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Abstract

Nowadays, charge-exchange excitations in nuclei become one of the central topics in nuclear physics
and astrophysics. Basically, a systematic pattern of the energy and collectivity of these excitations
could provide direct information on the spin and isospin properties of the in-medium nuclear inter-
action, and the equation of state of asymmetric nuclear matter. Furthermore, a basic and critical
quantity in nuclear structure, neutron skin thickness, can be determined indirectly by the sum rule
of spin-dipole resonances (SDR) or the excitation energy spacing between the isobaric analog states
(TAS) and Gamow-Teller resonances (GTR). More generally, charge-exchange excitations allow one
to attack other kinds of problems outside the realm of nuclear structure, like the description of
neutron star and supernova evolutions, the §-decay of nuclei which lie on the r-process path of
stellar nucleosynthesis, and the neutrino-nucleus cross sections. They also play an essential role
in extracting the value of the Cabibbo-Kobayashi-Maskawa (CKM) matrix element V,4 via the
nuclear 07 — 07 superallowed Fermi 3 decays. For all these reasons, it is important to develop the
microscopic theories of charge-exchange excitations and it is the main motivation of the present
work.

In this work, a fully self-consistent charge-exchange relativistic random phase approximation
(RPA) based on the relativistic Hartree-Fock (RHF) approach is established. Its self-consistency
is verified by the so-called IAS check. This approach is then applied to investigate the nuclear
spin-isospin resonances, isospin symmetry-breaking corrections for the superallowed 3 decays, and
the charged-current neutrino-nucleus cross sections.

For two important spin-isospin resonances, GTR and SDR, it is shown that a very satisfactory
agreement with the experimental data can be obtained without any readjustment of the energy
functional. Furthermore, the isoscalar mesons are found to play an essential role in spin-isospin
resonances via the exchange terms, which leads to a profound effect in the nuclear isovector prop-
erties, e.g., the density dependence of the symmetry energy in nuclear matter.

In the investigation of the isospin symmetry-breaking corrections for the superallowed [ decays,
it is found that the corrections J. are sensitive to the proper treatments of the Coulomb mean
field, but not so much to specific effective interactions. With these corrections ., the nucleus-
independent Ft values are obtained in combination with the experimental ft values in the most
recent survey and the improved radiative corrections. The values of Cabibbo-Kobayashi-Maskawa
matrix element |V,4| thus obtained well agree with those obtained in neutron decay, pion decay,

and nuclear mirror transitions, while the sum of squared top-row elements somehow deviates from
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the unitarity condition.

Expressing the weak lepton-hadron interaction in the standard current-current form, the rele-
vant transitions from the nuclear ground state to the excited states are calculated with RHF+RPA
approach. In this way, the semileptonic weak interaction processes, e.g., neutrino reactions, charged-
lepton capture, $-decays, can be investigated microscopically and self-consistently. First illustrative
calculations of the inclusive neutrino-nucleus cross section are performed for the 90 (v,,e™)!F re-
action, and a good agreement with the previous theoretical studies is obtained. The main effort is
dedicated to discussing the substantial influence of different recipes for the axial vector coupling

strength and the theoretical low-lying excited states of the daughter nucleus.



Résumé de la these de M. Haozhao Liang:
Excitations d’échange de charge dans les noyaux atomiques:

une approche covariante et self-consistante

Les excitations d’échange de charge dans les noyaux constituent I'un des sujets importants et
actuels en physique nucléaire et en astrophysique. En principe, une connaissance systématique de
I’évolution du comportement de ces excitations a travers la table des éléments fournirait des infor-
mations directes sur les propriétés en spin et isospin de l'interaction entre nucléons dans le milieu
nucléaire, et sur I’équation d’état de la matiére nucléaire. Par ailleurs, une quantité d’importance
essentielle pour la structure des noyaux, I’épaisseur de la peau de neutrons, peut étre déterminée
par la régle de somme de la résonance spin-dipolaire (RSD) ou par la séparation en énergie en-
tre ’état isobarique analogue (EIA) et la résonance de Gamow-Teller (RGT). Plus généralement,
les excitations d’échange de charge permettent d’aborder des problemes d’intérét général tels que
I’étude de I’évolution des étoiles a neutrons et des supernovae, la décroissance § des noyaux le long
du processus r dans la nucléosynthese stellaire, ou les interactions neutrino-noyau. Elles jouent
aussi un role essentiel pour extraire la valeur de ’élément V,,4 de la matrice de Cabibbo-Kobayashi-
Maskawa par le biais de la réaction de décroissance 3 super-permise 0™ — 07 dans les noyaux.
Pour toutes ces raisons, il est important de développer des théories microscopiques des excitations
d’échange de charge, et ceci constitue la principale motivation de notre recherche.

Dans ce travail, nous établissons le formalisme et les méthodes numériques pour décrire les
excitations d’échange de charge dans le cadre de la Random Phase Approximation (RPA) self-
consistante construite sur I'approximation de Hartree-Fock relativiste (RHF). Un test important
de précision numérique est réalisé sur I’état isobarique analogue. La méthode est ensuite utilisée
pour mener des applications numériques réalistes sur un certain nombre de questions physiques:
les résonances de spin-isospin dans les noyaux proches des noyaux magiques, les corrections dies
aux mélanges d’isospin dans les transitions (3 super-permises, les interactions neutrino-noyau dans
les voies de courants chargés.

Pour les deux modes importants de spin-isospin que sont la RGT et la RSD nous trouvons
qu’un excellent accord avec I’expérience est obtenu sans aucun réajustement des parametres du
modele. De plus, les termes d’échange de 'interaction induite par les mésons isoscalaires jouent
un role essentiel dans les excitations de spin-isospin, a la différence de la RPA construite sur
I’approximation de Hartree relativiste.

En ce qui concerne notre étude des transitions 3 0T — 07 super-permises I'une des conclusions
est que les corrections J. dues aux violations de la symétrie d’isospin dépendent sensiblement
du champ moyen d’échange produit par les interactions coulombiennes, mais ne changent pas
sensiblement avec le modele de Lagrangien utilisé. Nous utilisons ces valeurs de §. pour déduire
des plus récentes valeurs expérimentales de ft dans les noyaux T = 1, et en tenant compte des

corrections radiatives, les valeurs de Ft "indépendantes de noyaux”. Nous obtenons ainsi des
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valeurs de I'élément de matrice |V,4| de Cabbibo-Kobayashi-Maskawa en bon accord avec les valeurs
déduites des décroissances neutronique et pionique, et les transitions dans les noyaux miroirs,
tandis que la somme des carrés des éléments de la premiere ligne dévie légerement de la condition
d’unitarité.

Nous avons également utilisé nos fonctions d’onde RPA pour évaluer les amplitudes de transition
correspondant & l'interaction faible lepton-hadron sous la forme standard courant-courant. Ainsi,
les processus faibles semi-leptoniques tels que les réactions neutrino-noyau, capture leptonique
chargée, désintégration (3, peuvent étre étudiés. Nos premieres applications concernent la réaction
%0 (v, e )16F pour laquelle nous comparons nos prédictions avec celles d’autres auteurs. Dans
la discussion des résultats nous nous efforcons en particulier de clarifier I'influence appréciable des
différentes prescriptions que 'on peut adopter pour le choix de la constante de couplage vecteur

axiale et I'inclusion ou non des états excités de basse énergie dans le noyau final.
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Chapter 1

Introduction

The nuclear charge-exchange excitations correspond to the transitions from the ground-state of the
nucleus (N,Z) to the final states in the neighbouring nuclei (N F1, Z+1) in the isospin lowering 7"
and raising 7'y channels, respectively. These excitations can take place spontaneously, like in the
well-known case of 3 decays, or be induced by external fields, like the charge-exchange reactions,
e.g., (p, n), (*He, t), and so on. These excitations are categorized into different modes according
to the nucleons with spin up and spin down oscillating either in phase, the non-spin-flip modes
with S = 0, or out of phase, the spin-flip modes with § = 1. The important modes which have
attracted an extensive attention experimentally and theoretically include the isobaric analog state
(IAS) with S = 0, AJ™ = 07, Gamow-Teller resonance (GTR) with S = 1, AJ™ = 1%, and
spin-dipole resonance |ng_Ig_)dR with S = 1&” =0",17,2" (IQsIﬂidd, |].9_9.d; I].(il.im.l.l.r.ah&t_ail, |20.Qd;
Krasznahorkay et al, 199d); |  bood).

At present, the charge-exchange excitations in nuclei become one of the central topics in nuclear

physics, because a systematic pattern of the excitation energy and collectivity of these resonances
could provide direct information on the spin and isospin properties of the in-medium nuclear in-
teraction, and the symmetry term of the nuclear equation of state (EOS). Furthermore, a basic
and critical quantity in nuclear structure, the neutron skin thickness, can be determined indi-
rectly by the SD non-energy weighted sum rule (}Krasmahorkav et nll |]_9_9_d; IXa.kQ_at_a.Ll, |20.Qd) or
the excitation energy spacing between the IAS and GTR (IllL&t&naLﬁLal], |20£}d) The neutron
skin thickness in heavy nuclei has been shown to be a unique measure of the density dependence

of the neutron EOS (IAJ.@&.BMUJ, |20Qd; |QQUI£JJ.€S.&L01L |20Q9), which, as a step forward, have a

strong impact on the properties of neutron stars ( i i ica, |20Q].zl , ). More

generally, the charge-exchange excitations allow us to attack other kinds of problems outside the
realm of nuclear structure. For example, these excitations are important for the charged current
weak interaction processes in nuclear astrophysics and neutrino physics, e.g., the description of
neutron star and supernova evolutions, the G decays of nuclei which lie on the r-process path of
stellar nucleosynthesis , h.%d; |BQIZD&I, |201)d), and the neutrino-nucleus cross sections

(lKQJb.(L&LU.ZJ, |20.QEJ; IMQng, ). They also play an essential role in extracting the value of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix (IQa.bjb_bA, h.%ﬁi; |lﬁ)haxashj_aﬂd_MaﬁkameJ, h.ﬂéi) ele-

13




14 CHAPTER 1. INTRODUCTION

ment V4 via the nuclear 07 — 0% superallowed Fermi 3 decays (hiard;Landeﬂmﬂrl, |2.Q.Qd) For

all these reasons, it is important to develop the microscopic theories of charge-exchange excitations

and it is the main motivation of the present work.

For the theoretical description of charge-exchange excitations in nuclei, the two main approaches
are the shell model calculations and the linear response in density functional theory (DFT), i.e
the random phase approximation (RPA) based on the self-consistent mean field. In a recent review
(IQmm.aLaLall, |20£)d), it is shown that the experimental data on the charge-exchange excitations

and the related 3 decay rates in light and medium-mass nuclei can be well reproduced by the shell

model calculations. The development of the shell model Monte Carlo and large-scale shell-model
techniques allows nowadays the calculations of the GT strength distributions in the complete pf

shell with the mass number A ~ 60 (IBa.d.h.a_aLaLl, |].9.9_7|; |QaJ.Lr_i.&r_aLa.L|, |].9.9.d) However, as the

number of valence nucleons increases, the dimension of shell-model configuration space becomes

too large to perform practical applications.

Meanwhile, the RPA calculations based on the self-consistent mean field can be, in principle,
implemented for the whole nuclear chart, except for a small amount of very light nuclei. Further-
more, the relatively large particle-hole (p-h) configuration space allows for the description of the
high-lying excitations up to ~ 100 MeV, which is essential for the charge-exchange monopole res-
onances, and other high-J excitations. In the RPA framework, the model self-consistency requires

that the same density functional is used for describing both the nuclear ground-state and the ex-

cited states. Its importance has been extensively discussed, e.g., in Refs.

h.&ﬁi IBJ.n.g_a.nd_SmeﬂJ h_%d It is crucial for restoring the symmetries which are broken by the

mean field approximation, and for separating the spurious states from the physical states. It is also

an important requirement for extrapolating the theoretical analysis towards the nucleon drip lines.

On the non-relativistic side, the charge-exchange RPA, also known as proton-neutron RPA in
some literature, was first established on the self-consistent Skyrme Hartree-Fock (SHF) scheme

about 30 years ago (IAJJ.er_ba.Lh_aLa.Ll |J.981] This approach was then used to explore various non-

spin-flip and spin-flip excitations , , h_%_J), and also extended to inves-

tigate the escape and spreading properties of the giant resonances C , ), the GT 8
decays of the so-call waiting-point nuclei in r-process path (lEln.gﬂl_aLa.Ll, |l9.9.d), and the effects of

the spin-isospin channel of the Skyrme energy functional on predictions for GT distributions and

superdeformed rotational bands , ). Very recently, a fully self-consistent charge-
exchange quasiparticle RPA (QRPA) beyond the SHF mean field with Bardeen-Cooper-Schrieffer
(BCS) pairing correlations has been developed (I:Eta&aﬁsg_a.ndikﬂij, |201L4)

On the relativistic side, even though limited to the Hartree approximation, the relativistic
mean field (RMF) theory m @) has received wide attention due to its successful descrip-

tion of a large variety of nuclear phenomena during the past 25 years (IS.&LQ.La.Ud_WaJﬂ:kA, |l9.8.d;
|B.ﬂi.n.h.a.ui h.%d; |Bj.u.d, hﬁ@; h&et&u.a.uLal], |20.0j4; |M&ng_aLal], |20.0.d). In this thesis, we refer to it

as the relativistic Hartree (RH) theory in order to distinguish it from the relativistic Hartree-Fock

(RHF) theory. In this covariant density functional framework, the nucleons are described as Dirac
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spinors interacting via the exchange of mesons and photons. Comparing with the non-relativistic
approaches, the combination of the scalar and vector fields, which are of the order of a few hundred
MeV, provide a natural and more efficient description of both the nuclear mean field central and
spin-orbit potentials. Other successful features include the nuclear saturation properties in nuclear
matter (IBmgkmann_and_Ma.QhJ_Qid.tI, |.L9.Qd; IB.Kmk.man.u_a.nd_'Ika, h.%d), binding energies and den-
sities of nuclei throughout the nuclear chart (@, M), the isotopic shifts in the Pb isotopes

(IS.b.a.r_m.a_aLa.Ll, |J.9_QJ), halos and giant halos in exotic nuclei |l9.9.d |l9.9.§), possible

explanation of pseudospin symmetry in single-particle spectra , m), spin symmetry

in anti-nucleon spectrum , ), and so on.

The RPA approach based on the RH theory (RH+RPA) was firstly extended to charge-exchange

channel in Ref. i ) ). Then, the relation between the zero-range counter-term
and the p-nucleon (p-N) tensor coupling was investigated (ID.(LC&UIL&LG.LL |2.0.0.d) Based on the
relativistic description, a new kind of Gamow-Teller quenching mechanism due to the effects of the
Dirac sea states was pointed out (IKJJ.LaaaMa.ZJ, |20.QEJ) Later, relativistic QRPA was formulated
in the canonical basis of relativistic Hartree-Bogoliubov (RHB) model (IEa.a.r_aLa.Ll, |2.0.0d) and ap-
plied to analyze IAS and GTR of *¥Ca, 2°Zr, 2°8Pb and Sn isotopes (IRa.a.r_aLal], |2Q0_J), to suggest a
new method for extracting the neutron-skin thickness with the energy spacings between GTR and

IAS (Il&&t&uaLﬁLal], |20_0.3), to calculate the 8 decay half-lives of neutron-rich nuclei ,

), the muon capture rates i , ), and the inclusive neutrino-nucleus cross

sections , ).

However, the self-consistency of this charge-exchange RH+RPA approach is not completely
fulfilled for the following reason. First, the isovector pion plays an important role in the relativistic
description of spin-isospin resonances. Because of the parity conservation this degree of freedom is
absent in the ground-state description under the Hartree approximation. Thus, the pion is out of
control in this best-fitting effective field theory. Second, to cancel the contact interaction coming

from the pseudovector pion-nucleon (7-N) coupling, a zero-range counter-term is needed with the

strength ¢ = 1/3 exactly , ). However, in order to reproduce the excitation
energies of the GTR, ¢’ must be treated as an adjustable parameter in the RH+RPA model with

the value ¢’ ~ 0.6 (I]lﬂkmﬂ.aLal], h.m; IRaaLﬁLall, |ZOD.ZJ) In other words, additional parameters

are needed for the description of the nuclear charge-exchange excitations within the RH+RPA

framework.

One of the possibilities for curing the above defect is to extend the relativistic framework to the
Hartree-Fock level. Indeed, within the newly developed density-dependent RHF theory m, m;
ILQ.n.g_ﬁLal], |2Q0.d), the importance of the Fock terms has been evidenced by the improvement on the
description of the nuclear shell structures (h.m.g_aLa.Ll, |2.0.0_ﬂ) and their evolution (Ilmg_aLa.lJ, |20.0A;
IIaI.p.a.UQALﬂLa.Ll, |20_0A) due to the m-N and p-NN tensor interactions, and the influence on isovector
properties of nuclear matter and neutron stars at high densities (ISJJ.u_aLal], |2Q0§) We will show in
this thesis that, contrary to the RH4+RPA approach, the RHF+RPA does not need to readjust the

value of ¢’ = 1/3 and that full self-consistency is insured. At this point, we must mention that RHF
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with form factors for meson-nucleon couplings can also be envisaged (IH.u_aLa.Ll, |20J_OAE), in which
case the question of contact interaction and its zero-range counter-term is eliminated. However,
such a theory has still to be developed for finite nuclei. It also can be seen that the proper inclusion
of the Coulomb exchange terms is essential for specific issues, e.g., the isospin symmetry-breaking

corrections for superallowed 3 decays (ILi.a.ng.&LaZ], |20Qd)

Within the charge-exchange RHF+RPA framework, it is expected that 1) the p-h residual in-

teraction induced by the pion can be derived self-consistently, since the m-/N interaction contributes
to the total energy of the system via the exchange (Fock) terms; 2) the isoscalar o- and w-mesons
can contribute to the nuclear isovector properties of both ground-state and excited state also via
the exchange terms. These two points might lead to a profound effect in the theoretical description
of nuclear charge-exchange excitations.

In this thesis, a fully self-consistent relativistic RPA based on the RHF approach is established.
The general formalism is shown in Chapter 2l In Chapter B, the numerical details are explained,
and the numerical checks for restoring the translational and isospin symmetries are presented.
The formalism will then be applied to investigate the nuclear spin-isospin resonances, the isospin
symmetry-breaking corrections for the superallowed 3 decays, and the charged-current neutrino-
nucleus cross sections. In Chapter Hl the properties of the IAS, GTR, SDR, and spin-quadrupole
resonances (SQR) in doubly magic nuclei *Ca, °Zr, 2Pb, and the effects of the Dirac sea in
their non-energy weighted sum rules are investigated. In Chapter Bl in combination with the
isospin symmetry-breaking corrections, the radiative corrections and the experimental data on
superallowed 3 decays, we finally extract the value of the matrix element V,4 and discuss the
unitarity of the CKM matrix. In Chapter B, the illustrative calculations are performed for the
60 (v,,e™)!F reaction, especially, the different recipes for the axial vector coupling strength and
the theoretical low-lying excited states of the daughter nucleus are discussed. In the end, the

summary and perspectives are given in Chapter [l



Chapter 2

General Theory of Covariant
Hartree-Fock and Random Phase

Approximation

In this chapter, we briefly recall the theoretical framework of the relativistic Hartree-Fock (RHF)
approach in Section 2] and the general formalism of the random phase approximation (RPA) in
Section The most challenging work is to establish the fullly self-consistent RPA based on the
RHF approach. The density-dependent meson-nucleon couplings in the Lagrangians used in this
thesis, in particular, lead to complicated rearrangement terms. The main ideas for the derivation

and the key formulas will be shown in Section 23] while all the details are given in Appendix [Al

2.1 Relativistic Hartree-Fock theory

The basic starting point of the RHF theory is a Lagrangian density £, in which nucleons are
described as Dirac spinors that interact each other via the exchanges of o-, w-, p-, m-mesons and
photons. The effective Hamiltonian H is then obtained with the general Legendre transformation.
In the Hartree-Fock approximation, the total energy E of the system is the expectation value of
the Hamiltonian H on the trial ground-state (Slater determinant), where both direct (Hartree)
and exchange (Fock) terms are kept. Finally, the Dirac equations, i.e., the equations of motion of
nucleons, can be obtained via the variation of the total energy F with respect to the single-particle

wave functions, or equivalently to the densities and currents. Details can be found in W. H. Long’s

Ph.D. thesis (Em,

17
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2.1.1 Effective Lagrangian and Hamiltonian

The starting point of the RHF approach is an effective Lagrangian density (IBML;LSS;L&LQL], h.%ll;

|L0-DJ, |20.0ﬂ; LO-Dg_aLad bﬂﬂd),

_ - oL 1—
L =9 [i')/#au — M — gy0 — gw'yuw# - 9p'7u7?' P — T{L_'YE)'V#auW T — eyt 5 & Au} (&
1@# 8 1 2 2 Q;WQ 1 2 1"#1/ D 2 o
+50"00,0 — gmgo” —  + gmpwiwy — ZR Ry + Sl P
1 1 1
+50u7 - O — §m3ﬁ A= F (2.1)
where the tensor quantities for the vector fields are defined as follows,
o = MY — 0"wh, (2.2a)
R = @Hp — 9", (2.2b)
= ogFAY — 9V AR (2.2¢)

In this thesis, we use arrows to denote the isospin vectors and bold type for the space vectors.
It is well known that the 7m-N pseudo-scalar coupling is not suitable for the HF approximation

(lB.Ql];LSS;LﬁLU.Ll, |l98_ﬂ), thus we adopt its pseudo-vector coupling in this work. Furthermore, the

p-N tensor interaction is not included in all parametrizations used in the present work.

The Hamiltonian density can be formally obtained via the general Legendre transformation,

:TOO—— 1 7 .
H 8¢2¢ (2.3)

where ¢; represent the nucleon, meson and photon field operators. With the compact notations for

the interaction matrix,

[5(1,2) = —g,(1)g5(2), (2.4a)

Iu(1,2) = go()7u(1)gw(2)7(2), (2.4b)

[p(1,2) = gp(D)yu(DT(L) - gp(2)7"(2)7(2), (2.4c)

r.(1,2) = — [n";—”mmau]l. {n-’;_zm%ai, (2.4d)
62

Fat2) = —hu@-n)li*1-n)b, (2.4e)

the Hamiltonian in the nucleon space can be expressed as

. - 1 o
= [ @il Vo] + 5 [Eadly Y SN D)), (25)
i=o,w,p,m,A
where D;(x,y) is the retarded Green function of the Klein-Gordon equation for each meson. Ne-

glecting the retardation effects, the meson propagator has the usual Yukawa form,

D ey 2.6
(fB y) 4WW (2. )
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2.1.2 Hartree-Fock approximation

To quantize the Hamiltonian H in Eq. (Z3), the nucleon field operators 1) and 9! are expanded

on the set of creation and annihilation operators defined by the stationary solutions of the Dirac

equation <|BmmssuLal], |]%1|),

W(x) = Z (f,-(a:)e‘ieitci + g,-(:c)eie;tdj) , (2.7a)

i

W) = 3 (@t + gl@yea;). (2.7h)
i

Here, f;(x) and g;(x) are Dirac spinors, ¢; and cj represent annihilation and creation operators for
nucleons in a positive energy state i, while d; and d;r are the corresponding operators for negative
energy states. Within the so-called no-sea approximation, the summation of the densities and
currents is restricted to positive energy states, i.e., the d; and d;r terms are omitted in the above
expansions. The related vacuum polarization effects are supposed to be effectively contained in the
parameters of the model.

Thus, the Hamiltonian H is composed of the one-body and two-body interactions,

H=T+>V, (2.8)
with
T o= / a2 3" fuliv -V + M) faches, (2.92)
of
Vi = %/dwldwz Z CLC;%CIB’CO/fa(l)fﬁ(2)ri(l72)Di(172)fﬁ'(2)fa’(1)' (29b)

a8’
In the Hartree-Fock approximation, the trial ground-state is chosen as a Slater determinant,
i.e.,

o) = [k 10) (2.10)
a
with the physical vacuum |0). The total energy can thus be written as

E = (| H|®o) = (R T |®g) + »_ (Po| V; |®0)

= S (al—iec- V + BM |a) + % S (ab| V(1,2) [ba) — % S (ab| V(1,2) [ab),  (2.11)

a ab ab
where the first term is the kinetic energy, the second and the last terms are the direct (Hartree)
and exchange (Fock) energies, respectively.
The equations of motion of nucleons are derived by requiring that the total energy of the system

F is stationary with respect to norm-conserving variations of the Dirac spinors f,,

E— ZEa/f;fadr] =0 (2.12)

with Lagrange multipliers E,. It turns out that F, are the single-particle energies including the

4

nucleon mass.
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2.1.3 Density-dependent meson-nucleon couplings

In this work, the relativistic Hartree-Fock approach with density-dependent meson-nucleon cou-
plings (DDRHF) will be applied to the investigations. In these effective interactions, the meson-
nucleon coupling strengths g,, g.., g,, fr are functions of the baryonic density p,. Therefore, in the
variational procedure in Eq. ZIZ), the density-dependence in meson-nucleon couplings will lead

to an additional term X/, the so-called rearrangement term, in the self-energy ¥,
=% +.2h (2.13)

It has been shown that the rearrangement terms are necessary for the energy-momentum conserva-

tion (IFJmhs_aLal], h_ﬂ%‘]) In Section 23] we will see the profound effects of these rearrangement

terms on the RPA matrix elements.

2.1.4 DDRHF approach for spherical nuclei

Within spherical symmetry, the single-particle state with energy FE, is specified by the set of
quantum numbers a = (qq, Na, las Ja, Ma), With g, = 1 for neutron and g, = —1 for proton. K, =

(lo — Ja)(2Jq + 1) is another convenient good quantum number. The single-particle wave function

fa<r>=3{ iGalr) }%mx

T Fu(r)e -7

is explicitly expressed as

(4a), (2.14)

where x1(qq) is an isospinor, and %, is a spherical spinor defined as
2

% = Z Cjama Yiaﬂa(/f‘)x

1
la/J«a 35a
HasSa

(Sa), (2.15)

1
2
where Y], (7) are spherical harmonics. In the following, a short-hand notation

o (1) = —6 - 7%, (T) (2.16)

will be used for the angular part of the lower component, where a = (qq,n4,la,Jq) and @’ =

(Gasnasly, ja) with I, = 2j, — l,. The corresponding normalization of the Dirac spinor reads

/fg(r)fa(r)dr = / (G2(r) + F2(r)] dr = 1. (2.17)

The densities can then be expressed as,

TP = 473r2 nipﬁ (G2 = FZ)], ps= o0 40P, o =pl = pP), (2.18)
n (?r p

RO = Y RGO E]L el ol oY = e o (2as)
n (?r p

TP = ST RERGRW], pr=d A o =0l -0 s

a
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where 53 = 2j, + 1 represents the degeneracy of state (qq,7a,la, ja)-
In the spherical case, the Yukawa-type meson propagators in Eq. (Z8]) can be also expanded in

terms of Bessel functions and spherical harmonics,

Di(r1,72) = Z Rrr(mir,r)Y (71) - Y (7). (2.19)
=0

The definition of Ryr(m;;71,r2) and the gradients of D;(rq1,r2) with respect to r; and r9 can be
found in Remark [T
The total energy of the system in Eq. [(ZI1]) is the sum of the kinetic energy and the direct and

exchange contributions from mesons and photon,
E=E,+E’+EV+E)+E+EV + EV + EF + E] + EY, (2.20)

where the direct term of pion vanishes because of the parity conservation. For spherical nuclei, each
term can be expressed as one- or two-dimensional radial integrals over the products of the radial
wave functions G(r) and F'(r), and the radial multipoles of the Yukawa propagator Ry (m;;71,72).
These integrals are carried out numerically, whereas the angular integrals can be calculated ana-
lytically using the angular momentum algebra. The explicit expressions are listed in Section [AZJl

The variational procedure (Eq. ([ZI2)) with respect to the single-particle wave functions G(r)

and F(r) leads to the radial integro-differential Dirac equations,

g [ Galr) | _ [ MAZs(r)+Zo(r) — e Ga(r) '\ [ Yalr)
a - .
F,(r) 4y fa —M — S(r) + So(r) F,(r) Xo(r)
(2.21)
In these equations, Xg and g represent the contributions from the direct terms and the rearrange-

ment term. They can be expressed in terms of the mean fields,

1—7’3
2

X5 = go0, Yo = gow + gppm3 + €A + Xg. (2.22)

While, the X and Y functions, which contain the non-local exchange contributions, are defined as

1 6 1 0
ET—E, = =7 E.
T 2j20k, " 2j20Ga

(2.23)

They are in fact integrals involving the unknown functions {G,(r), Fo(r)}. This is the reason why
the RHF equations are integro-differential equations.

