
——(x? y)—4ﬂ_AR0\/§/BSln7, (2.36b)

<Q22> = 397

with Ry and A being the nuclear radius and the mass number, respectively. In this thesis, we take

Ry =1.24/3 (fm). The deformation parameters 3, are related to the quadrupole moments by

2 4+ 2(G22)?, v = tan™! (\/§<(§22>) (2.37a)

3AR2 Via (d20)

In this thesis, we adopt the quadratic constraint on the quadrupole moments by minimizing

the following energy with respect to single-particle wave function [81],

E' = Etot + Z C2u(<62u> - q2/t)27 (2'38)
pn=0,2

where Cy, is a stiffness parameter and ¢o, is the quadrupole moment to be obtained.
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2.1 The relativistic mean-field theory with point coupling interaction (RPC)

In this thesis, for simplicity, we assume axial symmetry and a constraint only on the axial

mass quadrupole moment (G20) is used to generate a set of mean-field states |®(3)) with different
4

3AR?

(G20) ({G22) = 0).

intrinsic deformation 8 =

-68 - 12C :

o N
o o

T T 1 7
b/

Q
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-‘(f:)l N .x=|0'.29?fr.n.

"6 4 20 2 4 6
y (fm)

Fig. 2.1 (a):The energy curve of the mean-field state for 2C as a function of the intrinsic
quadrupole deformation S generated with the PC-F1 force. (b), (c¢) and (d): The intrinsic
nuclear densities for 5 = 0.0, § = —0.3 and 8 = 2.4 on the y — z plane with x = 0.297 fm.

As an example, Fig. 2.1(a) shows the total energy of 12C as a function of deformation
parameter 5 from the calculation with the PC-F1 force [68]. In this calculation, the Dirac
spinor for each nucleon state is expanded on the basis of a three-dimensional harmonic oscillator
(3DHO) with Ny, = 10 major shells. The oscillator length parameters are chosen as b, =
by = b, = \/m, where m is the nucleon mass and the oscillator frequency is taken to be
hwg = 41A1Y3 (MeV).

In this calculation, the energy minimum is found at the spherical shape with deformation
parameter 8 = 0 and energy —89.26 MeV. The experimental data for the binding energy of the
ground state of 2C is 92.16 MeV. The energy curve increases dramatically with deformation §3.
The second minimum in the mean-field energy curve appears around 8 = 2.4 and the correspond-
ing density distribution is shown in Fig. 2.1(d) with 3a—linear structure. This 3« linear-chain
structure has also been found in Ref. [86]. For comparison, the density profile of the state at

f = 0.0 and 5 = —0.3 are also shown in Fig. 2.1(b) and (c), respectively.
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2.2 Restoration of broken symmetries

2.2 Restoration of broken symmetries

2.2.1 Symmetry violations in the mean-field approximation

The mean-field approach has been the only microscopic approach that is able to describe all kinds
of nuclei throughout the nuclear chart, in particular heavy and open-shell nuclei. In fact, this
approach has been widely used for studying the structure properties of nuclei. One advantage of
this method is that nuclei are described in terms of a simple many-body wave function, e.g., a
single Slater determinant of quasi-particle wave functions or the corresponding density functional.
Many kinds of important correlations among nucleons can be taken into account in this framework
in a simple manner. This includes, e.g., the long range particle-hole correlations responsible for
static deformations and the particle-particle correlations that induce superfluidity. In the mean-
field approximation, these correlations can be taken into account at the price of breaking several
symmetries of the underlying many-body Hamiltonian. Deformed mean-field and a pairing field
breaks the SO(3) rotational symmetry in the Euler space and U (1) symmetry in the gauge space,
respectively, in the mean field wave function. While this is a good advantage of the mean-field
theory, it results in the ground state wave function which is not an eigenstate of the angular
momentum (J 2 J ») and the particle number operators. These deficiencies may give rise to
some serious problems in the description of nuclear properties, including missing correlations
associated with the symmetry restoration, mixing of low-lying excited states into the ground
state, a difficulty in connection to the lab frame for spectroscopic observables, and an absence of
selection rules for transitions, etc. In order to compare properly with the experimental data, one
has to go beyond the mean-field approximation. To this end, the projection method provides an
effective tool to restore the spontaneously broken symmetries [81]. In this approach, a suitable
linear combinations of the superfluid or rotated deformed intrinsic states will recover the particle
or angular momentum quantum numbers of the nuclear wave function. Such procedures are
known as the Particle Number Projection (PNP) and Angular Momentum Projection (AMP)

methods, respectively.

2.2.2 Projection methods

Let us first discuss a general structure of the projection methods. Suppose that the Hamiltonian
H of a nucleus has some symmetry S, the element of which is labeled by ]%(Q), Q) being the
group parameter of S. It means that H is invariant under the transformation of an arbitrary
group element R(Q) in S, that is,

[H,R(Q)] = 0. (2.39)

If the wave function |®) is an eigenstate of H with eigenvalue E, then all the wave function

generated as
|2()) = R()[) (2.40)
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are also eigenstates of H with the same energy E:
H|®(Q)) = HR(Q)|®) = R(V)H|®) = ER(Q)|®) (2.41)

with non-zero overlap (®|®(Q)) = (®|R(2)|®). Therefore, a set of such kind of wave functions

|®(€2)) can be used as a generator function and in general we have

v = [ des@ew). (2.42)

The generating functions |®(€2)) span a subspace, so called the “collective subspace”. The basic
idea of projection methods is to diagonalize the Hamiltonian H in this collective subspace to
determine the function f(€2) in Eq.(2.42).

Incidentally, this subspace is invariant under the transformation of the symmetry group S,
R(O)|V) = /dQ’f(—Q + Q) [2()), (2.43)

which means that the projector P onto this subspace commutes with the symmetry operation
[P, R(Q)] = 0 and thus we may find simultaneous eigenstates of PHP and R(£2). This implies
that there exists a function f(€2) which minimizes the energy and makes |¥) have the proper
symmetry. The function f(£2) can be found by expanding in a complete set of eigenfunctions of
the symmetry operators expressed in the group parameters €. If S is an Abelian group, then it

corresponds to a Fourier decomposition.

Particle number projection

Let us now discuss the particle number projection. We first notice that the gauge group is
connected with the particle number violation. In this case, 2 = ¢, and R(go) = eN¢ where ¢ is

the gauge angle and N is the number operator. The function f(€2) becomes

) =3 5o ™ g, (249

n

and the wave function of the system is given by

24 =Y g P ®) (2.45)
n
with the projection operator PA defined as

. 1 [ .
PA /O W=, (2.46)

T o

which projects onto the subspace with particle number A. The coefficient g, is a normalization

constant and is zero for 2n # A.
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Angular momentum projection

We next discuss the angular momentum projection. In reality, a nucleus is rotational invariant
and the total Hamiltonian for it has SO(3) symmetry, characterized by the Euler angles Q0 =
(¢,0,1) as the group parameters. The rotation operator R(Q), according to the notation in the
Edmonds’s book [87], is given by,

R(Q) = ei#l=ifly il (2.47)

The weight function f(£2) in Eq.(2.42) is expanded into a complete set of eigenfunctions of the
corresponding symmetry operators, i.e., the representation of the rotation group given by the

- - I
Wigner functions Dy,

2I+1
==

IMK
The Wigner functions D!* . is defined as the matrix elements of the rotation operator R(Q) in

the I M-representation and is related with the Wigner small-d functions by:
Di() = (IM|R(Q)[TK) = €M dl ()™, dhype(0) = (1MW | 1K), (2.49)

The three-dimensional angular momentum projection operator is then given by:

. 2 + 1 R
Pl =25 [ aanlic ) R(@), (2.50)

which extracts from the intrinsic mean filed state |®(q)), ¢ = (8,7) being the deformation
parameter, the component with an eigenvalue K and the component with an eigenvalue M of
the angular momentum. The volume element of the integration over the Euler angles is given by
dS) = d¢ sin 0dOdq.

For an arbitrary deformed mean-field wave function |®(q)), the projected state can be written

as a superposition of states with different K quantum numbers

21 +1
872

@1(0) =S ox gy [ DL (R 2(a) (251)
K
with the coefficient g determined by the normalization.

In the case of axial symmetric approximation, for the ground state of even-even nuclei only
the K = 0 component can be picked up by ]5]{4 i from an intrinsic state ®(3). In this case, the
integral of ¢ and v are trivial, and only the integral over 8 has to be carried out numerically. In
the applications shown in this thesis, the Gauss-Legendre quadrature is used for the integration
over the Euler angle # and the number of mesh points in the interval [0, 7] is chosen to be 14
for 12C. In the case of even number of particles, the integration interval for gauge angle ¢ can

be reduced to [0, 7] due to the symmetries of the integrand. By using the Fomenko’s expression
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2.3 Generator coordinate method

[88-90], the integrals of Eq. (2.46) can be written as

=~

L

. 1 Lo

PN § :ez(N—N)SOn7 On = %n7 (252)
n=1

where L is the point number of ¢ € [0, 7] and L must be odd number in order to avoid numerical
instabilities which might arise at ¢ = /2. In this thesis, for 12C, the number of gauge angle ¢

in the interval [0, 7] is chosen to be 7 both for protons and neutrons in the Fomenko’s expansion.
(@M (B)[H| 2™ (8))
(@IM(B)|DIM(3))

momentum and particle number projection procedures, as a function of the axial deformation

Figure 2.2 shows the projected energy curves, Er(f) = after angular

parameter 3 for 2C. The first and second minima in the mean-field energy curve found at 3 = 0.0
and 3 = 2.4, respectively, (see Fig.2.1(a) and the dotted line in Fig.2.2), are shifted to 5 = —0.3
and 8 = 2.7 in the projected energy curve for I™ = 07. The lowest and the second lowest
minima of the projected energy curve with I™ = 0T appear at the oblate side around 3 = —0.3
and the prolate side around 8 = 0.39 with a small barrier of about 0.44MeV, which indicates the

necessity of considering the shape fluctuation effect.
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Fig. 2.2 The projected energy curve for '?C as a function of the axial deformation parameter
B. The mean-field energy curve (the dotted line) is also shown for a comparison. The filled
squares indicgte the three lowest GCM solutions for each I™, which are plotted at their average
deformation 8 =} 4 lg1(B)|?8, where g (B) is the collective wave functions defined by Eq. (2.60).

2.3 Generator coordinate method

For transitional nuclei, the energy surface changes very slowly with the deformation, which
means that there are many near-degenerate states. For some nuclei, the mean-field energy
surface as a function of deformation shows two or more minima which are practically degenerate

in energy, e.g., the so-called shape coexistence phenomena. The generator coordinate method
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2.3 Generator coordinate method

(GCM) constructs a linear superposition of many different wave functions and is classified as a
part of beyond the mean-field method. GCM is a simple and flexible variational method and
can address a wide range of collective phenomena as well as provide both excitation spectra and
transition strengths to be compared with experimental data. The generator coordinate method
provides a way to understand the connection between phenomenological models and microscopic
descriptions for collective motions. This method has rapidly become a popular tool in nuclear
structure studies in recent years, for instance, GCM with Skyrme energy density functionals [91,
75|, with the density-dependent Gogny force [92, 93], and with relativistic density functionals [94,
95|. In this work, the GCM is employed to perform configuration mixing calculations of angular
momentum and particle number projected mean-field wave functions. This framework is also

called multi-reference covariant density functional theory (MR-CDFT).

2.3.1 The Hill-Wheeler-Griffin equation

The generator coordinate method (GCM) is based on the assumption that the GCM state |®,,) is
written as a superposition of the generating functions |®(q)), which are labeled by the parameter

q, that is,

|®n> = ZFn(Q)|(I)(q)>7 (2'53)

where n labels the different eigenstates of H. The parameter q is referred to as a generator
coordinate.

In this work, the generating functions and the generator coordinate are projected mean field
wave functions and the quadrupole moment ¢, respectively. Thus, the wave function of nuclear
states are constructed as a superposition of quantum-number projected mean field states with

different quadrupole deformation g¢,

M) = FI¥(q) Piy e PYP?|®(q)). (2.54)
K,q

The weight function F!X(q) is assumed to be a well behaved function of the variable ¢ and is

determined by requiring that the enery expectation value

(@M |H|2M)

pIM_n 1= n /[ 2.55
T el 259
M
be stationary with respect to an arbitrary variation, i.e., 5FT~; = = 0. This leads to the Hill-
Wheeler-Griffin equation [96] "
Z [H%K,(q, q)— EMNII(K/(Q, q’)] FT{K/ (¢)=0. (2.56)

Kl7q/
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2.3 Generator coordinate method

where the norm kernel N/ (q,¢') and the Hamiltonian kernel (g, ¢') are given by,

Nicr(a,4") =(@(q)| Py PV PZ1®(q')), (2.57a)
Hicrer(0,4') =(@(Q)|H Pie s PN P?|2(¢)), (2.57b)

respectively. Substituting the particle number projector (2.46) and the angular momentum
projector (2.50) into Eq.(2.57), those kernels read

2I +1 . 2 e—ingN 2 e—z‘Z(pZ
O%K,(q,q') = Sﬂ/dQDéK'(Q)/O o dSON/O o dpz

X (®(q)|0c™NoN 1722 R(Q)|@(d)), (2.58)

where O stands for 1 and H for the norm kernel and the Hamiltonian kernel, respectively. The
energy overlap (<I>(q)|ﬁeiN9@NeiZ‘PZR(Q)|<I>(q’)> in the Hamiltonian kernel is taken to be the
same functional form as in the nuclear mean-field energy Eq.(2.34) but with replacements of
the densities and currents with mixed ones, that is, off-diagonal components of the density and

current matrices [97]:

(@(q)lcleieiNov eZ9z R(Q)| @ (')

~a,q'

524 (Q) = A 2.59

v () (@(q)|eNenetZez R(Q)|(q')) (259
Notice that, since the projected mean-field states do not form an orthogonal basis and the

weights FI%(3) in Eq. (2.54) are not orthogonal functions, F!¥ () cannot be taken as weights

of the state |®(q)) in the state |®ZM). It is therefore convenient to construct a set of orthonormal

collective wave functions g!M as [81]

g (@) =" W] (0. EE (o). (2.60)

q/

Notice that the modulus square of gZ%(q) does not represent the probability to find the state
with deformation g in the GCM state. However, in the case of the axial symmetric state, g2 (q)
provides a good indication about the dominant configurations in the GCM state.

We apply the GCM calculation to '2C and show the low-lying spectrum in Fig. 2.3 (see
also Fig. 2.2), in comparison with the experiment data [98, 99]. One can see that the low-lying
spectrum is reproduced rather well with this GCM+RMF calculation, although the excitation
energies are systematically overestimated.

The distribution of the collective wave functions g/ () for the three lowest states with I =
0,2,4, and 6 are displayed in Fig. 2.4. The ground state of '2C is dominated by the spherical
configuration. The collective wave functions and the energy spectrum indicate that there is a
coexistence of an anharmonic spherical vibrator and an oblate deformed band at low excitation
energies of 2C. Both structures are not pure and distorted by their strong mixing. The high-lying

0;, 2;{ and 4; states seem to form a rotational band dominated by the 3a-linear configuration,
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2.3 Generator coordinate method

in which the collective wave functions are much extended to a large deformation region. Similar
rotational band corresponding to a 4a-linear configuration has also been found in the high-lying
states of 150 [100].
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ol O o__ 0
Exp. GCM
(PC-F1)

Fig. 2.3 The spectrum of 2C obtained with the GCM with the PC-F1 interaction. The excitation
energies are given in units of MeV. The experimental data are taken from Refs. [98, 99|.

2.3.2 Transition density between GCM states

The reduced transition density from the initial state [I;M;n;) to the final state [I;Mynys) can
be calculated with the wave function of GCM state [101, 102]. For axially deformed states, it is

given as follows (see Appendix B for the derivation):

Iynil; A .
P ) = I gLy ||py (7)YalIna )

) jQ I px .
= (DS S E (DFLE) Do (LOAK| LK)
T BB K

< [ @Yl @(@)lav () Pl PV P a(e), (2.61a)
nglengl;

Py ()= I np I ps(r) Yl

. jQ I px .
=)L E (BFLE) Do (LOAK| LK)
T BB K

< [ aiYle) @) los(r) i PN P (), (2.61b)
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2.3 Generator coordinate method

Fig. 2.4 The collective wave functions g! [cf. Eq.(2.60)] for the first three states in 2C with
spin-parity of 07,27, 4% and 67 as functions of deformation parameter 3.

where the notation I = /27 + 1 is introduced for simplicity. The vector and scalar density

operators are defined as

Ac Ac
prr) =Y 8 —r),  pslr) =36 ik, (2.62)
=1 =1

where A. is the mass number of the nucleus.

Figures 2.5 (a), (b) and (c) show the vector (the solid lines) and scalar (the dashed lines)
transition densities p())f‘ in the low-lying yrast states (n = 1) of 12C for the multipolarity A = 0, 2,
and 4, respectively. The vector pJ°(r) is nothing but the total nucleon density for the 0] ground
state multiplied by a factor v/4m. It is shown that the transition density pg’\ decreases by one
order-of-magnitude as A increases from 0 to 2, and from 2 to 4. Besides, we also plot the
transition densities p3* (Fig. 2.5(d)) with A = 0,2, and 4, p3* (Fig. 2.5(e)) with A = 2,4, and 6,
and p39 (Fig. 2.5(f)) with A = 4,6, and 8. Notice that the vector and scalar transition densities

are similar to one another.

2.3.3 Form factor in electron scattering

Using the transition densities presented in the previous section, the form factor F)\(q) for electron
scattering with an angular momentum transfer A\ and the momentum transfer ¢ = |ky — k| is

given by the following relation [101],

4 & nelen;I; .
P = Y55 [ s i), (2.63)
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Fig. 2.5 The vector transition density, p?\f;f ml", given by Eq. (2.61a), and the scalar transition

density, pzfslf ni]i, given by Eq. (2.61b), in the low-lying states (n = 1) of 2C. These are plotted

by the solid and the dashed lines, respectively. The insets show the difference of the vector and
scalar transition densities.

where jy(gr) is the spherical Bessel function. Here, the p;glfnili (r) is the charge transition
density, which can be calculated from the convolution of the proton vector transition densities

with a Gaussian form factor for a finite proton size [61],

3 N2
Prenr (1) = (a ﬁ) / dr’exp [—a2 Py (), (2.64)

with a = /3/2(r2)5/* = 0.65 fm.

The calculated charge form factors for 1?C are shown in Fig. 2.6 and are compared with the
experiment data. One can see that the form factors F)(q) are in rather good agreement with the
data except for the underestimation of the elastic form factor after the first minimum, as was
found also in the recent studies for 2C [106] and ?*Mg [107] based on the Skyrme forces. This
may be because the spreading of the collective wave function in quadrupole deformation space
is somewhat overestimated in the calculations, decreasing the weights of the large-g components
of the transition density [106, 107].

The charge form factors for the interband transitions between the two bands with n = 1 and
n = 2 in 2C are shown in Figs. 2.6(d)-(f). The inelastic form factor Fy(q) corresponding to the
transition from the OIL to the 02+ states is significantly underestimated in the high-q region beyond
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Fig. 2.6 The charge form factor for 2C for the transition from the ground state to (a) the ground
state, (b) the excited 2] state, and (c) the excited 4] state calculated with the GCM method
with the PC-F1 force. The figure also shows those for the transition between the two bands with
n =1 and n =2 (d)-(f). These are compared with the available data [103-105]. R on the top
panel is the root-mean-square charge radius of 2C.

the first minimum. This is because the O;r state is the Hoyle state with dilute 3a structure, which

is beyond the model space of the present calculation.

2.3.4 Charge radius
In the GCM, the proton radius for the nl state can be calculated as
1
(rphnt = > ELB)FL(B)(nI||er®||nT). (2.65)
8.8’

Then the charge radius, which is a fundamental property of the atomic nucleus and can be

measured by electron scattering, reads

(12012 = \J(r2)ur + 0.64(f0?). (2.66)

The calculated charge radii of 2C are shown in Table 2.2. The charge radius of 12C for the
ground state by the present GCM calculation is 2.57 fm, which is larger than the empirical value
of 2.47 fm. This trend is consistent with the calculated charge form factor shown in Fig. 2.6(a).
The a-cluster model calculation gives the charge radius of 0] state to be 2.54 fm [108]. For the

O;r state, our calculated charge radii is 2.69 fm in comparison with other model calculations, such
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as 3.27 fm by the antisymmetrized molecular dynamics [109], 3.38 fm by the fermionic molecular
dynamics [108]| and 3.83 fm by the alpha-condensation model [110].

Table 2.2 Charge radii of the ground and excited states of 2C. The experimental data is taken
from Ref. [111].

IT  Exp. (fm) GCM(PC-F1) | IT Exp. GCM(PC-F1)
07 2.47 2.57 05 2.69
2 2.65 27 2.71
4f 2.71 45 3.49

2.3.5 Electric multipole transition strengths

The multipole transition matrix elements, which are related to the vector transition density

(2.61a), can be calculated directly in the laboratory frame as
M;Lf[fni]i = /drr/\+2,07;;f‘£fm[i(7“)

1 Tpx, o I A
= NoIES ﬂzﬁ; By (B)Fni(B)(ngLp||Qal|ni i), (2.67)
where the multipole operator is given as Oy = > rf‘Y,\M(fi).
The reduced transition matrix element (n;1;||Qy||n:l;) is related to the proton vector tran-

sition density as
A 7 Iynil;
g Tyl1Qa i) = & [ drr® 3 ). (2.68)

The electric transition strength is then given by
B(EX; I, n; — Ip,ny) = |eMy ™72, (2.69)

Table 2.3 shows the calculated transition strengths for 12C. One can see that the E2 transition
strengths of the low-energy states are reproduced rather well. The electric monopole transition
matrix element |[M(EO : 05 — 07)| = 4.12 efm? is in good agreement with the results (4.5 & 0.2
efm?) of the recent configuration mixing calculation based on a Skyrme force [106]. This value
should be compared with the experimental data |M(EO : 03 — 07)| = 5.4(2) efm? [112].

Table 2.3 The calculated B(E2) and |M (E0)| for ?C with the GCM calculations. The experiment
data are taken from Refs. [112, 113].

Transitions Exp. GCM(PC-F1)
B(E2:2{ — 0) (e fm?) | 7.6(4) 6.62
B(E2: 4] — 27) (€2 fm?) 14.60
B(E2:23 — 0F) (e? fm?) 6.65
B(E2:2f — 03) (e fm?) | 2.6(4) 2.93
|IM(EO0: 05 — 07)] (e fm?) | 5.4(2) 4.12
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Chapter 3

NA effective interaction

3.1 Introduction

In order to extend the beyond mean-field approach presented in the previous chapter to hypernu-
clei, we need a hyperon-nucleon interaction. The understanding of hyperon-nucleon interaction
may provide rich information on baryon-baryon interaction. Hypernuclei, consisting of one or
more hyperons bound within a nucleus, have been used as a natural laboratory to study hyperon-
nucleon and hyperon-hyperon interactions [114-120]. The A particle is weakly bound in nuclear
medium [121]| and the empirical A-nuclear spin-orbit coupling is quite weak compared to that of
a nucleon in the nucleus [121]. Many theoretical attempts have been done to understand this
small spin-orbit splitting in A-hypernuclei [3, 122-125].

From the viewpoint of the quark model, NA interactions are treated at quark level (udd,
uud, uds for proton, neutron and A hyperon, respectively.). Because the couplings of s-u and
s-d quarks are suppressed, the NA interaction should be 2/3 of that in NN interactions [3].

In the meson exchange picture, Brockmann and Weise were the first who derived the NA
interaction by taking into account the 27w and 37 exchanges and their correlations [126]. They
constructed the NA interaction in the isoscalar-scalar and isovector-vector channels with a re-
duction factor of about 1/3 of the corresponding NN interaction. Taking into account the
tensor coupling gives larger values of the meson couplings and consistent with SU(3). The tensor
coupling for A is much stronger than that for nucleon and has turned out to be important to
reproduce a small hyperon spin-orbit splitting in A hypernuclei [124].

As in the NN interaction, an effective NA interaction has been used in shell model, clus-
ter model, AMD and mean-field theories to study the properties of A hypernuclei. These NA
interactions include the effective NA interaction derived from G-matrix, density-dependent A-
nuclear interaction derived from chiral SU(3) effective field theory [127, 128|, and Skyrme-type
NA interactions [129].

In this chapter, we will briefly review the NA effective interactions for the relativistic point
coupling (RPC) energy density functional which we shall employ. Relativistic mean-field models

generate the spin-orbit coupling by the coherent interplay of scalar and vector mean fields.
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3.2 NA effective interaction for relativistic point coupling model

3.2.1 From EDF to NA effective interaction

As in the case for NN interaction given by Eq.(2.1), in the relativistic point-coupling model, the

Lagrangian for NA interaction is constructed as [130]:

ZﬁA = Dgllf zder D%c]evg\ ©y (31)
with
LI = — o (VPN (A PN) — o (V™) (DA, (3.2a)
LA = — 5820, NN ) (0 ) — M (0N ™) (O ), (3.2b)
LN = — M (A (9,9 v, ). (3.2¢)

The four-fermion point coupling term .,2”4];”\ is the leading order of zero-range approximation to
the meson exchange interaction and is made up of the operator of scalar and vector densities.
The derivative terms E(f\ef? simulate to some extent the finite-range character of NA interaction
and these terms are expected to be more pronounced in light hypernuclei [131]. The vector-
meson-like tensor coupling term £} simulates the A-w tensor coupling 2f ST (Yo ™) (9,w,).
According to the quark model, the ratio of N-w tensor-to-vector coupling constants, fy./gnw, iS
—0.09 [132], which may justify an omission of the tensor coupling terms for nucleons. In contrast,
the ratio of A-w tensor-to-vector coupling constants, fa./gaw, is given as —1 [132]. This makes
the tensor coupling terms significantly important for A hypernuclei, especially to reproduce the
smallness of spin-orbit splittings in A single-particle spectra.

The energy functional for the NA interaction in the mean-field and no-sea approximations is
given by:

BV o) = [ ar[adps(ripbr) + v (ror) + 65 ps(r) A (r)

+ 80 v (1) App (r) + a7 o (r)pv (r)|. (3.3)

Here pg, pyv and pr are the scalar, the vector and the tensor densities defined as:

Ac

ps(r) =D ahi(r)i(r), p&(r) = Ya(r)a(r), (3.4a)
=1
A
3 Py (r) = Yl (r)va(r), (3.4b)
=1

Ph(r) =V - (Do (r)icapa(r)). (3.4c)
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Taking the second functional derivative of Eq. (3.3) with respect to the densities [81],

. 52E(NA)[ ]
VA () = P (3.5)
3piy (r)dpy (rs)
we obtain the following form for the VA effective interaction
VN = YA+ VA R, (3.6)

where the scalar, vector and tensor types of coupling terms read

VSNA(T, i) :afgvA'y/O\d(r — 7’1‘)7?\7 + (5éVA’yR {%26(7’ — 1)+ o(r — ri)€2 + 2% SO(r —ry) ?}'y

(3.7a)
V\]/VA(T,TZ) —aVAé(r—m) +<5 [%%(r—m) +5(r—ri)€2+2$-5(7‘—m)€], (3.7b)
VT]\Q}(T, r;) —zagAWR [%5(1“ — 7))+ o(r— rz)?] . (3.7¢)

Here, ? and % are understood to act on the right- and left-hand sides of the A hyperon coordi-
nates, respectively. Vice versa, Eq. (3.3) can be obtained from the above effective N A interaction

(see Appendix C).

3.2.2 NA interaction parameter sets

Four parameter sets have been determined for the NA interaction, Eq.(3.1), by fitting to the
experimental data of A binding energies of hypernuclei from light to heavy mass region [130]. We
list these parameter sets, PCY-S1, PCY-S2, PCY-S3 and PCY-54, in Table 3.1. Notice that the
PCY-S2 and PCY-54 do not include the tensor and the derivative terms, respectively. Notice
also that the PCY-S3 was obtained by excluding the spin-orbit splitting of the 1p state of A in
1/({0 from the fitting, and the strength of the tensor coupling is considerably smaller than that
in PCY-S1.

Table 3.1 Four parameter sets of relativistic point-coupling N'A interaction proposed in Ref. [130].

PCY-S1 PCY-S2 PCY-S3 PCY-S4
oY (MeV=2) [ —2.0305 x 10-1[ —4.2377 x 1077 [ —2.0197 x 10~*| —1.8594 x 10~*
Al (MeV~=2)| 1.6548 x 107*| 1.4268 x 107°| 1.6449 x 10~4| 1.4981 x 10~*
SEA (MeV™)| 2.2929 x 1079 | 1.2986 x 1079 | 2.3514 x 1079 | —1.9958 x 1010
SHA (MeV—4) | —2.3872 x 1077 | —1.3850 x 107?| —2.4993 x 10~° 0
¥ (MeV=3) | -1.0603 x 10~7 0 —4.082 x 107 | —5.5322 x 1078
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3.3 Mean-field approach for A hypernuclei

We now show the results of mean-field calculations for hypernuclei using the point coupling NA
interaction given by Eq.(3.1). Adding the energy of the core nucleus (Eq.(2.33)) with a replace-
. 2
(P7)
2m. A,
T=n,p,A

to the additional A, one obtains the total energy of a A hypernucleus in RMF-PC model. The

Dirac equations for nucleons and A hyperon are solved on harmonic oscillator basis with 10 major

shells. In the following, we adopt the PC-F1 force for the NN interaction and the PCY-S1 force
for the N A interaction.

Figure 3.1 shows the potential energy surfaces for Qng, 2/7\Mg, 2/1\Ne and 3}\81 hypernuclei

ment of the center-of-mass correction with Eep = — Z to the energy (Eq.(3.3)) due

as a function deformation parameter 8 so obtained, where the notations As and Ap correspond
to putting the A particle in the lowest positive parity state and the lowest negative parity state,
respectively. The energy minimum of *3 Mg and 2} Ne with As and Ap are slightly shifted to a
smaller and larger deformation, respectively, compared with that of 2*Mg and 2°Ne. For Mg,
As hyperon lowers down the barrier at the spherical shape, and the energy minima at prolate side
and oblate side are significantly shifted to smaller deformation region. Moreover, the A hyperon
in the p-orbit inverts the energy ordering of the oblate and prolate minima in 2Mg. For 30Si, a
significant change of the deformation parameter 8 of energy minimum is found by adding a A
hyperon. The As particle shifts the energy minimum from oblate side to spherical shape, while
Ap particle shifts the energy minimum to a larger oblate deformation. Similar conclusions are
also found in other calculations [43, 45, 133]. One can see that the potential energy surface of
2/7x1\/1g and 3/1XSi with As particle is much softer against deformation than that of 26Mg and 3°Si,
respectively. This can also be seen in the potential energy surfaces in the (/3,v) plane, as shown
in Fig. 3.2. This implies that the shape fluctuation effect is more important in A hypernuclei
than in normal nuclei.

The density distribution of protons and neutrons in 3°Si and ilsSi corresponding to the min-
imum of energy surface are shown in Fig. 3.3. One can see a central depression in the proton
density distribution in ilsSi at 8 = 0.0, similar to that predicted in “bubble” nucleus, in which
the density in the center vanishes or significantly lower than the saturation density, 3*Si [102].

We mention that the mean-field approach provides an intuitive picture for nuclear deformation
and it is suitable for discussion of the shape polarization effect associated with an additional A
hyperon. However, this method does not yield a spectrum and connections between the mean-
field results and spectroscopic observables are not straight forward. To this end, one has to
transform the mean-field results to the laboratory frame and also take into account the shape

fluctuation effect. In the next chapter, we will propose a novel method to realize this.
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3.3 Mean-field approach for A hypernuclei
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Fig. 3.1 The mean-field potential energy surfaces for hypernuclei obtained as a function of de-
formations parameter 5. The PC-F1 for NN interaction and PCY-S1 force for NA interaction
are used. The energy surfaces for hypernuclei are shifted by a constant amount as indicated in
each panel. As and Ap indicate putting the A particle in the lowest positive parity state and the
lowest negative parity state, respectively.
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Fig. 3.2 The potential energy surfaces in the (8, ~) plane for Mg (a), 3*Mg (b), ?\E)Mg (c), 39Si
(d), 3LSi (e) and ?\1})31 (f). The energies are normalized to the global minimum. The contour lines
are separated by 0.5 MeV.
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Fig. 3.3 Proton and neutron density distributions at the mean-field minimum for 3°Si and 3.Si
(in fm=3). These are plotted in the 3 — z plane at 2 = 0.35 fm.
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Chapter 4
Microscopic particle-rotor model

We now propose the novel microscopic particle-rotor model based on the beyond mean-field
approach. To this end, we first consider the traditional particle-rotor model and extend it to the

microscopic version.

4.1 Particle-rotor model

4.1.1 Rigid rotor

In classical mechanics, it is know that the degrees of freedom of a rigid rotor are the three
Euler angles 2 = (¢, 0,1), which are used to define the orientation of the body-fixed axes in the
laboratory frame. The classical kinetic energy of the rotating rigid rotor body, with the center

of mass fixed at the center of coordinates, is

3

2
E=Y" %7 (4.1)

=1

where I; is the -th body-fixed angular momentum component and J; is the moment of inertia
about the #th axis, which is related to the angular momentum I; and the angular frequency w;
as J; = £

The riéid rotor model regards a deformed nucleus as a compact entity. In quantum mechanics,
the nucleus has rotational symmetries, and the system can be deformed only in the intrinsic frame.
But in the laboratory frame, there is no way to distinguish one of these directions from another,
i.e., the angular moment I is conversed in the laboratory frame. Notice that a spherical nucleus
does not have rotational excitations and an axially symmetric deformed nucleus cannot rotate
around the axis of symmetry.

Corresponding to Eq.(4.1), the Hamiltonian for a rigid rotor can be expressed in terms of

three different moments of inertia:

o2
H:ZM. (4.2)
=1



4.1 Particle-rotor model

We will assume that the rigid rotor has axial symmetry about the 3-axis, then moments of inertia
about 1-axis and 2-axis are the same J; = J2 = J and the angular momentum I projected onto
the body-fixed 3-axis I3 is conserved because a nucleus cannot rotate around the axis of symmetry.

Then the Hamiltonian for a rigid rotor is given by

H = 27 = 57 (4.3)

Since the energy of the nucleus does not depend on its orientation in space, the quantum state

for the nucleus can be label by the laboratory-fixed operators I 2 and I », which corresponds to
quantum numbers I and M, respectively, with the eigenvalues of A2I(I+1) and M5, respectively.
For a nucleus with axially symmetric about the body-fixed 3-axis, I is also a good quantum
number corresponding to the quantum number K, which can be also used to label the rotational

states. The relation between the angular momentum I and its projections are shown in Fig. 4.1.

7 (laboratory fixed) 3“0 dy fixedl)
ody fixe
I axis of symmetry

Fig. 4.1 The relation among the total angular momentum I, its projection onto the laboratory
z axis I, (M), and its projection onto the body-fixed 3-axis I3 (K).

The energy of the axially symmetric deformed nucleus corresponding to the Hamiltonian Eq.

(4.3) can be written as:
CRI(I+1) - K7
E(I,K) = 57 : (4.4)

Notice that the quantum number K is zero for the ground state rotational band for even-even

nuclei and the total angular momentum I has to be even because of the requirement of the

symmetries for a rigid rotor. The normalized wave functions are therefore given by

2I+1

WDgM(Q), 1=0,2,4,.., M=—I,...4+I, K=0 (4.5)

QK () =

with eigenenergies of
R2I(I +1)
E(l)=——=. 4.
(=" (1.6)
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4.1 Particle-rotor model

4.1.2 Particle-rotor model

In order to describe a system with a valence particle with a deformed core nucleus, the particle-
rotor model was firstly proposed by Bohr and Mottelson|[134]. This model describes the inter-
play between the valence particle and the collective rotational core. This model provides an
approximate description for many properties of the low-lying bands in odd mass nuclei, which is
composed of a valence nucleon and an even-even core. The particle-rotor model has been recently
used also to study the structure of odd-mass neutron-rich nuclei, for instance, *'Be [135, 136],
15,1719C [137], and 3'Ne [138]. In these calculations, the motion of a valence particle is coupled
to the rotational motion of a deformed core nucleus, which is usually described by the rigid rotor
model with Wigner D functions, and the Pauli principle between the valence nucleon and the
nucleons in the core nucleus is treated approximately.

The Hamiltonian for this system includes two parts, the intrinsic part Hi,, describing the

valence particle and the rotor part H.oy for the core nucleus|81|:

A~

H = ﬁintr + ﬂcoll- (47)

The intrinsic part includes the kinetic energy of the valence particle and the interaction between

the valence particle and the nucleons inside the core, that is,

I;[intr = T+ ZV(T‘,’I"i). (48)

1

The collective part which describes the rotation of the core is given by

. I? 12 12
H.gj=—t + 2 4y 3 4,
“l =57 Yoz T o, (4.9)

The total angular momentum of the system J is given by
J=1I+7, (4.10)

where I is the collective angular momentum of the core and j is the angular momentum of the

valence particle. The total wave function of the system can be written as

\IIJM(T) = Z‘%ﬂ[(r)yjzy(flvﬁ)v (411)
36,1

where

Fi (#,9) =1Ze(7) © Drag ()]

= > (GmIM|JM) D (7)1, (2) (4.12)
mM7y
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4.2 Microscopic particle-rotor model

is the spin-angular wave function, constructed by coupling spin-angular wave functions of the
valence particle %y, to the rotational wave function ® 77, x (€2) of the rigid rotor. For symmetric

rotor, ®rar, k() is given by Eq.(4.5).

4.2 Microscopic particle-rotor model

In a spirit very similar to the conventional particle-rotor model described in the previous section,
we here propose a novel microscopic particle-rotor model (MPRM) for a single-A hypernucleus,
which consists of a A hyperon and an even-even core nucleus. In contrast to the conventional
particle-rotor model, the low-lying states of the nuclear core are constructed microscopically,
which are described by the beyond mean-field approach (see Chapter 2); that is, the GCM
based on the RMF approach supplemented with the particle number and the angular momentum
projections. Moreover, the Pauli principle between the valence A hyperon and the nucleons in

the core nucleus is absent in A-hypernuclei.

4.2.1 Wave functions

— (M

z (lab. frame)

Hyperon

Fig. 4.2 A schematic picture of the microscopic particle-rotor model for A hypernucleus in the
laboratory frame, in which r denotes the coordinate of the A hyperon. In this approach, the
low-lying states of the nuclear core are described microscopically with the GCM method.

In the MPRM, the valence A hyperon couples to low-lying states of a nuclear core in the
laboratory frame, as illustrated in a schematic picture of Fig. 4.2. Then the wave function of the

whole A hypernucleus with the angular momentum J is constructed as

\IJJM {T’L} z %]@"J ]Zn[( {T’L}) (413)
UNEN
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4.2 Microscopic particle-rotor model

with

Fiimi (# {ri}) =) © Cpr({ri})] )

= > (GmIM|TM) D0 (7) Drasag, ({7:}) (4.14)
mMy

where r and r; are the coordinates of the A hyperon and the nucleons, respectively. Here, M is the
projection of the angular momentum J onto the z-axis in the laboratory frame. |®,,s) is the wave
functions of the low-lying states of the nuclear core, where I represent the angular momentum of
the core state and n = 1, 2, ... distinguish different core states with the same angular momentum
I. The core states |®,) are constructed with the quantum-number projected GCM approach,
which has been introduced in Chapter II (see Eq.(2.54)). %jen, () is the spin-angular wave

function for the A hyperon, which is described by the spinor spherical harmonics,

. 1 .
gjfm('r) = Z <lml§ms‘]m>nml(97 SO)Xmm (4'15)

mpms

where Y}, (0, ¢) is the spherical harmonic and Xy, is the spin wave function (see Appendix D).
For convenience, hereafter we introduce a shorthanded notation k = {j¢nl} to represent different
channels. In Eq. (4.13), Zx(r) is the radial wave function for the A-particle. In the relativistic

approach, it is given as a four-component Dirac spinor
oy = ) (4.16)
igr(r)o -

The probability P, of the channel k£ in the hypernuclear state W ;s is determined by the radial

wave function %y (r)
Py = / r2dr |9 (r)|? = / r2dr [| () + gr(r) ] -

The radial wave function is normalized as Z P, =1.
k
We assume that the Hamiltonian H for the whole A hypernucleus is given as (see Eqs.(4.7)

and (4.8))

Ac
H=Ty+He+Y VVr,ry). (4.17)
i=1
Here T) = —icv- VA + %()\mA is the relativistic kinetic energy of A hyperon, where mp is the

mass of A particle, and o and 7° are the Dirac matrices. H, is the many-body Hamiltonian for
the core nucleus, with which the core state |®,,7) satisfies ﬁcl@nﬁ = E,1|®nr). The last term
in Eq. (4.17) represents the interaction term between the valence A particle and the nucleons in
the core nucleus, where A. is the mass number of the core nucleus. The NA interaction term is

chosen as the contact coupling forms as shown in Eq.(3.7).
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4.2 Microscopic particle-rotor model

Substituting the wave function Eq.(4.13) to the total Dirac equation, H|W¥ 5s) = E;|W ),

leads to

c

{ —ia -V + a2 Z [%5(1“ —7r) +o(r— rz)e} o+ H+
i=1

Ac
'yg{mA + Z[ag[\cﬂr — ri)'y?\, + 5]SVA[$25(7‘ — 1)+ o(r — ri)?Q + 2% “o(r — rl)eh?v]}
—1—2 NA[%%(T—ri)+5(r—r,~)€2+2$'5(r—m }Z‘@k 7,{r:})
= EJZ% 7 {r:}). (4.18)

For simplicity, we define

V(r) = {agAé(r — 7))+ 5§A[%25(7’ — 7)) +d(r— ri)€2 + 2% “0(r — rﬁ?]} ,  (4.19)
i=1
Ac
S(r) = {QJSVA(S(T —r )+ 59”\[%26(7’ — 1) +(r — ri)€2 + 2% ~o(r — ri)e]y?\,} ,
i=1
(4.20)
and
Ac
Z (r,r;), with VA, r) = oA [%5(7’ —r;) +0(r— rl)?} (4.21)

The equation (4.18) then becomes

{ —ia -V +iVp -y +yolma + S+ He 4+ V — EJ} > Bi(r)FIM(#, {ri}) =0 (4.22)
k

0 o I 0 0 o
ith o« = 00— 3= d~ = = .
with o« (o- O),q/ I3 (0 _I>an7 Ba <—a O)

Substituting Eq.(4.16) into the above equation, we obtain

Z(mA+5’+V—EJ+En[ a-p—i—z'VT-a >< fr(r)
19k

- P FIM G, {ri}) =0,
o-p—iVr-o —mpy =S+ V —E;+ Eyp (r)o -7

(4.23)

k
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4.2 Microscopic particle-rotor model

from which we obtain two coupled equations

S {lma+8+V = By + Eulfu(r) + [0 p+ iV - ollige(r)o - 7] b7 (7, {ri}) = 0
k
(4.24)

S {lo-p—iVr-alfilr) + [=ma = S+ V = By + Bufllige(r)or - #] } 7 (7, {ri}) = 0.
k

(4.25)
Notice that with the relation of (o - )%, = @ﬂm, (o - f“)@ﬂm = % and kY, =
—6Yjim, ﬁ@]lm /@?}/ﬂm (see Appendix D), one has
. d k—1 R
(o plin(r) 17 = (5= ") ) @ B (@) (420
fd k+1
(@ ROF =i (5 ) R0 eI a2)

In order to obtain the radial wave function %y (r) given by Eq. (4.16) and the energy E; for each
hypernuclear low-lying states, we multiply (Z;/M| to the total equation, ﬁ|\IJJM> = Ej|¥ ),

from the left and integrate it over 7 and {7;}. This leads to the following coupled-channels

equations,
(i_ﬁzl)gk(r)+(Enl_EJ Ju(r Z )Gk (7 Z[ r)+ U (r )} fw(r) =0

(4.28a)
(d s 1) fr(r) = (Bnr — 2ma — Ej)gr(r Z UEH (r) fur (r) — Z [UW( ) — ng/(r)} gw(r) =0,

dr T
k/

(4.28D)

where £ is defined as k = (—1)7++1/2(j +1/2). In these coupled-channel equations, the coupling

potentials between different channels are given by

U E fj{%| ZVS r,Tr; ‘e/ i in /I/> (429&)
Ukk E ]lnI| ZV T' , T ‘</’ ans ’I’> (429b)
U (r) = W|Zv (rori) - o Z3L ). (4.29¢)

In order to solve the equations, the large fx(r) and small gx(r) components of the Dirac

spinors, Eq.(4.16), are expanded in terms of the radial function R,;(r) of a spherical harmonic
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4.2 Microscopic particle-rotor model

oscillator, that is,

(k)

max

= Z FroRE, (1), (4.30a)
gi,fzw

=Y GraREA(r). (4.30b)
a=1

The orbital angular momenta [ and [ are determined by angular momenta j and the parity 7 as

1 - 1 .

l=j+5. I=j—5 for 7= (—)/H1/2 (4.31a)
1 - 1 :

l=j—5 l=j+g5 for 7= (=) 12, (4.31D)

The coupled-channels equations (4.28a), (4.28b) are then transformed into a real symmetric

matrix equation,

k! Kk qkk! KK/ kk! k! ke
5 (Aw/ + Vol + St Bar + Taar ) (Fa> _ B, <F a) (4.32)
kK| kK kk | ykE Gk K ko) '
ol K Baa’ + Taa’ Caa’ + Vaa’ - Saa’ Goz’ G

maz )

The dimension of the matrix is Z fma:C g%)  where k represents different channels. With the

k
multipole expansion for the ¢ function in the coordinate space
5(r —m;) = Z Yau(#) Y5, (7 (4.33)

the matrix elements in Eq. (4.32) are given by

AR, =(RE l<r>|Enz|R ,,( >>6k " (4.34a)
, d

BEY, =(RE(r) = ,l/( )) Ok (4.34D)

CRE, =(RE(r)|(Bnr — 2mA>|R B (1) Ok (4.34c)