For the case of density-dependent meson-nucleon couplings, there is a so-called rearrangement
term contributing to the self-energies. In the effective interactions used in this work, the density-
dependence is chosen with respect to the baryonic density pp. Then, the rearrangement term in
Eq. (ZI3) has only a time component X.i. It can be obtained by taking the variation of the energy
functional with respect to pp. Taking the o-meson as an example, the rearrangement self-energy is

expressed as

~ 0gs 1

i (r) —[ps<r>a<r>+253 (GalYE () + Far) X (1)) /] (2.24)

B 8pv 9o
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The contributions of other mesons to ¥z can be obtained in an analogous way.
The trick for solving the radial Dirac equations (Eq. (Z2Z1I)) should be emphasized before ending

this subsection. One can formally rewrite the inhomogeneous terms as

o Ga(r)Xa(r) Fo(r)Xa(r) _
Xo(r) = WGQ(T) + WFG(T) = Xoq, (r)Ga(r) + XoF, (r)Fo(r),
(2.25a)
o Ga(r)Ya(r) Fo(r)Ya(r) _
Yo (r) G2r) + F2(r) Ga(r) + WFG(T) =Y,c,(r)Ga(r) + Yy 5, (r)Fo(r).
(2.25b)

The radial Dirac equations can then be cast in the form

. ( Ga(r) ) _ ( M + S(r) + So(r) + Yoz, (r) —d oy Ka 4 Y, (r) ) ( Ga(r) )
“\ F(r) 4y fa g X, 6, (r) —M = S,(r) + So(r) + Xa.p, (r) Fu(r) |
(2.26)

The equations ([ZZ0) are formally coupled differential equations which can be solved numerically
like in RH by the shooting method, with the auxiliary potential terms X and Y to be determined

iteratively until convergency.

2.1.5 Effective interactions in DDRHF approach

According to the spirit of effective field theory (EFT), the masses and the couplings strengths in
the effective Lagrangian in Eq. () must be determined by some best fitting processes.

For the density-dependence of the meson-nucleon couplings, g,, gu, g, and fr are taken as
functions of the baryonic density p, following the experience and success in the density-dependent
RH theory. For o- and w-mesons, the density-dependent behaviors of the coupling constants g,

and g, are chosen as
9i(pv) = gi(psat.) fi(§), (2.27)

where b+ d )2
_ 0§+ d
Jile) = aig e e

is a function of & = py/psat.. For the functions f;(§), five constraint conditions f;(1) =1, /(1) =

(2.28)

fU(1) and f/(0) = 0 are introduced. For the coupling strengths g, and fr of p-meson and pion, an

exponential density-dependence is adopted

9o(pv) = gp(0)e™%, frlpy) = fr(0)e ", (2.29)
Three sets of effective interactions in DDRHF approach have been developed by fitting the
masses of the nuclei %0, 4°Ca, *®Ca, %6Ni, 68Ni, 907z, 1168n, 1325n, 182ph, 91ph, 208Ph and
214Ph . and the values of the baryonic saturation density pgat., the compression modulus K and the
symmetry energy J of nuclear matter at the saturation point , ).
The results for the parameterizations PKO1 (ILQ_ug_aLal], |20_0_d), PKO2 (Ilm.ng_aLal], |20.044), and
PKO3 (Ilmg_aLa.Ll, |2.0.0.d) are shown in Table Il In particular, the pion is excluded in the
effective interaction PKO2.
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Table 2.1: Effective interactions PKO1, PKO2 and PKO3 for the relativistic Hartree-Fock approach
with density-dependent meson-nucleon couplings, with M = 938.9 MeV, m,, = 783.0 MeV, m, =

769.0 MeV and m, = 138.0 MeV (h.m.g_aLa.Ll, |2.0.0.d, |20.D£‘I)

Mme (MeV) 9o Guw gp(o) fw(o) Gp A Psat. (fm_g)
PKO1 525.769084 8.833239 10.729933 2.629000 1.000000 0.076760 1.231976 0.151989
PKO2 534.461766 8.920597 10.550553 4.068299 —— 0.631605 — 0.151021

PKO3 525.667686 8.895635 10.802690 3.832480 1.000000 0.635336 0.934122  0.153006

4% by Co dos Ay b, Cyw d,,

PKO1 1.384494 1.513190 2.296615 0.380974 1.403347 2.008719 3.046686  0.330770
PKO2 1.375772  2.064391 3.052417 0.330459 1.451420 3.574373 5.478373  0.246668
PKO3 1.244635 1.566659 2.074581 0.400843 1.245714 1.645754 2.177077  0.391293

2.2 Random Phase Approximation

The derivations of the RPA equations are well explained in many standard textbooks, for example,
P. Ring and P. Schuck’s The Nuclear Many-Body Problem (IBj.ug_a.ud_Sx_hlmkl, h_%d) In this section,

the RPA equations will be derived via the linear response of the time-dependent external field in

the small amplitude limit. In contrast to the equation of motion method, the present method can

be applied to the effective interaction with density-dependent couplings as well (lBj.n.g_a.n.d_Sﬁ.bmkl,
@)

In this thesis, we use the letters a,b,--- to denote the occupied (hole) states, capital letters
A, B, - to denote the unoccupied (particle) states, Greek letters «, 3, - to denote the states in

the empty Dirac sea (also particle states), and letters i, j, - -- for general cases.

2.2.1 RPA equations

As shown in the previous section, starting from an effective Hamiltonian [ (Eq. 1)) of the system

and the trial ground-state |®o) (Eq. @I0)), one can first obtain the total energy F,

E- <q>0 ‘H‘ q>O> = (alTla) + % Eb: [{ab|V (1, 2)[ba) — (ab]V (1,2)|ab)] . (2.30)

a

The static Hartree-Fock equation is derived via the variational principle (Eq. [ZI2)), i.e

(Ho[f] — Ea)fa =0, (2.31)

where
Hy[f]fa(1) = Tfa(1) + > (b(2)|V(1,2)[b(2) ) =D (b2)[V(L,2)]a(2)) f5(1). (2.32)
b b

Hy|[f] is the so-called Hartree-Fock Hamiltonian, which is a one-body Hamiltonian, and a functional

with respect to the single-particle wave functions.
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Adding a time-dependent external field W(t)
W(t) = W(r)e ™ + Wi(r)e™!, (2.33)

the system Hamiltonian becomes
H — H+W(t). (2.34)

This leads to changes in the single-particle wave functions and in the HF Hamiltonian,

fa - Pa = fa + Z ﬁAa(t)fA + Z ﬁaa(t)gaa (2-353)
A o
Holf] — Holyp] +W. (2.35b)

Thus, the time-dependent Hartree-Fock (TDHF) equation becomes

.0
Zacpa = (HO[SD] +W - Ea)cpa- (236)

In the small amplitude limit, only the linear response to the external field is taken into account,
i.e., just the the linear terms of G44, Baq are kept.
Supposing that the expansion coefficients 3 have the same time-dependent behaviors as W(t),

they can be expressed as
Baa(t) = Xaqe @' —Yi ™t (2.37a)
Baa(t) = Xpee ™Y} et (2.37b)
Using (fa| to act on the TDHF equation (30]), one can obtain that
Ihs = (faliz|pa) = ifaa = w(Xaae™™ + Vige™), (2.38)
and
rhs = (fA‘HO[QD] +W - Ea’fa + Z BA’a(t)fA’ + Z 5o¢a(t)ga>’ (239)
A’ a
Nine terms appearing in the rhs are shown explicitly in the following. For the first term,

(falHolel| fa) = (falHolf] + 6Ho|fa)- (2.40)

Its zeroth-order term (fa|Ho[f]|fo) vanishes because of the orthogonality of the single-particle wave

functions, and its first-order term reads

(faldHolfa) = Y {Bp(AB|V(1,2)|ba — ab) + Bpy(Ab|V (1,2)|Ba — aB)}
Bb

+> {85 (ABIV(1,2)|ba — ab) + By (Ab|V(1,2)|Ba — aB)} . (2.41)
3b

The other eight terms are simpler. The non-vanishing terms are

(faWIfa) = (falWe ™ + WTe™!|f,), (2.42a)
(falHolol > Baafar) = EaPaa, (2.42b)
A/

(fal = Eal Y Barafa) = —FEofaa (2.42¢)
A/
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Separating the coefficients of the non-vanishing e™* and e~ terms, one has
—(AWla) = [(Ea— Eq) —w]Xaq
+> [(Ab|V|Ba — aB)Xpy, — (AB|V [ba — ab)Y)]
Bb
+ D _[(AbV|Ba — aB) X — (AB|V[ba — ab) Y], (2.43a)
Bb
—(AWTa)* = [~(Ba - Ea) - w]Yaq
+> [(AB|V|ba — ab) Xy, — (Ab|V|Ba — aB)Yp)
Bb
+> [(AB|V |ba — ab) X, — (Ab|V |Ba — aB) Y. (2.43b)
8b
Analogously, using (g,| to act on the TDHF equation ([30), one can obtain
- (Oé|W|CL> = [(Ea - Ea) - W]Xaa
+ [(ab|V|Ba — aB)Xpy, — (aB|V |ba — ab) Y]
Bb
+> [(ab|V|Ba — aB)X gy — (f|V |ba — ab)Yg), (2.44a)
8b
—(a‘W”@* = [~(Ba— Eo) —w]Yaq
+ [(aB|V|ba — ab) X, — (ab|V|Ba — aB)Yp)
Bb
+> [(eB|V|ba — ab)X g, — (ab|V|Ba — af) Y. (2.44b)
Bb
With the compact notations,
A12734 = (El — E2)512734 + <14|V|32 — 23>, (245&)
Bi2ga = —(13|V]42 —24), (2.45b)
Ciaza = +(14|V|32 —23), (2.45¢)
the RPA equations can be written in the matrix form,

Asab Canppy  Baanpy  Baass Xpy X4a (AW |a)

Caa,Bb  Acapy  BaaBy  Baagp Xay | . Xaa _ (a|W]a)
—Baass —Baas —Asany —Caapp Yi Yaa (Awtlay |
_Baa,Bb _Baa,ﬁb _Caa,Bb _Aaa,ﬁb Yﬁb Yaa <Oé|WT|a>*

(2.46)

where the repeated indices B, b, 3 indicate the summations.

RPA equations in angular momentum coupled form

For the spherical case, the basis vectors are given by [jm) in the representation according to the

operators J 2, J.. Then, the angular integrals in the RPA matrix elements A, B, and C can be calcu-

lated independently and analytically by the angular momentum algebra (IB_u'.u.lLa.ud_S_am.hlml, hﬁﬁé;
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Il[alsh.ahsu.(;b_riLal] |l98_ﬂ Therefore, this subsection is dedicated to deriving the RPA equations

in angular momentum coupled form.

Supposing that the external field W (r) has a specific angular momentum and parity, i.e.,
W(r) = Wyrp(r), the expectation values in the rhs of the RPA equations (Eq. [Z6])) read

(A[W]a) = <—>J‘A-W<5L‘: _J;a _‘jw)mnwjuax (2.47a)
(AWtay = <—>jA—mA+M< o da ><Auw;ua>*, (2.47b)
mag —mg M

where the Wigner-Eckart theorem is used (see Remark [[3]) and (A||Wjy||a) is the reduced matrix
element.

We define the angular momentum coupled X,Y amplitudes as following,

) ‘ . . J
XBmBJ?mb = J(—)]B—mB ( JB Jb ) Xéb? (2483)
mp —my —M
~ . ] 1 J
YBmB,bmb = J(_)]B_mB+M < ]B jb ) YB]b7 (248b)
mp —my M

where the minus sign in —my is due to state b standing for a hole state here.

The angular momentum coupled RPA equations read

Ao Chapy  Blamy  Blam X X (Al[W]|a)
Cia,Bb Aia,ﬁb Béa,Bb Béa,ﬁb XB]b iy X1, _ (af|[Wy||a)
~Blans ~Bham —Alane —Chas Y, Y, (AlWiay |
_Bia,Bb _Bia,ﬁb _Cia,Bb _Aia,ﬁb YﬁJb YaJa <04||W}||a>*
(2.49)

with the definitions

A —matig—m JA  Ja J J J J
Aia,Bb = Z(_)]A AtIn B < M ) ( b ’ M ) AAa,Bby

mM ma —Mg mp —mp —
(2.50a)
' ' . . J . . 7
Bga,Bb = Z(_)]A_mA+]B—mB+M JA Ja JB Jb Boa.5b,
iyt mag —mg —M mg —my M
(2.50b)
A—matig— JA ] J J b J
Coagp = Z(_)JA ma+ig—mg < @ ) ( 7 )CAa,ﬁb,
mM ma —mg —M mg —my, —M
(2.50c¢)

where ) = means )

the indices.

All other A7, B”,C’s are defined in a similar way by changing

mMA,Ma,MB,Mp"
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RPA equations in charge-exchange channels

In the charge-exchange channels, the p-h configurations are built by taking pairs of proton-neutron.
Proton particle-neutron hole and neutron particle-proton hole correspond to the isospin lowering
T_ and raising T'; channels, respectively. Denoting the unoccupied and occupied proton (neutron)
states as p and p (n and n), the angular momentum coupled RPA eigenequations [Z49) are written

explicitly as

J J J J J J
Apﬁplﬁl Apﬁn’ﬁ/ Bpﬁplﬁ/ Bpﬁnlﬁ/ Xp/ﬁl Xplﬁ/
J J J J J J
Anﬁp/ﬁ/ Anﬁn/ﬁ/ Bnﬁp/ﬁ/ Bnﬁn/ﬁ/ Xn/ﬁ/ — w Xn/ﬁ/ (2 51)
-B/ -B/ —A/ —A/ v v/ '
pﬁplﬁ/ pﬁn/ﬁ/ pﬁp/ﬁl pﬁn’ﬁ’ plﬁ/ p/ﬁl
J J J J J J
_Bnﬁp’ﬁ’ _Bpﬁn’;ﬁ’ _'Anﬁp’ﬁ’ _'Anﬁn’ﬁ’ Yn’;ﬁ’ Yn’ﬁ’
: : J J J J :
Due to the charge conservation, the matrix elements Apm,ﬁ/, Anﬁp/ﬁ,, Bpﬁp,ﬁ,, and Bpm,ﬁ, vanish,
i.e., the above RPA equations have a form of
J J J J
Apﬁp/ﬁ/ 0 0 Bpﬁn/ﬁ, Xp/ﬁ/ Xp/ﬁ/
J J J J
0 Angry Bhgprar 0 Koy =w Xty (2.52)
0 _BJ7 15/ _AJf /5! 0 Y‘,],, Y{*/
J J J J
_Bnﬁp/ﬁ, 0 0 _Anﬁn/ﬁ/ Yn,ﬁ, Ynlﬁ/

Hence, it turns out that one just needs to diagonalize the following matrix,

J J J J
( Apﬁp/ﬁ’ B;m‘m’ﬁ’ ) ( Up/ﬁ/ ) — W ( Upﬁ ) (2 53)
J J J J ’ )
_Bnﬁp’ﬁ’ _‘Anﬁn’ﬁ’ Vn/ﬁ/ Vnﬁ

whose dimension is half of that in Eq. (Z5]]), and the solutions for both 7 and T’ channels can be
obtained at the same time. The eigenvectors of the RPA equations (53] are separated according

to the following normalization conditions,

J\2 JN\2 _
>piUpi)” = 225(Vip)® = +1, for T_ channel, (2.54)
Zpﬁ(UI;]T_L)2 - Znﬁ(Vn‘%)2 = —1, for Ty channel.
The excitation energies and X, Y amplitudes in the T_ channel read
Q=+w, XL =Ul, YL=Vr (2.55)
whereas the excitation energies and X, Y amplitudes in the T channel are
QO=-w, XL=Vi YI.=UL. (2.56)

2.2.2 Transition densities and probabilities

In this subsection, it will be shown that the transition probabilities between the ground-state and

excited states driven by a one-body operator.
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Formally, the excited states |v), which is an eigenstate of the system Hamiltonian H, can be
constructed via a operator Q' acting on the ground-state |GS). In the RPA framework, the operator
Q' can be expressed with the X and Y amplitudes of the RPA equations (Eq. [ZZ4)),

Z hc cn + Z hchcp, (2.57)

pmphmy, pmphmy,
and the ground-state is the so-called RPA ground-state |RPA), which satisfies
v) =QLIRPA),  Q,|RPA)=0. (2.58)

In principle, |[RPA) is different from the Hartree-Fock ground-state [HF) = |®() shown in Eq. ZI0).

For a one-body operator F with specific quantum numbers J M, one has

Fyn = Z(i!FJMWCZTCj (2.59)
]

in the second-quantized notation. In particular,
(vsplele;RPA) = (RPA] [QJM,CZTC]} IRPA)

= Z (RPA] [X;hc}:cp + th Ch, €} c]} IRPA)

pmphmy,

A Z (HF| [X;hcch + th Ch, €} c]} |HF)
pmphmy,

= > AXU0w0in — Yihoindip ) - (2.60)
pmphm,

It should be emphasized that in the above derivation firstly the property of the RPA ground-state
@, |RPA) = 0 is used to form the commutator, then the so-called quasi-boson approximation,
IRPA) ~ |HF), is used to calculate the commutator.

With the definitions of angular coupled X7 and Y/ in Eqs. 45), and the Wigner-Eckart
theorem (see Remark [3)), the expectation value (/| Fya|[RPA) can be written in terms of the
(X,Y) solutions of the angular momentum coupled RPA equations (Eq. ([Z29)),

(vsnt|Fyp|RPA) = 12{ W (Dl [Fy|[R) + (=) 532 (bl | Fyllp) } - (2.61)

Finally, the transition probabilities between the ground-state and excited states induced by a one-
body operator reads
. 2
B, = ‘<y o Eyar|RPAY| (2.62)

To obtain a smooth transition strength as a function of the excitation energy, one usually calculates

the Lorentzian-averaged strength distribution

F/27T
ZB _|_ P2/4 (2'63)

with the averaging width I'.
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2.2.3 Non-energy weighted sum rules

In general, the kth energy weighted sum rule related to a one-body operator Fis given by
Sk =) (% — Eo)"[(v|F|RPA)?, (2.64)
v
where |v) represent the complete set of eigenstates of the exact Hamiltonian H with the energies
FE,. Using the completeness relation, one has

Sy = (RPA|F!(H — Eo)* F|RPA). (2.65)

In some cases, this expression can be calculated by the ground-state properties in a rather simple
way.

For the cases of charge-exchange excitations, the IAS, GTR, and SDR operators are

A

Fias = Y 7=(0), (2.66a)
=1
A

Fag =Y 1 @6 (0)]=172(0), (2.66b)
=1
A

Fip = Y Iri¥a(i) @ 6(1)] = (0,127 (0). (2.66¢)
=1

The non-energy weighted sum rule for the TAS reads

Stas — Sias :ZBV_ —ZBJ
v v

A A A A
=Y (RPADY 7 ()|w)(v] Y 7 ()RPA) = Y (RPA| D> 7 (i)|v)(v| Y 74(i)|RPA)
v =1 i=1 v i=1 =1
A A
= (RPA| | Y (i), Y _7-(i)| [RPA)
i=1 i=1
A
= (RPA| > 7.(i)|RPA)
i=1
=N-Z. (2.67)

Analogously, the non-energy weighted sum rule for the GTR, the so-called Tkeda sum rule m,

), reads
Sarr — Sérr = 3(N — Z). (2.68)
Since only the numbers of nucleons are concerned, these sum rules are model-independent. Fur-
thermore, the non-energy weighted sum rule for the SDR reads

Ssor ~ Sdor = 2o (V (), = Z(1),). (2.69)
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2.3 Self-consistent RPA based on DDRHF theory

In this section, we will first show the main ideas for establishing the fully self-consistent RPA
based on the RHF theory with explicit density-dependent meson-nucleon couplings. Then the
contributions to the RPA matrix elements A7, B/, and C’ induced by each meson and photon will
be summarized. One will see that the present results of the direct contributions are identical to
those of Ref. (INJ.kSJL&LU.Ll, |2.0.Q2ﬂ), where the self-consistent RPA on top of the density-dependent
RH theory was developed. The detailed derivations are given in Appendix [Al

2.3.1 Particle-hole residual interactions with density-dependent couplings

In order to figure out the effects of the explicit density-dependent meson-nucleon couplings, let’s

again start from the total energy of the system (Eq. (1)),

B =" (alTla) + 3 3 [ablV (1, 2)(1 ~ Pulba)]. (2.70)

ab

where the operator P,;, exchanges all the variables of particles a and b. To separate the density-
dependent part from the density-independent part, the two-body interactions are generally ex-
pressed as

Vi(1,2) = gi(1)g:(2)1:(1, 2), (2.71)

where ¢ stands for o-, w-, p-, T—mesons and photon, and the coupling strengths g; are the functions

of the baryonic density py. Following the variational procedure (also see Eq. (ZI2)),

§|E-Y E, <aya>] =0, (2.72)
it turns out that the lhs of Eq. (ZZ2) reads
Ihs = |(8ilT]i) + > (dib|V (1,2)(1 — Py)|bi) — E; (dili) | + c.c.
b
+% %}abwu — Py)|ba), (2.73)

where the last term is the so-called rearrangement term. Thus, the static HF equation reads
(Ho[f] = E4)fi(1) =0, (2.74)
with the HF Hamiltonian
Ho[flfi(1) = TfQA)+ /dT2 {Z 2)g(Mg(2)1(1,2)(1 — Pib)fb(2)} fi(1)
dg(1
+ [ drs {Z A | 221020 - P fb<2>fa<1>} (L)

(2.75)
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Following the derivation of the RPA equations in the previous section, it is found that eight
terms in the expansion of Eq. (Z39) are the same as those in the case without density-dependent

couplings, except the term (fa|Ho[p]|fs). In the present case,

(falHo[]|fa) Z{ﬁBb AB|V(1,2)[ba) + Bry(Ab|V(1,2)|Ba)}
+ Z {B5,(ABIV(1,2)[ba) + Bay(AbV(1,2)|Ba) } . (2.76)
8b

Here, V(1,2) denotes the p-h residual interaction in the self-consistent RPA. It contains both the

regular term and several complicated rearrangement terms as follows,
V(L,2) = g(L)g(2)I1(1,2)(1 - P )
[ ars S 40 g o180~ Pt

LY n S )) (1,2)(1 - Pu) u(2)
8

/drngd ) M(1,3)(1 = Poa) fa(3)0(r1 — 72)
+Zfd

/ drng* M6 A 131 = P (3110051 = )

> ag<2>
+Zﬂ WA, 55 gy D~ Palfa (D), (277)

6 9(2)1(1,2)(1 — Pya) fa(1)
po(1

where the derivatives of the coupling strength with respect to the baryonic density are evaluated
at the ground-state density pg.
Therefore, on one hand, the direct contributions to (Ab|V(1,2)|Ba) are composed of 7 terms,

Term1 = [ dradraf§ ()1} 2)g(D9(T(1.2) 1 (2)fu 1), (2.78a)

Torm2 = 3 [ dmra A1) 4200 s SO0 0.2 211, (2.780)

Torm = 3 [ dradra s j0(0) 50 51150, 25210 (2:750)

Tormt = 3 [ dmara A1) 142) 510 0025 (D1, (2.784)

Torm = 3 [ a5 A 0. 2) 5201 (278¢)
829(1)

F ) fa(1)g(2I(1,2) f4(2) fe(1) fal1), (2.78f)

Term6 = 3 / drdro (1) £1(D) £1(2)

Temn—z / dridrafh (D112 - F 2,2 fa@)fe(Dfall),  (2788)
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where Term1 is the regular term and Term2 to Term?7 are the accompanying rearrangement terms.
These results are exactly the same as those in Ref. MSMLQZ], |21)_Q2ﬂ) On the other hand, the

exchange contributions to (Ab|V(1,2)|Ba) are also composed of 7 terms,

Term8 = — /drldrgfi‘(l)fg(2)g(1)g(2)[(1,2)fa(2)fB(1), (2.79a)
0
Torm = =3 [ dmra A0 4200 s SO0 0,22 211, (2.790)
om0 = = 3 [ aradva D40 50 5@ R0, 252)10) (2:790)
ormt = 3 [ arades L0011 30 0.2 10D 1) (2.794)
Tormt2 = 3 [ arades 000 3o 0.2 1 (D10 (2.79¢)
Po(1)

AW fBMg2)I1(1,2)fe(2) fa() fa(1),  (279)

dg(1) 0g(2)
dpu(1) Opp(2)

Term13 = _z [andrafiino;
cd

Term14 = = 3 [ drudra £y 07107} @) @I, 1) fa(D)a(1), (279)
cd

where Term8 is the regular term and Term9 to Term14 are the accompanying rearrangement terms.
It should be emphasized that, since the rearrangement terms are due to the dependence on isoscalar

ground-state densities, their contributions vanish in the charge-exchange channels.

2.3.2 Direct and exchange contributions

If we write the A7 of Eq. ([ZZ9) as following

14

Aixa,Bb = (B4 — Ea)0Aa,Bp + Z H(AaBb), (2.80)
i—1

to express the 14 terms of the p-h residual interactions shown in the previous subsection, it is easy

to see that the C7 in Eq. (Z49) can be expressed as
14
Cja,ﬁb = ZHZJ(A(Lﬁb), (281)
i=1
and it is not difficult to prove that the B’ in Eq. (Z49) can be expressed as
4
Blapy = ()" " H/(AabB). (2.82)
i=1
Furthermore, one can derive the following relations among the 14 terms:

/ ’\ ] ] J !
H{(1234) = J2+J3+J+1Z 2{ j? jl . }H1 (1324), (2.83)
3 4
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where the contraction of 3-j symbols to 6-j symbols is used (see Remark [), and

H{(1234) = HJ(3412), (2.84a)
HJ(1234) = HJ(3412), (2.84b)
H{y(1234) = (—)H2tlHd(2134), (2.84c)
H{(1234) = (—)HatlHd(4312), (2.84d)
H{,(1234) = Hy(3412), (2.84e)

due to the symmetries in the p-h residual interactions.
Therefore, the key and challenging task for deriving the RPA matrix elements is to calculate

the quantities
H{(1234), Hy(1234), H{(1234), H{(1234),

HY(1234), HJ(1234), H{3(1234), H{,(1234), (2.85)

with the two-body interactions induced by the o-, w-, p-, m-mesons and the photons.

Particle-hole interaction induced by the c-meson
For the o-meson, the two-body interaction reads

V(1,2) = —go(1)70(1)g,(2)70(2)Ds(1,2)

= =Y 9 (1)70(1)gs(270(2) R (me; 1,2)(=)" Y (7)Y (7). (2.86)
Lv

With the detailed derivations given in Section [AZ2, the quantities H77(1234) in Eq. ([ZXH) are
listed in the following, where the summations over ¢, d stand for summations over all the occupied

states,
HY” (1234) = — 04150q0q4 (11 Y51[12){31Y714)

X /dﬁdrzRJJ(ma; 71,72)[90(G1G2 — F1F»)r, (95 (G3Gy — F3Fy)]r,, (2.87a)

H3” (1234) = — 84,0,000q, > (1][Y7112) (3] Y]14)

/dr—zgg r)(G1Gy — F1Fy) (GG + F3Fy), (2.87b)

H3” (1234) = — 8410,050q5 > (1[Y71[2)(3]Y7|4)

X /dT’ld’r’QRJJ(ma—; 71,79) 90 (G1G2 — F1F)]p, (g5 0s(G3Gy + F3Fy)]ry, (2.87¢)

HY" (1234) = = 0410,0q0q5 > (L[Y712)(3][Y7|4)

1
X /drﬁgg(r)ps(r)a(r)(Gng + [1F)(G3Gy + F3Fy), (2.87d)
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H%IU(1234) = 5%4254344 j_2<1| |YJ||2><3||YJ||4>

X /d?”ld?”gRJJ(mU;Tl,Tg)[gg.ps(GlGQ + 1By (9l ps(G3Gy + F3Fy)l,,,  (2.87e)

.., (J L L g2 J
H§]0(1234) :5Q1Q25¢1344 ]1+J2 Z 5f1d£12LL/ < ) { .
j LL’ 0 0 0 L L/ Jd

< @Y [[4) YL d) (][ YL][2)

X /dT‘1dT‘2RLL(m iT1,72) [9, (GaGa + FyFy)(GhGla = Fle)]
1

2
X [90(GaGa — FaFy)r,, (2.87f)

o J_2
His” (1234) =00,,050, 7 (UIYS2)BI[YI114) D OguqaellYilld)”
Jejal
I F3Fy)(G.Gy — F.F,
. /drldr?RLL(mo;ﬁ,rz) [gg(GlGQ + F11)(G3Ga + Py F1) (GeGa d)}
T1

1
X [go(Gch - Fch)]Tm (287g)
J2? JL o\
HY,"(1234) =04,0,0050: =— (LY 20 BIYI[[4) D Gg.qL (cllYz||d)?
47 S 0 0 O
Jedd
GG Fi1Fy)(G.Gyg — F.F,
/drldrzRLL(ma,rl,rz) [9 (&G + A 22§ i d)}
r1

y [gﬁ, (G3Ga + F3F4Z§Gch - Fch)} . (2.87h)
r2

In the above expressions, the short-hand notation for the so-called o-field

7(1) = [ drari Roa(mai 1. 2)p. (2190 (2 (28%)
is employed, in which the scalar density is
=% 2 lG30) — F30) (289)
The reduced matrix element of the spherical harmonics (see Remark [I4]) reads

() = (-yp-ind < P ) 2.00)

provided [, 4+ [, + L is even, and zero otherwise.

Particle-hole interaction induced by the w-meson

For the w-meson, the two-body interaction reads

Vw(l’Z) = gw(l)'VO(l)/yu(l)gw(2)70(2)/7;1(2)11«)(1’2)
= > (MW" (1)gw(270(2)7u(2) Rrs (mw; 1,2)(—) YE (7)Y " (7). (291)
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It is convenient to divide the H”’ “(1234) into two parts, where the time component with p = 0 is
denoted as H”*(1234), and the space component with p = 1,2,3 is denoted as H”*(1234).

For the time component with p = 0, the H7“(1234) values in Eq. ([ZX3) can be derived in
analogy with the derivation of the o-meson. They are listed in the following, where the summations
over ¢, d stand for summations over all the occupied states,

H{“ (1234) =04,4,0550, > (LI1Y5112)(3]1Y714)

X /dT’ldT’QRJJ(mW; 71,72)[0w(G1G2 + F1F)|r, [9w(G3Ga + F5Fy)l,,, (2.92a)

Hé]w(1234) :541425QSQ4 j_2<1||YJ| |2> <3| |YJ| |4>

1
X /drﬁg&(r)w(r)(Gng + F1F2)(G3G4 + F3F4), (2.92b)

Hf’,]w(1234) :541425¢ISQ4 j_2<1||YJ| |2> <3| |YJ| |4>

X /drldrgRJJ(mw; 11,72) 90 (G1G2 + F1 By, (gL, 00(G3Gy + F5Fy)],,,  (2.92¢)

Hé]w(1234) :541QQ5QSQ4j_2<1||YJ||2> <3||YJ||4>

1
X /drﬁgx(r)pb(r)w(r)(Gle + F1F5)(G3Gy4 + F3Fy), (2.92d)

H%]w(1234) :5Q1QQ54344j_2<1| |YJ||2><3| |YJ | |4>

X /dTldTQRJJ(mw; r1,72) 9L, p0(G1Go + F1 )] [d,06(G3Ga + F3Fy)]ry,  (2.92e)

_ gt ... (J L L 1 g2 J
H®(1234) =6,4,45045q, (— )21 = Squan LL
9 (1234) =04,4200504(~) MEL; AN

x (3| [[4) (LY [[d)(d][YL]|2)

X /d?”ldT2RLL(m e 7’2) |:g/ (G3G4 +F3F4)(G1Gd+F1Fd):|
r1

r2

X [9w(GaG2 + Fil3)lr,, (2.92f)

_— J2
Yy (1234) = — 5q1q25q3q4?<1llYJll2><3lIYJ||4> > Sgeqalell¥zlla)?
jcjdL
X /dT‘ldT‘zRLL(mw§ r1,72) [gﬁﬁ (G1 G + FiF5)(GyGa & FyF4)(GeGa + FeF)

4
r -

X [gw(Gch + Fch)]T27 (2'92g)
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A 2

o J-2 J L L

Hi]4 (1234) = 5q1q25q3q4 An <1HYJH2><3HYJH4 Z 5chd ( 00 0 > <CHYL’Hd>2
JejalL!

(G1Go + F1F,)(G.Gyq + Fch)}

X /drldmRLL(mw;ﬁ,m) [9@ 2

r

x {g; SE N F3F42§G6Gd i Fch)] . (2.92h)
T2
In the above expressions, the short-hand notation for the so-called w-field

1) = [ drard Roo(m.i . D2 2), (2.93)

is employed, in which the baryonic density is
4 )+ F2(r)]. (2.94)

For the space component with pu =1, 2, 3,
VE(1,2) = = (=) g (Dar(1)gu(2)a—k(2) Ror (mu; 1, 2)YE (7)Y (7). (2.95)

Lvk

With the detailed derivations given in Section A3, the quantities H/*(1234) in Eq. (7)) are
listed in the following, where the summations over ¢, d stand for summations over all the occupied

states,
I?J“}(1234) = — 8100 000as ) 2
1 919279394

X Z/dndrzRLL(mw;mrz) 90 (G1ER (1| Z5L]2) — PG (V| T5el(2))],,
L

X (9w (GsFu (3| T5el|4) — F3Ga (3| T52|14)) ], » (2.96a)

H/“(1234) =0, for i=2,3,---,7, (2.96b)

A

= L J1 SN
Hf)]w(1234) :541Q25QSQ4(_)]1+]2+1\/_ Z fIdII2 J +LLL J/J//
j LL/J/J//

JL UN(jh f J VA
x / "o , <3||YJ||4>
00 0 JJ L I 1

X /drldTQRLL(mw§T17T2)
[ , (GsGy + F3Fy)
X NGy

(CLFa(L]| 71 — FlGd<1'H%L/Hd>)]

r2
1
X [.gw (GdF2<d||yJ//L||2,> — FdG2<d/||yJ//L||2>)]T2 s (296(3)
_ j-2
A (1234) =0312000 = (UIYI 12 BIYI14) D" b, / dridryRps (mu;ri, o)
JejaLJ’
Fi F: FsF,
» [gx (G1Gay + Fy 225G3G4+ 3Fy) (GCFd<CH=7J’LHd/> —Fch(C,H%’LHd»]
1

X (9w (GeFule|| Tylld) — FoGal || Tylld))],, (2.96d)
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= o J? J L L
Hi]4 (1234) 5q1q25q3q4 A <1HYJH2 3HYJH4 Z 5chd
JejaLL'J' 000

X /drldrgRLL(mw;ﬁ,Tz)
[ , (G1Ga + F1 Fy)
X gw 7"2

(GoFulel| Tl — Fch<c'u%yud>)}

1

GGy + F5F,
‘ [g;( 3Ca + FyFy) (Gch<c||%w||d’>—FCGd<c’||%Lf||d>>}

T2

In the above expressions, the vector spherical harmonic .7 J]j\/[ is defined as

~( L 1 J
Yoo =3 ()" ( ) Thir-
FIY: v k —M

Its reduced matrix element (see Remark [[4l) reads

A.a . . J
(a||ZyLl|b) = (—)l“ J ]b sr(a,b) < Ja o Jb 0 > , lg +1p + L is even,

ety
where
(—)dotlots (la — Ja)ia J:/(% — )i + L, for L=J+1,
Zir(a,b) = —%m [jg + (_)ja+jb+J52] ) for L = J,
(it 3 Lo = o)l +\/(lLb_;{b)5g LIy W Y

Particle-hole interaction induced by the p-meson

For the p-meson with vector coupling, the two-body interaction reads

VP(1,2) = 9,707 71 - [9p707uT)2Dp(1,2).

37

(2.96¢)

(2.97)

(2.98)

(2.99)

(2.100)

The quantities H”?(1234) in Eq. ([ZX4) can be derived in analogy with the derivations of the

w—meson, with the two following replacements. First, one should replace the mass of the meson

and the coupling strength,

Gu> Mw = Gp, Mp.

(2.101)

Second, one should be careful about the isospin factors at the interaction vertices. For example, in

H i] (1234), the following substitution is needed,

0q1920qg5 — (1171q2) - (qa|Tqs3)-

The final results are listed in Section [A.4l

(2.102)
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Particle-hole interaction induced by the pion

For the pion with pseudo-vector coupling, the two-body interaction reads

V7T(1,2) = —[T{L—W?’yo’yg)’y“(‘)u]l . [nj;—wffyo’yg,’y”@,,]gDﬂ(l, 2). (2.103)

™

Because the retardation effect is neglected, the meson propagator is time independent. The inter-

action can be expressed as

V7(1,2) = —{;£?=FVOV5Vk5%]1'[;é?“?V075710ﬂ217w(1,2)- (2.104)

™ m

With the derivatives of the Yukawa propagator (see Remark [I0), the two-body interaction can

be rewritten as

L+1
ViL2) = —ZZ(—)“z@(ﬁ . L(;)(ﬁ . L(j)

Lv LiLg

« (f”ﬁ(]%‘y'Yﬁ)r V2 (ms vy, r9) <f7r7?70’757'Y£2—1/) - (2105)
1

T2

The detailed derivations are given in Section Here we just list the final results for the
quantities H/™(1234) in Eq. [Z8), where summations over ¢, d stand for summations over all the

occupied states,

H{™(1234)

= — (@1|7lg2) - (qa|Flgz)J >
J+1
A J 1 L J 1 L
X Z L1L2 ! 2
A~ 00 0 00 0
142

X /drldrg“//JLlLQ(mw;rl,rg) [fx (G1G2(1|| Ty, 112) + FLFa (V]| Ty, 112)))]

T1

% [ fx (G3Ga (3| Tyr, 14) + FsFa(3|| Tyr,|4))] (2.106a)

ro

HJ™(1234)
P it R
:5Q1q26¢13q4(_)]1+J2+1\/T—ﬂ_ Z (2- 5qdq2)LL%L2L/J/

jaLL1LoL'J’

L1 I L 1 I J Ly L J J L jo o J
x ; i o BlYsl4)
00 0 00 0 0 0 0 i 1 L J L g

G3sG4 + F3F,
X/Wwﬂﬁbmmmmﬂﬂ(34gSOWﬁMW%MW+ﬂﬁWW%MWﬂ

T1

X [ fr (GaG2(d|| TLL, [12) + FaFa(d'|| TL1,12))] (2.106b)

ro?
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I (1234)

j_2 A A L 1 L1 L 1 L2
:61111125113%?(1”}/]"2><3HYJH4> Z (2_5chd)LlL2 ( 0O 0 0 ) ( 0 0 O )
JejalL1Lo

X /drldrg"//LLlLQ(mﬂ;rl,rg)
o [f//(Gle + F1Fy)(G3Gy + F3Fy)

rd

(GoGalel| Zur,]Id) + Fch<c’||fLL1||d’>>}

1

X [fr (GeGalel| Tirs|ld) + FeFal|| TLrlld))],, » (2.106¢)

H{T(1234)

J 2 sozoz2o0z,2,( L1 Ly
:5q1qz5qsq4?<1||YJ||2><3||YJ||4> Z (2 = 0gogq) L7 LILL'L 00 0
jejaLLiLaL! J'L"

L 1 Lo J Ly L J Lo L" J J L JJ L
X
00 0 0 0 0 0 0 0 L, 1 L Ly 1 L"
GGy + I\ F
x/drldr27/LL1L2(m7r;r1,r2) {f;( 2 2) (GCGd<c||5J/L/||d>+F0Fd(c’||<7J/L/||d’>)}

(G3Ga+ FyF
X|:f7r( 3 47,2 3 4)(

1

GGl T ) + EoFe| T )] (2.1064)

T2

In order to cancel the contact interaction coming from the pion pseudo-vector coupling, a pionic

zero-range counterterm should be included (IBmJ.;LE.s;LﬁLaZ], h.%ll), which reads

1 fr fr -
V™(1,2) = [~ LS §(ry —
(1,2) 3[mﬂ77075‘)’]1 [mwﬂo%‘)’]z (r1—r2)
1 v f7r — v fﬂ' — _ .y 5 T — T
= gE (=) [ T’YO’YS'YkYL]l’[—m 0757 Y] ]z%. (2.107)
Lkv i i

It has a form similar to T:/“, so it is not difficult to obtain that

T 1 - > 7—
HY 5(1234)==3Tn2<q1hﬂQ2>'<q4hWQ3>J

2
x Z/drf—g [G1G2 (1| TyL[2) + FLE(U || Z5]12)]
L

x [G3Ga(3]|Ty||4) + FsFu(3'||Z5L]|14)] (2.108a)
H{™(1234) = it S o, () L
3 471—] LL/J/JH

J L L Jo g1 J J g
X A ) (3[1Y,]14)
00 0 JJ" g L I' 1

/
X /drf;{”(GgG4 + F3Fy) (G1Ga(1| Ty ||d) + FrFy(U || T |d))

X (GdG2<d||yjnL||2> + FdF2<d’||5J//L||2’>) . (2108b)



40 CHAPTER 2. GENERAL THEORY OF COVARIANT HF AND RPA

H{T(1234)
! I fifs
= gzt - UNIRGIVIY 3 Q=g [ ardz
JchLJ’
% (G1Ga + Fy ) (G3Gy + F3Fy) [GeGale|| Tyil|d) + FoFald || T ld)]. (2.108c)
H{T0(1234)
1 J? [ J LU f’2
—— Ot AV REIY 5 <z—5chd>1;2< ) [t
jejal L’ 0.0 0
X (G1G2 + F1 Fy)(G3Gy + F3Fy) [GcGalc|| Ty 1||d) + FoFg(c || T ||d)] 2 (2.108d)

where summations over ¢, d stand for summations over all the occupied states.
It should be also pointed out that, because of parity conservation the pion does not contribute

to direct rearrangement terms, i.e.,

H7:]7T7J7T(5(1234) — 07 for 1= 27 37 e 77. (2109)

Particle-hole interaction induced by the photon

Finally, the electro-magnetic field,

1—r 1—r
Va(1,2) = ¢? [w 5 3} [’m’m 5 ﬂ Da(1,2), (2.110)
1 2

has a structure similar to that of the w-meson, expect the following three properties. First, only
protons take part in this interaction, i.e., all the summations are just over protons. Second, since

the photon has zero mass, the propagator of the electro-magnetic field is

1 1
D = —— 2.111
A(ry,m2) prym— (2.111)
whose expansion reads
Da(r1,m2) = Y Rpp(photon;ry,m2)Y 1(#1) - Y 1 (72), (2.112)
L
with
L
Ry 1 (photon; ry, o) = L2 Lil (2.113)
r>

Third, since the Coulomb interaction is not density-dependent, there is no rearrangement term for
the Coulomb field.

Therefore, in analogy with the w-meson, the contributions from the electro-magnetic field read,

H{A(1234) = (proton)e?J2(1||Y7]|2)(3|[Y||4)
x/drldrgRJJ(photon; r1,72)(G1Go + F1 ), (GsGy + F3Fy),,, (2.114)
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and

H{4(1234) = —(proton)e?J2
X Z/drldrgRLL(photon; 7‘1,7‘2) (G1F2<1H,7JLH2/> — F1G2<1/H3JLH2>)T1
L

X (G3Fu(3||.T51|[4") — F5Ga(3'|| T5L|[4)) (2.115)

ro "

So far, we have all the theoretical ingredients of the fully self-consistent RHF+RPA approach.
In the next chapter, the numerical tools for realizing the RHF4+RPA calculations will be explained.
Then, its applications to the nuclear spin-isospin resonances, the isospin symmetry-breaking cor-
rections for the superallowed (5 decays, and the charged-current neutrino-nucleus cross sections will
be discussed from Chapter H to Chapter
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Chapter 3

Numerical Tools for RHF+RPA

In this chapter, the numerical tools for realizing the RHF+RPA calculations will be explained.
Then, the numerical checks for restoring the translational and isospin symmetries will be presented

to demonstrate correctness of the codes.

3.1 Information on the numerical code

We have developed the numerical code for the RHF+RPA calculations in Fortran90 language. In
Fig. Bl the flow diagram for the RHF+RPA code is illustrated.

The code starts by choosing the effective Lagrangian. The inputs include the single-particle
energies and wave functions given by the RHF ground-state calculations, including not only the
single-particle states in the Fermi sea, but also those in the Dirac sea. The single-particle spectra
are calculated by solving the RHF equations in a spherical volume with box boundary conditions
at a chosen radius R, thus, these spectra are entirely discrete. Filling up the single-particle states
in the Fermi sea from the bottom to the Fermi surface, the occupied states are labeled as the hole
states and the ground-state densities can be calculated. The unoccupied states in the Fermi and
Dirac sea inside the single-particle energy truncation [Fuin, Emax] are labeled as particle states.
The p-h configurations are built by taking those pairs of the particle and hole states which can
be coupled to a total angular momentum and parity J™. Since we are dealing with the density-
dependent meson-nucleon couplings, the coupling strengths are calculated at each mesh point in
the coordinate space. In order to save time, the radial multipoles of the Yukawa propagators in
Eq. I9) and the reduced matrix elements in Remark [[4] are calculated just once and stored.
In the present code, the most lengthy and time consuming part is to construct the RPA matrix
elements according to the H”(1234) expressions shown in Section and Appendix [Al To
take the benefit of modern computers which have multi processors, this part has been parallelized
with OpenMPH. The RPA matrix thus obtained is diagonalized with the Linear Algebra PACKage
(LAPACK)H. Finally, the eigenenergies and transition strengths in Eq. ([ZG2) and other useful

Lwww.openmp.org
Zwww.netlib.org/lapack
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spectroscopic information ,e.g., transition densities, transition amplitudes, can be obtained.
In total, this code has roughly 10,000 lines excluding the standard subroutines, and the typical
time for calculating the GTR in 2°®Pb with the single-particle energy truncation [—M, M+120 MeV]

is 3 CPU hours.

inputs: effective Lagrangian,
single-particle energies
and wave functions

{

| p-h configurations |

A

| propagators and reduced matrix elements

)

| RPA matrix elements |

)

| diagonalizing the RPA matrix |

| transition strengths |

{

| other applications (optional) |

end

Figure 3.1: Flow diagram for the RHF+RPA code.

3.2 Numerical checks

We have developed two different RPA codes, the first one for non-charge-exchange excitations
where the configurations are of the neutron particle-neutron hole and proton particle-proton hole
type, and the second one for charge-exchange excitations with neutron particle-proton hole and
proton particle-neutron hole configurations. In this thesis we discuss in full detail the applications
to charge-exchange excitations, but we would like to comment also briefly here the non-charge-

exchange code as far as accuracy checks are concerned.

3.2.1 Restoration of the translational symmetry

A general property of the RPA approach is that, when full self-consistency is preserved, i.e., the HF
mean field and the p-h residual interaction of RPA are derived from the same starting Hamiltonian
H, then any symmetry of H which is broken by the HF approximation must be restored by the
RPA. This restoration is realized by an RPA mode at zero energy, the Goldstone mode. The
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first explicit derivation of this result was given by D. J. Thouless (l:]lhﬂulﬁisl, h.%ll) for the case
of the translational mode which corresponds to AJ™ = 17, AT = 0. This spurious mode is thus
decoupled from other AJ™ = 17, AT = 0 physical modes which appear at non-zero excitation

energies (IBmg_a.nd_Sthmkl, |l9_8.d).

We have numerically check this property by performing the following study. Taking the nucleus

160 as an example, the Dirac equations obtained in the RHF approach are solved in coordinate
space by the Runge-Kutta method within a spherical box with a box radius R = 15 fm and a
mesh size dr = 0.1 fm. The single-particle wave functions thus obtained are used to construct
the RPA matrix elements A7, B”, and C” in Eq. EZ9) with the single-particle energy truncation
[— M, M +200 MeV], i.e., the occupied states are the positive energy states below the Fermi surface,
whereas the unoccupied states can be either positive energy states above the Fermi surface or bound
negative energy states. With these numerical inputs, we get the lowest dipole state (J™ = 17) at

E =0.394 MeV.

120 .

", 0 ISGDR
- == (P-5I3<r )Y,

100 |-

o =3
=] =}
I I

R (fm*/MeV)
3
)

N
o
I

E (MeV)

Figure 3.2: Strength distributions of ISGDR in 'O calculated by RHF+RPA with PKO1. The
transitions driven by the operators F' = 2. 73Y1(i) and F = 32,(r} — 5/3 (ro)* r;)Y1(4) are shown
with solid and dashed lines, respectively. They can be hardly distinguished on the figure.

Enhancing or reducing the strength of the p-h residual interactions with a overall factor (1+4),
one can obtain the exact zero excitation energy. The order of magnitude of § shows the numerical
accuracy of the code. In the present case, we find 0 = 0.00066. This indicates that the numerical
code works well.

Furthermore, it is known that the isoscalar giant dipole resonance (ISGDR) operator can be

written as (Illa.nﬁiaj_a.nd_s.agmi |l98_1|)

F= Z(r;’.” —5/3(ro)? r;)Y1(4), (3.1)

where the second term in the bracket is for decoupling the physical RPA excitations from the

spurious state. In other words, in the fully self-consistent calculations, the transitions driven by



46 CHAPTER 3. NUMERICAL TOOLS FOR RHF+RPA

the operators with and without the term 5/3 (ro)? r; in Eq. @) should be the same. In Fig. B2,
the strength distributions of ISGDR in 60 calculated by RHF+RPA with PKO1 are shown. It is
found that these two curves are almost on top of each other, which indicates that in the present
case the physical RPA excitations are well decoupled from the spurious state.

At this point, there is one remark that must be made. In our models of effective Lagrangians,
the meson-nucleon couplings are assumed to depend on the local baryonic density, i.e., the resulting
effective Hamiltonians are not necessarily commuting with the translation operator. Thus, there
is no strict requirement that the translational invariance should be preserved. Then, the question

arises why this invariance seems nevertheless preserved in self-consistent RHF+RPA.

3.2.2 Restoration of the isospin symmetry

It is expected that the TAS defined as T_ |parent) or T’ |parent) would be degenerate with its iso-
baric multiplet partner |parent), i.e., Frag = 0, and it would contain 100% of the model-independent
sum rule shown in Eq. ([Z&1) if the system Hamiltonian commutes with the isospin lowering 7 and
raising T operators, which is true when the Coulomb field is switched off in nuclei. Even though
this degeneracy is broken by the mean field approximation, since the single-particle Hamiltonian

no longer commutes with 7, it can be explicitly shown that this isospin symmetry can be restored

by the self-consistent RPA approaches (IEugdbmth_a.Ud_L&m.mﬂL hﬂd)

60 L) l L) l L) l L) l L) l L) l L)
5 [ IAS check i

[ 2pp N-Z=44
40 |- Self-consistent -
o 30 -
m T HF ’
20 |- -
- A -
10 |- -

0 A I ' A ' A ' A ' A A
12 -10 -8 -6 -4 -2 0 2

E (MeV)

Figure 3.3: TAS transition probabilities of unperturbed excitations (HF) and self-consistent RPA
excitations for 2Pb by RHF+RPA with PKOLI.

Taking the nucleus 2°®Pb as an example, the Dirac equations obtained by the RHF approach
are solved in coordinate space by the Runge-Kutta method within a spherical box with a box
radius R = 20 fm and a mesh size dr = 0.1 fm. We have used the parametrization PKO1 with
the Coulomb interactions switched off. The single-particle wave functions thus obtained are used

to construct the RPA matrix elements A’ and B7 in Eq. &) with the single-particle energy
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truncation [—M, M + 80 MeV].

The ITAS transition probabilities of unperturbed single-particle excitations (HF) and self-consistent
RPA excitations are shown in Fig. It is found that the unperturbed excitations are located
between -10.46 and -8.96 MeV when the Coulomb interaction is put to zero, thus showing the
isospin symmetry breaking within mean field approximation. While the self-consistent RHF+RPA
calculation leads to Fias = 4 keV, and the single isobaric analog state contains 99.999% of the
model-independent non-energy weighted sum rule N — Z = 44. This indicates that the present
approach is fully self-consistent and the numerical code works well. This degree of numerical ac-
curacy is certainly well appropriate for specific applications such as the isospin symmetry-breaking

corrections in superallowed Fermi transition presented in Chapter
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Chapter 4

Spin-Isospin Resonances

4.1 Introduction

The charge-exchange experiments using (p,n) reactions have demonstrated the existence of very
collective spin-isospin resonances in nuclei (see (IQsIﬂ_ﬁ&ld, hﬁﬂ; h&;himlma_ﬁLGd, |201)d) and refer-

ences therein). The isobaric analog state (IAS), which was first discovered in the nucleus *'V with

a low incident energy proton beam in 1961 (IA_UdﬂEQ_U_ﬁ.UdM}DA, h_%;l]), is the simplest collective
charge-exchange mode where the excess neutrons coherently change the direction of their isospins
without changing their orbital angular momenta. Since the isospin mixing in nuclei is quite small,
this mode is characterized by a single and rather sharp peak in its transition strength distribution,
in contrast to the fragmented single-particle excitations. Due to the strong energy dependence
of the isospin coupling strength V; in the projectile-target interaction, the IAS peak is gradually
swamped by another collective charge-exchange mode, the Gamow-Teller resonance (GTR), when
the (p,n) reactions are performed at incident energies above 100 MeV.

The collective GTR, was predicted by Ikeda, Fujii, and Fujita in 1963 (I].kmia._aLa.Ll, |l9_6.d) to

explain the absence of spin-isospin strength at low excitation energies and the resulting hindrance of

the allowed GT ( decays in medium-mass and heavy nuclei. In this resonance, the excess neutrons
coherently change the direction of their spins and isospins conserving their orbital angular momenta.
The GTR was indeed first detected in the nucleus °Zr in 1975 (I]l)ﬂi.ug_ﬁLal], |;L9_E'J) Later,

systematic experiments providing much better energy resolution have been performed. Since the

1980s, one of the central topics is the quenching problem of the model-independent GT non-energy
weighted sum rule, known as the Ikeda-Fujii-Fujita sum rule. For various medium-mass and heavy
nuclei, only around 60% of the expected GT sum rule value could be detected experimentally in

the giant resonance region (IB.a.p_a.pQ_r_t_aLal], h_%d; |G_aanj£|, h_%j‘]) From a theoretical point of view,

two physical mechanisms have been proposed for this quenching problem: 1) Due to the couplings

between the A(1232) isobar-nucleon hole and the proton particle-neutron hole, the missing GT
strength should be found at very high excitation energy (E = 300 MeV); 2) Due to the mixing
with the two particle-two hole (2p-2h) states, the missing GT strength is pushed far beyond the

giant resonance region. For these two points, the reader can consult the references quoted in
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Ref. (IQSI&Lﬁﬂd, |].9.9.d) However, the experimental status has somehow changed recently. 88% +6%
of the GT sum rule value has been detected in recent experiments performed in both 9Zr(p, n)

and °Zr(n, p) channels with more reliable multipole decomposition analysis of the cross sections

(Yako et all, 2005).

Another spin-isospin mode of interest is the spin-dipole resonances (SDR). It has been proposed

that the neutron skin thickness could be extracted via the SD non-energy weighted sum rule

(hﬁlﬁﬁznﬂhﬂLkﬂéLﬁLaLl, |]_9_9_d). Now that experimental data in both °Zr(p,n) (IWa.ka.ia._aLa.Ll, |l9.9_7|)

and °Zr(n, p) (IXa.kQ_ﬂLa.Ll, |20.0E]) channels and the corresponding multipole decomposition analysis

of the cross sections are available, the SDR becomes another important tool for understanding

nuclear properties. Since the SDR is characterized by the quantum numbers AL = 1 and S = 1, this
resonance contains three components with AJ™ =07,17,27. A promising tool for experimentally
resolving these different multipolarities is the charge-exchange reactions with polarized beams.