VAR =(RE () [UE¥ ()| RE,,/ (1))

J I A
1)’ “*"Z{ ] ]} JEIIYA\IJ/5’>/T2dT@KI&” (r)
J’

(e RE RS () + 0 | G020 - XD [ )

SEE. =(RE ()| UEF ()| RE, (1))

J I /
J+I+Jz{ y ’} GOMATE) [ rargyls (o
J'

AA+1)
7“2

/

o (r )} } (4.34d)

1d ,d

(B R RS ) + 854 | 5105 - | [ramtn] ) s
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4.2 Microscopic particle-rotor model

and

TEE =(RE, ()| UK ()[R, (1))
J

5 ! I j s
— A (- {A p I,} [ et o
R
1

()| RE L () GAIYALE)

" {[ded(r) . Kk+1

dr
dR /l/( ) :‘i —
+|

e R’;’,pvﬂR§l<r><ﬂumu'e'>}. (4.35)

See Appendices E.1 and E.2 for the derivation of the matrix elements of the vector derivative

coupling term and the tensor coupling term of Eqgs. (4.34d) and (4.35), respectively.

nInI() nInI()

The reduced vector o and scalar o transition densities between the nuclear

state |®,/;/) and the state |®,;) of the core are defined as

= nIHZ (#)||n' 1), (4.36a)

W' T Ae Oé(r—Ti)Y PV T 4.36b

BT (1) = (il > W B ) ' T, (4.36b)
i=1 t

which are related to the transition densities p”I” ' (r) and p"I” "(r) defined in section (2.3.2) by
BTy = Lot ), BT () = Lol (), (4.37)

A simple approximation to MPRM is to restrict the A-hyperon to a specific orbit (I, j) coupled
to a single core state (n, ), which means that k& = {jinI} has a definite value and so we call
it a single-channel calculation. In this case, the summation in Eq.(4.13) is absent, and the

coupled-channels equations Eqs. (4.28a) and (4.28b) become

<d — 1) 9u(r) + UFE (g (1) + (B = E) fu(r) + U8 () + U ()] fu(r) = 0, (4.38)

<d Kﬂ)fk() FE(r)gn(r) — (Bar — 2ma — E)ge(r) — [UF(r) = U ()] an(r) = 0,
(4.39)

In the single-channel calculation, only the diagonal couplings are present. The matrix equation
(4.32) then becomes

3 ARE, 4 VK 4 SkE, o BEE 4+ T, Fu)_p (Fa (4.40)
Bk Tkk COkk o ykk gk ak |~ J ak | :
ao’ ao! ao’ ao! ao! o'

al
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4.2 Microscopic particle-rotor model

4.2.2 Electric quadrupole transition strengths between hypernuclear states
The electric quadrupole (E2) transition strength from an initial state |.J;) to a final state |J¢) in
A hypernuclei is given by

2
B(E2; J; — J;) = : (4.41)

T711Qa17)

2J; +1

where qu =e Z TZ»QYQM(fi) is the E2 operator. Notice that we use the bare charge in evaluating
1EP

the B(E2) strengths, that is, +e for protons and 0 for neutrons and a A particle, since our

microscopic calculations are in the full configuration space. Substituting the wave function for

the hypernuclear states Eq.(4.13) to this equation, one finds the reduced matrix element to be

(IrllQall i) = Z%f sty () © o1, ({7 1Q2l1 Y Ry (1) Vi (7) © o1, ({ri )]

ki

—Z/der%’T 1)y (1) (Vi1 () © oy, ({ri D] N Qal|[Vjit, (7) © oot ({731)] 7).

kiky
With the relation of (see Eq. (7.1.8) in Ref. [87])
. . ) ) j/ J/ ]
(V' i1da I (IT(R) virda ) = (=1) IR [(2.] 1) (20" + )] 41T (8) ]v1) {Jl B ;} :

we have

(Vipt (7) @ oo, ({ri D)1 Q2 [Vt (7) @ Bz, ({7 1))

Iy Jy Ji

:5jfji66f€i(1)If+ji+‘]ijijf{<]' I, 2
1 1

} (nfIf]|Qalns). (4.42)

Here, (nsI fHQg\ |n;1;) is the reduced E2 transition matrix element between the nuclear core states
|I¢,ns) and |I;,n;), which has been given by Eq. (2.68) with A\ = 2. Then the E2 transition

strengths in hypernucleus can be rewritten as

2

~ 2 I J jl N
B(E2: J; = Jp) = Jy Z%<r>r%ki<r>>6jfmfei{ s 2}<nfffu@zumfi> . (443)
kl,kf 2 7

4.2.3 Charge radius of hypernuclei

According to the definition of hypernuclear wave function (see Eqgs.(4.13) and (4.14)),

Uyn(r {rid) = Y > GmIMi[TM)R ;i1 (r) o () nina, ({7:}) (4.44)
n,j,6,I mMr
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4.2 Microscopic particle-rotor model

the proton radius of hypernuclei can be calculated as

(rpyg = > > (GmIMi|TM)* (R jin1 (r) Do ()| Rjint (1) Diom (7)) (1) (4.45)
n,j,4,] mMy

where <7“12)>n1 is the proton radius of nl state for the core nucleus given by Eq.(2.65). With the

relation of Z <j1m1j27TL2’JM>2 =1, we have
mims
(ro)s = Z Pjor,, (ro)nr- (4.46)
n7j7£71

Then the charge radius of hypernuclear state with angular momenta J reads

(3057 = \J(r2) s + 0.64(im?). (4.47)

46



Chapter 5
Low-lying spectrum of A hypernuclei

Let us now apply the microscopic particle-rotor model (MPRM) systematically to study the low-
lying spectra of single-A hypernuclei from light to heavy mass region, which include 1/3\C, 2 Be,
2/1XNe, 3/1XSi and hypernuclei of Sm isotopes. To this end, we will first outline the procedure of the
MPRM calculations.

5.1 Calculation procedure

The MPRM calculations are composed of the following four steps:

(i) Self-consistent deformation constrained RMF+BCS calculation for an even-
even core nucleus:
In this step, a set of deformed mean-field states |¢(53)) with different quadrupole deformation
[ is generated (see section(2.1.8)). The Dirac spinor for each nucleon state is expanded on
the harmonic oscillator (HO) basis with Ny, = 10 major shells for ®Be, 12C 2°Ne and 3°Si,
and with Ng, = 12 for Sm isotopes. The oscillator length parameter in the HO is chosen as
by =by, =b, = \/m , where m is the nucleon mass and the oscillator frequency is determined
as hwo = 41A. 3 MeV. We adopt the non-linear point-coupling EDF with the PC-F1 set for
the effective nucleon-nucleon interaction. In order to study the parameter set dependence, we
also use the PC-PK1 set for 2°Ne and 3YSi. A density independent § force supplemented with
an energy-dependent cutoff is used in the pairing channel for the nucleons. Axial symmetry and
time-reversal invariance are imposed in the mean-field calculations.

(i) MR-CDFT calculation for low-lying states of the nuclear core:
The wave functions ®,,; and the energy E,; for the core state I, as well as the transition density
between the states |[nJ) and |n’'I’) are obtained in this step (see section (2.2) and (2.3)).

(ii-1) Angular momentum and particle number projections
The mean-field wave functions |¢(3)) are projected onto a state with the proton number Z and
neutron number N as well as the angular momentum I. For the ®Be and '2C nuclei, the number
of mesh points for Euler angle 6 is chosen to be 14 in the interval [0, 7], and the number of

gauge angle ¢ for the particle number projection is chosen to be 7. For ?°Ne and 3°Si as well as
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5.1 Calculation procedure

Sm isotopes, we enlarge the mesh points and use 16 and 9 for the angular momentum and the
particle number projections, respectively.

(ii-2) GCM calculation
Configuration mixing calculations with projected mean-field states is performed in this step to
take into account the fluctuation effect of collective coordinates. By solving the HWG equation,
Eq.(2.56), we obtain the energy and wave function of the core state I,,. With the wave functions
of nuclear core states so obtained, the transition densities, which are used to determine the
coupling potentials in the coupled-channels equations, are calculated according to Eq.(2.61).

(iii) Coupled-channels calculation for low-lying states of A hypernuclei:
With the coupling potentials so obtained, the coupled-channels equations, Eq.(4.28), are solved by
expanding the radial part of the hypernuclear wave function Z;,(r) on the spherical harmonic
oscillator basis with 18 major shells. The cutoff of the core states ncyt and of the core angular
momentum Iy are chosen as ney = 1 and Iy, = 4 for 8Be, newy = 2 and Iy = 4 for 12C,
Newt = 2 and Iy = 6 for 2°Ne and 3°Si, ney = 3 and Iy = 8 for Sm isotopes. From the
solutions of the coupled-channels equations, we construct the spectrum of hypernucleus and
calculate the B(E2) transition strengths between the hypernuclear states.

(iv) Projected energy curves for hypernuclei:
The potential energy curve for hypernuclei can be also calculated with a similar procedure by
ignoring the configuration mixing in the core states, that is, by using the projected MF states
rather than GCM states.

The inter-relation among each step is illustrated in Fig. 5.1.

single-channel
W sar(B)) =Rsur (r)[se(7) @ ®papg, (8)) VM)

step (ii-1) / \ step (iv)
(1 projection (fixed B) ‘ PES
[®121,(8)) =Py PV PZ|0(5)) step (iii) )=
coupled_channels (\I'JR"[(/B”H“I}J:’\.T(ﬁ)>

U (B)) = > Ziur(r)[F5e(#) ® @rar, (8)) M)
it

step (i)
RMF+BCS[S
le(8))

single-channel

Unt) =Rr(r)[Ze(#) @ 1, )M
step (ii-1)+step (ii-2) aa) = ()Z5e() © Prav] \ step (iii)
\ prOjeCti0n+ GCM . Spectrum
)= F(B)| @, (B .
20) = 3 F(5)0130 5) ten ) ] BE
coupled-channels
(W) =D R (r)[Z5e(7) @ Brag, ]
FRA
core nucleus core nucleus + A particle

Fig. 5.1 Calculation procedures for microscopic particle-rotor model.
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5.2 Illustrative calculations for 1§\C

5.2 Tllustrative calculations for 3 C

In this section, we will take 15’{0 as an example to give an illustrative calculation for MPRM.
The low-lying states of the nuclear core 2C and the transition densities between the core states
have been discussed in section 2.3. We couple the A hyperon to those core states to carry out
the MPRM calculations. To this end, we use the PCY-S4 parameter set for the NA interaction.

5.2.1 Projected potential energy surface of '3C
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Fig. 5.2 The potential energy surfaces of hypernucleus 1%0 obtained with the single-channel
calculation (the dot-dashed lines) and the coupled-channel (c.c) calculation (the solid lines) with
spin-parity of (a) J™ = 1/2%, (b) J™ = 1/27 and (c¢) J™ = 3/2~ as a function of intrinsic
deformation 3. For comparison, the energy surface for the nuclear core 2C with spin-parity of
I™ = 07" (the dashed lines) is also shown. The energy surfaces for liC hypernuclei are shifted by
a constant amount as indicated in each panel.

As the first step (step (i) and (ii-1) in section (5.1)), we construct the wave function of the
nuclear core state as the projected mean-field state with the intrinsic deformation 5 as follow:

@101, (8)) = Pip, e PN P7|0(8)), (5.1)

where PJ{@ « and PN (Z) are the angular momentum projector and the neutron (proton) number
projector, respectively. The mean-field wave functions |¢(8)) with the intrinsic deformation [
are determined by the deformation constrained RMF calculation. In order to draw the potential
energy surface of 1;{(7 as a function of 3, the wave function of A hypernuclei is then constructed
as:

(Cn(B)) =Y Ry (r; B)-F 1" (r; {#4})

361

(5.2)
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Fig. 5.3 The potential energy surfaces of hypernucleus '3 C for J™ = 1/2% with the NA interaction
scaled by a factor f as shown in the figure.

with
F 7)) = 3 GmIMiIM) B, ()1, (8). (5.3
mM;
With this wave function, we obtain similar couple-channel equations as Eq.(4.28). Using the
solutions of the coupled-channels equations, we can then compute the hypernuclear energy curve
as E;(8) = (Yyar(B) H|W 101 (B)).

Figure 5.2 shows the energy E;(8) for the J™ = 1/2%, 1/27 and 3/2~ states in 13C as
a function of the intrinsic deformation /3 of the core nucleus >C. The potential energy curves
obtained by solving the single-channel equations with only taking into account the ground state
of the nuclear core 0 are also shown for comparison (the dot-dashed lines). One can see that
the energy surfaces obtained with the single-channel calculation are systematically higher than
that with the coupled-channel calculations due to the absence of configuration mixing.

The hypernuclear energy curve with spin-parity of 1/2% has an oblate minimum with 3 =
—0.25 (see the red curve in Fig.5.2(a)), which is significantly smaller than that of 12C of 0" with
B = —0.27, indicating a smaller collectivity in 1;9’\C. In order to illustrate this point in a more
transparent way, the potential energy curves for 1/27 with a scaled NA interaction, i.e., the
PCY-S4 force multiplied by a scaling factor f (VNA in Eq.(3.6) — f- VNA) are shown in Fig.
5.3 with f =0.5 and 1.5. It is shown that the NA coupling strength have an influence on the
deformation of the energy minimum, i.e., the larger VA coupling strength yield the smaller value
of |B] of the energy minimum and the higher barrier at the spherical shape, indicating the larger
shrinkage effect.

For J™ = 1/27 and J™ = 3/27, the deformation at the oblate minimum is the same value
for both the configurations, i.e., 5(1/27) = 5(3/27) = —0.30 (see Figs. 5.2(b) and 5.2(c)).
Moreover, both the energy curves have a higher barrier at the spherical shape compared with
that of the core nucleus for I™ = 0T, from which one may expect a weaker shape mixing between

the prolate and oblate configurations.
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5.2 Illustrative calculations for 1%C

The main component of the 1/2 (1/27) hypernuclear state of 13C is the A particle in 51/2
(p1/2) orbit coupled to the ground state 0f of 2C. This indicates that a A particle in the s
(p) orbit decreases (increases) the collectivity of 12C, which is consistent with the findings in
Refs.[38, 46].

5.2.2 Single-channel calculations
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Fig. 5.4 Low-lying states for 13 C obtained with the single-channel calculation by restricting the
A particle in the s/5, p1/o and p3jp orbits are shown in the columns (c) and (d), (e) and (f),
respectively. For comparison, the low-energy excitation spectrum of '2C is are also plotted in
the columns (a) and (b).

We next discuss the spectrum of liC. Before we investigate the hypernuclear spectrum from
the full coupled-channels calculations, let us first investigate the results of single-channel cal-
culations. The columns (c) and (d) in Fig. 5.4 show the results for the A particle in the sy
orbit, while the columns (e) and (f) show those in the p; /o and ps/, orbits, respectively. Here,
the columns (c) and (d) correspond to the A particle in the s/, orbit coupled to the ground
band (the column (a)) and the first excitation band (the column (b)) of the core nucleus 2C,
respectively. The spectrum of '2C shown in the columns (a) and (b) is same as the column (b)
in Fig. 2.3.

According to the angular momentum coupling algebra, a A hyperon with angular momentum
(1,7) coupled to the core state with angular momentum I results in several hypernuclear states
J™ with |I — j| < J < I+ j. The parity of hypernuclear states are determined by the orbital
angular momentum [ of A hyperon to be 7 = (—1)’. When the A particle is restricted to the
s1/2 orbit or py /o orbit, doublet states with J = (I £ 1/2) are yielded, which are degenerate in
energy for I # 0, as shown in Figs. 5.4(c), (d) and (e). For instance, when the A in s/, and
p1/2 orbits are coupled to the nuclear core 2] state, the degenerate doublet states (3/27,5/2%)
and (3/27,5/27) are generated, respectively. The case of [A,3/, ® I'*] is more complex. For
instance, the [A,3/5 ® 27| configuration yields multiplet states of 1/27,3/27,5/27 and 7/2".
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Fig. 5.5 The large component of the radial wave function %;e,1(r) for the [Ap3 /o ® 2+1) config-
urations as a function of 7.

These multiplet states are ordered in energy according to the properties of the coupling potential

"I”I( ) ”I"I( ). In order to

in Eq.(4.29), determined by the reduced transition densities p and p
understand this, we perform the single-channel calculation for the cutoff of Acyy = 0 and Acyy = 2
in the multipole expansion in Eq. (4.33) for a § function in the NA interaction. The results are
given in Table 5.1.

For the cutoff of Aeyy = 0, the 1/27,3/27,5/27 and 7/2~ states are degenerate in energy at
—85.891 MeV and have same wave functions (see the black solid line in Fig. 5.5). Table 5.1 also

list the expectation value of (V\fv Ay VSN A) with respect to state Wy

(Vi ) e =(2i(r) FM (7 A DIV () M (7, {733))

Acut
=2 P ””"Z{ . }mmm / r2dr gl ()
. {a%AR’éz(r)Rﬁz(r) rot |G - 2O [Rhn R }

r2 dr ( dr r2

Acut .
cu JI] . win
o T i [ aato

x {O‘%ARZz(T)R’“ )+ 03 | Sy - 2D TR )R] }

(5.4)

>

I
Nyg'S
3/%

with the index m representing either S or V. Notice that <V7,]¥ A> A=0 for Acyt = 2 is different from
(VMY g for Aeut = 0 because the wave function % (r) is different due to a different value of

Acut (see the color lines in Fig. 5.5).
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5.2 Illustrative calculations for 1%C

Table 5.1 The total energy and the expectation value of (V‘f\“\ + VSJ,VA) for the [A,z/9 ® 2+](/)
configurations.

Acut = 0 Acut = 2
B RN B (I TN (0 (T T
1/27 | —85.891 —14.248 —85.014 —13.682 1.231 —12.451
3/27 | —85.891 —14.248 —85.891 —14.248 0.000 —14.248
5/27 | —85.891 —14.248 —86.577 —14.556 —0.949 —15.505
7/27 | —85.891 —14.248 —85.630 —14.103 0.365 —13.738

The expectation value <V7£LV A 7= is mainly determined by the coefficient

)\cut . >\cut
~ . [T
(~1) (el YAl =00 o, (5.5)
A=0 Agd A=0

where Cp,\ with n =0,1,2 are defined as,

Cox =(—1)7H+ =y, (5.6a)
: . (12 (G A
Ciy =L\ Y|56) = —F—=——7°A Ox.evens 5.6b
1 =Y Vi Mmoo i ) (5.6b)
J I
Coy = . 5.6
2) {)\ il } (5.6¢)

The values of each coefficients Cy,) for the [Aj3/9 ® 2+1(/) configurations are list in Table 5.2.
For A = 0, the products of the coefficients, CyC19C4g, are the same for the multiplet states of
1/27,3/27,5/27 and 7/27, which leads to the same expectation value of (f/‘ﬂ\”\ + VN e =
—14.248 MeV (see Table 5.1).

For the cutoff of Aeyt = 2, these multiplets are split and ordered as 5/27,3/27,7/27,1/2~
(see Table 5.1). The origin for the splitting of these multiplets is the nonzero A = 2 term in the
matrix elements and the order of J™ = 1/27,3/27,5/27,7/27 is determined by the transition
density p32(r) and the coefficient C as well as the coupling parameters. One can see that the
value of the coefficient C' = CoC1)Csy for A = 2 is the largest for J = 5/27, and it decreases in
the order of J = 3/27,7/27, and 1/2~. Since the product of the other factors is negative, the
contribution of these factors results in the value of (ViN* + VSN Ay j= for A = 2 increasing in the
order of J =5/27,3/27,7/27, and 1/27, which is in the same order as the spectrum (see the
column (f) in Fig.5.4).

For the configuration [A,; /2 ®2T], the generated doublet states 3/27 and 5/2~ are degenerate
in energy at —85.55 MeV, since the coefficient C' = CyC1,Cs) is not zero only for A = 0, having
the same value of 1/1/207 for both the two states (see Table 5.2).
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5.2 Illustrative calculations for 1§\C

Table 5.2 The coefficients defined in Eq.(5.6) for the [A;; ® 2%]/) configurations.

Ay@2f]  J7 | Cy Cig Oy CoCrCx| Ciz  Crn CpC12Co
+ - 1 1 1 1 V1 14/
[Apse ©27] 3/27 | -1.00 —= ——= o |~ 000 ﬂ
+ - 1 1 1 1 V14 14/x
[Apsjp®27] 5/27| 100 = o - -y \;L
+ - 1 1 1 1 V14 14/m
[Aps/2 ® 2+] 7/27 | —1.00 F Y o e e
[Api/2 ® 2+] 3/2 1.00 @ ﬁlo 207 0.00  0.00 0.00
[Ap1/2 ®27] 5/27 | —1.00 7 7% 0= 0.00 0.00 0.00
5.2.3 Coupled-channels calculations
Convergence check
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Fig. 5.6 Excitation energies of positive parity and negative parity yrast states in 1%C as a function
of the cutoff of the core states n ((a) and (b)) and the cutoff of the core angular momentum 7
((c) and (d)) in the coupled-channels calculations.

We now show in this section the full coupled-channels calculations for 1/3\0 by mixing all single-
channel configurations. We first check the convergence feature of the excitation energies with
respect to the number of basis. Figure 5.6 shows the low-lying states in 1/?{0 obtained by solving
the coupled-channels equations for different values for the cutoff of the core states ncyt and the
cutoff of the core angular momentum I.;;. When the cutoff of the core angular momentum is

I.qt = 4, there is a large difference in the low-excitation energy between the calculations with
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5.2 Illustrative calculations for 1%C

Neut = 1 and neyy = 2 (see Figs. 5.6 (a) and (b)). However, there is no much change in the
low-excitation energy between n¢y = 2 and ney,e = 3. On the other hand, when the cutoff of
core states is neyy = 2, the excitation energy of the first 1/2~ state and 3/2~ state do not change
much for It = 2,4, 6, while the excitation energies of the low-lying states 3/2%,5/2%,7/2% and
5/27 converge after I., > 4. All these show that ncy = 2 and Iy = 4 is enough to yield a
good convergence for the low-lying excited states for 1/3\0, although the excitation energy of 9/2%
state has a small difference between I, = 4 and I, = 6. Form these consideration, we will use

the cut-offs of Iyt = 4 and ncy = 2 in the following calculations for 1%0.

Low-lying spectrum
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Fig. 5.7 The low-energy excitation spectra of 2C ((b)-(c)) and 3C ((d)-(g)) obtained from the
full GCM calculation with PC-F1 and from the MPRM calculation with PCY-S4, respectively.
The columns (d) and (e) show the positive-parity states in 13 C, while the columns (f) and (g)
show the negative-parity states. The experimental data shown in (a) and (h) are taken from
Ref. [139] and Refs. [21, 140, 141], respectively. The weight of dominant components for several
states are given in percent.

With these cut-off parameters, the calculated low-energy spectrum of 1;{(3 is shown in the
columns (d), (e), (f), and (g) in Fig. 5.7, in comparison with the experimental data [21, 140, 141].
In these calculations, the state of J™ is obtained by mixing all the configurations of [A;; ®
I™]7" with the coupled-channels method. One observes that the low-lying spectra for 1%0 are

reasonably well reproduced, although the excitation energies are slightly overestimated.
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5.2 Illustrative calculations for 1%C

Table 5.3 The probability P, for the dominant components in the wave function for low-lying
states of 13C obtained by the MPRM calculation with PCY-S4 force. E is the energy of each
state obtained by solving the coupled-channels equations, while Efgl)l is the unperturbed energy
obtained with the single-channel calculations. The energies are listed in units of MeV.