Such experiments have been carried out in 2C(d,?H) reactions (Idf_H.lm_aLa.Ll, |2.0.0_ﬂ)

As mentioned in the general introduction, the spin-isospin resonances in nuclei have been ex-
tensively investigated based on the shell model calculations as well as the RPA calculations within
non-relativistic and relativistic frameworks. In this chapter, the RHF+RPA approach will be ap-
plied to describe the TAS, GTR, SDR, and spin-quadrupole resonances (SQR). Comparing the RPA
calculations based on the RH and RHF theories, the different physical mechanisms in determining
the GTR will be investigated. Then, the theoretical descriptions of SDR and SQR will be presented.
In particular, the energy hierarchies of different components in these resonances will be focused on.

Finally, the effects of the Dirac Sea in the non-energy weighted sum rules will be examined.

4.2 Results and discussion

4.2.1 Isobaric analog states

The simplest isospin-flip mode is the isobaric analog states (IAS) with the transition operators
F™S shown in Eq. [88). As discussed in Subsection B:2:2] when the Coulomb interaction is
switched off, the IAS excitation energy would be zero and this state contains 100% of the non-energy
weighted sum rule as long as the RPA calculations are self-consistent. It is useful to evaluate the
importance of different components of the p-h residual interaction. Switching off these components
piece by piece, deviations of the excitation energy from zero indicate the respective importance of
the missing mesons.

In Fig. BTl the IAS transition probabilities obtained by switching off the ¢ + w mesons, p
meson, pionic zero-range counter-term, and m meson p-h residual interactions are shown. They
are compared with the unperturbed single-particle excitations (HF) and the fully self-consistent
results. First, the calculation without p-meson shows that this isovector meson is important as
expected. Second, the calculation without o- and w-mesons tells us that the isoscalar mesons can
play a role, even an extremely important role via the exchange terms. This is one of the distinct

points in RHF+RPA approach. Third, it should be emphasized that the pion also plays its role in
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Figure 4.1: IAS energies and transition probabilities in 2°*Pb by RHF+RPA with PKO1. The
unperturbed excitations (HF), and the calculations excluding o + w mesons, p meson, pionic zero-
range counter-term, m meson in the p-h residual interaction, as well as the fully self-consistent

result are shown from left to right.

this restoration process. The coefficient ¢’ of the pionic zero-range counter-term must adopt the
same value as that in the ground-state description, i.e., ¢’ = 1/3. If the value of ¢ is changed,
for example, ¢’ = 0 leads to Fjas = —801 keV, and the restoration process will be destroyed.

Therefore, it is clearly shown that ¢’ is not a free parameter.

Table 4.1: IAS excitation energies in MeV and strength in percentage of the N — Z sum rule

within the RHF+RPA framework. Experimental (I.A.Udﬂ:sm_aLul] 1985 lBa.m.LLm_ﬁLal] |l9.8.d
k&akaaa_eLal] h.ﬂ&ﬂ IHQL&D.&L@[] h.%d |Akmm.e_eLa1] |;L9.£LE] and the RH+RPA (IP_MLI |201)_4]

results are given for comparison.

48 Ca 90 7r 208 Pb

energy strength energy strength energy strength

experiment 7.17 ~ 100 120+ 0.2 ~ 100 18.83 £0.02  ~ 100

RHF+RPA  PKOI1 6.86 99.7 11.41 99.3 18.03 95.8
PKO2 6.93 99.7 11.52 99.3 18.30 95.3
PKO3 6.91 99.7 11.49 99.4 18.26 95.8

RH+RPA  DD-ME1  7.08 99.6 11.69 99.2 18.44 95.3

In realistic nuclei, the TAS excitations are pushed into higher energy region due to the Coulomb

interaction. In Table Bl the IAS excitation energies and their strength in percentage of the

N — Z sum rule obtained by RHF+RPA are compared with the experimental data

(IA.nd.&tst_aLal]
198 Eninum et o, hose: Bvatasa et ol hood: brosen et ol hosd: [akimmune ct ot hod) and the
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RH+RPA (I]Za.a.r_aLa.Ll, |2.O_O_4‘) results. It is found that the calculated IAS excitation energies are
slightly lower than the experimental data, and the single collective state contains almost 100% of
the sum rule value. Furthermore, it is also found that the TAS excitation energies by RHF+RPA are
systematically ~ 200 keV lower than those by RH+RPA, which is due to the different treatments
of the Coulomb field, and the lack of the exchange Coulomb mean field in RH+RPA.

4.2.2 Gamow-Teller resonances

Table 4.2: GTR excitation energies in MeV, and strength in percentage of the 3(N — Z) sum

hgsdlaamm_mdhasd
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rule within the RHF+RPA framework. Experimental

hﬁlakaﬁa._eLal], |J.Q9_ﬂ; IHQL&n_aLal], h.%d; |Akj.m.1.m.e_eLa1], |]_9_£LE]) and the RH+RPA (IB&&L&L&Z], |201)_AJ

results are given for comparison.

48Ca W07y
energy strength energy strength energy strength
experiment ~ 10.5 15.6 £ 0.3 19.2+£0.2 60-70
RHF+RPA  PKO1 10.72 69.4 15.80 68.1 18.15 65.6
PKO2 10.83 66.7 15.99 66.3 18.20 60.5
PKO3 10.42 70.7 15.71 68.9 18.14 67.7
RH+RPA  DD-ME1 10.28 72.5 15.81 71.0 19.19 70.6
" S 4!8 : " = 9'0 L “ " 2'08' Y
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Figure 4.2: Strength distributions of GTR in *®Ca, 2°Zr, and 2°®Pb calculated by RHF+RPA with

PKO1, where a Lorentzian smearing parameter I' = 1 MeV is used. The experimental excitation

energies are denoted with arrows.

Taking the doubly magic nuclei 4Ca, °Zr and 2°8Pb as examples, the GTR excitation energies
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and strengths calculated with the fully self-consistent RHF+RPA approach using the parametriza-
tions PKO1, PKO2, PKO3 are summarized in Table E2. The corresponding Lorentzian-averaged
strength distributions are shown in Fig. EE2], where a Lorentzian smearing parameter I' = 1 MeV is
used. It is found that a good agreement with empirical energies is obtained without any re-adjusted
parameter. All calculated strengths correspond to the main peak, and they contain 60-70% of the
Ikeda sum rule (Eq. ZE8)).

lllllllllllllllllllllllllllll
60 |- -
| Hartree J
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Figure 4.3: Strength distribution of GTR in 2®Pb calculated by RH+RPA with DD-ME1
iksié ) (solid line). The unperturbed (Hartree) strength (dotted line), the calcu-

)

lation with only o 4+ w + p p-h residual interaction (dashed line), and the calculation including pion
but ¢’ = 1/3 (dash-dotted line) are also shown. A Lorentzian smearing parameter I' = 1 MeV is

used.

We can understand the different physical mechanisms between the present RHF+RPA and other
RH+RPA approaches by the following analysis. On the one hand, the GT strength distribution in
208ph by RH+RPA with DD-ME1 (IM_kém_ﬁLal], |21)_Q2A) is shown in Fig. It is compared with

the unperturbed (Hartree) strength, the calculation with only o + w + p p-h residual interaction,

and the calculation including pion but ¢’ = 1/3. Tt is found that the contribution of the p-h residual
interaction induced by the isoscalar mesons vanishes due to the isospin conservation in the direct
term, and the result with only p-h residual interaction induced by p-meson is almost on top of
the unperturbed strength. Adding the pion degree of freedom, the peak energy is pushed to high
energy, and it is further pushed up to the experimental value when ¢’ is changed from 1/3 to 0.55.
Thus, the 7-N interaction and its zero-range counter-term are the dominant ingredients in p-h
residual interaction, and ¢’ is treated as an adjustable parameter to reproduce the experimental
date. On the other hand, in the present RHF+RPA calculations, three parametrizations PKO1,
PKO2 and PKO3 lead to similar results for the GTR excitation energies. It should be emphasized
that the pion is not included in PKO2, and therefore, there is no ¢’ term when calculating RPA
with PKO2. This hints to the fact that the pion interaction is not the only dominant ingredient for
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Figure 4.4: Strength distribution of GTR in 2°®Pb calculated by RHF+RPA with PKO1 (solid
line). The unperturbed (Hartree-Fock) strength (dotted line), the calculation with only o + w p-h
residual interaction (dashed line), and the calculation excluding pion (fr; = 0) in the p-h residual
interaction (dash-dotted line) are also shown. A Lorentzian smearing parameter I' = 1 MeV is

used.

the GT excitations in this framework. The GT strength distribution in 2°*Pb by RHF+RPA with
PKO1 is shown in Fig. E4l Tt is compared with the calculation in which the pion is excluded in the
p-h channel, the calculation including only ¢ + w p-h residual interactions, and the unperturbed
(Hartree-Fock) case. Comparing these theoretical results, one can conclude that the isoscalar o- and
w-mesons play an essential role via the exchange terms, whereas the pion just stands on a marginal
position in determining the GTR strength distribution. Thus, this is a fundamental difference with

RH+RPA where o and w play no role in the p-h interaction for the GTR.

4.2.3 Spin-dipole and spin-quadrupole resonances

As discussed in the previous subsection, even though different relativistic RPA approaches lead
to similar GTR strength distributions, the physical mechanisms are substantially different, and
these different physical mechanisms can be clearly demonstrated in other charge-exchange spin-flip
modes.

In Fig. and Fig. 0, the strength distributions in the 7_ and Ty channels of the SDR in
907y calculated by RH4+RPA with DD-ME1 and RHF+RPA with PKO3 are shown in left and right
panels, respectively. The dash-dotted, dotted, dashed lines show the 07, 17, 27 contributions re-
spectively, and the solid line shows their sum. It is found that the experimental dominant resonance
structure centered at E ~ 27 MeV in the T_ channel (IXa.lgLaLal], |21)_0_d) is well reproduced in the
RHF+RPA calculations, while the RH+RPA calculations present a more fragmented structure.

The difference between the RHF+RPA and RH+RPA approaches can be explicitly distinguished

by examining the 07, 17, 27 components separately. For the results obtained by RHF+RPA
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Figure 4.5: Strength distributions in the 7 channel of the SDR in *°Zr calculated by RH+RPA
with DD-ME1 (left panel) and RHF+RPA with PKO3 (right panel). The dash-dotted, dotted,
dashed lines show the 07, 17, 27 contributions respectively, while the solid line shows their sum.

The arrows indicate the experimental data.
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Figure 4.6: Same as Fig. EE8 but for the T channel.
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Table 4.3: Average excitation energies for different components of spin-dipole resonances (SDR) and
spin-quadrupole resonances (SQR) in ?°Zr calculated by RH+RPA with DD-ME1, RHF+RPA with

PKO3, as well as SHFRPA with SLy5 (Fracasso and Coldl, 2007) and STIT (Auerbach and Kleir,

). All values are expressed in MeV.

RH+RPA RHF+RPA SHF+RPA
DD-ME1 PKO3 SLy5  SIII

SDR(T_) 0~ 271 31.0 308 31.8
1= 295 27.1 275 284
2= 229 23.5 229 235
SDR(T.) 0~  11.2 13.3 12.5
- 118 11.2 10.3
2~ 8.5 8.9 9.1
SQR(T_) 1t  37.0 39.8 40.1
2t 363 34.5 35.1
3t 276 29.2 28.5
SQR(Ty) 1t 234 24.7 22.9
2t 223 21.4 19.8

3t 16.6 17.1 14.6
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approach, in the T channel, both the excitation energies of the dominant peaks shown in Fig.
and the average excitation energies listed in Table follow the energy hierarchy that the 27 is
the lowest and the 0~ the highest. This energy hierarchy is also reported in recent investigations

with fully self-consistent SHF+RPA calculations (lELaLaSSQ_aDdMiJ, |2.0.0j), and those with Landau

approximation i, ). It is also found that in all these three components the

dominant p-h residual interactions are those due to isoscalar meson exchanges.

Meanwhile, in RH+RPA calculations, the peak and average energies of 1~ are found to be
higher than those of 07. Tracing the effects of the p-h residual interactions, it is found that the
Hartree contribution of the pseudo-vector 7-N p-h residual interaction is always attractive, whereas
that of the pionic zero-range counterterm is repulsive, and this balance lead to the correct position
of the GTR excitation energy as shown in the previous subsection. However, for the 1~ component
of SDR, the contribution of the pseudo-vector 7-N interaction vanishes due to the natural parity,
and such balance is broken. Thus, the pionic zero-range counterterm alone pushes the 1~ excitation
energies even higher than those of 07, which is a result provided by adjusting the ¢’.

In the Ty channel, it can also be seen that the RHF+RPA and SHF+RPA calculations lead
to the same energy hierarchy, as shown in Table EE3, whereas the 1~ states become the highest
component in RH4+RPA calculations.

Separating experimentally the 0~, 17, 27 components from the total SDR transition strength
would be helpful to evaluate the predictive power of the above theoretical approaches. So far,
such experiment has been carried out in 2C (Id.LH.lm_aLa.lJ, |2.0.0j) However, the SDR strength

distributions in such light nucleus are too fragmented to pin down the energy hierarchy.

As a further step, the theoretical description of SQR have been examined, and the average
excitation energies for the 17, 27, and 3™ components are listed in the second part of Table B3,
comparing with those obtained with SHF+RPA calculations. Focusing on the relative position of
these three components, the results obtained by RHF+RPA and SHF+RPA approaches are almost
the same, while the excitation energies in the 2+ component with natural parity are substantially

pushed towards the high energy region in the RH+RPA results.

4.2.4 Effects of the Dirac Sea in non-energy weighted sum rules

The relativistic RPA is equivalent to the time-dependent relativistic mean field in the small am-
plitude limit only if the p-h configuration space includes both the pairs formed from the occupied
and unoccupied Fermi states and the pairs formed from the empty Dirac states and occupied Fermi

states (IBj.ng_ﬁLal], |20Q1|) Due to the pairs formed from the Dirac states and occupied Fermi states,
the RPA equations have negative eigenvalues (€2, < —1.1 GeV), and the transition probabilities

to these negative energy excitations are not always negligible. Based on this idea, a relativistic

reduction mechanism of the Gamow-Teller strength due to the effects of the Dirac sea states was
pointed out (hﬁm:aﬁama._ﬂLal] |20.0fi) This kind of reduction mechanism appears in both nuclear

matter (IK.u.ta.aa&a._aLaL], |20.0.Ei) and finite nuclei (IML&L@L], |20.0.J; |EaaLeLa1], |20.0.J).

Taking the GTR in the nucleus 2°®Pb as an example, the transition probabilities in the 7 and
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Figure 4.7: Transition probabilities in the 7_ (left panel) and 7' (right panel) channels of the GTR
in 29%Pb calculated by RHF+RPA with PKOL.
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Figure 4.8: Running sum of transition probabilities of the GTR in 2°®Pb calculated by RHF+RPA

with PKO1. The corresponding GT sum rule value is shown as the horizontal dashed line.

Table 4.4: Tkeda sum rule values from Fermi (Sy) and Dirac (Sp) sectors calculated by RHF+RPA
with PKO1. S—, ST are the sum rule values of the T and T'; channels, respectively. The reduction
factor, 1 — (Sp — S7)/(S™ — ST), is given in the last column.

Sp Sh Sﬂf S]’S Sg — Sﬂf S~ — St  reduction

BCa 2267 423 0.10 2.83 22.57 23.97 5.9%
07y 28.22 8.08 0.32 5.99 27.91 29.99 7.0%
208phL 12294 21.54 0.51 11.98  122.43 131.99 7.2%
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T, channels obtained by self-consistent RHF+RPA calculations with PKO1 are shown in the left
and right panels of Fig. K7l respectively. It is found that there are plenty of excitations in the
Dirac sector in both channels, and their transition probabilities are one to three orders of magnitude
smaller than the dominant resonance in the Fermi sector. In order to examine their contributions
to the non-energy weighted sum rule, the running sum of transition probabilities, which is defined
by

(S"=8Me= > (B, —=B)), (4.1)

Q<E
are shown in Fig. EE], where the corresponding GT sum rule value 3(N — Z) = 132 is shown as the
horizontal dashed line. First of all, the big jumps in the curve correspond to the low-lying and giant
resonances shown in Fig. It also can be seen that the GT sum rule is fully exhausted when the
running sum is calculated up to £ = 50 MeV. One of the most important points from this figure
is that around 7% of the sum rule value is carried by the excitations in the Dirac sector, where
the dominant contributions come from the deeply bound single-particle states in the Dirac sea.
This indicates that the GT non-energy weighted sum rule can be 100% exhausted only when the
strengths of the transition from the occupied positive energy states to the empty negative energy
states are included. The reduction factors, 1 — (ST — ST)/(S_ — S, ), of GTR in #Ca, Zr, 205PD,
which are summarized in Table EE4l indicate to which extent the antinucleon degrees of freedom

play a role in the present self-consistent approach.
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Figure 4.9: Running sum of transition probabilities of the SDR in ?°Zr calculated by RHF+RPA

with PKO1. The corresponding SD sum rule value is shown as the horizontal dashed line.

For the case of SDR, the running sum of transition probabilities in ?°Zr is shown in Fig. B3
The curve exhibits a dip in the energy region 5 MeV to 15 MeV due to the fact that the excitation
energies of dominant resonances in the 7'y channel are smaller than those in the T_ channel as
shown in Fig. and Fig. £l While the SD sum rule are fully exhausted when the running sum
is calculated up to E = 50 MeV, it is found that 6.4% of the sum rule value is carried by the
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excitations in the Dirac sector. Furthermore, in contrast to the GTR case, these contributions
come from not only the deeply bound but also the weakly bound single-particle states in the Dirac
sea.

In general, a substantial reduction of the non-energy weighted sum rule value due to the effects
of the Dirac sea is found in spin-flip modes. On the other hand, we find that there is practically no
reduction in non-spin-flip modes, for example, IAS, charge-exchange dipole, quadrupole resonances,
and so on.

In summary, in this chapter the RHF+RPA approach is applied to describe the nuclear spin-
isospin resonances. First of all, in the case of IAS without Coulomb interaction, by switching off
the p-h residual interaction piece by piece, it is found that the o-, w-, p-mesons play important
roles in this mode, and the coefficient ¢’ of pionic zero-range counter-term must be maintained
as ¢’ = 1/3, otherwise the restoration of the isospin symmetry would be destroyed. Furthermore,
the experimental data on the IAS and GTR in doubly magic nuclei *®Ca, °Zr, 2°8Pb can be well
reproduced by the present RHF+RPA approach without any readjustment of the energy functional.
In comparison with the RH+RPA description, the physical mechanisms in determining the GTR
are investigated by examining the importance of different p-h residual interactions. It is found that
in RH+RPA approach the attractive 7NN interaction and its repulsive zero-range counter-term
are the dominant ingredients in p-h residual interaction for the GT mode, while in RHF+RPA
approach the isoscalar o- and w-mesons play an essential role via the exchange terms. These
different physical mechanisms can be clearly demonstrated in the other charge-exchange spin-flip
modes, e.g., SDR and SQR. As an example, the energy hierarchies of different components in
these resonances obtained by RHF+RPA approach are the same as those obtained by SHF+RPA
calculations. In contrast, since the the attractive 7NN p-h residual interaction vanishes in the
natural parity 1= component of SDR and 2% component of SDR, the corresponding excitation
energies are substantially pushed towards the high energy region in RH+RPA results. If the energy
hierarchies of the different J™ components in SDR or SQR could be determined experimentally in
the future, this would be helpful to verify the predictive power of various theoretical approaches.
Finally, by examining the effects of the Dirac Sea in the non-energy weighted sum rules, a substantial
reduction of the sum rule value is found in spin-flip modes, while there is practically no reduction

in non-spin-flip modes.



Chapter 5

Isospin Corrections for Superallowed

5 Decays

5.1 Introduction

The Cabibbo-Kobayashi-Maskawa (CKM) matrix (IQa.bjb_bA, |;L%d; hﬁ)haxashj_a.ﬂ.d_w[aﬁkmel, hﬂé)

relates the quark eigenstates of the weak interaction with the quark mass eigenstates. The uni-

tarity condition of the CKM matrix provides a rigorous test for the Standard Model description
of electroweak interactions. Its leading matrix element, V,4, only depends on the first genera-
tion quarks and so it is the element that can be determined most precisely. There are three
traditional methods to determine |Vq4 experimentally: nuclear 07 — 07 superallowed Fermi

I6] decays (IHardv and Townerl |2.0.0ﬂ ), neutron decay (I:I“_b.o.m.ps.od |l9.9d and pion § decay

|2QO_J) Recently, experiments with nuclear mirror transitions provide another inde-

pendent sensitive source for extracting the value of |V,4| (INaaul‘.aILhm.(‘_lLa.nd_SﬂLemnEI |2.Q.Qd

Among these methods, the most precise determination of |V,4| comes from the study of nuclear

0" — 07 superallowed Fermi 3 decays , ). These pure Fermi transitions between
nuclear isobaric analog states (IAS) allow for a direct measurement of the vector coupling constant
Gy of semileptonic weak interactions by
K
Gt = 21+ AV)Ft
Together with the Fermi coupling constant GG for purely leptonic decays, the up-down element of
the CKM matrix can be determined, V,q = Gy /Gp. In Eq. @), K/(he)® = 2m3h1In 2/ (m.c?)?

and A% is the transition-independent part of radiative corrections caused, for example, by the

(5.1)

processes where the emitted electron may emit a bremsstrahlung photon that goes undetected in

the experiment (IMa.nlLa.D.Q_&Ud_SJ.ﬂJJJ, |20.Qd; |:|lmm.er_a.n.d_liam.§1, |20.QA) The nucleus-independent

Ft value is duduced from the experimental ft values after correcting them by the radiative effects

as well as effects due to isospin symmetry breaking by Coulomb and charge-dependent nuclear

forces (hiard;Laﬂde.etl, |2Q(ld),

Ft = ft(1+R)(1 + ons — de), (5.2)

61
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where f and t represent the statistical rate function and partial half-life, respectively. These exper-
imental values are obtained through measurements of the () values, branching ratios, and half-lives
for the superallowed 3 decays. The correction terms d’, and dng represent the transition-dependent

radiative corrections (I]ll[a.l‘_ua.n.o_a.n.d_s.\.ﬂj.d, |20.0.d; hlm.er_a.nd_ﬂa.nhj, |2.CLO.§) The correction term

d. is the isospin symmetry-breaking correction, accounting for the isospin symmetry breaking in

nuclei.
The isospin is not an exact symmetry mainly due to the presence of the Coulomb forces in
nuclei. The non-conservation of isospin symmetry induces a slight reduction of the superallowed

transition strength |Mp|? from its ideal value |Mg|?,
|MF[? = [ {f| Tx |i) |* = | Mo[*(1 = &c), (5:3)

where My = /2 for T = 1 states with the exact isospin symmetry.

Shell model calculations are generally used to determine the isospin symmetry-breaking correc-
tions d.. Recently, by including the core orbitals, an improvement on such corrections has been
achieved and a good agreement among the nucleus-independent Ft values for the 13 well-measured
cases (10C — 198, 40 — N, 22Mg — 22Na, 3 Ar — 34C1, 26A1 — 260, 31C1 — 318, 3K — A7,
428¢ — *2Ca, 6V — 4T, 59Mn — 50Cr, Co — *Fe, 2Ga — %2Zn, ™Rb — ™Kr) has been

obtained (Towner and Hardy, 2008).

Alternatively, self-consistent Random Phase Approximation (RPA) based on microscopic mean

field theories is another microscopic approach for the superallowed transition strength Mpg. Such
calculations have been performed for a few nuclei with the non-relativistic Skyrme Hartree-Fock
approach in the 1990s S_aga.wa_aLal], h_ﬂ&d) Since then no further investigations have been done

even though significant progress in self-consistent RPA in charge-exchange channels have been made

&‘.&L&ﬂd, h.ﬂ&d; IEtamssg_a.ndikﬂil, |2Q0j4; I]lu:k).n.ti_aLal], .19&4; IRa.aJ“_aLal], |ZOQ£J; ILi.a.n.g.aLal],
).

During the last decade, great efforts have been dedicated to developing the charge-exchange
(Q)RPA within the relativistic framework. From the early model which only contains a rather
small configuration space (IDﬂlQJ]IL&LU.ZJ, |]_9_9A) to the sophisticated model which includes Bogoli-

ubov transformation and proton-neutron pairing , ), these approaches are aimed

at describing the spin-isospin resonances, 0 decay rates, neutrino-nucleus cross sections, etc., in a
systematical, reliable and predictive way. Recently, based on the success of the newly established
density-dependent relativistic Hartree-Fock (RHF) approach, a fully self-consistent charge-exchange

RPA has been established and the first applications were performed for spin-isospin resonances like

Gamow-Teller and spin-dipole resonances (LLi ,|2Q0§) A very satisfactory agreement with
the experimental data was obtained without any readjustment of the energy functional. Therefore,
it is appropriate now to re-investigate the isospin corrections for superallowed Fermi 3 decays with
these relativistic models.

In this chapter, the self-consistent RPA approaches in the relativistic framework will be applied

to calculate the isospin symmetry-breaking corrections d.. With the corrections thus obtained,
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the nucleus-independent Ft values will be deduced in combination with the experimental ft val-

ues in the most recent surve _mﬂ] ) and the improved radiative corrections

(IN[a.mi.a.nQ_a.ﬂd_Sj.rﬁ.rJ, |200d; m The element V,4 and the unitarity of the

CKM matrix will then be discussed.

Before ending this section, it is worthwhile to make the following remark about the self-
consistency of the RH+RPA approach when it is applied to the 07 — 0% transitions. Within
this approach, it is known that, in order to reproduce the excitation energies of GTR, one has to
adjust the 7-N p-h residual interaction and that ¢’ cannot be kept equal to 1/3 (I]lﬂbmim&],
|l9.9.d; ,|2.O_O_4‘) However, for the 0T — 0T channel, the direct contributions from the pion
vanish. Therefore, in this sense, the self-consistency is also fulfilled in the RH+RPA approach as

far as the superallowed Fermi § decays are concerned.

5.2 Results and discussion

For all the calculations in this section, the spherical symmetry is assumed and the filling approxima-
tion is applied to the last partially occupied orbital. The Dirac equations are solved in coordinate
space within a spherical box with a box radius R = 15 fm and a mesh size dr = 0.1 fm. The single-
particle wave functions thus obtained are used to construct the RPA matrix elements A7 and B
in Eq. (Z53) with the single-particle energy truncation [—M, M + 120 MeV]. With these numerical
inputs, the IAS non-energy weighted sum rule in Eq. ([Z87) can be fulfilled up to 10~° accuracy,
and the isospin symmetry-breaking corrections d. are stable with respect to these numerical inputs

at the same level of accuracy.

5.2.1 Isospin symmetry-breaking corrections ¢,

In Table B], the isospin symmetry-breaking corrections . in Eq. &3] for the 07 — 01 superal-

lowed transitions are shown. The results are obtained by self-consistent RHF+RPA calculations

with PKO1 (II@_ug_aLal] |2Q0_d PKO2 (II@_ug_aLal] |2Q0§ PKO3 (IIA).ug_ﬁLal] |200é) effective in-

teractions, as well as by self-consistent RH+RPA calculations with DD-ME1 (INJ.kS.LL&La.Ll, |2.0.0.2£J ,

DD-ME2 (halamasls_amd |201)ﬂ ), NL3 (ILa.la.zﬁlss.Ls_aLal] |]_9£L7| ), TM1 (ISJJga.ha.La_a.u.d_’Ib.kJ )

effective interactions. The results obtained by shell model calculations (T&H) ,

) are also listed for comparison. The RPA corrections ¢. range from about 0.1% for the lightest
nucleus °C to about 1.2% for the heaviest nucleus “*Rb, which are 2 to 3 times smaller than the
T&H results. It is noticed that even smaller values of §. compared to the shell model calculations
have been recently obtained in Ref. (I.Au_er_b_a.cﬂ, |20Qd) using perturbation theory. In addition, in Ta-~
ble B2 the excitation energies E, for the 07 — 0% superallowed transitions corresponding to PKO1

and DD-ME2 are shown as examples. These energies are measured by taking the ground-state of
the corresponding even-even nuclei as reference. In the comparison with the experimental values

taken from the recent survey (h:l.a.nbLa.n.d_rllmm.&I], |20_O.d), the corrections due to the proton-neutron

mass difference in p-h configurations are included in the calculated results. A good agreement
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Table 5.1:

CHAPTER 5. ISOSPIN CORRECTIONS FOR SUPERALLOWED 3 DECAYS

Isospin symmetry-breaking corrections d. for the 07 — 0T superallowed transi-

tions obtained by self-consistent RHF+RPA calculations with PKO1 (II@_ug_aLal], |20_0_d), PKO2

(h.m.g_aLa.Ll, |2.0.0.§), and PKO3

; |20.0A) as well as self-consistent RH4+RPA calcula-

expressed in %.

), DD-ME2 (Lalazissis et all, 2003), NL3 (Lalazissis e ol

). The column PKO1* presents the results obtained
with PKO1 without the Coulomb exchange (Fock) term. The results obtained by shell model cal-

culations (ITQAALU.&La.nd_H.a.ui;J, |2Q044) are listed in the column T&H for comparison. All values are

PKOl PKO2 PKO3 PKO1* DD-ME1 DD-ME2 NL3 TMI1 T&H

¢ — 108 0.082 0.083 0.088  0.148 0.149 0.150  0.124 0.133 0.175(18)
4o — UN 0.114 0.134 0.110  0.178 0.189 0.197  0.181 0.159 0.330(25)
18Ne — 18F  0.270  0.277 0.288  0.357 0.424 0.430  0.344 0.373 0.565(39)
26Gi — 26A1 0176 0.176  0.184  0.246 0.252 0.252  0.213 0.226 0.435(27)
305 — 30p 0.497  0.550  0.507  0.625 0.612 0.633  0.551 0.648 0.855(28)
3Ar —3Cl 0268 0281 0.267  0.359 0.368 0.376  0.438 0.320 0.665(56)
BCa — BK 0313 0330 0313 0.406 0.431 0.441  0.390 0.572 0.765(71)
27) - 428c  0.384 0387  0.390  0.460 0.515 0.523 0436 0.443 0.935(78)
A1 — Mg 0.139  0.138  0.144  0.193 0.198 0.198  0.172 0.179 0.310(18)
301 — 318 0.234 0.242 0.231  0.298 0.302 0.307  0.289 0.267 0.650(46)
BK - 3BAr 0278 0290 0276  0.344 0.363 0.371  0.334 0.484 0.655(59)
428¢c — *2Ca 0333 0334 0.336  0.395 0.442 0.448 0377 0.383 0.665(56)
Co — %Fe  0.319 0317 0321  0.392 0.395 0.393  0.355 0.368 0.770(67)
66As — 66Ge 0475 0475 0.469  0.571 0.568 0.572  0.560 0.524 1.56(40)

OBr — ™Se  1.140 1.118 1.107 1.234 1.232 1.268  1.230 1.226 1.60(25)

™Rb — ™Kr 1.088 1.091 1.071  1.230 1.233 1.258  1.191 1.234 1.63(31)
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Table 5.2: Excitation energies F, for the 07 — 0 superallowed transitions measured by taking
the ground-state of the corresponding even-even nuclei as reference. In the comparison with the
experimental values taken from the recent survey (IEIaMLaBde.&rl, |21)_Qd), the corrections due
to the proton-neutron mass difference in p-h configurations are included in the calculated results.
All units are in MeV.

expt. PKO1 PKO1* DD-ME2
10¢c — 10 -1.908  -1.698 -2.307  -2.236
140 — UN -2.831  -2.420 -2.989 -3.081
18Ne — BF  -3.402 -3.195 -3.497 -3.451
268i — 26A1  -4.842 -4.531 -5.139 -5.110
30§ ., 30p -5.460 -4.845  -5.326 -5.395
MAr - 3Cl -6.063 -5.559 -6.129  -6.278
3BCa — BK  -6.612 -6.035 -6.611 -6.775
2Ti — 428¢  -7.000 -6.661 -6.970  -6.964

A1 — Mg 4.233  3.908  4.372 4.350
3401 — 38 5.492  5.062  5.428 5.561
BK — 3BAr 6.044  5.557  5.936 6.083
428¢c — 2Ca 6.426  6.118  6.333 6.333
Co — %Fe 8244 7.720  8.221 8.240
06As — 66Ge 9579  9.044  9.488 9.677
Br — Se  9.970 9.632  9.805 9.852
"Rb — ™Kr 10.417 10.005 10.349  10.437
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between the data and the calculated ones can be seen in Table

In Table BT, it is found that the present isospin symmetry-breaking corrections d. for each nu-
cleus can be unambiguously divided into two categories, those obtained by RHF+RPA calculations
and those obtained by RH+RPA calculations. Comparing these two categories, it is seen that the
corrections d. of RHF+RPA are systematically smaller than those of RH+RPA. On the other hand,
it is also found that within one category the corrections d. are not sensitive to specific effective
interactions or the structure of the Lagrangian density. For instance, within the RH4+RPA frame-
work, both the Lagrangian densities with density-dependent meson-nucleon couplings (DD-MEL,
DD-ME2) or with non-linear meson couplings (NL3, TM1) lead to quite similar results.

To understand this systematic discrepancy between RHF+RPA and RH+RPA, it must be kept
in mind that in RHF+RPA the exchange (Fock) terms of mesons and photon are kept in both the
mean field and RPA levels, whereas they are neglected altogether in RH+RPA. Among all the Fock
terms, we expect, in particular, the exchange terms of the Coulomb field to play an important role
due to the following reason. The TAS would be degenerate with its isobaric multiplet partner, i.e.,
E, = 0, and it would contain 100% of the model-independent sum rule [Z87), i.e., 6. = 0, if the
nuclear Hamiltonian commutes with the isospin raising and lowering operators T4. This would be
the case when the Coulomb field is switched off. While this degeneracy is broken by the mean field
approximation, no matter the exchange terms of mesons are included or not, it can be restored

bg the RPA as long as the RPA calculations are fully self-consistent (IEU.gdbL&C.bLa.D.d_Lﬂm.m.ﬂ],

). Therefore, the Coulomb field is essential for the 0% — 0T superallowed transitions and

the Coulomb exchange (Fock) term should be responsible for the difference in isospin symmetry-
breaking corrections ¢. in the RHF+RPA and RH+RPA approaches.

In order to verify the above argument, we have performed the following calculations. Using
PKOT1, the Hartree-Fock calculations are performed by switching off the exchange contributions of
the Coulomb field. From the single-particle spectra thus obtained, self-consistent RPA calculations
are then performed. One may notice that in such calculations some nuclear properties including
binding energies and rms radii can no longer be reproduced. However, this does not hinder us from
discussing the physics we are concerned with. The isospin symmetry-breaking corrections . and the
excitation energies F, thus obtained are listed in the column denoted as PKO1* in Table BTl and
Table It is seen that these results are practically the same as those of RH+RPA calculations
with DD-ME1, DD-ME2, NL3, and TM1. Thus, by switching off the exchange contributions
of the Coulomb field, E, and J. in the RHF+RPA calculations recover the results in RH+RPA
calculations. In other words, although the meson exchange terms can be somehow effectively
included by adjusting the parameters in the direct terms, this has not been done for the Coulomb

part in the usual RH approximation.

Therefore, one can conclude that the proper treatment of the Coulomb field is very important

to extract correctly the isospin symmetry-breaking corrections d..
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5.2.2 Nucleus-independent Ft values

Among the 07 — 0% superallowed transitions listed in Table Bl some of their measured ft values
are summarized in a recent survey (IL[aLd;La.ndloﬂmﬂJ, |2.0_Qd) To obtain the nucleus-independent

Ft values from each experimental ft value, apart from the isospin symmetry-breaking corrections

dc in Table Bl one still needs the values of the transition-dependent radiative corrections 6% and

nuclear-structure-dependent radiative corrections dys.

3140 |- -
| o ft (uncorrected) I j
3120 & Ft (partially corrected) 1
B e Ft(corrected) 7

3100 |- -

’UT L = z § -
E e T $ =
3060 |- -

| .. .

o

3040 FE PKO1(RHF) 4

LA A L ' LA A L ' LA Ll ' LA Ll ' LA Ll ' LA Ll ' LA Ll ' LA Ll

o 5 10 15 20 25 30 35 40

Z of daughter

Figure 5.1: Corrected Ft values by RHF+RPA with PKO1 (full circle) as a function of the charge

Z for the daughter nucleus. The shaded horizontal band gives one standard deviation around

the average Ft value. The uncorrected experimental ft values (IELamLEMmﬂJ, |2Q0.d) (open

square) and partially corrected (0. = 0) F't values (open triangle) are shown for comparison.

Using the %, and dng values from recent calculations (IMmﬂ_a.nd_H.a.ui;J, |2Q044), d. in Ta-
ble BTl and measured ft values (IL[aLd;La.ndloﬂmﬂJ, |2.Q.Qd), the nucleus-independent Ft values by

RHF+RPA with PKO1 for superallowed Fermi (3 decays are plotted in full circles as a function of
the charge Z of the daughter nucleus in Fig. Bl The shaded horizontal band gives the standard

deviation, which combines the statistical errors and x? /v, around the average Ft value. For compar-

ison, the uncorrected experimental ft values ) ) and the partially corrected
F't values, only including the radiative corrections, are shown as the open squares and triangles,
respectively. One can find the importance of the radiative and isospin symmetry-breaking correc-
tions by comparing the three sets of data. It can also be seen that the isospin symmetry-breaking
corrections become more important when the charge Z increases.

The Ft values with all effective interactions used are listed in Table[B.3ltogether with the average
Ft values and the values of chi-square per degree of freedom x?/v, in which the uncertainty of 6.
is taken as zero. The results of RH+RPA with DD-ME2 are also plotted as a function of the
charge Z for the daughter nucleus in the left panel of Fig. B2 It is found that the chi-square per
degree of freedom x?/v is 1.0 ~ 1.1 s for all effective interactions employed. This indicates that

the constancy of the nucleus-independent Ft values is satisfied, even though not as well as in the
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Table 5.3: Nucleus-independent Ft values. The average Ft value and the normalized x?/v appear

at the bottom. All units are in s.

PKO1 PKO2 PKO3 DD-ME1  DD-ME2 NL3 TM1

0C — 1B 3079.6(45) 3079.5(45) 3079.4(45) 3077.5(45) 3077.5(45) 3078.3(45) 3078.0(45)
40 - N 3078.2(31) 3077.5(31) 3078.3(31) 3075.8(31) 3075.6(31) 3076.1(31) 3076.8(31)
3Ar — 31C1 3081.9(84) 3081.5(84) 3082.0(84) 3078.8(84) 3078.6(84) 3076.7(83) 3080.3(84)
A1 — Mg 3077.7(13) 3077.7(13) 3077.5(13) 3075.8(13) 3075.8(13) 3076.6(13) 3076.4(13)
3401 — %S 3083.5(16) 3083.3(16) 3083.6(16) 3081.4(16) 3081.3(16) 3081.8(16) 3082.5(16)
BK — 3BAr  3084.1(16) 3083.8(16) 3084.2(16) 3081.5(16) 3081.3(16) 3082.4(16) 3077.8(16)
428c — 42Ca 3082.7(21) 3082.6(21) 3082.6(21) 3079.3(21) 3079.1(21) 3081.3(21) 3081.1(21)
%Co — %Fe  3083.9(27) 3083.9(27) 3083.8(27) 3081.5(27) 3081.6(27) 3082.7(27) 3082.4(27)
™Rb — ™Kr 3094.8(87) 3094.7(87) 3095.3(87) 3090.2(87) 3089.4(87) 3091.5(87) 3090.2(87)
average 3081.4(7)  3081.3(7)  3081.4(7)  3079.1(7)  3079.0(7)  3080.0(7)  3079.1(7)
x2/v 1.1 1.1 1.1 1.0 1.0 1.0 1.0

shell model calculations of Ref. (IH_a_ui;La.ud_"llmmﬂl, |20Qd) It is also found that the Ft values of

RHF+RPA are about 2 s larger than those of RH4+RPA, which is larger than the difference due to

the different effective interactions in either RHF or RH approximations.
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Figure 5.2: Nucleus-independent Ft values as a function of the charge Z for the daughter nucleus.
The values of . are respectively obtained by RH4+RPA calculations with DD-ME2 (left panel) and
by SHF+RPA calculations with SGII (IS_agama_eLal], h_&&d) (right panel). The shaded horizontal

band gives one standard deviation around the average Ft value.

In order to get a deeper understanding on the treatment of the Coulomb field, the Ft values

from RPA calculations using Skyrme Hartree-Fock (SHF') with SGII effective interaction are shown

in the right panel of Fig. 52, in which the isospin symmetry-breaking corrections d. are taken from
,|J_9_£ld) It should be emphasized that in these results the exchange

the Table I in Ref.

contributions to the Coulomb mean field are treated in the Slater approximation. Although this
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model leads to a similar average Ft value, Ft = 3081.1(7) s, it is found that the chi-square per
degree of freedom x2/v = 1.5, i.e., the constancy of the Ft values in this SHF framework is not as
good as that given by the relativistic calculations. In particular, the Ft value deduced from the

nucleus ™Rb is somewhat overestimated.

5.2.3 Unitarity of the CKM matrix

With the nucleus-independent Ft value, the element V4 of the CKM matrix can be calculated by

(see Eq. &)
9 K

Vua = 2G2 (1 + AY)Ft’

where K/(hc)® = 8120.2787(11)x 10710 GeV s, Gr/(he)? = 1.16637(1)x 107> GeV 2 M
), and AY, = 2.361(38)% (IT;mm_&La.nd_H.a.ni;J, ). Then, in combination with the other two
CKM matrix elements |V,s| = 0.2255(19) and |V,,| = 0.00393(36) (IA.m.slaLﬁLal] |20.0é one can

test the unitarity of the first line of the matrix.

(5.4)

Table 5.4: The element V,4 and the sum of squared top-row elements of the CKM matrix.

‘Vud‘ ‘Vud‘2+’Vu8’2+’Vub’2

PKO1  0.97273(27) 0.9971(10)
PKO2 0.97275(27) (10)
PKO3 0.97273(27) (10)
PKO1*  0.97303(26) (10)
DD-ME1 0.97309(26) 0.9978(10)
(26) (10)
(26) (10)
(26) (10)

DD-ME2 0.97311(26
NL3 0.97295(26
TM1 0.97309(26

The element V,,4 as well as the sum of squared top-row elements of the CKM matrix are listed
in Table BE4l The uncertainties of the present results are underestimated to some extent as the
uncertainty of J. is assumed to be zero and the systematic errors are not taken into account. In
Fig. B3 the sum of squared top row elements of the CKM matrix obtained by RHF4+RPA calcula-
tions with PKO1 and by RH+RPA calculations with DD-ME2 are shown in comparison with those

in shell model ( H&T) (IHa.r_d.v and Townml |20_Q.d ) as well as in neutron decay (IAmsler_aLa.lJ |2.0.0.§)

n (3 decay C ,|20_0_J) and nuclear mirror transitions (IN.MMMSEAL&LUH&I,

It can be clearly seen in Table B2l that the matrix element |V,4| determined by the 07 — 0T

superallowed transitions mainly depends on the treatment of the Coulomb field and it is less sen-
sitive to the particular effective interactions. Switching on or off the exchange contributions of the
Coulomb field, the discrepancy caused by different effective interactions is much smaller than the

statistic deviation. It is interesting to note that the present |V,4| values well agree with those ob-
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Figure 5.3: The sum of squared top row elements of the CKM matrix obtained by RHF+RPA
calculations with PKO1 and by RH+RPA calculations with DD-ME2 in comparison with those in

shell model (H&T) (}Hardv and Townmj, |2Q0_d) as well as in neutron decay Ams]ﬂ_eLal], |21)_ij),

ion 3 decay (IB)K:&DL&LG.LL |2.O_0_4‘) and nuclear mirror transitions iliat-

tained in neutron decay, pion 3 decay and nuclear mirror transitions. However, the sum of squared
top-row elements considerably deviates from the unitarity condition, which is in contradiction with

the conclusion of shell model calculations (H&T) (IHaLd;LaﬂdloﬂmﬂJ, |20.Qd) This calls for more

intensive investigations in the future. For example, mean field and RPA calculations including the

proper neutron-proton mass difference, isoscalar and isovector pairing, and deformation should be
done. It should also be emphasized that apart from the proper treatment of pairing by either BCS
or Bogoliubov approaches, the particle number projection must be implemented as well in order
to remove the artificial isospin symmetry breaking effects due to the particle number violation.

Finally, the errors due to the filling approximation have to be evaluated.

5.2.4 Effects of the neutron-proton mass difference

In this subsection, we examine the effects of the neutron-proton mass difference on the V4 value.
We repeat the self-consistent relativistic RPA calculations with effective interactions PKO1 and
DD-ME2, but adopting experimental values of neutron and proton masses. The isospin symmetry-
breaking corrections &, thus obtained are listed in the columns PKO1T and DD-ME2' of Table
The difference between the results of PKO1' and PKO1, as well as DD-ME2f and DD-ME2 are
presented in the columns Ad,. to show the net effects of the neutron-proton mass difference.

It can be seen that the effects of the neutron-proton mass difference on the corrections §. range
from about 0.01% to about 0.05%, and roughly speaking, larger d. lead to larger Ad.. With these
effects, the V,4 value predicted by RHF+RPA with PKOL1 is changed from |V,4| = 0.97273(27)
to |Vual = 0.97280(27), and the value predicted by RH+RPA with DD-ME2 is changed from
[Vial = 0.97311(26) to |V,q| = 0.97321(26). This indicates the effects of the neutron-proton mass
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Table 5.5: Isospin symmetry-breaking corrections 6. for the 07 — 0% superallowed transitions.
The columns PKO1t and DD-ME2' present the results obtained with effective interactions PKO1
and DD-ME2 but adopting experimental values of neutron and proton masses. The columns Ad,

show the difference between the results of PKO1t and PKO1, as well as DD-ME2' and DD-ME2.

All values are expressed in %.

PKO1T A, DD-ME2f A4,
0c — 10 0.089  0.007 0.161 0.011
4o - UN 0.127  0.013 0.214 0.017
18Ne — BF 0.288  0.017 0.454 0.024
268i — 26A] 0.188  0.012 0.268 0.016
30§ —, 30p 0.531  0.034 0.672 0.039
3MAr — 34C1 0.287  0.019 0.400 0.024
38Ca — B¥K 0334 0.021 0.467 0.026
27i - 128¢ 0.405  0.020 0.549 0.026
Al — 26Mg  0.150  0.011 0.212 0.014
3401 — 38 0.252  0.018 0.329 0.022
3BK —38Ar  0.299  0.020 0.395 0.024
428¢c — 2Ca  0.352  0.019 0.472 0.024
Co — %Fe  0.336  0.017 0.414 0.020
66As — %Ge  0.500  0.026 0.601 0.028
Br — MSe  1.188  0.048 1.320  0.051
"Rb — ™Kr 1.132  0.044 1.308 0.050
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difference are small compared to other kinds of uncertainties, and it is not the main reason why
the present results of the sum of squared top row elements of the CKM matrix deviate from the
unitarity condition.

In summary, in this chapter self-consistent relativistic RPA approaches are applied to calculate
the isospin symmetry-breaking corrections ¢, for the superallowed 3 transitions. It is found that the
proper treatment of the Coulomb field is very important to extract the isospin symmetry-breaking
corrections d.. By switching off the exchange contributions of the Coulomb field, the corrections
0. in RHF+RPA calculations recover the results in RH+RPA calculations. In other words, one
cannot effectively take care of the Coulomb exchange term by adjusting the parameters in the direct
terms of mesons as done in the usual RH approximation. With the isospin symmetry-breaking
corrections d. calculated by relativistic RPA approaches, the values of |V,4| thus obtained agree
well with those obtained in neutron decay, pion 3 decay and nuclear mirror transitions. However,
the sum of squared top-row elements seems to deviate from the unitarity condition. The effects
of the neutron-proton mass difference on the isospin symmetry-breaking corrections J. have been
investigated. It is shown that these effects are small compared to other kinds of uncertainties. The
neutron-proton mass difference is not the main reason why the present results of the sum of squared
top row elements of the CKM matrix deviate from the unitarity condition. For further studies,
more intensive investigations including the proper isoscalar and isovector pairing and deformation

should be done.



Chapter 6

Inclusive Charged-Current

Neutrino-Nucleus Reactions

6.1 Introduction

Neutrino-nucleus reactions at low energies, F,, < 100 MeV, are of particular importance for many
phenomena in nuclear physics, particle physics, and astrophysics (IH.ﬁ.;Lﬁ‘J, |l9.9.d; .Mo.gfj, |20.0.d) One

of the worldwide focus is the measurements of neutrino masses and their mixing angles, which open

a door to explore the physics beyond the Standard Model. Furthermore, around the core-collapse
supernova explosion, the neutrino flux is so large that significant neutral-current and charged-
current neutrino-nucleus scattering occurs, even though the corresponding cross sections are rather
small. The neutral-current excitations and the subsequent multi-particle breakup determine the
v-process nucleosynthesis (ISMQSJMLUJJ, |l9_9d), while the competition between neutron capture
and charged-current neutrino scattering is one of the key ingredients for determining the r-process

nucleosynthesis Wﬁﬁdﬁﬂzﬂﬂﬂdﬁ], |2.0_Oj), which is responsible for the formation of

half of the elements with A > 70. Concerning the nuclear physics aspect, the neutrino-nucleus cross

sections are found to be very sensitive to the nuclear spin-isospin excitations in such low neutrino
energy region (leb_e_aLa.lJ, |2.0.0.d)
So far, inclusive and exclusive charged-current neutrino-nucleus cross sections data for the 12C
ﬁw, 1199%: Bodmann et atl, 1994; [Athanassoponlos et all, 1995; Anerbach et atl, oo,
) and °°Fe m, @) targets have been obtained by the Liquid Scintillator Neutrino
Detector (LSND), and Karlsruhe Rutherford Medium Energy Neutrino (KARMEN) Collaborations.

More ambitious experiments using the neutrinos generated at the spallation sources are under

construction, planning, or study. These facilities include the Spallation Neutron Source (SNS) at
Oak Ridge, the European Spallation Source (ESS) in Lund, the Japanese Spallation Neutron Source
(JSNS) at JPARC, and the China Spallation Neutron Source (CSNS) in Guangdong. Another kind

of promising neutrino experiments would be that using the neutrinos generated with low energy

beta-beams (IZJ.M‘.h.&UJ, |20ﬂi hﬁ)lpﬁl, |ZOQ£L |2Q0j) The beta decays of boosted radioactive ions can

73
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produce pure and collimated beams of electron (anti-)neutrinos, and the average energy of the
neutrino beams can be controlled. Therefore, it is expected that more accurate neutrino-nucleus

scattering data on various targets will be available in the near future.

On the other hand, it has been shown that the theoretical predictions of the neutrino-nucleus
cross sections with sufficiently high accuracy are crucial to calibrate the neutrino detectors and
interpret the neutrino experiments. One example is the reanalysis of the LSND neutrino oscillation
experiment (ISa.ma.n.a_aLa.Ll, |20.0_d) Based on the lepton-hadron weak interaction in the standard
current-current form, the pioneering investigations of low energy neutrino-nucleus reactions were

done in the 1970s (k)lloﬁ.n.eu_aLa.L, h.ﬂd; IWaJmkA, |].27j|) At present, a variety of microscopic

approaches for evaluating the charged-current neutrino-nucleus cross sections include the nuclear

shell model (IHaas.tm:l, h.%j; I.Almb.a&b_a.n.d_BmuJ, |2&).0.d), the RPA and QRPA (lAuerbach et all,
|l9-ﬂﬂ; h@-pf—ﬂLﬂLL |2-0-0-d |2-0-0d; I |20.Qd; haazauskas_a.ndAlolp.el, |2.0_O_ﬂ), continuum
RPA (CRPA) (Ila&hmd&uLal], ;Ilﬁ)lb.(LﬁLal], |20Qﬂ), projected quasiparticle RPA (PQRPA)
(lK.r_m.pQIJLaLa.Ll, |20.0£‘), and relativistic RPA (RRPA) (IEa.a.r_aLa.Ll, |2.0_O.d) Comparing the above

investigations, apart from the difference in the nuclear models used to describe the transitions from

the parent ground-state to the excited daughter states, there are also important differences in the
choice of recipes for the axial vector coupling strength g4 and the theoretical low-lying excited
states of the daughter nucleus. Thus, we find it useful to discuss in this chapter the consequences

of the various choices.

Comparing with the shell model calculations, the RPA calculations based on the mean field
can be, in principle, implemented for the whole nuclear chart, and the relatively large p-h config-
uration space allows for the description of the high-J excitations up to ~ 100 MeV. Furthermore,
it has been shown that the self-consistency of the RPA approach is an important requirement for
restoring the symmetries which are broken by the mean field approximation, and for separating
the spurious states from the physical states, as well as for extrapolating the theoretical analysis to-
wards the nucleon drip lines. Nevertheless, the present CRPA calculations (llarbmd&zﬂl], |20Qﬂ;
|Kle.L&t_a.L|, |2_O_Od) are not self-consistent since they employ different interactions for the descrip-
tion of the ground-state and excited states, and the (Q)RPA calculations based on the SHF theory

(Ilaazauskas_a.ndﬂ.pﬁl, |ZOD_7|) still exclude some terms in the p-h residual interaction, e.g., the spin-

orbit term. Only recently, a fully self-consistent SHF+RPA in the charge-exchange channels was

developed (IEtamsg_andikﬂil, |201L4; IEta.Qaasg_andﬁﬂd, |2Q0_ﬂ), but not yet used in the analysis

of neutrino-nucleus reactions. On the relativistic side, it has been shown in Chapter H that the

nuclear spin-flip responses, e.g., SDR, SQR, and so on, are sensitive to the additional ¢’ parameter
within the RH+RPA framework. Therefore, it is interesting to investigate the properties of low

energy neutrino-nucleus reactions within the fully self-consistent RHF+RPA framework.

In this chapter, the RHF+RPA approach will be applied to calculate the inclusive charged-
current neutrino-nucleus cross sections, by taking the 'O(v,,e”)!F reaction as an illustrative
example. Following the prescription given by Walecka , ), the key expressions for

calculating the cross sections in the extreme relativistic limit will be summarized in the next
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section, and the Coulomb corrections to the inclusive cross section given by the Fermi function
correction and effective momentum approximation (EMA) will be explained in details as well. The
main effort will be dedicated to discussing the substantial influence of different recipes for the
axial vector coupling strength and the choice of theoretical low-lying excited states of the daughter
nucleus. Then, the reason why we favor the value of g4 = 1.262 and the inclusion of all RPA
excited states will be explained. Finally, the inclusive cross sections averaged over the Michel flux
and the supernova neutrino flux will be shown, in comparison with the previous theoretical studies

by other authors.