B (el Pu, EG | J°  E  (j)®I; Pu, EQ
1/2{ 000 s15®0{ 097 0.00 | 1/2] 1296 p1p®0{ 089 13.22
p32®2f 011 18.01
3/2f 572 s p®2f 097 569 | 3/27 1271 p3p®0f 092 1279
p2®2f 005 17.48
520 578 sip®2f 098 569 | 5/27 1651 pyp®2f 079 16.45
prp®2f 020 17.48
7/27 1641 sy ®47 097 1625 | 7/27 1748 p3p®2{ 096 17.40
9/2f 16.62 s1,®47 099 16.25
1/25 970 s1,®05 096 9.22 | 1/2; 1824 ppp®0{ 045 13.22
P32 ®2f 052 18.01
3/25 1523 s1p®2f 096 14.84 | 3/2; 1640 p3p®2f 057 17.14
P ®2f 042 1748
5/25 1536 s1p®25 097 14.84 | 5/2; 17.83 pip®2f 076 17.48
P32 ®2f 019 16.45

The 1/2% states shown in the column (d) and the column(e) are obtained by mixing all 1/2%
states shown in Figs. 5.4 (c) and (d) and other configurations [A;; @ I™]'/2" (not shown). The
main component of the first 1/2% state is [Asy ), ® 0]Y 2" but it also has other components,
such as [Ads/, ® 211" 2" See Table 5.3 for the probabilities of the dominant components in each
state.

The doublets (5/27,3/2%) and (9/2%,7/2%) in the column (d) mainly consist of the con-
figurations of [As;/; ® 2] and [Asi/p ® 4], respectively, (see Table 5.3). These doublets are
degenerate in the single-channel calculation, as already shown in Fig. 5.4. The energies of the
3/2] state and the 5/2] state are different from each other by 58 keV due to the weak mixing
of other configurations. It has been pointed out that the splitting of the doublet states (5/ 2?,
3/21) is dominated by the spin-spin NA interaction [142], but no experimental data exist yet
that resolves the splitting between the 5/ QIF state and 3/ QIF state in 1})’\C. The energy difference
between 7/2 and 9/2] states is calculated to be 210 keV.

The levels in Fig.5.7 (e) are dominated by the configuration of As;/; coupled to the second
band (n = 2) in 2C and share similar features as those in the column (d). The splitting of the
doublet states (5/25, 3/27) is calculated to be 127 keV.

The negative-parity states are shown in the columns (f) and (g) in Fig. 5.7. The first 1/27 and
3/27 states are dominated by the configuration of Ap; /o and Aps/, coupled to 07, respectively.
That is, the energy splitting between the 3/2~ and 1/2~ states reflects mainly the spin-orbit
splitting of A hyperon in the p3/, and py/, states. The v rays from the decay of the 3/2™
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5.2 Illustrative calculations for 1%C

and 1/27 states to the ground state in 15’\0 have been measured and the energy difference was
reported to be 152 £ 54(stat) £ 36(syst) keV [140, 141]. In the single-channel calculation, the
energy difference between the pure configurations of [Ayz/2 ® 07] and [Ay; 5 ® 0f] is 423 keV.
In the coupled-channel calculation, the energy splitting between the 3/2~ and 1/27 states is
as small as 254 keV. The tensor NA interaction is important to reproduce this small hyperon
spin-orbit splitting in A hypernuclei [124| and will be discussed in section 5.2.4 in detail.

For the second 1/27 and 3/2~ states, one can see a strong configuration mixing (see Table
5.3). The reason for this is that there are two states whose unperturbed energies in the single-

channel calculations, E§2})17 are close to each other as shown in Table 5.3 and are strongly coupled

in the coupled-channels equations by the off-diagonal components of the coupling potentials.
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Fig. 5.8 A comparison of low-lying spectra of liC obtained with the MPRM, the multi-channel
algebraic scattering (MCAS) approach [142], the 3a+A cluster model [143], and the experimental
data [21, 140, 141].

Figure 5.8 shows a comparison of our calculated low-energy excitation spectra of 1/?{C with re-
sults of other approaches, that is, the multi-channel algebraic scattering (MCAS) approach [142],
and the 3+ A cluster model [143], together with the experimental data [21]. The basic idea of
the MCAS approach for A hypernuclei is similar to our MPRM in a sense that the hypernuclear
states are constructed by the A pariticle coupled to the low-excitation states of a nuclear core.
In contrast to our full microscopic model, in which all the inputs are from multi-reference CDFT
calculations, the MCAS approach adopts a phenomenological deformed Woods-Saxon potential.
It uses the experimental data for the energies of nuclear core states with an assumption of pure
collective rotational states. Notice that, the energy ordering of the first 3/2% and 5/2% states
obtained with the MCAS approach and the cluster model are different from our MPRM calcula-
tion. Except for this, the MPRM and the MCAS approaches give the same structure of spectrum
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5.2 Illustrative calculations for 1%C

and energy ordering of the low-lying states. The MPRM and the cluster model calculations give
similar results on the main component of each state, while such comparison is impossible between
MPRM and MCAS as the components are not shown explicitly in Ref. [142].

E2 transition strengths

We next discuss the E2 transition strengths between the low-lying positive-parity yrast states
for 1/?§C. The low-lying positive parity yrast states of A-hypernuclei are dominated by A hyperon
in sy /5 orbit coupled to the ground states band of nuclear core [Ag1 2@ I 17 +, then the relations
between the initial state and the final state in hypernuclear transitions are approximately given
by jf = ji = 1/2, {y = £; = 0 and ny = n; = 1. In this approximation, assuming also
(Zr,(r)|%1,(r)) = 1, Eq. (4.43) can be rewritten as

2
(5.7)

2
2.2 | Lr Jr 1/2 1 A
BE2T, g ~ 12370 2L 60
Ji I 2 Ii

(Notice that in the actual calculations shown below, we do not use this approximation but we
use Eq. (4.43) as it is.) It is convenient to introduce a new value ¢B(E2), which reflects the

B(E2) value of the core part in hypernuclei (see Eq.(5.7)),

1 N 2
¢B(E2:I; — If) = e ’<IfHQ2HIi>
l g 12
~ L0g T B(E2: J; — Jy)
Ji I 2
= C-B(E2: J; — Jyp), (5.8)

)
oo Iy Jp 12
where ¢ = 1, 27,210 I 1/
J L2

mentum coupling for sy, for the A particle can be removed and the impurity effect of A particle

. In this way, the trivial factor due to the angular mo-

on the nuclear collectivity becomes more clearly. That is, the impurity effect of A particle can
be discussed directly by comparing the B(E2) values for the core nucleus and the ¢cB(E2) values
for the corresponding hypernucleus.

Table 5.4 shows the calculated E2 transition strengths for low-lying positive-parity states of
the 1/?{(3 hypernucleus and those of the core nucleus >C with three different values of ney; for the
core states. Here, A is defined as

cB(E2;13C) — B(E2;12C)

A= BB 20) . (5.9)

Even though the B(E2) value does not change much for n¢,y = 1 by adding a A particle, for
Neut = 2 and neyy = 3, the B(E2) value for 2f — Of in 'C is significantly reduced by a factor of
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5.2 Illustrative calculations for 1§\C

~ 11.48%. One can see that ney = 2 yields a good convergence for the E2 transition strengths
for the low-lying positive parity states for liC.

According to the definition of B(E2) value, it is approximately proportional to 5% x ré. In
our calculation, the proton radius r, (the average deformation 3) is 2.44fm (—0.27) for the 1/2]
state in 13C and is 2.39fm (—0.25) for the 0 state in 2C. One can see that the change in

deformation § is the dominant ingredient of the reduction of the E2 transition strength.

Table 5.4 The calculated E2 transition strengths (in units of €2 fm*) for low-lying positive parity
states of 2C and 13C. The c¢B(FE2) value is defined by Eq. (5.8). A is the change in the B(E?2)
of the core nucleus defined by Eq. (5.9). The experimental data for 12C shown in the parenthesis
is taken from Ref. [98].

12C lic

Neut = 1 Neut = 2 Neut = 3

Ir 17 B(E2) | JF—J7 C |B(E2)cB(E2) A(%)|B(E2)cB(E2) A%) |B(E2) cB(E2)

27 - 0f 6.62 [3/2] —1/2]7 1 [6.606 6.606 —0.21] 5.86 5.86 —11.48| 586 5.86

(7.6 £0.4)5/2f —1/2F 1 |6.617 6.617 —0.05 5.86 5.86 —11.48| 5.86 5.86
4 —2f 1460 |7/27 — 3/2710/9/12.96 14.40 —1.34/11.68 12.98 —11.10[11.64 12.93
7/2f —5/2f 10| 1.44 14.38 —1.51) 1.30 12.98 —11.10] 1.29 12.94
9/2f —5/27 1 |14.41 1441 —1.30[12.99 12.99 —11.03|12.98 12.98

5.2.4 Sensitivity of low-energy hypernuclear spectra to NA interaction
The NA parameters forces

There are four parameter sets of effective VA interaction for the relativistic point-coupling model
(see Table 3.1), which were adjusted at the mean-field level to the A binding energy of several A
hypernuclei. In this subsection, we compare the A binding energy and low-lying state obtained
with these four NA forces.

To begin with, Figs. 5.9(b)-(e) show the calculated low-energy spectra of 13C in comparison
with the experimental data. One can see that the main structures of the low-lying states are
similar to each other with the four parameter sets, but the energy splitting between the 1/2~
and 3/2 states, as well as that between the 5/2% and 3/2% states, are clearly different. That
is, the splitting between the 1/2] and 3/2] states by PCY-S2 and PCY-S3 are significantly
larger than that by PCY-S1 and PCY-S4, which are much closer to the experiment data. The
splitting between the 5/2% and 3/27 states with PCY-S1 force is much larger than that with
the other NA parameter forces. It indicates that the fine structure of the hypernuclear low-
lying states reflects the impact of the higher-order terms in the NA interaction. Notice that a
good description is still achieved with the PCY-S2 force, in which the tensor term is absent, by
largely deviating from the expected relations of a naive quark model, that is, o™ = %QN N ete.
[144]. We will further discuss the role of the higher order terms in NA interaction in the next

subsections and will demonstrate that the tensor term plays an important role if the expected
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Fig. 5.9 The excitation energies for the first and the second state for each spin-parity (J7) of
13C obtained with the MPRM with (b)PCY-S1, (¢)PCY-S2, (d)PCY-S3 and (e)PCY-S4. The
column (a) shows the experimental data taken from Refs. [21, 140, 141|. The numbers with the
arrow indicate the B(E2) value for the 3/2] — 1/2] and the 9/2] — 5/2 transitions, given in
units of e? fm?.

relation of ™A = %aN N'is maintained. The figure also shows that the quadrupole transition

strengths B(E?2) between the low-lying states of 13 C do not much vary with the four NA effective
interactions.

The calculated A binding energy of '3 C, which is defined as the energy difference between the
07 state of '2C and the 1/2] state of 13C, is 15.72, 13.63, 15.42 and 13.22 MeV with the MPRM
with PCY-S1, PCY-S2, PCY-S3 and PCY-54, respectively. Comparing with the empirical value,
B{P =11.38+0.05 MeV [21], our MPRM calculations overestimate the A binding energy of 13¢c
due to the fact that all these four NA forces were adjusted to A binding energy of hypernuclei
at the mean-field level [130].

In order to reproduce the A binding energy with our model, we scale all the coupling strengths
in the parameters of the NA interaction by 18%, 9%, 16% and 8% for PCY-S1, PCY-S2, PCY-S3
and PCY-54, respectively. The calculated low-lying spectra obtained with the scaled interactions
are shown in Fig. 5.10. It is shown that the predicted low-energy excitation spectrum of 1[?{0 is
slightly compressed and the B(E2) values are somewhat increased. The energy splitting between
the 1/2] and 3/2 states is reduced from 303.7 keV (253.7 keV) to 161.5 keV(206.3 keV) after
scaling the coupling strengths for the PCY-S1 (PCY-S4) interaction, while it still remains large
by the scaled PCY-S2 and PCY-S3 forces. The configuration mixing for the 1/2], 3/27, 5/2],
1/27 and 3/2] states becomes slightly reduced for all the scaled parameter sets due to the slightly
weaker VA coupling strength.
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Fig. 5.10 Same as Fig. 5.9, but with scaled NA interactions, in which the scaling factor is
determined for each parameter set to reproduce the empirical A binding energy of 1?\0.

NA coupling strength

We next examine the effect of the leading-order coupling terms and higher-order derivative cou-
pling terms on the A binding energy. First, we check the relation between the parameters ag A
and agA in the NA interaction which reproduces the A binding energy in 15’\(]. To this end,
we only include the leading-order coupling terms in the effective NA interaction, that is, only
VSNA(r,ri) = a2 6(r — )% and V\J/VA(T’,TZ') = aYA5(r — 7;) are adopted in Eq. (3.7) by
setting 5§VA = 5§A = a?A = 0. Figure 5.11(a) shows a contour plot of the absolute value of the
difference between the calculated and the experimental hyperon binding energies |BY" — B{™P|

as a function of ay® and aff*. As illustrated in Fig. 5.11(a), all the parameter sets of (a}?,

oz{}fA) located at the valley can reproduce the A binding energy and are linearly correlated. In
other words, the two strength parameters cannot be uniquely determined by fitting only to Bj,
as expected.

Taking four sets of the parameters along the valley with Bltxh = By? in Fig. 5.11(a), we
calculate the energy of the low-excitation states of 3/2%, 3/2~ and 1/27 in 13C, as shown in Fig.
5.11(b). The excitation energies of 3/2% and 3/2~ states depend on the choice of the parameters
weakly and the energy of 1/27 state slightly decreases with the decrease of the absolute value
of the coupling strengths agA. For all the sets of the parameters (ozngA, agA) in the region of
concerned, the energy splitting between the first 1/27 and 3/27 states is in a good agreement
with the experiment data.

Next, we fix the coupling strengths for the leading order terms (agz\’ ag A) to be the same
values as those in the PCY-S2 force and study the A binding energy as a function of the coupling

strengths (03, 65') of the derivative terms, as shown in Fig. 5.11(c). Since the tensor coupling
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Fig. 5.11 (a), (c¢) and (e): Contour plots for the absolute value of the difference between the
theoretical and the experimental hyperon binding energies of 1})’\C hypernucleus as a function
of the coupling strength parameters (agA,agA), (55/\, (%VA) and (559\”‘, angA), respectively. In
(a), only VA (r,7;) = a¥™Q6(r — 1) and VN (e, r;) = adf26(r — 7;) are used for NA
interaction. In (c), aiY* and oy are fixed to the same values as in PCY-S2. In (e), the value of
oY and 60 is determined for each (ad?, 65) so as to keep the ratios oY /a ¥ and §)YA /554
to be the same as those for PCY-S2. (b), (d) and (f): Low-energy levels in '3 C calculated with

the strength parameters denoted by the dots in the panels (a), (c) and (e), respectively.
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is absent in PCY-S2, we can isolate the effect of the derivative terms in this procedure. One
can see that a clear linear correlation between §)Y* and 65, Selecting three sets of (634, 654)
along the valley in Fig. 5.11(c), we calculate the low-excitation energies of IiC and show them
in Fig. 5.11(d). It is found that the low-lying states are similar to each other with these three
sets, which is again a natural consequence of that the coupling strengths (5§ A 5év A) can not be
uniquely determined by the energies of hypernuclear low-lying states.

Figs. 5.11(a) and (c) illustrate that the vector coupling strengths aiy* and 6/ are linearly
correlated with the corresponding scalar coupling strengths ag Aand (%V A respectively. Next, we
keep the ratios of agA/angA and 5§A/5é\m to be the same as those in PCY-S2 force and calculate
the A binding energy as a function of agA and 5%“, as shown in Fig. 5.11(e). One observes that
the parameters 5év A and ag A are also linearly correlated when these are fitted to the A binding
energy in 13C (see Fig. 5.11(e)).

Notice that the vector and scalar transition densities have only a small difference from one
another in the low-lying states of 2C (see Fig.2.5). Assuming that the vector transition density
pf{f{}ll I(T) and the scalar transition density pﬁfgll /(7') have the same value, in the non-relativistic
approximation, the sum of leading order coupling strengths, ag Ay oay\, and the sum of the
derivative coupling strengths, 5{9\{ A 4 §NA can be regarded as the depth of the central potential
Up and the surface coupling strength D introduced in Ref. [131], respectively. It has been found
in Ref. [131] that the pairs of values (U, D) that reproduce the empirical By are also correlated
linearly.

Taking three sets of the parameters along the valley with foh = B{® in Fig. 5.11(e), one
finds that those three sets yield almost the same excitation energies for the 3/2, 5/21, 1/25
and 1/27 states (with differences within around 0.13 MeV), while the difference is much larger
for the 3/2] and 5/2] states (around 0.45 MeV). A comparison between Figs. 5.11 (b), (d) and

(f) suggests that the excitation energies of the low-lying states are more sensitive to ag A and

oz{}fA than to (5@”‘ and (5§A.

Derivative coupling terms

The derivative coupling terms, which simulate to some extent the finite-range character of NA
interaction, are expected to be more pronounced in light hypernuclei [131]. We next examine the
effect of the derivative terms on the energy of low-lying states. To this end, we fix the values of
ag/\, agA, a?A and the ratio 55A/5§A to be the same as the original values for each of the four
parameter sets, PCY-S1, PCY-S2, PCY-S3, and PCY-S4, and change the value of 5@”‘ + 5%\.
The A binding energy so obtained with the four NA forces are shown in Fig. 5.12(a) as a function
of |03A 4+ 654 = — (0 4 65Y). The open circles denote the calculated By with the original
value of each parameter set. One observes that B, decreases with increasing [§Y* + 64| and
approaches to the experimental value denoted by the thin solid line. For PCY-S1 force, the By
decreases from 21.28 MeV to 15.72 MeV, which is close to the experiment data, by including the

derivative interaction terms (that is, by varying |5]SV A —i—(Sg Al from 0 to the original value denoted
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Fig. 5.12 (a): The A binding energy in 13C as a function of |65 + 62|, while keeping the same
values of agA, ag/\, a?A and 5gA/5éVA as the original values for the PCY-S1, PCY-S2, PCY-S3,
and PCY-S4 parameter sets. Bj with the original value of (5év A and 55 A is denoted by the open
circles for each parameter set. The experimental value is denoted by the thin solid line. (b): The
excitation energies of the low-lying states as a function of |5év Ay 55 Al for the PCY-S1 parameter
set. (c) and (d): The energy splitting between the 5/2] and 3/2] states and that between the
1/2] and 3/2] states, respectively, as a function of |05 + 62VA|.

by the open circle). For PCY-S2, PCY-S3, and PCY-54 forces, the A binding energy are shifted
from 18.01, 23.29, and 21.27 MeV to 13.63, 15.42, and 13.22 MeV, respectively.

Figure 5.12(b) shows the excitation energies of the low-lying states as a function of the
derivative coupling strength |5éVA + 55A|, where aéVA, agl\ , o™ and 539VA/5§A are kept to be
the same as those for PCY-S1. One can see that the excitation energies decrease with the increase
of [65A + 5)A|. Notice that the change of the 3/2% and 5/27 states are much smaller compared
to the change in the other states. Similar behaviors are also found for the PCY-S2, PCY-S3 and
PCY-54 forces (not shown). The energy splittings of (3/2], 5/2]) and (1/27, 3/2]) states are
shown in Figs. 5.12(c) and (d), respectively, as a function of [§¥* 4 6&/A|. One observes that the
3/ 2;’ state is always slightly lower than the 5/ 2? state, which is by less than 150 keV except for
PCY-S1 in the range of |65 A 5§A| shown in the figure, although this may not be conclusive as
the spin-spin NA interaction [142] is not included in these calculations.

For the doublet states of (1/27,3/27), the 3/27 state is predicted to be lower than the 1/2~
state for all the forces except for the PCY-S1, with which the 3/27 state is higher than the 1/2~
state in the region of |03 + 64| < 17.56 fm®-MeV. The energy splitting between the 1/2~ and
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3/2~ states reflects the spin-orbit splitting of the pp hyperon in 1/3\C (as discussed in section
5.2.3) and is mainly governed by the tensor coupling term, which will be discussed in the next

subsection.

Tensor coupling term

It has been point out by Noble that the tensor NA interaction is important to reproduce a small
hyperon spin-orbit splitting in A hypernuclei [124]. In order to understand the effect of tensor
coupling, we first discuss the Dirac equation for A hyperon in the mean-field approximation, that
is,

[a-p+B(mpa+5)+V +T) = e, (5.10)
where S, V and T are the scalar potential, the vector potential and the tensor coupling potential,
respectively. The Dirac equation can be written as the Schrodinger equivalent equation for the

large component of the Dirac spinor ¥ as

1 [d® Vid 1(1+1) Vi T\rk 1 5 V!
-2 =2 i AT e e g
{ 2M [dﬂ oMdr 12 ]+<4M2+M>T+QM< o )JFV*}“T)

=efu(r), (5.11)
1 _ T .
where M = i(mA—Fs%—S—V), Vi=mp+S+V, V' = %, T = CCZT, and k = (—1)7TH1/2( +
r r
1/2). Notice that the spin-orbit potential is given by
%4 T\ K aisS—-Vv)/dr T\ &k
Vis = <4M2+M> ;o <4M2+M) . (512)

That is, the spin-orbit splitting is originated from the contributions of the central spin-orbit term
d(S—-V)/drk

402 r r
For A hyperon, the contribution of the tensor coupling term almost cancels with the central

T k
and the tensor coupling term — —.

spin-orbit term, resulting in a small spin-orbit splitting in A hypernuclei. This can be seen from
the Nilsson diagram of the single-particle energy for A hyperon in hypernuclei with mean-field
calculation. Figure 5.13 shows the single-particle energy for A hyperon in 13C. In order to draw
this, we have constructed the mean-field potential by assuming that the A hyperon occupies the
lowest state. The results with and without the tensor potential are shown in Figs. 5.13 (a) and
5.13 (b), respectively. One can see that the tensor potential pushes up the energy of the 1s;
and 1pz/, orbitals and pulls down the 1p;/, orbital, resulting in a significant reduction in the
spin-orbit splitting between the partner states 1p3/; and 1p;; for the spherical shape.

Notice that the contribution of the tensor coupling for different hyperons to the spin-orbit
term are different in their magnitude and sign [125]. For instance, the contribution of the tensor
coupling term for ¥ hyperon has the same sign as the central spin-orbit term and results in
an almost double enhancement of the spin-orbit term. On the other hand, for = hyperon, the
contribution of the tensor coupling term to the spin-orbit term has the same sign as that in A

hyperon but with larger magnitude.
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Fig. 5.13 (a) The single-particle energies of A hyperon in I%C as a function of deformation param-
eters B obtained with a relativistic mean-field calculation with PC-F1 force for NN interaction
and PCY-S1 force for NA interaction. These are obtained with the mean-field potential which
is by putting the A particle in the lowest parity state. (b)The energy levels from the calculation
without the tensor potential.