6.2 Inclusive neutrino-nucleus cross sections
In the present study, we consider the charged-current neutrino-nucleus reactions

where [ denotes the charged lepton, e.g., electron or muon. The charged-current neutrino-nucleus

cross section reads (IlMa.].ec.kA, |J.9_ZE]; .Qllo.n.n.d.]_&t_al], |l91d)

2
‘ , (6.2)

doy, V2 1 P
a0 (277)2”]3[ 2 2J; + 1 ME;W ‘<f’HW‘Z>
L

lepton spins

where p; and Ej are the momentum and energy of the outgoing lepton, respectively. The Hamilto-

nian Hy of the weak interaction is expressed in the standard current-current form, i.e., in terms

of the nucleon Jy(x) and lepton jy(x) currents (ISMaJﬂ‘JSJ, h.&ﬁ']; bﬂm.n.dl_ﬁLad, |l9ld)

Hy = —% dxJ> () )\ (x), (6.3)

Denoting the leptonic matrix current as [ye *4®, the transition matrix elements read

(f| Hw i) = —%lx / dwe™ 9 (f| TN @)]i), (6.4)

with the four-momentum transfer

(90,9) = (E1,p;) — (Ey,p,), (6.5)

which must be space-like, i.e.,

¢’ =q3 —q* <0. (6.6)

In the extreme relativistic limit (ERL), in which the energy of the outgoing lepton is consid-

ered much larger than its rest mass, the differential neutrino-nucleus cross section takes the form
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(Waledkd, 1973: 10" Connell et all, 977

do—y> 2G% cos?§. E? 5 0 > do » ?
v - cos” — (JrlIMy — =Ll i)
<dQ RL T 2041 2;) ! El
2
—q 9 . L0 5 2
+ (o oy +sint 3 ) S ([ a] + |
J>1

— sin — \/—(3082 + sin? —ZQRG (TGN TN TP TPy 3 (6.7)
J>1

with x = |g|, where G is the Fermi constant for the weak interaction, 0. is the Cabbibo’s angel

, ), and € denotes the angle between the incoming and outgoing leptons. The

nuclear multipole operators are the Coulomb operator

~ K 1
Woas(@) = FY MY (@) - 25 | a0 (@) + 3P+ aoFe)s} (@) (6:5)
the longitudinal operator
A \% . 1 K° M
Lym(z) = —F1 My (@) +i | Fa— §m—NFP 2 (), (6.9)
the transverse electric operator
. K 1 .
i@ = 2= [ A o (@) + =Y @) + im0 (6.10)
and the transverse magnetic operator
ik 1 M
TMAG () = o [FlvAf}/[(w) S pVy (x )] + Fax i (), (6.11)

where my is the mass of nucleon. The form factors are the functions of ¢? (IKu.r_a.m.QJ;Q_aLa.lJ, |l9.9d),

2 —2
V2 q
2 -2
Vi) = 4. 1-— 7 12
w(q7) 706( B0 Mev)E) (6.12b)
¢ -
2
Fald’) = —9a (1 ~ (1032 MeV)2> ’ (6.12¢)
2mnFa(g®)
2 NI A

where m is the mass of pion, and g4 = 1.262 is the axial vector coupling strength. To account for

the universal quenching of the Gamow-Teller strength function, the effective axial vector coupling

ff = 1 is sometimes proposed (IBQbLa.Dd_BMﬂ&J, h.%.d) We will come back to this point in
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Section The short-hand notations of the fundamental operators read

My (), (6.13a)
1
AM(x) = MY (x)- -V, (6.13b)
1
A'JM(:B) = —i [—V x MY, (x )} 'lV
/ J+1 o, 1
B [ 2J+1 M (@ 27 1 M- ] =Y (6.13¢)
iz = M(x)- o, (6.13d)
E'JM(:B) = —i [—V X MJJ(:B)} o
[T+1 .,
sy = —VMJ (m)] o
J+1 J
= 2J+1MJJ+1( x) + THM% 1(33)] ‘o, (6.13f)
) 1
QM(x) = M}/[(a:)a-EV, (6.13g)
where
M (@) = jy(ka)Yinm(2),  Myp(x) = js(ke) Vi (&) (6.14)

with the spherical Bessel function jj(kx), the spherical harmonics Y/ (Z), and the vector spherical

harmonics V¥ | (#) defined as

Vit =Y Cip Ve (6.15)
uv

The reduced matrix elements concerning the above operators read (see Remark [I4),

. . Y DN .
''§'||My||nlj) = (=) 2%( L1 (n'U'|75(kr)|nl), (6.16)
2 T2
JogJ
(WU M gy, - olnlj) = <—>’¢—35‘3'ﬁ'”<l, . l) voLLg g (k) nl),
4 0O 0 0 11y
2 2
(6.17)
. . N
n''§'||M yr, - V||nlj) = (—)I'*3 +]+J]]{ 'Jl 3}<n'l’HMJL-VHnl>7 (6.18)
J
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with
I'LJ L1 J ' L 1+1
nU||M - Vnl) = JH I+1)(20+3
(n'U'||M s, - V||nl) (—) o (I+1)( )zz'z+1 00 o
11/ - d
(gl (45— 7) Ind
L1 J ' L -1
120 — 1) /
I 1—1 00 0
d 1+1
x <n’l’]jL(/<:r)< e +L>\ z>] (6.19)
and
‘ , o J U 1+1 U J ol+1
<n/l/j/HMJVO'HTLlj> = (—) \/_ [—(5]'71_,_1/2\/21"‘3{ 1 j j/ 0 0 0
2

x@ﬂp@@(%—%)mw

' 1—1 DAY iy —
"HS]I 1/2V 20 — L .
5 J J 0 O 0
d [+1
74 —_—t+ — . 2
x(n'l'|37(kr) <d7‘ + " ) |nl>} (6.20)

In the above expressions, the Wigner-Eckart Theorem with composite tensors is used (see Remark

m3).

With the definition of four-momentum transfer ¢ = (qo, q) in Eq. (E3), one has
qo = El — EV = Ez — Ef, (621)

where E; and Ey are the energies of the parent and daughter nuclei, respectively. Assuming the

parent nucleus is in the ground-state, and neglecting the kinetic energy of the nuclei,
E; =m;, and Ef =my+ E*, (6.22)

where m; and my are the masses of the parent and daughter nuclei, respectively, and E* is the
excitation energy with respect to the ground-state of the daughter nucleus. The excitation energy

E* can be obtained with the RPA calculations by
E* = Erpa — [(my —m;) + (my, —myp)], (6.23)

where Frpa is the excitation energy with respect to the ground-state of the parent nucleus, and
(my, —myp) is the neutron-proton mass difference which is missing when neutron hole and proton
particle configurations are built. In principle, E* should be > 0, which indicates the energetically

possible final states in the daughter nucleus. In some literature, the experimental mass data

Q' = (m3" —mg™) + (my, —my) (6.24)
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is taken as the threshold in the theoretical calculations. We will also come back to this point in

Section Combining Eqs. (E21]), (622), and {Z3), one has
q0 = E; — E, = —Erpa + (my, —my), (6.25)
i.e., for a given energy of the neutrino, the energy of the outgoing lepton reads
E; =E, — Egpa + (my, —my). (6.26)
On the other hand, the momenta of the incoming neutrino and the outgoing lepton in Eq. ([EX) are

p,|=E,,  and |p|=/E} —m}. (6.27)

Since the angle between the incoming and outgoing leptons is #, the momentum transfer is

k= lal = \/p2 + B} — 2lp, llpy | cos 6. (6.28)

Furthermore, the reduced matrix elements (J¢||O|J;) for a given operator can be written in terms
of the (X,Y") solutions of the angular momentum coupled RPA equations (Eq. ([ZZ9)) as
rllOs1T) = S { X WO + (Y bl 1)} (6.29)
ph
Therefore, corresponding to a specific excited state, the differential neutrino-nucleus cross section
in Eq. (E7) is just a function of the neutrino energy F, and the angle #. The total cross section is

the integral over the angle #, which reads

T doy, .
o, = /0 27 <%> sin 6d#. (6.30)

For charged-current reactions, the cross section in Eq. ([E2]) must be corrected for the distortion
of the outgoing lepton wave function by the Coulomb field of the daughter nucleus. In the low
energy region, the cross section can be multiplied by a Fermi function, which reads , ;

,|20.0fi), (also see Eq. (7.15) in Ref. (IBﬂb.L&us_a.n.d_BJJ.bmA, |l9.8.d)),

T(y+iy) |
T2y 1 1)

F(Z,E) = 2(1 4 7)(2pR.)*0 Ve (6.31)

Here, Z denotes the proton number of the daughter nucleus, R. = ,/R‘% +0.64 fm? is the charge
rms radius calculated with the ground-state density, « is the fine structure constant, and ~ and y

are given by

L
vy=V1-a2Z2?, and y=aZ=L (6.32)

b
In the high energy region, the effect of the Coulomb field can be described by the EMA (@,

), in which all the lepton momentum p; and energy E; in Eq. (E2) are replaced by

pi" =BT —mp, and BT =B - VT (6.33)

where VST = 4V(0)/5 with Vo (0) = —3Za/(2R,) being the effective Coulomb potential (IASIALa.n.d_TLaJJ.tma.mJ,
). As discussed in previous investigations (IM)J.p_LaLal], |2Q0.d; |EaaLﬁLall, 20944), the cross sec-

tion calculated with the Fermi function is taken at low neutrino energies, and the one calculated

with EMA is taken when the latter becomes smaller than the former for each J™ contribution.
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6.3 Results and discussion

As the first application, we focus on the neutrino-nucleus reaction 0(v.,e™)'F in the following
discussion. The Dirac equations for 190 are solved in coordinate space within a spherical box with
a box radius R = 15 fm and a mesh size dr = 0.1 fm. The single-particle wave functions thus
obtained are used to construct the RPA matrix elements A’ and B in Eq. [Z3&3) with the single-
particle energy truncation [—M, M + 150 MeV]. For each given neutrino energy E,, the angular
integral over cosd in Eq. (E30) is performed with the 8-point Gauss-Legendre integration. We have
checked that the final results of neutrino-nucleus cross sections are stable with respect to variations

of the above numerical inputs.

20 [ T T T T T T T T T ]
[ 16 -\ 16 ]
r O(ve)F ]
13 - Jmax=6 -.
o3 Jmax=5 -
< I J =4
E o max
© vE Jmax=3
?o : _-_-_Jmax=2
: = Jmax=1
b> 5Pk ___ J =0
" PKO1
0 N 1 N
0 20

Figure 6.1: Uncorrected inclusive cross sections of the reactions °O(v.,e™)'F, where g4 = 1.262
and all the RPA excited states are taken into account. The different curves correspond to cross

sections evaluated by successively increasing the maximal allowed angular momentum Jyay.

First of all, in order to illustrate the contributions of different multipole excitations and check
the convergence with increasing Jyax, the uncorrected inclusive 160(1/5,6_)16F cross sections are
shown as a function of the neutrino energy FE, in Fig. Il The different curves correspond to
cross sections evaluated by successively increasing the maximal allowed angular momentum Jyax.
It is found that the largest contributions come from the J™ = 17 and J™ = 27 excitations,
because any other multipole excitation of 60 requires the energies of at least 27w. It is also found
that the contributions of higher multipoles gradually decrease, and it is well converged when the
contributions of up to J = 6 are taken into account.

Due to the distortion of the outgoing lepton wave function by the Coulomb field of the daughter
nucleus, the Coulomb corrections to the inclusive cross sections must be carried out. In Fig. B2 we
show the results with Fermi function correction and EMA, comparing with the uncorrected results.
For the daughter nucleus 'F, the value of the Fermi function F(Z, E}) is around 1.25 for the whole

energy region considered in the present calculations, while the EMA correction is rather large for



6.3. RESULTS AND DISCUSSION 81
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Figure 6.2: Coulomb corrections to the inclusive cross sections of the reactions °O(v.,e”)'F,
where g4 = 1.262 and all the RPA excited states are taken into account. The uncorrected result
as well as those with Fermi function correction and effective momentum approximation are shown

with solid, dashed, and dotted lines, respectively.

the small neutrino energy and decreases gradually with increasing neutrino energy. It is shown
that the EMA correction becomes smaller than the Fermi function correction when £, > 90 MeV.
As mentioned in the previous section, for each J™ contribution, one takes the smaller results given
either by the Fermi function correction or EMA, then the final corrected inclusive cross sections

can be obtained.

So far, it is still an open question that one should use the empirical value of the axial vector cou-

Elini strength, i.e., g4 = 1.262 (IAms]ﬂ_aLal], |201)é), or its effective value gfff =1 (IBQ_h_Land_BMﬂst,

), in the nuclear weak interaction calculations. Furthermore, as discussed in the previous sec-

tion, the ground-state and all the excited states of daughter nucleus should be included for the in-

clusive neutrino-nucleus cross sections. In some investigations, e.g., in Ref. (IL_a.zauskas_a.udA@_pA,

), each RPA eigenstate is regarded as a possible excitation, and all of them generate the com-

plete spectrum of the daughter nuclei. On the other hand, in some other investigations, e.g., in

Refs. (l[ﬁ)_lbf_ﬁLal], |201)d; lla&bmd&z.eLal], |201)d), the experimental mass difference is used to de-

fined the ground-state of the daughter nucleus, and only the excited states that satisfy Erpa > Q"

are taken into account, while the others are regarded as the energetically impossible excitations.

In the following, we denote the former case as all Frpa and the later case as Frpa > le(p.

In order to investigate the effects of different recipes for g4 and Erpa, we perform the calcu-
lations for these four cases based on the RHF+RPA framework. In Fig. B3 the inclusive cross
sections of the reactions '°O(v,,e™)'F by RHF+RPA with PKO1 are shown in comparison the re-

sults with the SHF+RPA (h‘azauskaﬁ_aﬂdﬂ.p.el, |2.0.0j) and CRPA (IKQJ.b.L&La.Ll, |2.0.02) calculations.

Different curves represent different recipes for g4 and Erpa.
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Figure 6.3: Inclusive cross sections of the reactions 6O(v.,e™)'SF with different

ga and ERpa.
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From the structure of the expression (G), it can be found that, when the quenching of g4 is
considered, the unnatural parity terms of the operators M, £ and TEL as well as the natural parity
terms of the operator 7MAC are quenched with the factor (9% /g4)? = 0.628, and the mixing terms
of the operators TEL and TMAG gre quenched with the factor gff /g4 = 0.792, while the rest terms
are not affected. Therefore, the total quenching effect depends on the dominant contributions to
the cross sections. Comparing the solid and dashed lines or the dotted and dash-dotted lines in
Fig. B3 it is found that the quenching effect is slightly larger in the low neutrino energy region.
For example, in the case of all Erpa the ratio between the results with gzﬁ and g4 is 0.637 at
E, =20 MeV and 0.721 at E,, = 100 MeV.

Since the difference between the cases of all Erpa and Erpa > Q)" is whether the low-lying
states are taken into account or not in the cross sections, it is not surprising that the effect of
different recipes for Erpa is much more visible in the low neutrino energy region than in the high
neutrino energy region. For example, in the case of g4 = 1.262 the ratio between the Erpa > Qfﬁp
and all Erpa results is 0.063 at £, = 20 MeV and 0.908 at £, = 100 MeV. Furthermore, it is shown
that the present RHF+RPA results with g4 = 1.262 and all Erpa are in a good agreement with
those obtained with SHF+RPA calculations by Lazauskas and Volpe ,|2Q0j),
while the present results with g4 = 1.262 and Egpa > Q5" are in a good agreement with those
obtained with CRPA calculation by Kolbe et al. \.Kolb.LaLul], ). In other words, with the
guidelines provided by the present calculations, it is clearly shown that the discrepancy between the

results in Refs. (h‘azauskas_andﬂ.p.el, |20.01|) and (hﬁd.bf_aLa.Ll, |20.Qd) is mainly due to the different

recipes for Erpa, rather than the difference of the RPA approaches.

In our opinion, we favor the case of g4 = 1.262 and all Erpa due to the following reasons.
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First of all, the effective axial vector coupling gff = 1 was proposed to account for the universal

quenching @ ~ 60% of the Gamow-Teller strength function (IBQ_h.r_a.nd_MQ_tJﬂsQ_d, h_&ﬁ_d) However,

recent experiments performed in both *°Zr(p, n) and *°Zr(n, p) channels and more reliably analyzed
by multipole decomposition analysis detected @ = 88% +6% of the 3(N — Z) sum rule m,
E&yﬂ) As another argument for using gzﬁ, it was found that the 0hw ground-state shell model calcu-

lations could reproduce the total 1~ capture rate in 160, the only weak interaction data in 60O, with

an overall reduction factor about 0.64, which corresponds to g%f/ga ~ 0.8 (IAJJ.eLbaﬂh_a.n.d_Bmmd,

). However, it was shown that the total u~ capture rate in 0 could be reproduced without

guenching in g4 within the mean field plus RPA approaches (Illa.nﬁiaj_aLa.Ll, |].9.8J]; IMa.LkﬂtjD_aLa.Ll,

). Second, from the self-consistent point of view, it is more correct to include contributions

of all the RPA excited states, since every RPA eigenstate stands for a theoretically energetically
possible excitations to the daughter nucleus. If some of these excitations are eliminated, the non-
energy weighted sum rule for each J™ component is no longer conserved. Furthermore, even though
the spectrum of the daughter odd-odd nucleus might not be well reproduced by RPA calculations,
it is inherent to the limitation of the p-h configurations or the disease of the effective interactions.
Just eliminating the states under the threshold le(p defined with the experimental mass difference
cannot cure this problem. Last but not least, the present density functional theory should be
extended to the exotic nuclei region where no experimental mass data is available. Therefore, we
favor the empirical value of the axial vector coupling strength g4 = 1.262, and suggest to include

all the RPA excitation states for the sake of the consistency of the model.
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Figure 6.4: Michel flux from the decay at rest (DAR) of u* (solid line) and supernova neutrino

flux for T'= 2 MeV (dashed line), T'= 6 MeV (dotted line), and 7' = 10 MeV (dash-dotted line)
with a = 0.

The theoretical results could be compared with the future data by averaging the cross sections
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over the neutrino flux f(FE,) provided by specific neutrino source,

| f(E )dE
(o) = ff .

Two important neutrino sources are the Michel flux from the decay at rest (DAR) of ™ (IKta.ka.u.&r_ﬂLa.Ll,
) which reads

(6.34)

E2
P8, (m, - 2E,), (6.35)

my

f(Ez/) =
and the supernova neutrino flux usually described by the Fermi-Dirac spectrum,

1 E?

J(Ey) = ﬁexp[(E,,/le —a]+1’ (6.36)

where T is the temperature and « is the chemical potential. In Fig. B4 the Michel flux and the
supernova neutrino flux for 7' =2 MeV, T = 6 MeV, and T' = 10 MeV with a = 0 are illustrated. It
is shown that the Michel flux is dominant around £, = 35 MeV and vanishes when F, > 53 MeV,
and increasing the temperature, the supernova neutrino flux is pushed into higher neutrino energy

region and becomes more spread.

Table 6.1: Inclusive cross sections of the reactions 9O(v.,e™)!SF averaged over Michel flux
from the DAR of u™ (l[f_takawd hﬁd . The RHF+RPA results are compared with those

from Refs. wmmwwmw&wm
ha&hmu&z_ﬁLal], |20_0.d; |S_a.,1,]_ad_A.tha.LaLall, |20_0_d . All units are in 10~*2 ¢m?

ga = 1.262 g4t = 1.000

all Erpa  Erpa > Q;° all Frpa  Erpa = Q4
PKO1 12.19 8.67 8.31 6.00
PKO2 12.12 8.77 8.24 6.05
DD-ME2 (Paar et al., 2008; Paar, 2010) 12.49 8.76 8.44 6.00
shell model (Auerbach and Brown, 2002) 16.9 10.8
SIII (Lazauskas and Volpe, 2007) 13.1
HFSk (Jachowicz et al., 2002) 9.43
WSSk (Jachowicz et al., 2002) 6.67
RPA (Sajjad Athar et al., 2006) 14.55

In Table B}, the inclusive cross sections of the reactions 00(ve,e™)!F averaged over Michel
flux by RHF+RPA with PKO1 and PKO2 are listed. First of all, comparing the results by PKO1
and PKO2, it can be found that these two parametrizations lead to almost the same results for all
the cases. Recalling the discussion in Section EL2] this indicates the isoscalar o- and w-mesons
play an essential role, while the pion just stands on a marginal position in determining the neutrino-
nucleus cross sections. It is also found that different recipes for g4 and Erpa lead to quite different

results. For example, the values in the last column are just 50% of those with g4 = 1.262 and
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all Erpa. For this reason, one must be careful in comparing the results of different authors. The

results from Refs. _ﬁLad,bQDflEaall | 010; ,M;W,MQ
|IachQ}MjQz et a&l, : Sajjad Atha: ;; ;ZI, 2006) are classified according to the recipes for g4 and

Egrpa. It is found that the present RHF+RPA results are similar to the RH+RPA results with DD-
ME2 parametrization, and in a good agreement with the SHF+RPA (SIIT) and CRPA (HFSk and
WSSk) results, while somewhat smaller than those predicted by shell model and RPA approaches.
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Figure 6.5: Inclusive cross sections of the reactions '°0(v,,e™)!°F averaged over supernova neutrino
flux. The RHF4+RPA results are compared with those obtained by shell model (E:E, @) and

CRPA (IKQbe_aLa.Ll, |2.0.Qd) calculations.

In Fig. B0 the inclusive cross sections of the reactions O (v,,e™)!SF averaged over supernova

neutrino flux are shown as a function of the temperature 7', where the chemical potential is oo = 0.
The difference caused by different recipes can be seen. Since the peak of the supernova neutrino
flux with lower temperature lies in the lower neutrino energy region, the effect of eliminating the
states below Q(gﬁp is more pronounced with lower temperature. Comparing the present results with
those from shell model by Haxton m, @) and CRPA by Kolbe et al. Kﬂlb_e_aLal], |2.0.0.d),

one must be careful about the adopted recipes for g4 and Erpa. It is found that the present results

are in a very good agreement with the CRPA results, and consistent with the shell model results
beyond T' = 4 MeV, which indicates that the low-lying excitations are somewhat different between
these two models. It should be emphasized again that the results by shell model and CRPA should
not be compared directly to each other.

In summary, in this chapter the RHF+RPA approach is applied to calculate the inclusive
charged-current neutrino-nucleus cross sections. Taking the reaction 1°0(v,,e™)!°F as an example,
first of all, the contributions of different multipole excitations are shown, and the total cross section
is found to be well converged when the contributions of up to J = 6 are included for E, below

100 MeV. Furthermore, the Coulomb corrections to the inclusive cross section given by Fermi
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function correction and EMA are explained in details and illustrated for the daughter nucleus 'SF.
The main effort is dedicated to discussing the effects of different recipes for the axial vector coupling
strength and the theoretical low-lying excited states of the daughter nucleus proposed in different
literature. The calculations based on RHF+RPA for all four cases have been performed to examine
their effects, and substantial difference is found in the resulting cross sections. This indicates one
must be careful in comparing the results of different authors. Among these four cases, we favor the
value of g4 = 1.262 and the inclusion of all RPA excited states for the sake of the model consistency
and the present status of the GT quenching problem. Finally, the inclusive cross sections averaged
over the Michel flux and the supernova neutrino flux are shown, a good agreement with the previous

theoretical studies is obtained.



Chapter 7
Summary and Perspectives

In the last five years, the success of covariant effective Lagrangians in describing nuclear ground-
states in the RHF theory have opened the way to the study of nuclear excitations within a relativistic
RPA framework. In this work, we have established a fully self-consistent relativistic RPA scheme
based on these effective Lagrangians. This scheme is then applied to charge-exchange excitations
in various nuclei. The complete self-consistency has been demonstrated by the numerical checks
for restoring the translational and isospin symmetries in non-charge-exchange and charge-exchange
channels, respectively. We have focused our investigations on the problems of the nuclear spin-
isospin resonances, isospin symmetry-breaking corrections for the superallowed 3 decays, and the
charged-current neutrino-nucleus cross sections.

For the nuclear spin-isospin resonances, we have shown that the experimental data on the
IAS and GTR in doubly magic nuclei **Ca, °Zr, 208Pb can be well reproduced by the present
RHF+RPA approach without any readjustment of the energy functional. Compared with the
RH+RPA approach, the isoscalar o- and w-mesons are found to play an essential role in spin-
isospin resonances via the exchange terms. This physical mechanism is clearly demonstrated in
the properties of other charge-exchange spin-flip modes, e.g., the energy hierarchies of different
components of SDR and SQR. Furthermore, the effects of the negative energy states on the non-
energy weighted sum rules are discussed. It is explicitly shown that for the spin-flip modes the
non-energy weighted sum rules can be 100% exhausted, only when the strengths of the transition
from the occupied positive energy states to the empty negative energy states are included.

In the investigation of the isospin symmetry-breaking corrections for the superallowed 3 decays,
it is found that the corrections J. are sensitive to the proper treatment of the Coulomb interaction,
especially the Coulomb exchange contributions to the mean field, but not so much to specific
effective nuclear interactions. With these corrections d., the nucleus-independent Ft values are
obtained in combination with the experimental ft values from the most recent survey and the
improved radiative corrections. The values of the CKM matrix element |V,,4| thus obtained agree
well with those obtained in neutron decay, pion (3 decay, and nuclear mirror transitions, while the
sum of squared top-row elements somehow deviates from the unitarity condition.

Expressing the weak lepton-hadron interaction in the standard current-current form, the rele-

87
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vant transitions from the nuclear ground state to the excited states are calculated with RHF+RPA
approach. Illustrative calculations of the inclusive neutrino-nucleus cross section are performed for
the 0(v,,e)'OF reaction, and a good agreement with the previous theoretical studies is obtained.
The main effort is dedicated to discussing the substantial influence of different recipes for the axial
vector coupling strength and the theoretical low-lying excited states of the daughter nucleus. The
reason why we favor the value of g4 = 1.262 and the inclusion of all RPA excited states is explained.
Meanwhile, we emphasize that one must be careful in comparing the results of different authors.
In this work, the applications of the present RHF+RPA approach are mainly focused on the
charge-exchange channels. As a perspective for the future studies, a systematic research in the
non-charge-exchange channel should be performed. Especially, the description of the magnetic
transitions, which contain the spin operators, may be one of the most interesting points.

For the extensions of the present work, the following points could be considered:

e The p-N tensor interaction is not present in all DDRHF parametrizations used in the present
work. However, it has been demonstrated that this interaction plays an important role in
the shell structures and their evolution (ILQ.Ug.ﬂLa.Ll, |20.0_7|) On the other hand, a satisfactory
description of GTR has not been achieved when the p-/N tensor interaction is taken into
account in the RH+RPA approach (I]lﬂlo.m;j_aLa.Ll, |2.0_O_d) Therefore, it is worthwhile to
investigate its effects on the spin-isospin resonances when the exchange terms are included,
i.e., in the RHF+RPA framework.

e For the open shell nuclei, it is a natural extension to establish the self-consistent QRPA based

on the newly developed relativistic Hartree-Fock-Bogoliubov (RHFB) theory ( ,
). The main challenge to fulfill the model self-consistency lies in determining the 7' = 0
component of the proton-neutron pairing. Since the information on that is quite limited, so

far, the pairing strengths have to be treated as additional parameters in both non-relativistic

and relativistic charge-exchange QRPA approaches (lELaLassg_a.ndﬁolﬁl, |20.01|; IEa.a.r_ﬂLa.Ll,

e In order to access most nuclei in the nuclear chart, deformation effects should be included.
The main challenge will be the time consuming numerical calculations for constructing the
RPA matrix elements and diagonalizing the relatively large RPA matrix when one deals with

deformed nuclei.

Carrying out such investigations, one could really have microscopic and precise nuclear inputs for
the most interesting issues of nuclear astrophysics: the information on nucleon separation energies,
B decay rates, lepton capture rates, and neutrino-nucleus scattering for the r-process of stellar
nucleosynthesis.

Finally, an alternative route to that adopted here would be to determine new effective La-

grangians where the meson-nucleon couplings would contain form factors (IH.u_ﬂLa.Ll, |20J_OAB) such

that contact terms would be avoided. These new Lagrangians need to be adjusted to reproduce
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nuclear ground-state properties at the same quantitative level as obtained with the Lagrangians

used here. Then, alternative RHF+RPA studies could be envisaged.
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CHAPTER 7. SUMMARY AND PERSPECTIVES



Appendix A

Detailed Derivations of RHF+RPA

expressions

A.1 RHF energy contributions in spherical nuclei

In this section, the energy contributions in Eq. [Z2Z0) for the case of Siherical nuclei are listed. The

).

detailed derivations are given in W. H. Long’s Ph.D. thesis ,

First, the kinetic energy Ej reads

d d

dr

By = /er}g {Ga {——Fa TRy o MGG] — F, [——Ga g+ MFa] } . (AD)
p T T

dr

Second, the energy contributions from the Hartree terms read

E; = %47r / 2950 (r)ps(r)dr,  o(r) =~ / 790 ps(r') Roo (m; v '), (A.2a)
EP = %4ﬂ/r2gww(r)pb(7‘)dr, w(r) = +/7“,29wpb(7"/)300(mw§7"7 r)dr',  (A.2D)
1
E; = 24T / r2gop(r)py) (r)dr,  p(r) =+ / 12 gp08) (1) Roo(mp; 7, 7' )l
ER = %471/7’26A(r)pc(r)dr, A(r) = +/r'2epc(7’/)%dr/,
>

where the densities appearing in the source terms are given by Eqs. [ZIF]).

The Fock contributions are more complicated. For the isoscalar o- and w-mesons, the exchange

91
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contributions are

1 jaj}
E - aJb L0
Ecr - +2 Zb:éfh% A cha2jb_% ]azjb—l
X /drldTZ [gU(GaGb - Fan)]rl RLL(mO'; 1, TQ)[QJ(GaGb - Fan)]r27 (A3a)

_ 1
B - sy, o,
ab

Jagib—%  Jazio—%

X /dﬁdT2 [90(GaGy + FoFy)|r Rop(mew; 71,72) (90 (Ga Gy + FuFy)lry,  (A.3b)

ngng
= Jal
EE = +Zf5qaqbz—ﬂb2/dTldT2[9wFaGb]r1RLL(mw§7"177’2)
ab L

% {0 [(C5,A(FGa = GoFa) +2(CE,0)GoFal | (A.3c)

Ja3Jb T2

where Ef represents the contribution from the time component and Ef that from the space

’ "

components. The notation Z(Z) means that L + [, + [, must be even (odd). For the p-meson,

L L
the potential energy of the exchange part can be obtained by making the following replacements:

Guw, My = Gp, Mp, and Z Ogagqy — Z Ogaqs) (A.4)

The exchange contribution from the photon field can be obtained in a similar way,

Z /\ /\
) ]a]b 2
Ex = - ZL ]azjb_*)
L
« / dridral(GuGi + FuFi)ln 5 [(GuGy + Fui))a (A.5a)
>
= 2520 rk
EE = 22 JaJb ZL /d?”ldrg[F Gplr, —— L+1
[(0]1;02% DAFGa — FaG) + 2CH,0) GoFa| (A.5b)

T2

For the m-meson contributions with pseudo-vector coupling, the gradients of the Yukawa propagator

with respect to 71 and r2 are needed (see Remark [I0), then

- ]a]b f GGb+FFb 2
- 1Y { S G

L
L1

x> z‘Lz_Ll/drldrz [fw%ﬁh] Riy 0y (M1, 72) [fw%%z} , (A.6)
1Ly 1 72

where

I (1) = (Kb + Brry)GaGhy — (Kab — Brry ) FuFp, (A7)
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with kg, and frr, defined in Remark The §(ry — r2) term which arises in pseudo-vector

coupling can be removed by adding,

E 1 5255 fg 22 2 2 72
Egs = =5 (2= d4,0,) dr GiGh = 3GuGhFuFy + FUF ¢ (A.8)

2.2
— dm 2mzr
Finally, the total energy for spherical nuclei is

E=E,+EP’+EV+ED+EJ+EV + Ef + EY + E} + EJ. (A.9)

A.2 o—meson contribution to the p-h matrix elements

In this section, the derivations for the quantities H”(1234) in Eq. (Z33) induced by the o-meson
will be given in details.

For the o-meson, the two-body interaction reads

Vo(lv 2) = _90(1)70(1)90(2)70(2)130(17 2)

= =D 9o(D0(1)90(2)70(2) Rrr(mes; 1,2) (=) YL (7)Y, (7). (A.10)
Lv

In the following, the short-hand notation for the o-field

o(1) = /dngOO(mg; 1,2)ps(2)95(2) (A.11)

is employed, where the scalar density is

po(r) = 3 13 GA0) — F3 )] (A.12)
d

For the Terml1 in Eq. (Z15),

Terml = /drldrzfix(l)fg(2)90(1)90(2)1(172)fB(2)fa(1)

= _/d""ld""2ga(1)ga(2)Z(_)VRLL(mJ§172)<fA’70YLV‘fa>r1<fb"YOYL—V’fB>T2'
Lv

(A.13)

Using the Wigner-Eckart Theorem (see Remark [[3]) and the symmetry and orthogonality relations

of 3-j Symbols (see Remarks 2] and Bl), the summation over m 4, m, gives

mapa —Mqg —

Z (_)jA—mA ( Ja Ja t]]W ) (faloYLu|fa)

mame

1 JA  Ja J Jja L ja
= 32 Z < > ( )[GAGCL_FAFa]<A||YL||a>5qua

L mame \ MA  —Myg —-M —m4 UV Mg

A GaG, — FaF,),
= Spngadsndan T2 A |l FAGe Fa (A14)

1




94 APPENDIX A. DETAILED DERIVATIONS OF RHF+RPA EXPRESSIONS

The summation over mpg, my gives

> (e < B D iw > (fol0YL—v|fB)

mpmy mp —mp —
- 5 JjB—mp JB Jb J
- 9BY9b Z (_)
mpm mp —my —M

r2
—myp —UV Mmpg 2

. GpGy — Fply),
Susad v d () (BlIvy oy G2 FuTbles (A15)

2

where (a||Y7||b) = (=)’ (b]|Y||a) in Remark [@is used. Finally, H{” (AaBb) can be expressed

as,

H{"(AaBb) = —84.q.04na,J >(AllYslla)(BI|Y;[b)
X /dﬁd?”zRJJ(ma; 71,72)[90 (GaGa — Falu)li[9:(GoGp — FyFp)lr,

(A.16)
where ), brings in a factor J?,
For the Term?2 in Eq. (Z1J),

Term2 = Z / drydraf} (1) £1(2)g, (1) (1) £5(1)g0(2)1(1,2) fa(2) fa(1)
= —Z/drldmdﬁga 1)gs(2 o —7‘1 SO ()" Rep(mo; 1,2)
Lv L'V
X (folYir—u ’fB>r1<fA”YOYLVYL’V”fa>T‘1<fd’70YL—V’fd>T27 (A.17)

where the expansion of the Delta function is used (see Remark [T). For the expectation (f4|v0Yz—v|fd)rss
all terms will vanish with the summation over mg, except the term with L = 0. So the above quan-

tity can be expressed as,

Term?2 = — Z/d'rld'rl ” g, (1 )5(T1T/—27“) X (folY1—W |fB>r’1<fA|’70YL/y/|fa>r10'(1)- (A.18)

1

In analogy with H{’(AaBb),
H3"(AaBb) = —bq,q.0q5q,9 (Al[Ylla) (B|[Ys][b)
1
X /drﬁg;(r)a(r)(GAGa — FAF,)(GpGy + FpFy). (A.19)
For the Term3 in Eq. (Z15),

Term3 — z / dridrs £ (1) £3(2)90 (19, (2) £ 5(2)1(1,2) fa(2) fu(1)

= —Z/drldrgdrzgg 1)g. (2 7“2—7“2 ZZ YV RiL(me;1,2)

Lv L'V
<fA|70Ysz|fa>r1 <fd|70YL—uYL’V’|fd>r2 <fb|YL’—V |fB>ré (A'ZO)
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For the expectation (f4|v0Yz—» Y710 |fd)r,, the spherical harmonics Y7, Y7, should couple to Yoo,

ie.,

1
V4

where the relation of the direct product of two spherical harmonics in Remark and the 3-j

YY1 = 60160 (=) —="Yo0, (A.21)

symbol value in Remark Ml are used. Hence,

Term3 = —/drldrggg(l)gg(2)ps(2)Z(—)”RLL(mJ;1,2)
Lv
X(faloYrulfa)r (folYi—u|fB)ry- (A.22)
Therefore,
Hy”(AaBb) = —84,q.0450,J " (AllYslla){BY,]|b)
X /dﬁdmRJJ(mcr;7“1,T2)[90(GAGa — FaFy)l [950s(GBGy + FpFy)lr,

(A.23)
For the Term6 in Eq. (Z13),

Termé :z / drydro fi (D) D) £52)0 () 1) £5(1)g5(2)1(1,2) £a(2) fo(1) fa(1)

5 — 7! 57‘ —'I"” ’ "
:_Z/drldrldr gl (1)go(2) 1 2 i (1,,2 2 > ()T RLL(mgs1,2)

/r‘ 1 /r‘ 1 LLILIIVVIVII
XA falYrw [ fa)ey (Fol Y- Y | f8)ry (fel0Y 1 —vr Yool fe) i (fal oY L—v | fa)rs- (A.24)

For the same reason as in the Term2, the spherical harmonics Y7, should be Yy, then the spherical

harmonics Y7~ should be Yy as well. The Term6 can be rewritten as

Term6 = /7’1d7°1d7‘1d7‘ rydragy(1)gs (2)5(T1T,_2 Ti)é(r;u;ﬂ{) > (=)” Roo(mo3 1,2)
1 1 o
X(falYpwrl fa)y (FolYir—v | fB)ry ps(1)ps(2)- (A.25)
Finally,
Hy{"(AaBb) = —0440.00pa 2 (AllYslla)(B||Y.[b)

1
X /drﬁgg(r)ps(r)a(r)(GAGa + FaFy)(GpGy + FpEy). (A.26)
For the Term?7 in Eq. (1),

Term?:Z/d'rldmf,L(l)fi(1)f§(2)92(1)9é(2)fg(2)f3(2)1(1,2)fd(2)fc(1)fa(1)

5 — 5 — 7l / "
:—Z/d’l"ld’l"ld’l’?d’f’ggg( ) U( ) (7‘1 . 7‘1) (7‘2 . 7‘2) Z (_)u+u +v RLL(ma§172)

Tll T2 LL'L" v/ "
X (falYr [ fa)e, (felroYr —o Yool fe)r (falYoYo—oYrmr| fa)rs (fol Yir—om | fB) 1
(A.27)
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Using the same trick in calculating Hy” (AaBb), we can obtain

H{°(AaBb) = —64,q.0a5a,J *(Al|Ys|la)(B|Y;]||b)
X /dﬁdrzRJJ(ma; 11,72)[95ps(GaGa + FAF,)r [95ps(GBGy + FFy)lr,
(A.28)

Next we consider the contributions from the exchange terms. For the Term9 in Eq. [Z79),

Term9 = —Z / drydrs £ (1) £1(2)g, (1) £ (1) f5(1)g0 (2)1(1,2) fa(2) fa(1)

- > / arsirt g, (100 (2) ) S (Y Ry mgi1,2)

Tl LL'vv'
(fb’YL’—u N fB)e (fal0Yrw Yeu| fa)r (falvoYi—v| fa)rs- (A.29)

Then

P . .a J . . J
Hél (ACLBb) = ZZ ]A+]B ma— mB< JA J _M> ( JB Jb _M>

d mM ma —Mg mp —my
d(ry — 7 /
x/drldrﬁdrggg(l)gg(Z)% Z (=) Rrr(mgy;1,2)
1 LL'vv!
X <fb|YL’—V’|fB>ri <fA|70YL’V’YLV|fd>7‘1 <fd|’70YL—u|fa>r27 (A30)

with

' / . . J
Z (_)]B—mB-H/ < JB Jb y ) (fb’YL’—u"fB>

A (GBGb‘f‘FBFb)r/
= Oqpa,0r70u s 2(B|Y;][b) e ~ (A.31)
1

Using the direct product of the spherical harmonics (see Remark [I2I)

JJLL' (J L L J L L
Y Y,,:E:—” \ T A.32
JMYL ( ) \/E<0 0 0><M /> L ( )

v v v

we can obtain that

jama L (0 L\ (T LT
N y Yl, -5 _\Wtja—ma T T
(faloYisYeulfa) aaga ) () Vir \ o o o M v v

L'y

] r ] — FyFy),
><< 74 i )(AHYL/Hd>(GAGd Afn (g

7‘12
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Therefore Hy” (AaBb) can be rewritten as

Hy’ (AaBb)
T =Y A,
Z Z Z Oq5a,0q.4q40q0 (=) di,Mm < 0 0 O )

JjamgmamaeM LvL'

» JA  Ja J J L L JA L' ja Ja L Ja
—ma -V my —mg -V My

ma —mg —M M v
< (BI[Y;[6){Al[YL||d){d][YL||a)
X /dT1dT2RLL(mo; T1,72) [92 (GyCp + FbFBigGAGd — FAFd)] (95 (GaGa — FaFy)lr,
: (A.34)

Then we can carry out all the m summations

Z (_)1/+1/’+jd—md
mgmame Muvv'
» Jja  Ja J J L L JjA L' ja Jd L j,
ma —mg —M M v VvV —ma -V my —mg -V My
N T
_ (_)J,wa{ a o } (A.35)
L L ja

where the relation of contracting 3-j symbols to 6-j symbols in Remark [ is used. Finally,

H{’ (AaBb) can be expressed as

HJ (AaBb)
(J L L'){jA Ja J}

6‘1BQb6QAQa ]A+]a Z 5‘1an .
] LL' 0 0 0 L L, Jd

x(BI|Y|[b) (A|[Y L ||d)(dl[YL||a)
GpyGp + FyFB)(GAGy — FaF,
/dﬁdrzRLL(mmTl,Tz) [g (CGp + Big AZd 4 d)] [90(GaGa — Fuly)lr,
I
(A.36)

For the Term13 in Eq. (Z19),

Term13 = — Z / drydrs (1) (1) £1(2)g5 (1) (1) f5(1)g0(2)1(1,2) £o(2) fa(1) fa(1)

5 T — 'I"/ 5 T — 7"” I
_§ :/drldrldr drag!(1)g(2) ( 1T2 1) 1r2 ) > ()T R (me:1,2)
1 1 LL'L" vy "

<fA|YL’ |fa> ”<fb|YL’—u’YL”1/”|fB>r£<fc|’70YL”—u”Ysz|fd>r1<fd|’70YL u|fc>
(A.37)

Due to the same argument in the derivation of Term3, it is not difficult to prove that the spherical

harmonics Yz,»_,»Yr, couple to Yr,, Y is just Y, and Y _,/Yn,» must couple to Y;_ s, then
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Y is thus Y. Therefore,

ACLBb ZZ JA+JB ma— mB( Jja Ja J > ( JB Jb J >

od mag —mg —M mgp —my —M

1 S(r1 — ) 8(ry — Y /
x E/drldr’ldr’l'drggg(l)go@) (r, 5 1) 9 1r2 1) > (=) Ris(mg:1,2)

5] 1 Lo

X A falYrwr | fa)ey (Fol YL o | fB) e { fel oY Lol fa) i ( falv0Y v | fe)rs

j-2
=0q40.0aa,—— (AllYsla){B[Y;|1b) ) > baeqalelYLlld)?
JejalL
GaG, + FAF,) GGy + FpFy)(G.Gyq — F.F,
/d?”ld?”zRLL(ma77’17T2) [9//( A AF)(Cs 1;4 ) (GeGa 4)
1
X [ga(Gch - Fch)]rg' (A38)

For the Term14 in Eq. (ZZ79),

Termld =—» / drydra f1 (1) £10) £1(2) g5 (1)gh (20 £ (2) f5(2)1(1,2) £2(2) fa(1) fa(1)
cd

57" —'I"/ 57" —’I"/ ’ 7
:Z/drldrgdrgdrgg;(l)gg(z) (ry - 1) 3(r2 - 2) > (=) Rpp(mei1,2)

1 U LL'L" v/ "
X (falYowlfa)r (felvoY L Yool fa)r (falvoYomr Yi—vl fe) v (fol Yo | fB)r

(A.39)
Then,
H{y" (AaBb) =64,14,04q,J ~*(Al|Y|a) (B][Ys]|b)
oM GAGa—i—FAFa]
/drldrzga ng\;jcm%;md Rpr(me;1,2) [ ) ”
X (felYr—mYrolfa)r (falv0YomYr—v| fe)rs [M} :
r
(A.40)
With
JJLL (J L L J L I
(feloYr—mYrulfa)r :LZ,;(_) N/ < 0 0 o ) ( YR )

 m Je L' ja G.Gy— F.F,
x (=)' ( ) )<cllelld> [%} , (A41)

—Me —UV My T1

WJLL" (J L L J L L
f’YY Y—VfCT’: =)’
D D R~ W |
FFd]

|1 —m .7 L// jc GCG — 1t
X (=) ( I ><d||YL~||c> [d—

2
—mg V' me r

 (A42)

T2
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we can finally obtain that

J2

2
o . J L L
H{, (AaBY) = 64.0,0,50, 5 (AlIYalla)(BIYVa(1B) > 5chsz< o ) Chety
jcjdLLl

(GAGa + FAFa)(GCGd — Fch):|

r2

X /dT‘ldT‘gRLL(mcr§7‘17T2) [98

« |:g/ (GBGb + FBFb)(GCGd — Fch):|

72

T1

(A.43)

T2

In summary,

HY"(1234) = ~0310,0q50,0 > (11Y5112) (3]Y714)

X /drldT2RJJ(mcr§ 71,72)[90 (G1G2 — F1 )], (90 (G3Gy — F3FYy)]r,, (A.44)

H{°(1234) = —5q1q25q3q4 2(1]|Y12) (3] |V |]4)
y / drr—z (Mo ()(G1Ga — FLF) (GGl + FyFy), (A.45)
HY"(1234) = —64,0,0a504 2(1][Y7|[2)(3]|Y][4)

X /dﬁdmRJJ(mo; 1,72)[95(G1G2 — F1Fy))p, [950s(G3Gy + F3Fy)],,(A.46)

H{?(1234) = —64q, q3q4 (1Y 12)(3]1Y]4)
/ dr—2 (M pa(r)o (1) (CrCs + FLFy)(GaGa + FyFy),  (AAT)
H{7(1234) = —04,400050, (1] |Y[12)(3][Y714)

X /drldrgRJJ(mU; r1,72)[95ps(G1Ga + FLF)) (g5 ps(G3Ga + F3Fy)|{A.48)

n J L L Ji g2 J
H§]0(1234) = 54142543% J1+]2 Z 5f1d¢12LL/ ( > { .
] LL' 0 0 0 L L, Jd

X (3|1Y7|[4) (1Y ||d)(d||YL][2)
/drldrzRLL(mm T1,72) [9

(G3G4 + F3F4)(G1Gd — Fle):|
T1

7»2
X [gcr(GdG2 - FdF2)]7“2, (A49)
Jjo j_2 9
Hiz (1234) = 041920gaqs—— (LI[Ys112)(3[[Y]14) > SgeqalellYzlld)
Jejal
G1Gy + IV ) (G3Gy + F3F)(G.Gy — F,F,
/drldrzRLL(ma,m,rz) [9 /(G1G2 + Fi 1) (G 4T4 3F1)(GeGa d)]
1

X [QU(Gch - Fch)]Tzv
(A.50)
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T 2
J J L[ J L I ,
H14 (1234) = 5111!126113114—“"YJH2><3HYJH4> Z 5chdL <CHYL’Hd>

am =, 0 0 0
Jedd
X /dﬁdmRLL(mo;m,m) [gf, (616G +F1F22£G0Gd - Fch)]
1
F3F, G4 — F.F,
x [QQ(G?’GA‘JF : 425(; Ca d)} , (A.51)
r2

where summations over ¢, d stand for summations over all the occupied states.

A.3 w—meson contribution to the p-h matrix elements

In this section, the derivations for the quantities H”(1234) in Eq. (ZXH) induced by the w-meson
will be given in details.

For the w-meson, the two-body interaction reads

Vw(1’2) = gw(l)'VO(l)/yu(l)gw(2)70(2)/7;1(2)11«)(1’2)
= > (D017 (1) 90 (27029 () ReL (me; 1,2) (=) Y (7)Y ¥ (7). (A.52)
Lv

It is convenient to divide the H7*(1234) into two parts, where the time component with p = 0 is
denoted as ];_IJ“’(1234), and the space component with p = 1,2, 3 is denoted as I?Jw(1234).

For time component with p = 0, the H7“(1234) values in Eq. [ZZf) can be derived in analogy
with the derivation of the o-meson in Section

For the space component with © = 1,2, 3, one has
V9(1,2) = =) (=)o (Dar(1)gu(2)a—k(2)Ror(muw; 1,2)YE (7F) Y (7). (A.53)

Lvk

For the Terml1 in Eq. (Z1J),

Terml = /d"“ld"“2fix(1)fg(2)gw(1)gw(2)1(1’2)fB(2)fa(1)

= _/drld""2gw(1)gw(2)Z(_)V+kRLL(mw§172)<fA’YLVak’fa>r1<fb’YL—V04—k‘fB>T2-
Lvk

(A.54)

The summation over m 4, m, gives

Z (_)jA_mA < ja Ja j\/[ ) (falYrvar|fa)

mama ma —Mg —

1 | 4 e I\, .
700 3 (—)iama ( A .y > [iGAF(A|YLy0k]a’) — iFAGa (A|Yyopla)]

mame mag —Mg —

(A.55)

With the definition of the vector spherical harmonics

YLVUk — Z (_)L—1+M/ 2 L 1 J! %/M/, (A56)
J/M/ V k _M/
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Z<—>“"”A<“ Joo )(fA\YLuak\fa>

AT ma —mg —M

1 _ A
I
1

L 1 J
) i [GaFu(Al| Zy1lld) = FaGa(A')| Fy1lla)]
v k —M
(A.57)

where the Wigner-Eckart Theorem (see Remark [[3]) and the symmetry and orthogonality relations

of 3-j Symbols (see Remarks [ and Bl) are used. The summation over mp, my; gives

D () ( B jw ) (folYo—va_ilfB)

mpmp mp —mp —

1

o L 1 J
T_%(quqb(_)JB-i-JHLJ 1 <

) ) [GbFB<b||<7JL||B,> - FbGB<b,||<7JL||B>ﬂA.58)
-v -k M

Finally, the quantity H ¥(AaBb) can be expressed as

];:Ii]w(AaBb) = _6QAQa5QBij_2
X Z/dndrzRLL(mw;n,Tz) 90 (GaFu{Al| TyLlla’) — FaGa({A'| TyLlla))],
L

1

X (9w (GeFy(B||ZyL||b") — FGy(B'||Z;L||b))] (A.59)

ry’

where the symmetry property of the reduced matrix element (b||.7;1||a) = (—)Ja Tt/ +L(a||.T;L||b)
in Remark [ is used.

It is easy to prove that Z( falYrvak|fq) = 0 due to the parity conservation. In fact, this is the
d

reason why the space components of vector mesons do not contribute to the energy functional in
the spherical RH theory. Therefore,
H{“(AaBb) =0,  for i=23---,T. (A.60)

For the exchange rearrangement contributions, the Term9 in Eq. 79,

Term9 = — Y / dridrs £(1) £3(2)gl, (1) £ (1) f5(1)gu(2)1(1,2) f2(2) fa(1)
d

d(ry — ] ,
= Z/drldr/ldrgg;(l)gw@)w Z (=) TR (M1, 72)
d " LL'vv'k
X(fol Y- [ fB) v (falYLrw Yivow| fa)r ( fal Yi—vo—k| fa)r,- (A.61)
Then
Ag“(AaBb) = 303 (-patisemasmn (A e B g
= myg —mg —M mp —my —M
d(ry — 7} ,
x/drldrlldrggi}(l)gw@)% Z (=) HRRL L (M1, 7)
1

LL'vv'k
X(fol Y- [ fB)r (falYLw Yivow| fa)r (falYo—va—k| fa) s (A.62)
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with

mp —mp —

’ , , : 7
Z (—)iB—msty < JB Jb o > oY |f5)

mymp

o (GpGy+ FpFy),.
Sqpa,01r780 a0 (=) 2T HLT 2 (0] Y| B) wE L. (A.63)
1

Using the direct product of the spherical harmonics (see Remark [I2I)

JJLL' [ J L L' J L L
YouYow =Y (-)” Yi A.64
JM L L L/V() /_47T<0 0 0)<MV I//>L ( )
and
/ 1 2 L/ 1 J/
_ § : L'—1+M" 71
i J/M/(_) < vk =M > T 40

we can obtain that

(falYsmYrvog|fa)m

» ' e JLLT

- L'—1+M
e 3 (s S
L/V/J/M/ s

J L L J L L L 1 J JA J g
X
0 0 0 M v V -k -M —ma M my
1 .. .
X3 [iGAF4(A|| Ty ||d') — iFaGa(A'|| Ty 10 ||d))
1

(A.66)

ry’?
as well as
<fd|YL—ua—k|fa>r2

" N L 1 J//
= 0g4qa Z (—)Em 1M Fja=ma j1 ( L >
J!" M -V - -

—mg M" m,

Jd J" Ja I / : /
X . [iGaF,(d|| Tynil|a)y — iFyGo(d HﬂJuLHaﬂm . (A.67)
2

Putting all the angular parts together, i.e., the 3-j symbols and phases, one has

Z Z (_)jA—mA+u+k+u’+jA—mA+L’—1+M’+L—1+M”+jd—md
JaLL'J"J" mgmameMuvkv' M'M"
s JLL'J'J" (J L L

4d9a%q44a \/E 00 0

JjA  Ja J J L L r 1 J
X
ma —mg —M M v vV - k =M

. J/ . L 1 J// . J// *a
% JA Jd Jd J . (A.68)
—ma M my v -k —-M" —mg M" m,
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With the contraction of 3-j symbols to 6-j symbols (see Remark [l)

Z(_)L-}-L’-l-l—l-l/—u’—k L r J L1 J' 1 L J"
v vV M -k —-M -k —v —-M"

v'k

Jl J/l J Jl J/l J
_ 7 (A.69)
-M' —-M" M L L' 1
and

! 1"
Z (_)J/+J//+]d_M/+M//+md J J J
mamaqmgM M’ M M -M" M

y J"Ja Ja ja J ja Ja  ja J
M" —mg mg mg M' —ma mg —ma M

iy T
_ {Jl jf‘/ . } (A.70)
J IV Ja

the expression of angular parts can be rewritten again as,

S ()i, JLLJ g (7 L U\ [ g T\ [T T
LT et ar o\ o 0 0 VAR VR B N A

(A.71)

Finally, one obtains

HJ“(AaBb)

AA, A

_ jA+JatiB+] § : J"+L 1330
- 5‘1A‘1a5QBIIb(_)]A JaIB ]b\/E 6‘1dQ¢1(_) LL'JJ
jdLL/J/J//

JL U\ o ju J g
X L . (o[IY|B)
0 0 0 I L I 1
GG FpF
X/dﬁdmRLL(mw;?“l,m) [91;( 5Cs + Fpy)

X (9o (GaFu(d||Tgnp||a") — FaGold' || Tyna))]

S (GaFal Al Ty |[d) = FaGa(A'| T )
1

(A.72)

ro "
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For the Term13 in Eq. [X73), according to the discussion in the previous section,
H{$ (AaBb)
cd mM ma —mg —M mg —my —M

o(ry —rt) 8(ry — 7Y /
Gl 5 1) 9 5 ) Z (=) R (s 1, 7o)

" "1 LL'v'k
X (fA‘YL’V’ ‘fa>r£’ (fb’YL’—u’ ‘fB>r’1 <fc’YLuak’fd>r1 (fd’YL—I/a—k’fc>T’2
J? ,
— s G AV BIVID S [ dridragl(1).(2) () Ruslmairi,ra)
cd Lvk

1
X / drydrdrdrag(1)g.(2)

" [(GAGa + FaF,)(GGy + FpFp)
1
T

] ol Yioowl fades il Vv il fo)ra

j—2
— s ANV BIVI) 3 Sy [ dradraRusmire,ra)
JejaLlJ'

GAG, + FaAF,)(GpGy + FpF
« |:g/l( A A )( BYb B b) (Gch<CHgJ’LHd/>_Fch<c,H%’LHd>)

w 4
r -

x (9w (GeFale|| Typl|d') — FeGall|| Tyrl|d))] (A.73)

ry

where (b]|.Z;1||a) = (—)/at+t/+L(a|| 7 ||b) in Remark M4 is used.
For the Term14 in Eq. [ZT9),

H{¥(AaBb)
— ZZ(_)jA+jB_mA—mB Ja Ja J JB Jb J
cd mM ma —Mg -M mp —my —M

J — ) — 7l ’o
X /drldr’ldrzdrégi;(l)gi;(2) (7 5 ri) O(rz 5 2) Z (=) TR R (M1, 1)
7’1 T2 LL'L" v/ "k
X (falYo | fa) e {felYr - Yi—voil fa)r (falYrrn Yivaw| fe) v (ol Yir—ur [ fB)r