We now examine the effects of the tensor coupling term on A-hypernuclear low-lying states
with MPRM. For this purpose, we adopt the PCY-S1 and PCY-S4 sets for NA interaction and
change the strength a¥ A for the tensor coupling term. Figure 5.14 shows the energy of low-lying

Al = —af™, in which the energy for the original value of a¥*

states for 13 C as a function of |a¥
for the PCY-S1 and PCY-5S4 forces are indicated by the open circles. One can see that the effect
of tensor coupling term on the low-lying state energies are significant. The tensor coupling term
increases the energy of the 1/ QT state resulting in that the A binding energy gradually decreases
from 17.71 MeV (14.12 MeV) for aX® = 0 to 15.72 MeV (13.22 MeV) for the original value of
al¥? for the PCY-S1 (PCY-S4) force, which is indicated by the open circle in Fig. 5.15(a). This
is consistent with the previous mean-field studies [46, 125, 144] that the tensor coupling term
makes the sy hyperon less bound by increasing the energy of the sy, level (see also Fig. 5.13).
As a result, the A binding energy is reduced by 0.9 MeV for the PCY-S1 and 1.99 MeV for the
PCY-S4 after turning on the tensor coupling term.
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Fig. 5.14 The energy of the low-lying states of 1/3\0 as a function of the tensor coupling strength

lafyA ]( —afM) for the PCY-S1 and PCY-S4 forces. The open circles denote the original value
of a A for PCY-S1 and PCY-S4 forces.
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Fig. 5.15 Same as Fig. 5.12, but as a function of the tensor coupling strength ]aT (=

for the PCY-S1 and PCY-S4 forces.

o}

At the same time, the tensor coupling term increases (decreases) the energy of the 3/2~

(1/27) state, which mainly consists of the p3/5 (p1/2) hyperon coupled to the ground state (0%)

of 12C. Because the change of these two states are smaller than that in 1/2,

for both the 3/2~ and 1/2~

states decrease with increasing |adY
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Moreover, the excitation energy of the 1/27 state changes more significantly than the 3/2~
state, resulting in that the higher lying 1/27 state approaches the 3/27 state and even becomes
lower than the 3/27 state for large values of the tensor coupling strength. This clearly indicates
that the energy splitting bewteen the 1/2~ and 3/2~ states is sensitive to the tensor coupling
strength. The energy difference between the 1/2] and 3/2] states decreases from 2.28 MeV to
0.31 MeV, and from 1.25 MeV to 0.25 MeV for the PCY-S1 and PCY-S4 forces, respectively,
while turning on the tensor coupling term, as shown in Fig. 5.15(d).

For the 3/2] and 5/2] states, the energy changes are comparable with that in 1/2] (see Fig.
5.14), resulting in that the excitation energy of these two states change slowly with respect to
|a¥A| (see Fig. 5.15(b)). The energy gap between the 3/2] and 5/2] states increases with an
increasing value of | A|, as shown in Fig. 5.15(c), and therefore the tensor coupling term does

not invert the energy ordering of the 3/2] and 5/2] states.

5.3 Application to ) Be

The ?\Be is a typical light hypernucleus and has been measured with many reactions, such as
9Be(K~,77)}Be [8] and “Be(n, K*)3Be [21]. Many theoretical methods, including the cluster
model and ab-initio method as well as AMD, have been applied to discuss the spectra of %Be. In
this section, we investigate the ?\Be hypernucleus with the MPRM.

5.3.1 Properties of the nuclear core *Be

Energy (MeV)

Fig. 5.16 Same as Fig. 2.2, but for *Be.

We first discuss properties of the core nucleus, ®Be. Figure 5.16 displays the energy of mean-field
states and the energy after projections onto good angular momentum for ®Be as a function of

the intrinsic quadrupole deformation 3. The 2a cluster structure can be seen for deformations
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Fig. 5.17 The spectrum of ®Be obtained with several methods, that is, the full GCM calculation,
the projected calculation based on one single-configuration (5= 1.2), the alpha cluster model [31],
and anti-symmetrized molecular dynamics (AMD) [145]. The PC-F1 interaction is used for the
GCM and the projected calculations. The excitation energies are given in units of MeV. The
solid arrows are the quadrupole transition strength B(FE2) (e? fm*). The experimental data are
taken from Refs. [146, 147].

larger than the minimum (8 = 1.2) of mean-field energy curve. After restoration of rotational
symmetry (I = 0), the energy minimum is found at 5 = 1.5. With the increase of angular
momentum I, the minimum on the energy curve becomes shallower and eventually disappears at
I = 6. It implies that the 6 state in ®Be is unstable against the 2« fission, which is consistent
with the experimental data.

The results of the full GCM calculation for ®Be are shown in Fig. 5.17(b), which are compared
with those of the projected calculation based on one single configuration (5= 1.2) as shown in
Fig. 5.17(a). These energies are in a reasonable agreement with the experimental data shown
in Fig. 5.17(c) [146], although they are slightly smaller than the observed energies as well as
cluster model [31] and AMD [145] calculations (see Fig. 5.17 (d) and (e)). Notice that both the
21 and 47 states in ®Be are resonance states having large widths in the continuum spectrum. A
proper treatment of the scattering boundary condition, instead the harmonic oscillator expansion
which we employ, would be necessary to describe them in a consistent manner. For the GCM
calculation, we show the ®Be energy levels calculated by superposing mean-field states within
the range of deformation parameters of 5 € [—0.9,5.1], which better describes the %Be, even
though we could reproduce the excitation energy of the 2F state of ®Be by choosing different
mesh points in the deformation parameter in the range of 5 € [-0.9,4.2].

The calculated E2 transition strengths for 2 — 07 and 4% — 2% in ®Be are 25.0 e2fm?
and 47.3 e?fm?, respectively, which are slightly larger than the values 22.4 e?fm* and 39.3 e*fm*

obtained with the cluster model calculation [31]. Both our method and the cluster model calcu-
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lations overestimate the recently measured B(E2 : 4t — 27) value, 21 4 2.3 e2fm* [147], by a

factor of about 2.

5.3.2 Projected potential energy surface of {Be
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Fig. 5.18 Same as Fig. 5.2 but for ®Be and %Be.

We next consider the structure of ?\Be. Figure 5.18 shows the projected potential energy
surface of hypernucleus {Be for J™ = 1/27,1/27 and 3/2~ obtained with the single-channel
calculation (the dot-dashed lines) and the coupled-channel calculation (the solid lines) with the
PCY-S4 force for the NA effective interaction. The impurity effect of A hyperon on the potential
energy curves in ?\Be is similar to that in liC. That is, the potential energy surfaces with the
coupled-channel calculation are lower than that with the single-channel calculation due to the
effect of configuration mixing. The deformation parameter S for the potential energy minimum
is altered from 1.64 to 1.39 by adding a A particle in the positive-parity state, J™ = 1/2%. For
the negative parity states J™ = 1/2~ and 3/27, the energy curves have a prolate minimum with
3 larger than that of 8Be. The shift in the deformation parameter is more significant for ?\Be

than for 1/?§C due to the smaller mass number.

5.3.3 Low-lying spectrum of }Be
Single-channel calculation

The low-lying spectra of ?\Be obtained with the single-channel calculation, in which the A particle
is restricted to the s1/2, p1/2, and p3/y orbitals, are shown in the columns (c), (d), and (e) in
Fig. 5.19, respectively. When the A hyperon in the s;/; orbit couples to the core excitation
states of 21 and 47, the degenerate (3/2%,5/2%) and (7/2%7,9/27) doublet states are yielded in
?\Be, respectively. One finds that the excitation energies of these two doublet states are slightly

larger than those of the corresponding excited states of the core nucleus. This is due to the fact
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Fig. 5.19 Same as Fig. 5.7, but for ®Be and ?\Be. The experimental data for 8Be shown in the
column (b) are taken from Ref. [146]. The experimental data for { Be shown in the column (i) are
taken from Refs. [8, 21, 148]. The results of single-channel calculation for { Be with the A particle
in the s1/9, p1/2 and p3/, orbitals are plotted in the columns (c), (d), and (e), respectively. The
dashed lines shown in the column (f) represent the second states for each spin-parity J™.

that the ground state gains more energy from the NA interaction than the other excited states.
For the A particle in the p; /o and pg/o orbitals, one obtains the lowest negative parity 1/27 and
3/2~ states in % Be, with the 1/27 state being higher than the 3/2~ state by 87 keV.

In the column (e) in Fig. 5.19, the 1/27, 7/27, 3/25, and 5/2] states around 10 MeV are
generated from the [A,3/5 ® 2] configuration. One can see that the order of these states is
opposite to that in 13C (see Fig. 5.4 (f)). As we have discussed in section 5.2.2 for 13C, the
order of these states is due to the reorientation effect, that is, the diagonal component for the
quardupole term in the coupling potential in the coupled-channels equations. Different ordering
of the [A,3 /2 ® 2?] multiple states in these two hypernuclei is due to the different properties of
the core nuclei, i.e., 8Be and '2C. That is, ®Be is well-deformed with a much larger transition
density pJ%(r), as shown in Fig. 5.20(a), than that in 12C, shown in Fig. 2.5(b). The transition
density p32(r) in ®Be (see Fig. 5.20(b)) has an opposite sign to that in 2C (see Fig. 2.5(d)),
reflecting the fact that the sign of quadrupole moment is opposite (that is, prolate deformation
for ®Be and oblate deformation for '2C). This results in the ordering of the [A,3/5 ® 2] multiplet
states in %Be which is opposite to that in 1/3\0. Notice that, because the 1/27 state is lowered
down within the [A,3/, ® 2] multiplets, the 1/27 state in Fig. 5.19(d) and the 1/2~ state in
Fig. 5.19(e) are close to each other, inducing a large configuration mixture in 1/2~ state with

the coupled-channel calculation, as we discuss in the next sub-section.
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Fig. 5.20 The vector transition density, given by Eq.(2.61a), and the scalar transition density,
given by Eq.(2.61b), for ®Be.

In contrast to the [A,3 /2 ® 2?] multiplets, when the A particle in the p; /5 orbit couples to
the 2f state of the core nucleus, the quadrupole term does not contribute, and the degenerate

doublet states (3/27,5/27) are obtained (see Fig. 5.19(d) and also Fig. 5.4 (e)).

Coupled-channel calculation

A v ==t
A -90-00-7 A
: N

Fig. 5.21 A schematic picture taken from Ref. [31] for A particle occupying the s—orbit(A), the
p-orbit parallel to the & — o deformation axis (B) and the p-orbit perpendicular to the o — «
deformation axis. Here  means the « cluster.

The low-energy spectra of S;\Be obtained with the coupled-channels calculations are shown in
the columns (f), (g), and (h) in Fig. 5.19. They are compared with the available data [21, 148|
shown in the column (i) in Fig. 5.19. A good agreement with the experiment data is obtained

with our MPRM calculations. According to our calculations, the experimentally observed level
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Table 5.5 Same as Table 5.3, but for ?\Be with PCY-S4 force.

S B ()®I; Pu, BEg | J B ()87 Pu, B
1/2{  0.000 s1,®0{ 0957 0.000 | 1/2] 5902 p;;p®0{ 0.617 6.947
p3p ®27  0.363  8.284
3/2f 2828 sp®2f 0943 2928 | 3/27 5936 ps3;p®0{ 0.616  6.860
pip®2f 0194  9.451
P32 ®2{ 0170  9.375
5/20 2930 s;p®27 0951 2928 | 5/27 8836 p3p®2f 0.214 10.041
7/2f 9362 sy p®47 0903 9.404 P2 ®2{ 0.658  9.451
9/27  9.609 51 ®47 0922 9.404 P32 ®47  0.103  14.299
1/25 9376 s1,®0f 0994 8.617 | 1/2;  9.858 p1;p®0{ 0427  6.947
P32 ®2f 0569  8.284
3/25 11427 d3p®0f  0.958 10.647 | 3/2;,  9.633 p3p®0f 0.426 6.860
p1p®27 0255 9.451
psp®27 0314 9.375
5/25 11.317 d5®0f 0920 10.617 | 5/2; 11.091 pip®2f 0.234  9.451
p3/p ®27  0.761 10.041

at excitation energy of 5.80(13) MeV is actually a mixture of two negative-parity states with
JT=3/2" and 1/2".

The low-lying states of { Be can be categorized into three rotational bands according to the
calculated B(E2) values. Figure 5.21 shows the intrinsic structures of hypernuclear states for
these three rotational bands based on the cluster model [31]. The states shown in Fig. 5.19 (g)
correspond to A particle occupying the p-orbit parallel to the o — o deformation axis (see Fig.
5.21(B)). They do not have corresponding states in the ordinary nucleus due to the Pauli principle
of the valence neutron, so these rotational state are called “genuine hypernuclear” states [31]. The
states shown in Fig. 5.19(h) correspond to the A particle occupying the p-orbit perpendicular
to the @ — o deformation axis, as shown in Fig. 5.21(C). The band for these states shares a
similar structure as the ground band of ?Be, except for the spin-orbit splitting, so we call it the
“9Be-analog band”. The first positive-parity states for each spin J, that is the solid lines shown
in Fig. 5.19(f), are dominated by the A hyperon occupying the s-orbit, corresponding to Fig.
5.21(A). Since the structure of these states is similar as the ground band of the core nucleus ®Be,
we call the band for these states the “®Be-analog band”.

Table 5.5 lists the values of the probability of the dominant components for a few low-lying
states of %Be. One obvious thing is that the states in the “®Be-analog band” are almost pure with
the [Ag1p ® 1 1+ | configuration. On the other hand, appreciable configuration mixings are found
for the negative-parity states. In the second positive parity states (J2+ ), except for the 1/ 2; state,
the A4 state is admixed appreciably. Also, there is a strong mixing between the [A,, 2 ® 0"] and
the [Ap, ;2 ® 2] configurations with similar weights for the first negative-parity state 1/2. This
large configuration mixing is because the reorientation effect brings the [A,, /2 ® 27| configuration
close to the [Ap, , ® 0] configuration in energy due to the prolate nature of the 2* state of ®*Be

(see the discussion in the previous subsection). After mixing single-channel configurations, the
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obtained 1/2] state is slightly lower than the 3/2] state by 34 keV. Our calculation reconfirms
an interesting prediction of the cluster model, that is, the strong coupling of a hyperon to the
collective rotation is realized when the A is in the p-orbit [31]. We also point out that the
values of Pjy; obtained in the present calculations are similar to those with the cluster model
calculations shown in Fig. 2 of Ref. [31].

In our calculation, the excitation energy of the 3/2] and 5/2] states of % Be is significantly
larger than that of the 2% state of ®Be, whereas the experimental data and the cluster model
calculations indicate that this energy shift is negligibly small [149]. This discrepancy between
the present calculation and the cluster model calculations might be due to the effects of higher

members of the core excited states, which are not included in present calculations.

E2 transition strengths

Table 5.6 shows the calculated E2 transition strengths for low-lying states of ®Be and ?\Be. One
can see that the E2 transition strengths in ?\Be are not converged yet with the cut-off of core
states neut = 1. The second excitation states of 07, 27 and 4T have a large influence on the

B(E2) value with our model. However, with the present implementation of GCM, we have a

Table 5.6 Same as Table 5.4, but for ®Be and {Be. The value in the parenthesis for ®Be is the
experimental data taken from Ref. [147]. The results of the cluster model are taken from Ref.[31].

®Be %Be
Newt = 1 Neut = 2 Cluster model

I - 17 B(E2) | JT—J7 |B(E2) cB(E2) A(%)|B(E2) cB(E2) A(%) A(%)
27 — 07 2499 |3/2] —1/2]|25.09 25.09 +0.40]17.94 17.94 -2821| —49.55
5/2f —1/2f] 25,11 25.11 +0.48| 17.91 17.91 —28.33| —49.55

4F =27 4128 |7/2f —3/21|40.82 4536 —4.06|22.19 24.66 —47.84| —65.65
(21 £2.3)|7/2f — 5/2f| 4.56 45.56 —3.64| 2.47 24.65 —47.86| —65.65

9/2f —5/2f| 4524 4524 —4.31|24.46 24.46 —48.27| —65.65

limitation to construct the wave functions for the non-resonant core states (that is, the second
and the third 07, 2%, and 4" states), which extend up to large values of deformation parameter
B.

In the experiment, the upper limit for the lifetime of 0.1 ps has been deduced for the first
3/2% and 5/27 states of { Be[148], which corresponds to the B(E2) value larger than 29.07 e*fm?
[148, 8]. In our calculation, the E2 transition strength of 2 — 0T for the core nucleus in
?\Be, that is ¢B(E2), is slightly increased for neys = 1 and is significantly reduced for ney = 2,
although the calculations with ncy¢ = 2 may not be reasonable. We mention that the reduction
in B(E2) value with the present model is much smaller than the results of the cluster model
calculations [31, 149].
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5.3.4 Dependence on NA interaction

The spectra of %Be by the four parameter sets of VA interaction are shown in Fig. 5.22. As
one can see, the four parameter sets yield qualitatively similar low-lying spectra for ?\Be. One
important quantity is the energy splitting between the positive-parity 5/2] and 3/2] levels,
which can be used to study the NA spin-orbit splitting. The splitting between the 5/ 2f and the
3/ 2f states in ?\Be has been measured by high-resolution y-ray experiments, which have reported
that the 5/2] state is lower than 3/2] state by 43 4 5keV [8]. In our calculation, the 5/2] state
is higher than the 3/ QT state for all the four parameter sets. It has been pointed out that the
splitting of the doublet states (5/2] and 3/2]) is dominated by the spin-spin coupling [142],
which is missing in the present calculations. The splitting between the positive parity doublet
states 5/2 and 3/2] in {Be are larger than that in 13C due to the light mass number for 4 Be.

The energy ordering of the first 1/27 and the first 3/27 states depends on the parameter sets,
that is, the first 1/27 state is lower than the first 3/27 state with the PCY-S1 and PCY-5S4 forces,
while the first 1/27 state is higher than the first 3/27 state with the PCY-S2 and PCY-S3 forces.
A small splitting between the 3/2] and 1/2] states is found in our calculation for %Be, although

it does not directly reflect the INA spin-orbit splitting because of a strong mixing between the

[Ap,,, ®07] and the [A,, , ® 27] configurations in the 1/2; state.
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Fig. 5.22 Same as Fig. 5.9, but for ?\Be. The experimental data for ?\Be are taken from Refs. |8,
21, 148].
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Fig. 5.23 Same as Figs. 5.12 and 5.15 but for ) Be.

Figure 5.23 shows the impact of the higher-order derivative and the tensor terms on the
low-lying states of %Be. The effects of the derivative and the tensor terms on the spectrum of
?\Be are similar to those in liC shown in Figs. 5.12 and 5.15. Moreover, the energy ordering of
the 3/2] and 5/2] states in {Be cannot be reproduced by the present effective NA interaction.
In order to reproduce it, the four-fermion coupling terms (YnT;¥n)(¥aTs40a) With T'; = o, and
¥,7°, which provides the spin-spin NA interaction [150] (¥non)(¥acipy), would have to be
taken into account. This term is not included in the present study, and it is an interesting future

work to study the influence on the energy ordering of the 3/ 2f and 5/ 2f states.

5.4 Application to ?}Ne

We next consider hypernuclei in the sd-shell region. In particular, we intend to study the 2/1\Ne
hypernucleus. In order to study the nucleon-nucleon interaction parameter set dependence, we
employ both the PC-F1 and PC-PK1 sets for °Ne.

5.4.1 Properties of the nuclear core *°Ne

The mean-field energy and the projected energy curves for ?°Ne obtained with the PC-F1 and
PC-PK1 parameter sets are shown in Fig. 5.24(a) and Fig. 5.24(b), respectively. One can see that
the mean-field energy curve for the PC-F1 force has a higher barrier at the spherical shape than
that for the PC-PK1 force. The energy minimum of the mean-field energy curves are located at
deformation S = 0.53 for both PC-F1 and PC-PKI1 sets, while two prolate minima appear in the
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projected energy curve for I™ = 0. Both PC-F1 and PC-PK1 sets yield almost the same 3 for
the minima for I™ = 0T, that is 8 = 0.39 and 3 = 0.67.
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Fig. 5.24 Same as Fig. 2.1, but for 2°Ne with PC-F1 and PC-PK1 parameter sets.
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Fig. 5.25 A comparison of the excitation energy of low-lying states of 2°Ne obtained with several
methods. The results of the cluster model and the AMD are taken from Refs. [151] and [38],
respectively. The experimental data for 2’Ne are taken from Ref. [139)].

Figure 5.25 shows the calculated low-lying states of 2°Ne, in comparison with the results
of a+'60 cluster model [151] and the AMD model [38]. One can see that all these models
reproduce the rotational character of the yrast states, although they overestimate the moment of

inertia. The experimental data of the second excited states of each angular momentum exhibits
E(43) — B(03)
B(23) - B(03)
cluster itself [151]. This character was not obtained in AMD model and is not reproduced in

vibrational feature, = 2.08, which can only be described by exciting the 6O

our GCM calculation, either. Notice that, for simplicity, in the present calculations, we have
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5.4 Application to 2}\Ne

assumed reflection symmetry for 2°Ne, even though the ?°Ne nucleus has prominent negative-
parity bands originated from the a+160 structure. The inclusion of these negative parity states
in the coupled-channels calculations is thus beyond the scope of the present thesis.

5.4.2 Projected potential energy surface of *} Ne
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Fig. 5.26 (a) and (b): The potential energy surface E;(f3) for the J™ = 1/2% (the solid line) and
1/27 (the dot-dashed line) states in 2} Ne as a function of the deformation 8 obtained with the
PC-F1 force (Fig. 5.26 (a)) and the PC-PK1 force (Fig. 5.26 (b)) for the NN interaction. These
are obtained with the PCY-S4 force for the NA interaction. In order to make a comparison
easy, each hypernuclear curve is shifted by a constant value so that the energy at the absolute
minimum coincides with that for 2°Ne with I™ =0%. (c) and (d): The difference between the
energy curve of 2}XNe and that of 2°Ne for the PC-F1 and PC-PK1 forces, respectively.

Figure 5.26 shows the obtained energy curve E () for the PCY-S4 force for NA interaction
for the J™ = 1/2% and 1/2~ states in 2} Ne as a function of the deformation 3 of the core
nucleus. The left and the right panels show the result with the PC-F1 and PC-PK1 forces for
NN interaction, respectively. For PC-F1, the hypernuclear energy curve for spin-parity of 1/2%
and 1/2~ has a prolate minimum with a smaller 3 compared to the 07 state of 2°Ne. On the other
hand, for PC-PK1, the value of 3 at the energy minimum decreases for the 1/2% configuration

while that for the 1/2~ configuration increases as compared to the deformation for 2°Ne with
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5.4 Application to 2}\Ne

0". Notice that the energy surface for 1/2~ has a higher barrier at the spherical shape than
the barrier for 2°Ne for both the interactions. This indicates that 2} Ne with 1/27 and 1/2~ has
a smaller and a larger collectivity than that of 2’Ne. The energy differences between the 1/2%
state in 2y Ne and the ground state of 2°Ne, as well as the 1/2~ state in ?Ne and the ground
state of 2Ne, are shown in Figs. 5.26 (c) and 5.26 (d), respectively. Those energy curves are
qualitatively similar to each other, even though the PC-F1 and PC-PK1 forces predict somewhat

different energy curves.

5.4.3 Low-lying spectrum of ?,Ne
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Fig. 5.27 Same as Fig. 5.7, but for ?°Ne and 2}\Ne. The experimental data for 2°Ne are taken
from Ref. [139].
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Fig. 5.28 Same as Fig. 5.27, but with PC-PK1 instead of PC-F1 for the NN interaction.
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5.4 Application to 2}\Ne

The A binding energy of 2/1\Ne obtained by the MPRM calculation is 14.92 MeV and 15.10 MeV
for the PC-F1 and PC-PK1 force, respectively. Figure 5.27 and 5.28 show the low-lying states
of 2ANe with the PC-F1 and PC-PK1 forces, respectively. In order to investigate the channel-
coupling effect on hypernuclear states, we also show the results obtained with the single-channel
calculations. One can see that the results of the coupled-channels calculations for the positive
parity states plotted in the columns (i) and (j) are close to the results of the single-channel
calculation shown in the columns (e) and (f) both in Figs. 5.27 and 5.28.

From the probability of the main components for each states, shown in Table 5.7, one can see
that these states are dominated by the configuration of A/, coupled to the state I in the first
(n = 1) and the second (n = 2) bands in ?°Ne with the weight larger than 97% . Moreover, it is
seen that the spectrum of the positive-parity states in 2}\Ne is close to that of 2°Ne with similar
excitation energies. This means that for the positive parity states the presence of an s orbit A

hyperon does not change significantly the low-energy structure of the core nucleus °Ne.

Table 5.7 Same as Table 5.3, but for the 2}\Ne hypernucleus with the PC-F1 and PC-PK1 forces
for NN interaction and the PCY-S4 force for NA interaction.

PC-F1 PC-PK1
JT (j)ely B Pu, B | E_ Pu, By
1/2{ s12®0{ 0.000 0.975 0.000 | 0.000 0.971 0.000
3/2f sip®2f 1.198 0.980 1.173 | 1.444 0.980 1.407
5/2{ s1p®2f 1.210 0.981 1.173 | 1.454 0.980 1.407
7/2{ s1p®4f 3.157 0.980 3.123 | 3.437 0.980 3.394
9/2f s1p®4f 3.184 0.982 3.123 | 3.465 0.982 3.394
1/23 s1/2®03 5447 0.985 5.169 | 5.243 0.981 4.924
3/23 s12,®25 8.164 0.992 7.898 | 8.245 0.991 7.956
5/25 si2®25 8172 0.992 7.898 | 8.260 0.992 7.956
1/27 p3jp®2{ 9.055 0.559 10.996| 9.104 0.532 11.064

P12 ® 07 0.416 11.541 0.442 11.357
3/27 p3je®0f 9.022 0.460 11.117{ 9.064 0.489 10.942
P32 © 2F 0.263 12.258 0.247 12.297
P12 ®2f 0.252 12.680 0.240 12.711
5/27 p1je®2] 10.474 0.455 12.680|10.578 0.459 12.711
P32 @47 0.360 13.342 0.356 13.425
P32 ® 27 0.159 13.149 0.160 13.167
7/27 p3p®2] 10.436 0.648 11.899|10.539 0.652 11.946
prj2 @47 0.192 14.647 0.191 14.711
p3/o @47 0.136 14.573 0.134 14.640

The columns (k) and (1) show the negative-parity states in 2} Ne. Comparing the columns
(k,1) with the columns (g,h) for the single-channel calculations, one sees that the channel-coupling
effect plays an important role in their excitation energies. Moreover, we note that the energy
difference between the first 1/27 and 3/27 states is about 33keV and 40keV for the PC-F1 and
the PC-PKI1, respectively. For the 1/2~ state, there is a strong admixture of the configurations
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5.4 Application to 2}\Ne

[Ap12 ® 0] and [Aps/2 ® 2{]. On the other hand, the 3/2~ state is a strong admixture of the
configurations [A,3/5 ® 071, [Apz/o ® 2] and Apij2 ® 2. Similar to {Be, the splitting of the
1/27 and 3/27 levels in 2}\Ne does not reflect the strength of the A spin-orbit splitting, which is
different from the case in '3C. The underlying reason for this strong mixing in ?iNe is similar
to what we have discussed in %Be, i.e., 20Ne is prolately deformed with a large transition density
p92(r), see Figs. 5.29 and 5.30. Notice also that the energy ordering of the [Apg/o @ 27| multiplet
states is the same as that in S[)\Be and opposite to that in liC, reflecting the fact that the sign of

quadrupole moment is the same as ®Be and opposite to 1?C.
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Fig. 5.29 The same as in Fig. 5.20, but for 2°Ne.
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Fig. 5.30 Same as Fig. 5.29, but with PC-PK1 instead of PC-F1 for the NN interaction.

Figure 5.31 shows a comparison of the low-energy excitation spectra of 2/1\Ne obtained with
the cluster model [151], the AMD [38], and the present MPRM calculations based on the PC-F1
and PC-PKI1 interactions. The positive-parity band in the MPRM is closer to the result of the
cluster model as compared to the result of AMD, which has a slightly larger moment of inertia.

The negative-parity states are similar to the AMD results but with lower excitation energies,
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5.4 Application to 2}\Ne

which might be due to the large channel-coupling effect taken explicitly into account in the

present work, see Figs. 5.27 and 5.28 as well as Table 5.7.
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Fig. 5.31 A comparison of the low-energy excitation spectra of Q}\Ne obtained with the cluster
model [151], the AMD [38], and the present MPRM calculations with the PC-F1 and PC-PK1
forces.

E2 transition strengths

Table 5.8 lists the E2 transition strengths for the low-lying states of i Ne with the PC-F1 and
PC-PK1 forces. For comparison, the table also shows the change in B(E2) from 2°Ne to 2/1XNe
obtained with the cluster model [151], and the AMD |38|. The B(E2) value decreases by adding
a A hyperon in s-orbit in all of these calculations. However, the cluster model and the AMD
model predict larger reductions compared to the MPRM. The shrinkage effect with the PC-PK1
force is more significantly than that with the PC-F1 force.

Table 5.8 The calculated B(E2) values (in units of e? fm?) for the low-lying states of 2} Ne with
the PC-F1 and the PC-PK1 forces for NN interaction and the PCY-S4 force for NA interaction.
The results for the change in the B(E2) value from 2°Ne to 2\ Ne is compared with the results
with the cluster model [151] and the AMD [38]| calculations.

20 21
Ne i Ne

PC-F1PC-PKI PC-F1 PC-PK1 AMD]|Cluster
I7 — IF B(E2) B(E2) | Jr —JF |B(E2)cB(E2) A(%)|B(E2) cB(E2) A(%) |A(%)| A(%)

27 — 0f 56.07 50.79 [3/2] — 1/2]]52.67 52.67 —6.06] 45.68 45.68 —10.07|—11.8] —23.9
5/2 — 1/2] 52.66 52.66 —6.08|45.66 45.66 —10.10|—11.5
4F — 27 76.23 7322 |7/2] — 3/2|65.77 73.08 —4.13/62.84 69.82 —4.64|—17.8] —22.6
7/2f — 5/2f] 7.31 73.08 —4.13] 6.98 69.83 —4.64
9/2f — 5/2f| 73.01 73.02 —4.21/69.78 69.78 —4.70 |-13.0
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5.5 Application to 3/1\Si

Parameter set dependence for the NA interaction

Figure 5.32 shows the low-lying spectrum of the 211\Ne hypernucleus obtained with the four force
for NA interaction and with the PC-F1 force for NN interaction. The four parameter sets give
similar spectrum and E2 transition strength to each other, except for the fine structure of the
hypernuclear spectrum. The positive parity doublets are almost degenerate due to the large mass
number of 2{Ne. The first 1/27 state is higher than the first 3/27 state except for the PCY-S1
force due to the large tensor coupling strength in the PCY-S1 force.
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Fig. 5.32 Same as Fig. 5.9, but for 2}\Ne hypernucleus.

5.5 Application to 3}Si

5.5.1 Properties of the nuclear core 3°Si

We next discuss an oblately deformed hypernucleus 3/1\81 in the sd-shell region. Figure 5.33 shows
the mean-field and the projected energy curves for 3°Si obtained with PC-F1 (the left panel) and
PC-PK1 (the right panel) forces. It is shown that the mean-field energy with PC-F1 force has
a minimum at g = —0.22 with a soft energy curve around the spherical shape, while the energy
curve with PC-PK1 force has a prolate minimum around # = 0.07 (see the dotted lines). Even
though these two forces predict different mean-field energy curves, the projected energy curves
are quite similar. The projected energy curves for 07 with the PC-F1 and PC-PK1 forces have
an oblate minimum at 8 = —0.33 and 8 = —0.29, respectively.

The results of the GCM calculation for the low-lying states of 3°Si are shown in Fig. 5.34, in
comparison with the measured data. Both the PC-F1 and PC-PK1 forces describe successfully
the ground-state band and the yare band, except for the overestimation of the intraband B(FE?2)
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value and the underestimation of the interband B(E2) value, in addition to the underestimate
of the 2f energy.
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Fig. 5.33 Same as Fig. 2.1, but for 3°Si with PC-F1 and PC-PK1 parameter sets.
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Fig. 5.34 Comparison between the (left) experimental data, (middle) by the PC-F1 force, and
(right) by the PC-PK1 force for the low-lying states in 3°Si. The electric quadrupole (E2) tran-

sition strength is indicated with the value in units of efm?. The experimental data for 3Si are
taken from Ref. [139].

5.5.2 Projected potential energy surface of *}Si

Figures 5.35 (a) and (b) show the obtained energy E;(3) for the J™ = 1/2% and 1/2~ states
of 3/1\81 as a function of the deformation § with the PC-F1 and PC-PKI1 forces, respectively.
Similarly to Fig. 5.26 for °Ne and ?\Ne, the energy surface of hypernucleus with 1/2% and
1/27 has a lower and higher barrier than that of core nucleus with 0 at the spherical shape,
respectively. The deformation at the energy minimum for 3°Si with 07 is located at 8 = —0.35
(B = —0.30), which is altered to 8 = —0.30 (3 = —0.26) for 3,Si with 1/2% for the PC-F1
(PC-PK1) force, indicating a smaller collectivity in 3;Si with J™ = 1/2F than that in 3°Si with
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I™ = 0". On the other hand, for 1/2~ configuration, the deformation at the minimum becomes
B =—0.35 (8 = —0.32) for PC-F1 (PC-PK1) force.
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Fig. 5.35 Same as Figs. 5.26 (a) and (b), but for 3°Si and 3} Si.

5.5.3 Low-lying states of 3. Si

Figure 5.36 displays the low-lying excitation spectra of 3}\81 obtained with the PC-F1 and PC-PK1
forces for the NN interaction. As we have discussed, the four parameter sets of VA interaction
yield a qualitatively similar spectra for %Be, 11?{C and 2}\Ne, and we have adopted the PCY-5S4
force for NA interaction. The positive parity states shown in the column (a),(b) and (f),(g) are
almost the same as their core states. These states are dominated by the A hyperon in s-orbit
coupled to the core states I™. For the negative parity states, shown in the column (c-e) and (h-j),
the energy ordering of the states is the same between the two NN interactions, although the gap
among these levels are different. The yrast negative parity states, shown in the column (c¢) and
column (h), are dominated by A hyperon in p-orbit coupled to the ground band of the nuclear
core, see Table 5.9. On the other hand, there is a large mixture of the first and the second 07, 27
states of the nuclear core for the 1/25,1/25 states.

The ratio E(47)/FE(2]) provides an idea on the nature of collective excitations. For a well
deformed rigid rotor, the ratio is 3.33, while it is 2 for a harmonic vibration of spherical nuclei.
For the 3°Si nucleus, this ratio is 3.083 with PC-F1 force (see Fig. 5.34), which is consistent
with a rigid rotor. The ratio is changed to 2.829 for 3\Si after adding a A particle (that is,
E(9/2])/E(5/2]) = 2.829, see Fig. 5.36). This indicates that the nature of collective excitation
is modified from a rigid rotor towards a spherical harmonic oscillator. This trend is in fact
qualitatively consistent with the previous result based on the mean-field approximation, which
has predicted that the deformation disappears in 3°Si after adding a A particle (see Fig.3.1(d)).
However, the ratio E(9/2])/E(5/2]) for 3,Si is still close to 3, and the deformation remains
a finite value. That is, the present beyond-mean-field calculation does not completely support

the previous mean-field calculation, even though some signature of disappearance of deformation
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Fig. 5.36 The low-lying spectra of 3/1\81 obtained with the microscopic particle-rotor model. The
PC-F1 and PC-PK1 forces are used for the NN interaction for the left and right panels, respec-
tively, together with the PCY-S4 interaction for the NA interaction.

can still be seen in the spectrum. One of the main reasons for this difference is due to the shape
fluctuation effect. That is, the mean-field energy surface is very flat both for 3°Si and ilsi(red
line in Fig.3.1(d)), and the difference between the two energy surfaces becomes significantly small
after the shape fluctuation effect is taken into account, even if the minimum appears at different
deformations (notice that only the minimum matters in the mean-field approximation). The
angular momentum projection also plays a role in making the difference between 3°Si and il Si
much smaller than in the mean-field approximation. All of these indicate that the beyond-mean-

field effects play an important role in discussing spectra of hypernuclei.

E2 transition strengths

Compared with the B(E2 : 27 — 07) value in 3°Si, the B(E2) transition strength from the
3/21 to 1/2] state in 3!Si is decreased by 10.38% and 16.38% for the PC-F1 and PC-PK1 forces,
respectively, as shown in Table 5.10. The E2 transition strength for 4f — 2? in 39Si is reduced
by a factor of ~ 1% and ~ 8% for the PC-F1 and PC-PKI1 forces, respectively. The PC-PK1
force predicts larger changes in E2 transition strength than the PC-F1, that indicates that the
structure of °Si is more influenced with PC-PK1 than with PC-F1 to an addition of a A particle.
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Table 5.9 The largest component in each positive parity state and the two largest components
in each negative parity state of 3/1\81 hypernucleus obtained with the PC-F1 and PC-PK1 forces
for NN interaction and the PCY-S4 force for VA interaction.

PC-F1 PC-PK1
JT ) @ L] Paur, (5 @ IG] P, | (1) © In] Par, (L) © 1] P,
1/2{ | [s12 ® 0f] 0.963 [81/2®0] 0.972
3/21 | [s12 ® 2] 0.977 [81/2®01] 0.973
5/27 | [s12 ®2{] 0.977 [31/2®01] 0.970
7/21 | 512 ®@47] 0.979 [s1/2®07] 0.978
1/23 | [s12 ® 03] 0.972 [51/2®0] 0.981
3/25 | [s12®25] 0.985 [31/2®01] 0.977
5/23 | [s12 ®23] 0.984 [31/2®01] 0.975
7/25 | [s1/2 ®45] 0.985 [s1/2®@07] 0.985
1/27 [ [p12 ®07] 0.704 [p3,, ® 2{] 0.273 [p1/2®01] 0.760 [p3/2®2 ] 0.230
3/27 | [p3/2 ® 0F] 0.772 [p1/2®2 ] 0.115 [p3/2®01] 0.828 [p1/2®2 ] 0.089
5/27 | P32 ®2f] 0.796 [p1/o ®2f] 0.170 [p3/2®2 ] 0.807 [p12®2f] 0.128
7/20 | [p32 ®27] 0.798 [p1/s ®47] 0.108 | [p3n ® 2]] 0.841 [pyp ® 4] 0.077
1/25 | [ps;2 ® 23] 0.706 [p1/2®01] 0.104 [p3/2®2 ] 0.431 [p3/2®22] 0.435
3/25 | [ps2 ®2{] 0.555 [p1/2®2 ] 0.407 [p3/2®2 ] 0.559 [p1/2 ®2f] 0.365
5/25 | P12 ®2f] 0.615 [p3o ®4f] 0.206 [p1/2®2 ] 0.691 [p3/2®4] 0.147
7/25 | [p3/2 ®25] 0.805 [pr/o ®44] 0.097 | [p3/e @ 25] 0.897 [p1/2 ®45] 0.038
1/25 | [p3/2 ®2{] 0.515 [p1/2®02] 0.279 [p1/2®02] 0.712 [p3/2®21] 0.143
5/25 | [p12 ®25] 0.541 [p3/2®2 ] 0.235 [p3/2®22] 0.610 [p1/2®22] 0.281
7/25 | [psj2 @ 4F] 0.636 [py/o ®47] 0.333 | [p3je @47] 0.641 [pyo ® 4] 0.335
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Table 5.10 Same as Table 5.8, but for °Si and 3}\81.

308 31Si

PC-F1 PC-PK1 PC-F1 PC-PK1
If = I7 B(E2) B(E2) | JF = J7 |B(E2) cB(E2) A(%) |B(E2)cB(E2) A(%)
27 — 0 63.60 47.68 |3/2{ —1/27|57.00 57.00 —10.38(39.87 39.87 —16.38
5/2f — 1/2f|57.06 57.06 —10.28|39.59 39.59 —16.97
4F — 27 10359 83.42 |7/2f —3/21|92.14 102.38 —1.17/69.24 76.94 —7.77
7/2f —5/21|10.22 102.24 —1.30] 7.60 76.02 —8.87
9/2 — 5/211102.36 102.36 —1.19| 76.14 76.14 —8.73

5.6 Application to Sm A hypernuclei

In the microscopic particle-rotor model, the core excited states are given by the full microscopic
beyond mean-field calculations, where the collective motions of both rotations and vibrations,
as well as their couplings, are taken into account automatically with the angular momentum
projection and GCM. In this section, we apply the present method to study a transition in low-
lying spectrum from a vibrational to a rotational characters. To this end, we discuss how the
structure of Sm isotopes evolves after including a A hyperon, as the rapid transition from spherical
shape to well deformed shape in Sm isotopes around N = 90 has been studied extensively in the
past decades [152-155].

5.6.1 Properties of Sm isotopes

Figure 5.37 shows the mean-field and the projected energies of Sm isotopes as functions of the
deformation parameter 8. The prolate minimum in the mean-field energy curve gradually shifts
from § = 0.14 in 8Sm to a larger deformation 8 = 0.32 in '%4Sm. It has been found that the
mean-field potential energy surface displays a flat minimum in Nd isotopes with N = 90, i.e.,
150Nd [156, 157]. For Sm isotopes with N = 90, i.e., 1°2Sm, this flat prolate minimum does not
appear in the mean-field energy curve but it exhibits only in the projected energy curve with
I™ = 0". For projected energy curves, one can see that the deformation of the prolate minimum
increases with increasing neutron number.

Figure 5.38 shows the calculated ground-state band of Sm isotopes, in comparison with the
empirical data. The ground-state band in Sm isotopes are reasonably reproduced, although the
spectra are somewhat stretched. The levels scaled with a factor E?ial‘?d = EQ%CM / E;ﬁp' are also
shown in Fig. 5.38, displayed by the blue lines.

The ratio of the excitation energies of 21 to that of 41, Ry o = E(47)/E(2{), is one significant
feature of shape transitions. For vibrational nuclei, which have a spherical ground-state shape
and exhibit small amplitude quadrupole oscillations about the spherical equilibrium shape, the

excitation energies of one-phonon state and two-phonon state are hw and 2hAw, respectively.
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Fig. 5.37 Same as Fig. 2.1, but for Sm isotopes.
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Fig. 5.38 The yrast levels of Sm isotopes calculated with GCM (red lines) and the scaled levels
(blue lines) with a factor EP¢led = EECM /EZP in comparison with the experiment data(black
lines) taken from Ref. [139].
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5.6 Application to Sm A hypernuclei

Considering the residual interactions of phonons gives the Ry, values between 2.2 and 2.4. For
1489m, the calculated value of Ry/o is 1.98, while the experimental value is Ry = 2.15, both of
which are very close to a value expected for a characteristic spherical vibrator.

On the other hand, the dominant collective motion becomes the rotational one for rotational
nuclei, although the surface vibrations still exist as collective modes. For axially deformed even-
even nuclei, the excitation energies for rotational spectra reads E; = EQIQ({;“U and one find
Ry = 3.33. For 1549m, the GCM results of Ry = 3.29 is in a good agreement with the
experimental data 3.25, and show a clear rotational character.

In Fig. 5.39(a), we compare the E(I;")/E(2]) values calculated with GCM and those with

the analytic expressions for vibrator and rotor. This figure clearly indicates a transition between

spherical and axially deformed shapes as the mass number increases.

The calculated energy ratios of F(4])/E(2]) are compared with the experiment data, as
shown in Fig. 5.39(b). The tendency of GCM calculation is similar as the experimental data.
Figure 5.39(c) displays the calculated B(E2 : 2] — 0]) values as a function of the mass number
of Sm isotopes. It is shown that the overall tendency and the sudden rise in B(E2) values from
N = 88 to N = 90 observed in the available data are reproduced rather well in the GCM
calculations, although the GCM results predict a smoother evolutionary trend for this shift.
This sudden rise can be understood in terms of shape change, i.e., from predominantly spherical
shape to prolate shape, to which the electric quadrupole transition strength B(E2 : 2f — Of) is
sensitive.

The vector and scalar transition densities p?\z of Sm isotopes are shown in Fig. 5.40. The
transition densities p3? of Sm isotopes are almost similar to each other, while an obvious evolution
is found in the transition densities p32 and p92. That is, the transition density p3? for 8Sm is
almost close to zero and gradually becomes more pronounced as the number of neutrons increases.
The transition density pJ? changes its sigh from negative to positive after N > 88 and the peak

of p92 curves becomes more and more prominent as the number of neutrons increases.

5.6.2 Projected potential energy surface of Sm A hypernuclei

Figure 5.41 shows the projected energy curves for Sm isotopes and the corresponding A hypern-
culei obtained with PCY-S4 for the N A interaction together with PC-F1 for the NN interaction.
The polarization effect of A in s orbit and p orbit on the properties of the core nuclei is much
smaller than that on 2C, 2°Ne and 3%Si due to the large mass number. Compared with the 1/2%
state, the effect is large for the 1/27 state due to the strong channel coupling effects. For 1°2Sm,
the extended energy minimum on the prolate side becomes flatter after including a A particle in
s-orbit and the minimum is shiftted from 8 = 0.23 to 8 = 0.37 by adding a A particle in p-orbit.
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Fig. 5.41 Same as Fig. 5.26, but for Sm isotopes and corresponding A-hypernuclei.

5.6.3 Low-lying spectrum of Sm A hypernuclei

Figure 5.42 shows the calculated low-energy spectra of Sm hyper-isotopes with the PC-F1 force
together with the PCY-54 force. The low-lying positive-parity states J™ in Sm hyper-isotopes are
5172 @1 7] with the weight around 99% (see Table 5.11)

and have similar excitation energies as that of the nuclear core state with ™. The positive-parity

dominated by the single-configuration of [A

states JT, except for 1/27, are nearly two-fold degenerate. These characters are similar to the
hypernuclei in the lighter-mass region. The negative-parity yrast states, which are formed by the
A hyperon in the p-orbital coupled to the ground-state band of the nuclear core, are also nearly
two-fold degenerate and share a similar structure of the positive-parity ground band, even though
there are strong configuration mixings in these states. Table 5.11 also lists the probabilities for
the dominant components in the negative party states. The second negative-parity states of each
angular momentum J in Fig. 5.42 are dominated by the configuration of A particle in p-orbit
coupled to the ground band of the nuclear core. These levels, except for 1/2;, form two bands
having AJ = 2.

The evolution of the probability of the dominant components for the 1/2] state and 3/27
state in A-hypernuclei for Sm isotopes are shown in Fig. 5.43. For Sm, the 1/2] state and
3/2] state are dominated by A hyperon in p1/2 and p3jp coupled to the 0t state of 8Sm,

respectively. A weaker configuration mixing in these two states of Mﬁsm is due to the near-
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spherical components in the Of state and 21+ state of 18Sm, which are 8 = 0.03 and 8 = 0.09,
respectively. The configuration mixing becomes stronger as the mass number increases, e.g., the
mixing between OT and 2;“ becomes almost half-to-half for }Sm. With increasing the mass
number, the probability for the [A, ® 2]] configuration increases leading to a large configuration
mixture in 15§Sm, for which the deformation of the Of state and 21+ state in the core nucleus is

8 = 0.34 and 8 = 0.35, respectively.

Table 5.11 The probability for the dominant components in the first and the second negative
states of each angular momentum J of Sm isotopes A-hypernuclei.

JT () @ IF [ M¥Sm PiSm 153Sm 153Sm| J™ (Ij) @ IF | MSm 15iSm 153Sm 153Sm

1/27 515®07]0.997 0.994 0.988 0.982 [1/25 51,5 ®05|0.993 0.992 0.987 0.990
1 / 1 2 / 2

3/2{ s120®2{]0.996 0.993 0.988 0.982 |3/25 s1,®25|0.995 0.992 0.986 0.989

5/2f s12®2{(0.996 0.993 0.988 0.982 |5/25 51/, ®25[0.995 0.991 0.986 0.989

7/2{ s10®47]0.996 0.993 0.987 0.982 |7/25 s1,®45 [0.994 0.987 0.985 0.986

1/27 p1p®0f ] 0.859 0.484 0.348 0.322|1/2; pijp ® 07| 0.133 0.498 0.635 0.654

P32 ®27[0.136 0.503 0.627 0.639 P32 ®27 [ 0.813 0.472 0.351 0.330
3/27 p3je®0{|0.876 0.545 0.395 0.363 |3/2; p3jo ®07 | 0.113 0.435 0.583 0.605
prje ®2f10.054 0204 0.271 0.281 P32 ®27 | 0.583 0.322 0.266 0.258
P32 ®2{|0.064 0.238 0.309 0.318 pij2®2{ 0252 0.210 0.136 0.119
5/27 p3jp @47 ] 0.154 0377 0.462 0.504 |5/25 p3j ® 27| 0.658 0.746 0.764 0.780
P12 ®2{ | 0.573 0.453 0.385 0.346 pr2®2{(0.283 0.221 0.210 0.202

P32 ®27 10262 0.156 0.127 0.112
T/27 p3pp®27]0.854 0.653 0.554 0.497 |7/25 p3jo®2{|0.124 0.336 0.428 0.472
P12 ®47(0.074 0.183 0.232 0.258 P32 ®47[0.368 0.350 0.294 0.272
ps3/2 ®47(0.062 0.150 0.188 0.207 pi2 ®47(0.302 0.307 0.266 0.237

The large configuration mixing in the low-lying negative party states of 15/5\Sm can be qualita-

tively understood in terms of a Nilsson model, in which the single-particle potential is deformed,

that is, V(r) = Vo(r) — f2Ro %7@5/20 (7)+- - for an axially symmetric deformation. Such poten-

tial violates the rotational symmetry and thus different quantum numbers of [ and j are coupled

to each other in single-particle wave functions. If one treats the deformed part of potential,

—B2Ry dvc(l);r) Yoo(7), with the first order perturbation theory, the wave function for the lowest

negative parity state is given by [1a) = C1|¥p3/2.m=1/2) + C2|¥p1/2,m=1/2), Where [{p3/9 m—1/2)
and [¢p1/2,m=1/2) are single-particle wave functions in the spherical limit. The coefficients C1

and Cy are determined by the following eigen-value equation

(D3 /2,m=1/21Y20|Zp3/2.m=1/2)  (Zp3/2,m=1/21Y201%p1/2,m=1/2) C _ 4
(D1 /2,m=1/21Y201%3/2,m=1/2)  (Zp1/2,m=1/21Y20|%p1 /2,m=1/2) Cs
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Wiye V23

eigen-values of —— and ————, respectively. For a positive value of 3, the former state
V207 V207 ’

is lower in energy. For this state, the probability of each component reads 66.7% for the ps /2

The solutions of this equation gives two eigenvectors (

\/2/73 > and < \/1/73>’ with the

component and 33.3% for the p; /2 component. A more consistent calculation with the self-
consistent deformed RMF method also yields 67% for the ps3 /2 component for 1E’QSm at 8 = 0.30.
Notice that this value is consistent with the components shown in Table 5.11 for 15RSm. For
instance, for the first 1/27 state, the component of [p3/s ® 2{] is 63.9% while that of [p;/» ® 07]
is 32.2%, being close to the expected values of 66.7% and 33.3%, respectively. For the first 3/2~
state, the sum of [p3/» ® 0] and [p3/o ® 2{] is 68.1% and the [p; /o ® 2] component has 28.1%,
which are again consistent with the expected values. This is the case also for the 5/27 and 7/2~

states.
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Fig. 5.42 Low-energy excitation spectra of A-hypernuclei for Sm isotopes.

1.00 T T T T T T T 1.00 T T T T T l T
[ =112 ~9--[0;ep1/2] ] [ J'=3/12, o [0,ep3/2] ]
L o o [2}0p3/2]1 L@ ~o-- [2}ep3/2] {
075 - 1 ors| o [2ep1/2] ]
i S i \ ]
= - 1= - g 1
< L J é L \b\ J
2 0.50 3 =,0.50 =
- r 10 B . )
o | 4 L "9-. L
L “e-. J L o
L o L @t ° |
025 4 o025} ot
L 4 L ,/,/'9—’ J
L ] Ny ]
L (@ | L ¢ (b) |
0.00 1 1 1 1 1 1 1 0.00 1 1 1 1 1 1 1
149 151 153 155 149 151 153 155
Mass Number Mass Number

Fig. 5.43 The probability of the dominant components for the 1/2] state(a) and 3/2] state(b)
as a function of mass number in A-hypernuclei for Sm isotopes.
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Chapter 6
Summary and perspectives

In this thesis, we have proposed a novel method for a low-lying spectrum of single-A hypernuclei
based on a covariant density functional theory. Since the pure mean-field approximation does not
yield a spectrum due to the broken rotational symmetry, we have employed a beyond relativistic
mean-field approach by carrying out the angular momentum and the particle number projections
as well as the configuration mixing with the generator coordinate method. In this novel method,
the beyond-mean-field approach is applied to low-lying states of the core nucleus and the wave
functions for hypernuclei is constructed by coupling the A hyperon to the low-lying states of the
core nucleus in the laboratory frame, and thus we call it the microscopic particle-rotor model. In
this model, the radial wave functions for a A particle are obtained by solving the corresponding
coupled-channel equations, in which the coupling potentials are provided in terms of the transi-
tion densities of the nuclear core states. We have employed the NA effective interaction which
are constructed based on the relativistic point-coupling model. We emphasize that this is the
first calculation for the spectra of hypernuclei based on a density functional approach.

Taking 15)’\C as an example, we have performed the detailed calculation of this new method
with the four sets of effective N A interaction. Our calculation has shown that the four parameter
sets yield qualitatively similar low-lying spectra, even though these parameter sets were optimized
to the A binding energies of the ground states. We have studied the structure of the low-energy
states and the corresponding components in the wave functions. The results obtained in this
work evidently show that the low-lying excited states with positive parity J*, except for 1/2%,
are nearly twofold degenerate and are dominated by a single-configuration of [A 12®1 *], which
is the A particle in s—state couples to the nuclear core states, showing the weak coupling feature.
This character is also found in other hypernuclei which we studied in this thesis, that is, %Be,
21 Ne, 3181, 1498, 151Sm, 153Sm, and 153Sm.

For the first 3/27 and 1/27 states in '3C, the calculations showed that the configuration
mixing in these states is rather small and thus the energy splitting between these states reflects
the spin-orbit splitting of A hyperon in the p-orbit. The energy splitting between the 3/2; and
1/2] states was found to be large for the PCY-S2 and PCY-S3 forces while it was calculated to
be 303.7 keV and 253.7 keV for the PCY-S1 and the PCY-S4 force, respectively, both of which
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are close to the empirical data of 152+ 54+ 36 keV. These results indicate that the fine structure
of the hypernuclear spectra depends on the higher-order derivative and tensor NA interaction
terms.

Subsequently, we have discussed the impact of the higher-order derivative and tensor NA
interaction terms on hypernuclear low-energy levels for 11?§C. It was shown that both the second-
order derivative and the tensor coupling terms raise the energy of hypernuclear states and thus
reduce the A binding energy. With the increase of the tensor coupling strength, the excitation
energy of the 1/27 state has been found to decrease faster than that of the 3/27 states. As a
result, the energy difference between these states, F(1/27) — E(3/27), decreases to a small value
and even changes its sign for large values of the tensor coupling term. Similar calculations for
?\Be have also been performed and the effects of the derivative and the tensor terms turned out
to be similar to those in 1/?§C.

We have applied our method also to another light hypernucleus %Be. A reasonable agree-
ment with the experimental data of low-lying spectrum has been achieved. Our calculation well
reproduced the so-called ®Be analog band, the genuine hypernuclear band, and the ?Be analog
band, which had been predicted by the cluster model. Moreover, the probability of the dominant
components in our calculation was also found to be similar to the cluster model calculation. For
the first 3/2~ and 1/2~ states in ) Be, a strong configuration mixing between A hyperon in p; /2
and p3/p orbitals has been found. This feature of strong mixing has also been found in 21 Ne
and the underlying reason for this strong mixing has been investigated. We have found that the
configuration mixing in the negative-parity states is sensitive to the properties of the core nuclei.
That is, a spherical or weakly deformed nuclear core gives a smaller mixing in the 3/2] and 1/2]
hypernuclear states than well-deformed prolate nuclei.

We have also applied our method to sd—shell hypernuclei 211XNe and 3}XSi, chosen as the
examples for a prolate and an oblate nucleus, respectively. In order to investigate the parameter
dependence for the nucleon-nucleon (NN) interaction force, we have adopted both the PC-F1 and
PC-PK1 parameter sets for the NN interaction and found that the structure of hypernuclear
spectra is not significantly dependent on the NN interaction force. That is, the two parameter
sets lead to similar low-lying excitation spectra to each other for lexNe and 3/{81. For 3/1\Si, a
weaker configuration mixing is found in the 1/27 and 3/2] states due to the weakly oblate
deformation of 3YSi, as compared to 2} Ne.

We have applied the MPRM also to heavy hypernuclei, Sm hyper-isotopes, and studied the
evolution of nuclear structure after including a A hyperon. We have found that the positive
parity states share a similar structure as the ground band of the nuclear core, and exhibit a
vibrational band for 1*Sm and a rotational band for 1°3Sm. The configuration mixings in the
1/2] and 3/2] states were also analyzed and we found that the mixture between the A hyperon
in py /5 and p3/ becomes stronger as the shape of the nuclear core changes from a nearly spherical
shape to a well-deformed prolate shape. For this kind of heavy nuclei, the impurity effect of the
embedded A hyperon is very small and the projected energy curve for J = 1/2% is almost the

same as that for the corresponding core for I = 07.
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Concerning the electromagnetic transitions, we have found that for all the systems the B(FE2)
value from the first 2% to the ground states in the core nuclei is reduced by adding a A particle in
the positive-parity states. The reduction factor is about 28.21% for %Be with PC-F1, 11.48% for
13C with PC-F1, 6.06%(10.07%) for i Ne with PC-F1(PC-PK1), 10.39%(16.38%) for 3} Si with
PC-F1(PC-PK1), and 0.1% for 1°3Sm with PC-F1. For 2} Ne and 3}Si, a slightly larger impurity
effect was found with the PC-PK1 force as compared to the PC-F1 force.

In short, the major conclusions of this thesis are as follows,

e The microscopic particle-rotor model based on the concept of a hyperon coupled to nu-
clear core states, which are described by quantum-number projected generator coordinate

method calculations, is capable of describing hypernuclear low-lying states.

e The global features of the hypernuclear low-lying states are mainly determined by the
properties of nuclear core states, while the fine structures of the hypernuclear states are
dependent on the properties of the VA interaction. In other words, one can learn both the
properties of nuclear core states and the N A interaction with the data of the hypernuclear

~-ray spectroscopy.
The major findings of the study presented in this thesis are as follows,

e The low-lying positive-parity states of A hypernuclei are dominated by the A hyperon in

the s-orbit coupled to the core states and share similar structure with the core nucleus.

e There is a large configuration mixing in negative-parity state for well-deformed hypernuclei,
while it is small for weak deformed hypernuclei. It indicates that in general the splitting
of the lowest 1/27 and 3/27 states of deformed hypernuclei cannot be interpreted as the
spin-orbit splitting for the p-orbit.

e Shape fluctuation effect is important for soft nuclei and should be taken into account while
discussing the shrinkage effect induced by the A particle. As expected, the changes on the
nuclear structure properties induced by the hyperon is shown to decrease with increasing
the mass number of core nucleus. Therefore, the deformation remains almost the same for

heavy deformed nuclei such as 1**Sm even after adding a A particle.

In this thesis, for simplicity, we have assumed the axial deformation for the core nucleus.
An obvious extension of our method is to take into account more complicated deformations of
the core nucleus. One is the triaxial deformation, even though such kind of calculation will be
much more computationally expensive. An interesting candidate for this is zng, for which the
triaxial degree of freedom has been shown to be important in the core nucleus 2*Mg. Another
extension is to include octupole deformation of the core nucleus. One candidate for this case
is 20Ne, which has a prominent negative-parity band originating from the reflection asymmetric
molecular a+100 cluster structure. Moreover, a more careful treatment of high-lying collective

states in the core nucleus will also be an important issue. In particular, one way to improve
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the description for the nuclear core states is to carry out GCM by mixing the mean-field states
cranked to different frequencies [158]. These are all interesting future works.

One more interesting future problem is to apply our method to the production reaction of
hypernuclei. To this end, one would need to apply the present method consistently also to
ordinary odd-mass nuclei, for which a treatment of the Pauli principle would make it more

complicated as compared to hypernuclei studied in this thesis.
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Appendix A

From finite-range to zero-range

effective nuclear interactions

It is generally believed that the most important part of the two-body nuclear interaction can
be represented by a contact potential. The finite-range part can be simulated by a momentum
dependence, which can be shown by transforming the potential function V(r) of the relative

distance r = r| — ro into momentum space

IVIP) = ¢ 27371)3 / o PP () (A1)

For a delta-force, Eq. (A.1) is a constant and any p-dependence in Eq. (A.1) represents the effect
of finite range of the interaction. To the second order in p, the simplest rotationally invariant
one is of the form

(2rh)* (p|V|p') = Vo + Vip” + Vip® + Vapp, (A.2)

which in coordinate space corresponds to the momentum dependent operator
V(r) = Vod(r) + Vi[p*0(r) + 6(r)p*] + Vopd(r)p. (A.3)

Finite-range effective interaction can be expanded into a zero-range coupling term plus mo-

mentum dependent terms.
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Appendix B

Transition density between GCM states

The reduced transition density from the initial state |n;;) to the final state |nyly) is defined as

A

Ipnil; _ .
pr! ) = I g Il p(r) Yi s L), (B.1)
which is related to the transition density with the Wigner-Eckart theorem as

(-1)~2LI;
(LM LM]|I; My)

(nplpllp(r)YL|Inids) = (ng Ly Myl p(r)Yrae|nidi M;), (B.2)

where [nIM) = Z FIKPMKPNPZ]q) is the GCM wave function for the low-lying states. For

Ky
simplicity, we introduce the shorthand notation « to represent n/ M and define

(nglyMy|p(r)Yra|niliMy) = /drpa’a’( WY (7), (B.3)
where

p™ Y (r) = (nplyMg|p(r)|nil; M)

T K ¢x . I
= D D el Fugl qf|PKffM p(r) Pl PN P g)

Ky, K; 47,9
£2 72
_ Pl o Ii If
DI I
Kf,K qf,9i

Ipx ) ~ R AN A7 oA
[[ astaonis, @)Dk @A R@PP PN PR @), (B.)
Using R(Q) = R(Y)R(Y) , RT(Q) = RT(QY)RT() and the properties of Wigner-D function

Dﬁgi 2 ZD Q") DéM Q) (B.5)
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p*f%(r) can be simplified as

2

Iy
Z I+ K * Ipx I; ~ LKK;
P = Y Y Fafal Bl gty [ 4D ()Y Diy (VRN Q)pf 5 (1) (B.6)
Kf K;q5,q: K
with pé}[qi_Ki (r) = <qf|pA(r)PIIgKZ PN PZ|g;). Expanding pé;IéKi(r) in terms of spherical harmonics,
we have
e * LKK; .
RI(Q) PéfI;K Z DX (Y)p qfqi;AV(r)YW(r). (B.7)
v/
Assuming that I; + Iy + X is integer, one has
. 8
/dQ’ DY (Q’)DéM QDX () = 7 (It K e | LK) (L MV | I M;). (B.8)
1
Consider the orthogonality condition for spherical harmonics, [ drY7 (7)Y (7) = (—1)_M OrAOM —u' s
and the symmetry for the CG coefficient
1.
(I;MfL — M|L;M;) = (—I)QL_M“Z'_IfI%’(Il-MiLMHfo). (B.9)
!
Then
nflfnili( _ 1 If Lk pLiK; [ KLl L KO ol Ki
PrL T) - Z Z nfdf - ng,g; < FBf V’ 4 >quq1 LI/(T)
7’ Kf K q5,9: Kv
I K . KK . n
= Z > Eufal Fuig <IfoLVUz'K>/dT P ()Y, (7)
I? Kp,K; 4f.qi Kv
(B.10)

In the case of axial symmetry approximation with Ky = K; = 0, the reduced transition density

is given by

nel zIz I +0% ~ . * ~
) = et L Y Rl P, SUOLKIK) [ b o0 i)

7‘ qf,9i K

0 s At NBL DN £
— (~phlrd f L™ RS IO S (LOLK|LK) / 07V (#)las|p(r) BL PN P |g:)

z 5,9 K
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Appendix C

From NA effective interaction to RPC
EDF

The energy functional for NA interaction is given by the expectation value of the effective

interaction V¥ at the Hartree level,

Ac
ENA = Z/drdr’wj\(r)wj(r')f/NA(r,r')w/\(r)zpi(r’). (C.1)
i=1

The NA interaction given by Egs. (3.7a), (3.7b) and (3.7c) lead to the energy functional given
by Eq.(3.3) as follows.

Substituting the LO scalar effective interaction term,
V(e ') = a§tRo(r — )R (C2)

to Eq.(C.1), one finds
Ac
A=Y / drdrp| (1Yo} () a6 — )7 n (1))
=1

Ac
ey / dry} (1§ ()] (r)7 ()
=1
= [ aradobwips(r), (©3)

where pg and pg are the scalar densities defined as
Ac ~ ~
ps(r) =Y di(r)i(r), pg(r) =da(r)valr), (C.4)

=1

and the bar indicates the Dirac adjoint ¢ = 1740.
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A similar derivation holds also for the vector part of the NA interaction. For the vector LO
term,
VN, r) = oA (r — 1), (C.5)

we have
Ac
EJh = Z/drdr’wk(rwg(?"/)ag%(r — 7 )a(r)i(r)
i=1

Ac
=~y [ dru sl
=1
— [aradobrpy (), (o)

where py and p{} are the vector densities defined as

Ac
pv(r) =Yl (e)i(r), pd(r) = v} (r)ea(r). (C.7)
i=1
The effective interaction with the scalar derivative term,
VA (e, ") =0524% [$25(r —7r)+56(r — r’)?2 42V . 5(r — r’)?} 7%, (C.8)

leads to

Ac
EYA = Z / drdr’wj&(r)w;r(r’)éfg\mfyg [%25(7“ —7r')+(r — r’)?2 + oV . d(r — r’)?} AR (1) (1)
i=1

— o AZ [ ar{ IV ek 1) + RT3 o) + 270 (- (Vo)) Yol r)os(r)
— [ araos(r) Vo). (€9)
The vector derivative term
VA (g gy = A W%w ) 6 — ) V2 42V - §(r — r'ﬁ], (C.10)

leads to

Ac
— B =Y / drdr'p} (r)p] () [T20(r — o) + 6(r — ) V2 +2¥ - 6(r — )V [pn (r)i(+)
=1

Ac
=S [ ar ([Pl + AT+ 2080l ] - Vo) el (r)esr)

= /drdﬁApV(r)VQp{}(r). (C.11)
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On the other hand, the tensor effective interaction,
VA (e ') = dalA {% cS(r — 1)+ 6(r — r')? . 'y} (C.12)

leads to
Ac
A=Y / drdr' s} (r) ] (r)iof [ - yo(r = 7') + 6(r = )T -] oa () i)
=1

Ac
=S~ [ ar{(vurn8) - ian(r) + AR -dea )]} 6 s ()
=1

= /dra?ApV(r)[V ~(Ya(r)iaya(r))]

= [arafovrpor. (.13

where p% is the tensor densities defined as

(1) =V - (Ya(r)icapn(r)). (C.14a)

Putting all these together, we finally obtain

B = [[ar[ad ns(rod(r) + a¥ oy (r)pd (r) + 85 as(r) Bp(r) + 5oy (r) Bpf (r)

+ i ph(r)pv(r)]. (C.15)
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Appendix D

Spinor spherical harmonics

Spinor spherical harmonics are constructed from the spherical harmonics Yy, (0, ¢) and the spin
wave functions x,, (s = %) In accordance with the coupling scheme of two angular momenta,
it is given
1 .
Dim(0,0) = D, (Imazms| jm)Yim, (6, 9)xm, (D.1)
mims
where j is a half-integer and m = —j,—j + 1,.....,5 — 1, 4.
The orthonormality condition for %, (0, ¢) is

™ 2
/ sin 0d0 / d@g/jj[é/m/ (0, g@)%zm (9, g@) = 6jj/5mm/5”/. (D2)
0 0

The relation of the spin operator s = /2, the orbital angular momentum operator I and the
total angular momentum operator is 3 =1+ s.
The action of operators V and the angular momentum operators on the spinor spherical

harmonics has following relations. (In following equations, we use © = r/r.)

(a)

(5 )% 6,0) = — 3%5,(6,0) (D.3)

(5 ) (0,0) = — 5%1m(0,0) (D.4)
where ¢ = 27 — 1.

(U /’A’)gﬂm(ev 90) = @j~m(9’ 90) (D 5)

(U /’A’)@J}n(e’ 90) = - @jlm(a 90) (D 6)
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(5 Djum(0,0) = 3G+ 1) ~ 10+ 1) = 21Fjem(6,) (D.7)

%(U : l)%ﬁm(& SO) = - ! _; ngfm(ea 90) (D8)

:{ j+1/2:z %f l:j:+1/2 (D.9)
—(j+1/2)=—-(1+1) if I=5-1/2

(o - L+ 1) (0, 0) = —£&jem (0, ) (D.10)

Introduce & = o -l 4+ 1, which has following relation

£ (6,0) = — %3m0, ) (D.11)
R (0,0) = K75 (6,9): (D.12)
(©
(- ) jun0,0) = — 220 (0,0) (D.13)
r(s- V)%, (0.0) = — 5 D0, ) (D.14)
(- D)0 (0,)] = 1 (1) D500, ) (D.15)
(- D) 0)55,(0,0)] = 7 F()5,(0,) (D.16)
a-v:(a.f)<dii+1;*%) (D.17)
(- V) ) 0,00 = — [+ 1 70)%7,0, ) (D.18)
(0-9) [f0)51,0.0)] = — [+ + 517 (1) %00, ) (D.19)

With (0 - A)(0-B) = A-B+io-(Ax B) and r - p = rp, = —ir4, Equation (D.17) can be

obtained as follows:

(0-p) =g(o 7)o 7)o P)

T ) i p)

= i [(—Zrdir) +io -]
— r ") [(—ir%) —ih+i(o -1+ h)]
=(o - f)[_ii _ih " (D.20)

dr r T
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Appendix E

A derivation of Eq.(4.34d) and
Eq.(4.35) for the matrix elements

E.1 Matrix elements of the vector derivative coupling term

With the NA vector derivative effective interaction Vp = 61y [%25(7“ —7i)+(r— 7’,)?2 + AR
d(r — 7’0?}, and the definition of

5‘]&;?4 {rl} Z Clmmm@]lm )q)lml({ri})7 (El)

mrm

where %, (") is the spinor spherical harmonics given by Eq. (D.1). The coupling matrix element

of the vector derivative term reads
(RE,(r)Z;0" (7 Ari DI VD Z 05 (7, A RE (7))

=5yt Z Z Clm”mC}’/‘n{]m Z/ 2dr/dr <I>1m,|z YM 7) | D 1)

X Y,\;L(T)A[gjem(r)@j'z'm'(f)Rgl(T)Ra/z/(7“)]~ (E.2)

Here, we notice

(@1, | Z YAu N Prm,)

I
—~~
—_
~
T
3
=
|
SN
~

) i)zl\z (7)|[®r)

A
W
AT /
)@ﬁlv( )- (E.3)

—m; p mh

Since Y, (0,¢0) = (=1)"Y_1,(0,¢) (see Eq.(5-1-11) of [159]) and a direct product of two

spherical harmonics of the same arguments can be expanded in series as (see Eq.(5-6-9) of [159]
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E.1 Matrix elements of the vector derivative coupling term

lllz
}/llml (07 ¢ l2m2 Z lI1J8120 l1%1l2m2YLM(07 ¢)7 (E4)

we have

(7)Zjrormw (7)

*
jlm

LM N
Z Z C;;ZQmS m;;m msm’ B le\ﬁA IOZ/OCl—mll/m;YLM(T)- (E~5)

myms mlm

We then have

Al () Dot ()]
w _im jm m 1d d L(L+1) .
= Z Z Z \/ELClmlgmGCl/ 677’15771/5( ) lClOl’DCl mll’ml |:T'2 d’f‘ < d,r,> - T YLM(T)'

(E.6)
The matrix element is then given by
(R () F 1" (7 Ari) VD Z )00 (7, {ri ) R (r))
NA JM JM 2 yl—mr I x I'\ p
=0y Z Z Im[]mCI’m]m Z dr(— , | oy (r)
m ’ —my W mI
Imm m
X crm,Cl L0 "™ Ciyp0C ,
5 T Gl
1d d AA+1) i
X [Tz dr ( dr> -2 ]R 1(r) Ry (), (E.7)
where we have used the orthogonalization of the spherical harmonics / Yy (7)Y (7)dP =
O\, L.0p, M-
According to the relation between the Wigner 35 symbols and the Clebsch-Gordan coefficients,
JuoJ2 3
Cj]fg:lgme = (1) dztma gy (ml my —ms )’ we have

. . [T X T
Z Z Z Z Z C{T%JWC}II% Cljm mSClj’mmm C;\—umll/m;(_l)l ! <_ml 7 m})

mlmm m’ mlmsmm’

= (- 1)I'+]+J+j+l/2A/A5\ ' l 1/2 I A I./ ' (E.8)
g JgJ
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E.2 Matrix elements of the tensor coupling term

1 oAU
Together with Cgg = (=1)*A (0 0 0) e

(1 12
Vel VAl Vye) = (—1)H/2HHA {j’ l’ i}WlHYAHYW

WX [j 1 120 (1 x U
_(_q)L/2H A E9
(=1) f‘”{z’ p A}<O 0 0) (E.9)
(see Eq.(7.1.7) of [160]), then we have
(Rey(r) 1 (7 {ri)) VD Z00 (7, (i} Ri (r)

Ti})
J I
=N (—1) Y { . ‘7} GeyAllse)

<[ Zdrg”’m{ij( 1) = 20 ik oL (E.10)

r2
E.2 Matrix elements of the tensor coupling term

The matrix elements of the tensor coupling term is given by
T = (R () Z] (5, {ri)|af™ Z (Fo(r = i)+ 3(r 1) V| - ol FI0 (7 {riHRE (1)
NA
=08 > D Oy Clmiim

m/ Im/ mpm
x Z [ rearai <1>zm,|Z O T3]y ()| g V(P - [RE ()5 (P R (1) ().
(E.11)

With the relation of Egs.(D.5,D.6), Egs.(D.11,D.12) and Egs.(D.18,D.19), we have

V(RS (1)1 (P)0 B (1), (7)]
k K /
= [ Bt B g )] (B ()55, ()%, ()
dR s
-| d’jj() R ()] (RS )5 (7 B (7)) (E.12)

With the Wigner-Eckart theorem, one obtains

/ AP, ()Y 35, () D () = (= 1)PH9 7™ ( J _AM g;,) GUYALS'T). (E.13)

—m
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E.2 Matrix elements of the tensor coupling term

With the relation

v g2 73 = Z (2j5_|_1)(_1)j1+j2*13+j4+j5+j6*m1*m4
Ja Js Je

mima2ma3mame

JioJ2 3 Ja Js  J3 J2 o Ja o Je JsJr o Je (B.14)
mip Mg —ms myg My M3 mo My —Mg ms M1 Mg '

we have

> 3 O G 1 (—I ) Ii)(—w””m(j A J>

mim/ mrm mro iy TR m

= (=1)I'+/+i , E.15
(-1 {A P I,} (E.15)

from which

/ : / J I ] ’
Tt = —af (~1)7% *"Z{A ; j,} / r2dro} §(r)

y {[ngi(r) L +1
dR¥, K1
4 [Banl) 1R’;,l~,(r)]Rﬁz(r)<jl|\Y,\||j'l/>}- (E.16)

dr T

Rl (r)| R (r) GEIYANLT)
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Appendix F

(Generator coordinate method for
hypernuclear spectroscopy with a

covariant density functional

In this appendix, we apply the generator coordinate method (GCM) to describe low-lying states
of odd-mass A hypernuclei which consist of a A particle and an even-even nuclear core. In contrast
to the unpaired nucleon in ordinary odd-mass nuclei, the unpaired A hyperon in the hypernucleus
is free from the Pauli exclusion principle from the nucleons inside the nuclear core. Therefore, the
numerical calculation is much simpler than the GCM calculations for ordinary odd-mass nuclei,

which has recently been developed based on a Skyrme energy density functional [161].

F.1 Framework

The wave function of hypernuclear states are constructed as a superposition of quantum-number

projected hypernuclear reference states with different quadrupole deformation S,

Wia') =D (B Pl PN P |0 (8), (F.1)
E

where the index n refers to a different hyperon orbital state, and the index a labels the quantum
numbers of the state other than the angular momentum. For simplicity, we take the adiabatic
approximation and do not mix different n in the total wave function, |¥;/). The mean-field
states ](I)%NA) (8)) are projected onto states with good quantum numbers with the operators PN
(PZ), and pJ\Jz{Kv which project out the component with good neutron (proton) numbers and the
angular momentum (see Eqs.(2.46) and (2.50)). The weight function f (3) in the GCM states
given by Eq. (F.1) is determined by the variational principle, which leads to the Hill-Wheeler-
Griffin (HWG) equation, (see Eq.(2.56))

In Eq. (F.1), the mean-field states |<I>£LNA) (8)), serving as nonorthonormal basis, are generated

with deformation constrained relativistic mean-field (RMF) calculations for A hypernuclei [43, 45,
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F.2 Results and discussion

46|. Since the hyperon and the nucleons are not mixed, the mean-field states can be decomposed
as
2N (8)) = 12(8)) ® len (8)), (F.2)

where |®V (3)) and |2 (3)) are the mean-field wave functions for the nuclear core and the hyperon,
respectively. With this wave function, the deformation parameter 3 is related to the mass

quadrupole moment of the whole hypernucleus fZ as

B = 5 @) Yo YV (5)). (.3
with R = 1.2 x Ai/?’ fm, A. = A — 1 being the mass number of the core nucleus. In order to
reduce the computation burden, we restrict all the reference states to be axially deformed.

The total angular momentum J is a half-integer number and K is its projection on the z-axis
in the body-fixed frame. We assume that all the nucleons fill time-reversal states and thus do
not contribute to the total angular momentum along the symmetric axis. In this case, the K
quantum number is identical to €2, that is, the component of the angular momentum of the
hyperon along the z-axis, and thus can be adopted to characterize the wave function |¢2(3)).
From the mean-field states with the hyperon in a Q™ configuration, the angular momentum J
takes the value of ||, ]2]+1, - --. Notice that, in the angular momentum projection, the integrals

over the two Euler angles ¢ and 3 can be performed analytically because of the axial symmetry.

F.2 Results and discussion

As an illustration of the method, we apply the GCM approach to 2}\Ne. We first generate a set
of hypernuclear reference states |<I>7(1NA) (8)), by putting the hyperon on the four lowest single-
particle states with Q™ = 1/2f,1/27,3/2], and 1/2;. To this end, we perform the deformation
constrained RMF+BCS calculation using the PC-F1 force [68] for the nucleon-nucleon interaction
and the PCY-S2 force [130] for the nucleon-A interaction. A density-independent § force is used
in the pairing channel for the nucleons, supplemented with an energy-dependent cutoff [84].
The Dirac equations are solved by expanding the Dirac spinors with harmonic oscillator wave
functions with 10 oscillator shells. The number of Euler angle in the interval [0, 7] and gauge
angle in the interval [0, 27] are chosen as 16 and 9 for the angular momentum and the particle

number projections, respectively.

F.2.1 Mean-field calculation

Figure F.1(a) shows the mean-field energies for the reference states so obtained as a function of
deformation parameter 5. One can see that the energies for the three negative-parity configura-
tions (that is, Q™ = 1/27,3/27, and 1/2;), corresponding to the hyperon occupying the three
“p-orbital" states, are close to each other at 5 = 0 due to a weak hyperon spin-orbit interaction,

and are well separated from the energy of the positive parity configuration (Q™ = 1/2]), which
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F.2 Results and discussion
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Fig. F.1 (a) The total energy curves for 2/1XNe obtained in the mean-field approximation as
a function of quadrupole deformation . These are calculated by putting the A hyperon in
different single-particle orbitals shown in the lower panel. For comparison, the energy curve for
the core nucleus ?°Ne is also plotted. (b) The single-particle energies of the A hyperon in 2} Ne
as a function of quadrupole deformation. These are labeled with the 2™ number, that is the
projection of the angular momentum onto the z-axis in the body fixed frame.

corresponds to the hyperon occupying the “s-orbital" state. The energy difference between the
positive- and the negative-parity energy configurations at g = 0 is about 10.4 MeV, which is
consistent with the 2/3 of the energy scale hw = 41A4~1/3 MeV for nucleons. This energy cor-
responds to the excitation energy of hyperon from the s-orbital to the p-orbital. Moreover, one
can also see that the energy minimum appears at 8 ~ 0.6 for K™ = 1/2], which is larger than
the deformation of the energy minimum for the 1/2] configuration (8 = 0.49). This is consis-
tent with the findings in Refs. [38, 46| that the hyperon in the “p-orbital” tends to develop a
pronounced energy minima with a larger deformation.

Figure F.1(b) shows the Nilsson diagram for the hyperon in 2/1\Ne. The single-particle level
with the Q™ = 3/2] configuration is approximately degenerate with the Q™ = 1/2] and 1/25
configurations at the oblate and the prolate sides, respectively. This is a characteristic feature of
the Nilsson diagram without the spin-orbit interaction [81], and is responsible for the approximate
degeneracy of the corresponding total energy curves shown in Fig. F.1(a). We note that the
second 1/27 single-particle level becomes unbound on the oblate side with deformation parameter
of # < —0.3. In the following discussions, we therefore focus on the hypernuclear states generated

by the A hyperon occupying the Q™ = 1/2],1/2], and 3/2] configurations.
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Fig. F.2 The projected energy curves for 2/{Ne obtained by putting the A hyperon on the three
lowest single-particle orbitals labeled by Q™ (= K™). The corresponding mean-field energy curves
are also shown for a comparison. The solutions of the GCM calculations are indicated by the
squares and the horizontal bars placed at the average deformation.

F.2.2 Quantum-number projections

The energy curves shown in Fig. F.1(a) are the results of the mean-field approximation, in which
the reference states are not the eigen-states of the angular momentum and the nucleon numbers.
The projected energy curves, after the projection procedures, are obtained by taking the diagonal
element of the Hamiltonian and the norm kernels as E/ (8) = H. (8, 8)/N./ (83, B). Those energy
curves are plotted in Fig. F.2 as a function of 5. For the K™ = 1/2{r configuration shown in
Fig. F.2(a), the projected energy curves for J™ = 3/2% and 5/2% almost overlap with each other,
indicating a weak coupling of the A hyperon to the nuclear core. This is the case also for the
pairs of J™ = (7/27,9/2%) and J™ = (11/2%,13/2"). It is seen that the prolate minimum in the
projected energy curves becomes more pronounced and thus the nuclear shape becomes more
stable as the angular momentum increases. Moreover, the energy minimum for the J™ = 1/2%
energy curve appears at deformation § = 0.62, that is somewhat larger than the deformation at
the minimum of the corresponding mean-field curve, § = 0.49, due to the energy gain originated
from the angular momentum projection. On the other hand, if one compares it to the projected
energy curve for the 07 configuration of 2°Ne, which has a minimum at 3 = 0.65, one finds that
the minimum is slightly shifted towards the spherical configuration both on the oblate and the
prolate sides, similarly to the finding of the microscopic particle rotor model.
In contrast to the J™ = 1/2% configuration, the deformation at the energy minimum for the
T = 1/27 configuration increases to 5 = 0.69 (see Fig. F.2(b)). Moreover, for this configura-

tion, the energy difference between the prolate and the oblate minima significantly increases as
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Fig. F.3 The left panel: The low-lying excitation spectra of °Ne (a) and ?{Ne [(b)-(d)] construct-
ed with the GCM approach. The numbers with the arrows indicate the E2 transition strengths,
given in units of e? fm*. The experimental data for 2°Ne are taken from Ref. [162]. The right
panel: For comparison, the states of K™ = 1/27 band obtained with GCM calculation by mixing
the Q" = 1/27 and Q™ = 1/2; configurations.

compared to the J™ = 1/27 configuration. For this reason, the collective wave function for the
J™ =1/2" state is expected to be more localized on the prolate side than that of the J™ = 1/2%
state. As a consequence, the average deformation for the J™ = 1/27 state is close to the mini-
mum point of the energy curve while that for the J™ = 1/2% configuration is shifted towards the
oblate side due to a cancellation between the prolate and the oblate contributions (see the filled
squares in Fig. F.2(a) and F.2(b)).

The projected energy curves for the K™ = 3/2] configuration are shown in Fig. F.2(c). These
are several MeV higher than those for the K™ = 1/2] configuration. Besides, the energy curve
for the J™ = 3/27 is considerably different from that for the J™ = 5/27 configuration, and one

would not expect a (quasi-)degeneracy between these two states.

F.2.3 Low-lying spectrum of ?}Ne

By mixing all the projected mean-field states for each K™ configuration, we construct the low-
lying states of 2°Ne and 2/1\Ne with the GCM method. The calculated spectra are shown in
Fig. F.3. One can see that the rotational character of the yrast states of 2°Ne is well reproduced,
although the moment of inertia is somewhat overestimated due to the pairing collapse in the
reference states for 5 > 0.5. This problem is expected to be improved by introducing the
method of particle-number projection before variation while generating the reference states. The

A binding energy of 2iNe, defined as the energy difference between the 0] state of 2’Ne and
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the 1/2;r state of 2/1\Ne, is calculated to be By = 14.11 MeV, which is slightly smaller than the
mean-field result of 14.27 MeV.

According to a naive picture of a deformed rotor coupled to a hyperon moving in the deformed
potential, one may expect several rotational bands with angular momenta in the order of J =
|Q,]92| + 1,--- built on top of each single-particle state of A hyperon with Q™. This picture is
indeed realized for the K™ = 3/27 band shown in Fig. F.3 (d), but is somewhat distorted for the
K™ =1/2% (b) and 1/27 (c) bands due to a large decoupling factor originated from the Coriolis
interaction [81]. According to the particle-rotor model in the strong coupling limit, the energy
of the state with the angular momentum J in a K = 1/2 band reads [81],

Eg_1/2(J) =€+ ;7 {J(J +1)— % + (—1)7+1/2 <J+ ;) a} , (F.4)
where € is the energy of the valence particle, J is the moment of inertia, and a is the decoupling
factor. For an axially deformed even-even core nucleus, one may expect that the decoupling
factor a is close to 1 [163]. For a = 1, the ground state in the band has a spin J = 1/2 and the
doublets (3/2, 5/2), (7/2,9/2), - - - are degenerate in energy. On the other hand, for a = —1, the
doublets (1/2, 3/2), (5/2, 7/2), - - - are degenerate. These features are approximately realized in
the K™ = 1/2" and 1/2~ bands shown in Figs. F.3 (b) and (c).

For the K™ = 1/2~ band, the decoupling factor seems somewhat smaller than —1, and the
spin-parity of the bandhead state appears to be J™ = 3/27. That is, due to the decoupling
factor, the energy ordering of the states in the K™ = 1/27 band is inverted by shifting up the
states with odd value of J + 1/2 and pulling down the states with even values of J + 1/2. As
a result, two rotational bands having AJ = 2 and with similar electric quadrupole transition
strengths are formed. A similar feature has also been found in the microscopic particle-rotor
model calculation, where the energy displacement between the two bands is, however, much
smaller. To be more specific, the energy difference between the 1/27 and 3/27 states is less
than 40 keV with the microscopic particle-rotor model, while it is 270 keV with the present GCM
calculation. We have confirmed that this feature remains the same even if we mix the Q™ = 1/27
and 1/2; configurations in the GCM calculations, as shown in Figure F.3(e) , which alters the
excitation energies only by ~2%.

The K™ = 1/2% band is mainly formed by the A hyperon in the “s-orbital" coupled to the
ground-state band of the nuclear core, 2Ne. For each core state, except for the ground state,
two states appear in this band due to the angular momentum coupling with j = 1/2; and two
rotational series are formed. The energy splitting in the double states is predicted to be small,
which is consistent with the decoupling factor of a ~ 1. That is, the energy splitting is 41.5
keV, 71.2 keV and 53.8 keV, for the doublets (3/2%,5/2%), (7/27,9/2%) and (11/27,13/21),
respectively. The magnitude of these energy splittings is comparable to the empirical energy
splitting of { Be, for which the energy of the 5/2% state is lower than the energy of the state 3/2"
by 43 keV [148].
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Fig. F.4 The distribution of collective wave functions of the positive-parity states in K™ = 1/2%
band of 2}\Ne as a function of deformation 3, in comparison with the collective wave functions
of some relevant states in 2°Ne.

For the E2 transition strength for 3/2% — 1/2% in 2{Ne, we find that it is smaller than
the E2 strength for 2 — 07 in 2°Ne by 13.37%. This implies that the A hyperon in the “s-
orbital” decreases the quadrupole collectivity of 2°Ne, which is consistent with the findings in
recent theoretical studies [38, 46, 59]. We notice that this is consistent also with the distribution of
the collective wave functions, which are shifted towards the small deformation region as compared
to those of 2Ne, as shown in Fig. F.4.. On the other hand, the impurity effect for the A hyperon
in the “p-orbital” is more difficult to assess, because several configurations are admixtured in the

wave functions, as has been shown in the calcuation with the microscopic particle-rotor model.

F.3 Comparison with MPRM

The GCM approach presented in this appendix is complementary to the MPRM. The wave
functions for hypernuclear states are expressed in different ways in these approaches. In the
MPRM, hypernuclear states are expanded in terms of the low-lying states of the core nucleus,
while they are generated from intrinsic states for the whole system in the present GCM approach.
Meanwhile, the non-adiabatic effects of A particle is automatically taken into account in the
MPRM, while the A particle is restricted to a specific single-particle configuration in the present
GCM approach, although this restriction may be easily removed.
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F.3 Comparison with MPRM

Another point is that the cut-off of the nuclear core states has to be introduced in MPRM,
while one does not need to worry about it in the GCM approach. From a physics point of view,
the MPRM provides a convenient way to analyze the components of hypernuclear wave function,
while the GCM approach offers an intuitive way to study the hypernuclear shape fluctuation as

well as the nuclear shape polarization due to the A hyperon. From a numerical point of view,
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Fig. F.5 A comparison of the low-lying excitation spectra of 3! Ne obtained with MPRM [(a)-(c)]
and GCM [(d)-(f)](see Appendix F) calculations, where K indicate the projection of the angular
momentum J on the z-axis in the body-fixed frame. The numbers with the arrows indicate the
E2 transition strengths, given in units of e? fm?.

We compare the spectra of 2/1\Ne constructed with the MPRM and the GCM approach by
using PCY-S2 force in Figure F.5. The levels in Fig. F.5(a) are the yrast positive parity states
showing similar structure as GCM calculation shown in Fig. F.5(d). These states correspond
to the configuration of A/, weakly coupled to the ground rotational band in 20Ne with the
decoupling factor ~ 1.

Figure F.5(b) shows the yrast negative-parity band constructed with MPRM which share
similar structure as GCM calculation Fig. F.5(e) corresponding to K™ = 1/27. This band is
dominated by the hyperon in the p state strongly coupled to the ground band in 2°Ne. Fig. F.5(c)
shows the second negative-parity states for each J constructed with MPRM which share similar
structure as GCM calculation Fig. F.5(f) corresponding to K™ = 3/27. The second 1/2; state
is not shown in Fig. F.5(c) because the E2 transition strength between 5/25 and 1/2; is 11.4

e?fm*, which is much smaller than other B(E2) values in this band.
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