= 5qua5qubj_4<AHYJ\!a>(BHYJHb>Z/drldrzglj(l)glj@) D () MR (myir, 7o)
cd LvMk

y [(GAGa-i-FAFa)] [(GBGb-i-FBFb)
1

3 } (felYr—mYr—va—i|fa)r (falYomYivak|fe)r,-
T2

(A.74)

r2

As calculated before,

(felYr—mYr—vo_g|fa)r

L , CJLL !
0geqa Z (=) Hemmet oM E 22 2
L'v' J' M/ Vi

J L L J L L r 1 J Je J Ja
X
0 0 O -M —v - -k —-M —-me M my
1. .
X5 [iGFalc|| Ty pl|d) — iF.Gald || Tyis|d)] (A.75)

1
1
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and

<fd|YJMYL1/ak|fc>r2

TT TN TN
o 5 Z (_)V”+jd—md+L”—1+M” JLL J
- 4cqd e
L”I/”J”M” 47T

y J L L// J L L// L// 1 J// jd J//
0 0 0 M v V' "k —-M" —mg M"

1. .
X — [zGch(dH%nLuHc'> — deGc<d'H5JuL~Hc>]T2 )
2

the final result reads

H{¥ (AaBb)
~ 2
J 2 J L L
0g.1qa0qnay e (A[|Y]la)(BI|Y||b) Z 5ch¢1
LL"J’ 0 0 0
Jejd
(GG, +FAF)

/drldT2RLL(mw7T17T2) [9

[ , (GBGy + FpFy)
X1 9 2

(GoFalel| Ty} — Fch<c'||%Lf||d>)}

T2
In summary, the contributions from the time component are
Hijw(1234) = 5Q1425¢JSQ4J_2<1||YJ||2><3||YJ||4>

X /drldr2RJJ(mw§T17T2)[gw(G1G2 + F1Fy)l,,
X [gw(G3G4 + F3F4)]r27

HY“(1234) = 6400000, 2(LI[Y112)(3]1Y14)
1
X /drpgé(r)w(r)(Gle + F1F)(G3Gy + F3Fy),

H{“(1234) = 8410500500 (1 Y5112)(3][ Y5 14)
X/d'f’ld'f’QRJJ(mw;T‘l,TQ)[gw(GlGQ+F1F2)]7«1

X [gL,pv(G3Gya + F5Fy)]p,,

H{*(1234) = 0414,0 q3q4 (1HYJH2><3HYJH4>

/ dr ()P () (C1Go + FuF)(GsGa + FF),

H%]w(1234) = 5Q1425¢13q41j_2<1||YJ||2><3||YJ||4>
x / drydraR s (me; r1,79) (g pe (G1 G + FyFy)lr,
x[g.,p0(G3Gy + F3Fy)ly,,

Je

me

)

105

(A.76)

(GeFulel| Ty pld') — F.Galdl| Ty r||d))

1

(A.77)

(A.78)

(A.79)

(A.80)

(A.81)

(A.82)
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_ J_ J L L 1 go J
HJ®(1234) = 04y4005q,(— )12 = )
9 ( ) q1q2 %q:;( jZL;/ quz 00 0 L I jd

x(3[|Y7|14) (1Y [|d)(d|[YL][2)
></d7‘1d7‘23LL(mw;T1,7“2) [9&

(G3Gy + F3Fy)(G1Gq + Fle)}
e

r2
X [gw(GdG2 + FdF2)]T’27 (A83)
. J—2 2
Hiy(1234) = —5q1q25q3q4?<1|IYJ||2><3||YJ||4> > SgequlcllYlld)
jcjdL
X /dT’ldT‘zRLL(mw§ r1,72) [QZ (GrGa FlFZ)(GgGZl; F3F)(CeCa + Fela)
T1
X [gw(Gch + Fch)]T’ga
(A.84)
J—2 J L L ’
A{p(1234) = ~0q1020a50: —— (LY 112) (3]s ][4) > Sgea (cllYr||d)?
T oL 0 0 O
cld
G1Gy + W) (G .Gy + F.F,
/drldrzRLL(mw,rl,rz) [9 (G1G2 + i 22§ d d)]
1
» [QZJ (G3G4 + F3F4)§G0Gd + FCFd)} , (A.85)
r v
with the short-hand notation for the w-field
w(1) = [ drardRoo(mai 1.2)p. (21,(2), (A.86)
where the baryonic density is
Z )+ F2(r)]. (A.87)
d

Moreover, the contributions from the space component are

A

If]i]w(1234) = _5q1qzéqsq41']_2
X Z/dndrzRLL(mw;mrz) 90 (G1E2 (1| Z5Ll2) — FiGa(V| | T5el12))],,,
L

X [gw (GsFy(3]| Tyr| 4y — F3G4<3/||<7JL||4>)]T2 , (A.88)

H{“(1234) =0,  for i=2,3,---,7, (A.89)
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H* (1234)

—1
j1+7j2+1 J E : J +L 7717350
5!11£125II3114(_)] / \/— thn LL'JJ
,7 LL/J/J//

J L L jo g1 J J g T
X R ) (311Y[14)
00 0 JJ" g L ' 1

x/drldrgRLL(mw;ﬁ,?“z)
) [g; (G3Gi + F3Fy)

(GLFa(1]| Ty | — F1Gd<1'u%wud>>}

7’2
r1
X [gw (GdF2<ngJ”LH2/> — FdG2<d/H‘7J”LH2>)]m s (AQO)
Hi¥ (1234)
13
J2
= Oqig20gs0—— (LY 112)(3(1Y514) > 5chd/dndrzRLL(mw;n,rz)
JejaLlJ'
G1Gy + F1 ) (GsGy + F3F,
(GGt BN GGt IS (G py(el) 7y ) — Gl | T )
T1
X 9 (GeFalcl| Tpilld) — FeGald||Tyelld))],, » (A.91)
Hi(1234)
~ 2
J2 J L L
= Sgga0asqs 7 (UIYII2)BIYSI14) D" Ogeq, L
Jedd

(G1G2 —l— F1F2)

/dTldT2RLL(mw77’177‘2) [9 (GFalel| Tpplld) = F.Galc||Ty||d))

G3G4 + IF3F,
X[QZJ( 3 4T2 34)(

1

GoFalel| 7y | — Fcc:d<c'||%y||d>)} . (A.92)

A.4 p-meson contribution to the p-h matrix elements

In this section, the quantities H7(1234) in Eq. (Z&5) induced by the p-meson with vector coupling
will be summarized.

For the p-meson with vector coupling, the two-body interaction reads

VP(1,2) = [9p707" 71 - (9570772 Dp(1, 2). (A.93)

The quantities H”?(1234) in Eq. ([ZX5) can be derived in analogy with the derivations of the
w—meson, with the two following replacements are needed. First, one should replace the mass of

the meson and the coupling strength,
Guws; Mw = Gp, Mp- (A.94)

Second, one should be careful about the isospin properties at the interaction vertices. For example,

in H i] (1234), the following substitution is needed,

Oq1420quqs — (@1|T|q2) - (q4|T]gs3)- (A.95)
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The final results are summarized as follows,
H{"(1234) = (@1|la2) - (aalFlas)J (111 Y7112)(3]]Ys1[4)

X /dﬁdmRJJ(mp;Tl,rz)[gp(Gle + F1E))
x[9p(G3Gy + F3Fy)]r,, (A.96)

Hy" (1234) = 84050030,700 ] 2 (1[Y7112) 31 14)
1
X /drﬁgé(r)p(r)(Gle + F1F3)(G3Gy + F3Fy), (A.97)

HPY(1234) = 641000500701~ 2(1][Y][2)(3]|Y7]4)
X/dT’ldTgRJJ(mp;r17r2)[9P(G1G2+F1F2)]T1

x[g,0$ (G3G4 + F5Fy)ly,, (A.98)

A7 (1234) = p000a <1HYJH2><3HYJH4>
/d’f’ )p(r)(Gng+F1F2)(G3G4—|—F3F4), (A99)

H{PV(1234) = 041000050 2(LI[Y]12)(31Y]]4)
X /d7‘1d7‘2RJJ(mp;7’17T2)[9;)P1(,3)(G1G2 + F1 Fy)l,,
x[g,p$ (G3Gy + F3Fy)),,, (A.100)

o j-1 J L L Ji g2 J
HyP" (1234) = 0q14503q0(—) Yl —— Z Paaez) LL/ ( 0 0 O L L' j
] LL !

x (3[1Ys]14) (1|[Yz/[]d) (dHYLH2>

/d?”ldTQRLL(mm T1,72) |:g

(G3G4 + F3Fy)(G1Gg + Fle)]
r

2
x[9p(GaGa + FgF3)l,,, (A.101)
. j? :
Hiz" (1234) = —041020qsq—— (LY [[2)(3[[Yr[]4) > (2= bq)ellYzlld)
Jejal
/dmdrzRLL(mp,Tl,rz) [gﬁ(Gle +F1F2)(G3G4; Fa)(GeCa FFd)]
1
X [gp(Gch + FeFg)rys
(A.102)
_ J2 A J L L
ALY (1230) = Sl 2 YRGS Y <2—6chd>L2< ol ) IVl ld)?
JejaLL'
G1Go + F1 Fy) (G .Gy + F.F,
/drldTZRLL(mp7T17T2) [9 (&1Gr + By 27),§ 4 d)}
T1
F5F. ¢ F.F,
« [g;(G3G4+ 3 42§G Gq + d)] ’ (A.103)
T2
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with the short-hand notation for the p-field

p(1) = / drar2 Roo(m,: 1,2)p (2)g,(2).

where the isovector baryonic density is

PP =3 TG () + F3(r)).
d

4rr

Moreover,

"™V (1234) = —(@u|Flq2) - (qa|Flgs) S 2

109

(A.104)

(A.105)

X Z/dﬁdT‘QRLL(mP; T1,72) [gp (G1F2<1||<7JL||2/> — F1G2<1/||<7JL||2>)]T1
L

x [9 (Gs a8\ TyLl|4) — FsGa3'|| Taell4)],., » (A.106)
PV (1234) =0,  for i=2,3,---,7, (A.107)
HIPY (1234)
i1+7 j_l "YLT T3 g
5f11¢125¢13q41(_)j1+]2+1—/— Z (2 _5%!12)(_)J TLL T
4m g LL'J'J"
J L L jo i J JJ
X L, , (BI1Y74)
00 0 J I g L L' 1
x/drldrgRLL(mp;rl,rg)
G3G4 + F3F,
<o BB (G R 1) Ty ) - FGut 1T
1
X 9o (GaFo{d|| Ty |12') — FaGo(d'|| Tyiil|2))],, (A.108)
HPY (1234)
j—2
= Oq1q20qq4—— (LY 112)(311Y7114) 2:@—&mﬂ/ﬁﬁwﬂﬁﬂmMHmﬂ
jejalJ"
G1Gy + F1Fy)(G3Gy + F3F.
| (I RSO LB (GFtel Tyl ~ .Gl | T )
1
X [gp (GeFulcl| Ty illd') — FeGalc||Tpilld))],, (A.109)
H{PY (1234)
J2 (J L L
Og1420qaq.~— (LI1Y7112) (31Y's[4) > (2—5chd)L2< >
jedalL'J’ 00 0

x/drldmRLL(mp%Tl,Tz)
{ , (G1Ga + 1 Fy)
X |g 3

p

(GoFulel| Ty — Fch<c'u%yud>)}

1

[ , (G3Gy + F3Fy)
X 1g,

2 (GCFd<C||<7]/L/||d/> —FCGd<Cl||<7]/L/||d>):| . (A.llO)

T2
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A.5 Pion contribution to the p-h matrix elements

In this section, the derivations for the quantities H”(1234) in Eq. ([ZXH) induced by the pseudo-
vector pion will be given in details.

The two-body interaction reads

V™(1,2) = —[T{l—ﬂffyofyyy”au]l . [T{L—WF’Y()’YE,’YV&,]QDF(L 2). (A.111)

™

Because the retardation effect is neglected, the meson propagator is time independent. The inter-

action can be expressed as,
s _ f7r - k f7r — [
V7T(1,2) = —[m—7'70757 O - [m—T%%V )2 Dx(1,2). (A.112)

The gradients acting on the propagator give (see Remark [I0)

L+1
PR L 1 L L 1 L
VoViD(psr,m) = NQZZL1L2<0 0 01><0 0 02)

L LiL»
XV (11, m9)Y 1n, (1) - Y pn, (7)) (A.113)
where
1
VL (i re) = —Riana (i ra) + 5 58(m = r2), (A114)
1
: . L _ LM
and the scalar product of vector spherical harmonics Y'}}, = Z Crimiu Yo v, €y reads
My p
Yir, (1) Yo, () = Y (-)MY [, (7)Y 12 (7). (A.115)

M

Therefore, the potential can be expressed as,

L+1
Vr(L,2) = —ZZ(—)“z@(g’ . Lg)(é’ . 1;)

Lv LiL>
X (fﬂ%’fyofyg,’y . Yﬁ)r ”I/LL1L2 (Mmg;ri,r2) (wa’YO’YS’Y : Y%—u) . (A116)
1

r2

For the Term1 in Eq. [Z718),

Terml — / dridra L (1) £ (2)9(1)g(2)1(1,2) £ (2) fa(1)

L+1 o L 1 I L 1 Lo
_ —/dmdrsz(l)fw(?)%;g;f_) L1L2< 00 0 )(0 0 0 >

XV (mas ey, r2) (FalTy0vsy - Y I fa)r (folPr0m5y - Y 121 fB)r. (A11T)

The summation over m 4, m, gives,

| o )
Z(—)M‘W( o M)<fA|mmw-Y£},|fa>

mama ma —MmMg —
" ja J L, =
= D (yama ’ —(2al714a)
AT mag —mg —M )T

x(—1) [GAGQ<A|U YH o)+ FaF (Ao YE |a)] (A.118)



A.5. PION CONTRIBUTION TO THE P-H MATRIX ELEMENTS 111

Using the relations

oYL= owe’ Y O Yier (A.119)
k! ik
and
el'e, = Oy, (1, v = %+1,0), (A.120)
we can define
Tt =Y, = Z CﬂjulkYLl,uO'k- (A.121)
ik

Therefore,

iA—m JA Ja J -
D (yama < ) (falFr0v5y - Y L1 fa)
AT mag —mg —M

(GaGo(Al|TLrL,l|a) + FaF(A'| T, la")],,

2
1

= —(qal7lga)J %0 1000, . (A122)

where the Wigner-Eckart Theorem (see Remark [[3]) and the symmetry and orthogonality relations
of 3-j Symbols (see Remarks 2] and Bl are used. The summation over mp, my, gives,

jB—mp JB Jb J o Y Lo
> ) v (fol P05y - Y2, 1fB)

mpmp mp —mp —

g A GG p{bl|7; B) + F,Fg(b'||.7; B’
_ (lFlan) (oM 2, gy (GO U TLL |B) F FuFp | T 1B

2
T2

2 (A.123)
Finally, H7(AaBb) can be expressed as,

H{™(AaBb) = —(qal7lqa) - (a|7]a)J >
EINERSTIRTS
L1Lo
« /drldrg"//JLlLQ(mﬂ;rl,rg) [ (CaCalAll Trs, lla) + FaFal )| Trs,lld))]
X [fr (GBGH(B|| Ty, |1b) + FpFy(B'l| TrL, V)]

T1

(A.124)

ro’?
where (b]|Z;1||a) = (—)/at+t/+L(a|| 7 ||b) in Remark M4 is used.

Because of parity conservation, the pion does not contribute to direct rearrangement terms,
H/™(1234) =0,  for i=23,---,7. (A.125)

For the Term9 in Eq. (Z79),

HJ™(AaBb)
= ZZ(_)jA+jB—mA—mB ja Ja J JB b J
d mM mag  —mg —M mp —my —M
5(ry — 7} ,
x/drldr’ldmf;(l)fw(g)w Z (=)t
"1 LL'v'L1 Lo
P L 1 L L 1 L
xLals 1 ) S ()
0 0 0 0 0 O

<ol Y- | £8)r (FAY L Fy05y - YL fam (FalPv005y - Y T2 fadres (AL126)
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with
IB—m 14 jB Jb J
> (=ypomet < )(fb’YLf—u'\fB>
mymp mp —my —-M
o (GBGb+FBFb)r/
= apadr s (B|[Y|[) oz L (A.127)
1
Using
. Ly 1 L
U'Yle/:Z(—)Ll_HVL( ' )YLlMlaka (A.128)
JJLLL(J Ly L J Ly LU
Y Y, = — ¥ Y, A.129
B ;HVE(()OO MM V)T (4.129)
and
/ /A L 1 J
_ L'—1+M" 71
YL’—V’O'k—JlZM/(—) J < o —M')%'M/’ (A.130)
we can obtain that
(FalYsmTy075Y - Y 75| fa)re
= ey Y ()t s, LTI T
MikL'v' J'M' V 47T
Ly 1 L J Ly L' J Ly L
X
M, k —v 0 0 O M M, V
« L 1 J’ N J! Jd
—I/, k? —M, —ma M, my
1
Xﬁ [GAGd(AHﬂJ'L/HcD +FAFd(A’HﬂJ/L/Hd/>L1
1
voii o LJLILJ
= (qal7lqa) (—)MHamma =
L’;%/[’ vmr
J L L JA J g J J L JJ L
0 0 O —ma M my M —-M —v Ly 1 L
1
X [GAGW(A||Typ||d) + FaFy(A' | Tppl|d)], - (A.131)
1
Another component reads,
<fd|?70757 : Y£2_V|fa>r2
- jg—m. jd L ja
= (qa|7|qa) (=) d“( )
—mg —UV Mg
1
X [GaGald|| TiL,|la) + FaFu(d'|| Tir,lla’)],, - (A.132)

2
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Finally,

HJ™(AaBb)

. . A_l A A A A A
= OyiaOana (— jatiar1 ] 2— 08,0 \LL?LoL'J'
dAq9a~9BYIb \/4— qdqa 1
T LI LaL'J’

L1 I, L 1 Ly J L, L JJ L ja ja J
x ) . o (BlYS[b)
00 0 00 0 0 0 0 Ly 1 L L J g

GpGy + FpF
x/drldrg"//LLlLQ(mﬂ;rl,rg) [ffr( Gy + Fpl) (GAGd<A||<7J/L/||d>+FAFd(A’||<7J/L/||d’>)]

2
T1
X [fw (GdGa<d||yLL2||a> + FdFa<d/||yLL2||a,>)]T2 . (A.133)
For the Term13 in Eq. [Z19),
H{T(AaBb)
= Z Z(_)jA+jB_mA_mB ja  Ja J JB b J
cd mM mag —Mg -M mp —my —M

1 5 A - ,

><4—/drldr’ldr{drgf:u)fﬂ(m (1 _ ry) 8 ; 1) o=
T L1 [ LL'vw/'L, L
vvi Ly L2

A L 1 L L 1 L
X Ly1Lo ' ’ 7/LL1L2 (Mmg;r1,72)
0 0 O 0 0 O

X <fA|YL/V/|f(l>T’i/<fb|YL/—I//|fB>7”i <fc|$70757 : Yﬁll,|fd>r1 <fd|7?’70'757 : Yﬁz_y|fc>r2

J2 .. (L1 Ly L 1 L
= bga0.0050 75— (Al[Yslla)(BIIY|[B) D (2—5chd)L1L2< )( )
A T 00 0 00 0

x/drldrg"//LLlLQ(mﬂ;rl,rg)
% [f//(GAGa + FaF,)(GGy + FpFy)

’ A (GeGulel| T ) + FoFste| i)
r1

X [fr (GeGalel| TLrs|d) + FoFalc|| Tir,||d))] (A.134)

ro "
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For the Term14 in Eq. (T9),

H{T(AaBb)

- ZZ(_)jA+jB_mA_mB< ja Ja J ) ( JB Jb J )

d M ma —mg —M mp —my —M

— / —_ ! ! 1
< [ riartraart ) AT S e
[ "2 LL'L"vv'v" L1 Lo

A L 1 L L 1 L
X L1Lo ! ’ 7/LL1L2 (mg;71,72)
0 0 O 0 0 O

}UAlY L | fa)or el Vi P05y - Y [ | f e (Fal Y FY0v5Y - Y L2 fedr FolYir—un | £B)

= 5qua5qubj_4<AHYJ\!a>(B\!YJHb>Z/drldrzﬂr(l)ﬂr@) > (M
cd

LvMLyLo
(1 \[(L1L L FuF, rop
X LnLa 1 ’ V2 (s, 7o) [(GAG J2r - )} [(GBGng . b)}
00 0 00 0 r . . .
X {fel Yoo arTvorsy - YEU | fa)m (FalYoar7vosy - Y22 | fodro- (A.135)

As calculated before,

(felYa-mTrorsy - YEU | fadm

oo LJLJLJ
= (@l Y (e BT
L’;%/[’ A

J L, L je ' ja JJ L J J L
0 0 0 —me M my M M v L, 1 I

1
X5 (GGalel| Ty |d) + FFg(d || Ty ||d)] (A.136)
1

T1

(Fal Yrmu™ovsY - Y 22| fodr

vi o LIL L J"
= {qdlTlge) ()M e e
L//JZMH 47T

J Ly L" Jja J" e J'" J L J'" J L
0 0 O —mg M" m, M -M —v Ly, 1 L

1
X ﬁ [GdGC<ngj”L”HC> + FdFC(d/H%”L"HC/ﬂ (A137)
2

ro "
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Finally,
H{T(AaBb)

g2 corororan (L1 I
Ogaq00q5a,~— (AllY7lla) (BI[Y;[6) > (2 = 0geqe) " L1 L5 L'L
jejaLLyLaL'J/L" 00 0

XL1L2 J Ly L J Ly L” J'J L J J L
0 0 0 0 0 0 0 0 0 Ly 1 L Ly 1 L
GaGy + FuF,
[ aradrat P i, | 2SI (GGl Tyl + Foald | )

» [f’ (GBGbT‘;’ FpFy)

T1

(GoGalell Tyrinl|d) + Fch<c'u%L~Hd'>>} . (A.138)

r2

T

In conclusion, for the pion with pseudo-vector coupling, one has

H{™(1234) = —(q1|7|q2) - (qa|7]gz)J >
JH1
i a J 1 L J 1 L
X Z L1L2 ! 2
= 00 0 00 0
142

X/dﬁdrﬂ/flh(mn;ﬁﬂ“z) [f= (G1G2(1]| Ty, 112) + FuF2 (V|| T3, 112) ],

X [ fr (G3Ga(3|| gL, 114) + F3Fa(3'|| TiL,114)) ] (A.139)

ro’?

H/™(1234) =0,  for i=2,3,---,7, (A.140)

HJ™(1234)

R A f oA A A
= 5Q1q26¢13q4(_)j1+j2+1\/T Z (2 - (5qdq2)LL%L2L/J,
T LI Lol g

L 1 Iy L 1 Iy J L L J J L Jo 1 J
X . i o BIY4)
00 0 00 0 0 0 0 i 1 L J L g

G3Gy + F3F,
x/drldrg"f/LLlLQ(mﬂ;ﬁ,rg) [ffr( L ) (GlGd(1||<7J/L/||d>+F1Fd(1’||<7J,L,||d’>)}

T1

X [fr (GaG2(d|| T11,112) + FaFo(d'|| Trr,12))],,, » (A-141)
HiT(1234)
j_2 A A L 1 L1 L 1 L2
= 5¢Z1q25Q3q4E<1HYJ"2><3HYJH4> ) '%I:,L (2 _5chd)LlL2 ( 0O 0 O ) ( 0 0 0 )
Jedd 1L2

x/drldrg"//LLlLQ(mﬂ;rl,rg)
» [f//(Gle + F1F2)(G3Gy + F3Fy)

s

e (GeGalell Ty ) + FoFi| Tia 1) |
1

X [fr (GeGalel| TLrlld) + FeFald | Tips|ld)] ., » (A.142)
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H{T(1234)

J? coz9z92,2,( L1 In
S I E N DI 27222
jejaLLiLaL! J'L"

L 1 Lo J Ly L J Ly L" JJ L J J L
X
00 0 0 0 0 0 0 0 L, 1 I Ly 1 L"
G1Go + L F.
x/drldrg"//LLle(mﬂ;ﬁ,rg) [f;( 2 ) (Gch<c||%L,||d>+F0Fd<c'||%y||d’>)]

G3Gy4 + F3F,
x[f’( 3 47«2 3Fy)

1

™

(Gxa@m%mwmy+ﬂfudm%mwwn} . (A.143)

2

In order to cancel the contact interaction coming from the pion pseudo-vector coupling, a pionic
zero-range counterterm should be included (IBQJJ;LSS;L&LG.LL |].9_81|), which reads

1 fﬂ' = f7r —
V©(1,2) = Z[2& L Sl —
(1,2) 3[mWT’Yo’Ys’Y]1 [mWT’Yo’Ys’Yb (ry—m2)
1 Vf7r—» v f7r_. — —v (57‘1—7’2
- z;iii<—ﬂk*'[wq 1077 Y I - [T P07 MY, ]2—£——77——2- (A.144)
Lkv ™ ™ 1

It has a similar form as V¥, so we can calculate its p-h matrix elements in a similar way.
)

Therefore, we can easily obtain that

1 - o\ Ao
H{™(1234) = (01| la2) - {01 7las) T~

2
x Z/drfi [G1G2(1]|Z5L]12) + FyAFa (V|| Z5.]12)]
L

7"2
X |:G3G4<3||<7JL||4> + F3F4<3/||<7JL||4/>] R (A.145)

Furthermore, all the terms from Term2 to Term?7 vanish due to the parity conservation.

For the Term9 in Eq. (Z79),

1 o J Vot e s s

T

H1284) =gy b PG S 2 b)) LT
Jd

JL N[ jv J VA
X L , (311Y]]4)
0 0 0 JJ L I 1
/
X /drf”{”
,

X (GdG2<d||yJ//L||2> + FdF2<d/||yJuL||2,>) . (A146)

(G3Gy + F5Fy) (G1Ga(1|| T ||d) + FLEg(Y|| T ||d'))

For the Term13 in Eq. (ZZ79),

H{T°(1234)
, = [ fx
:_Méqmzéqsqzlﬂunyﬂ|2><3||YJ||4> Z (2_5chd)/dr ro

JejalJ'

X (G1G2 + Fng)(G3G4 + F3F4) [GCGd<C||yJ/L||d> + FCFd<C/||<7]/L||d/>]2 . (A.147)
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For the Term14 in Eq. (T9),

H{(1234)

~ 2
1 J2 o J L L 12
= — ——— 0y 0o 00as —— (1|Y7]12)(3]|Y 7| |4 2 — 0y0,) L2 /er
B2 V120t 47T< [Y[12) 3]V ] >jcj§;w( geqa) 00 0 6

x (G1Ga + FIFy)(G3Gy + F3Fy) [GoGalcl| Ty ||d) + FoFu( || T |d)] (A.148)
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Appendix B

Remarks

In this appendix, the main results concerning the angular momenta couplings, and the properties
of the Yukawa propagator, as well as the conventional notations used in the thesis are gathered

for reader’s convenience. In particular, we follow the conventions of Wigner-Eckart Theorem and

reduced matrix elements in the textbook (Il[alshalmu’.c.b_aLa.LL |l98_ﬂ)
Remark 1 Definitions of the 3-j, 6-j, 9-j Symbols (lB.r_i.n.La.n.d_S.a.t.c_hlmI, |].9.6.d)

The Clebsch-Gordan coefficient is defined by the transformation

labey) = Coly 5 lac) [bB) (B.1)
af

and vanishes unless o + 3 = 7.

The relation between 3-j symbols and C-G coefficients reads
c—ry abnn [ @ b c
Caabﬁ = (_) Te ) (B2)
a B v

where ¢ means v/2¢ + 1. Note the appearance of v with a minus sign on the left, so that a+3+~v =0
for the 3-j symbols.
The 6-j symbol is defined by the transformation

\(ab)e,d;c>:Z<—>“+”+C+déf{ T }ra,<bd>f;c>. (B.3)
7 d ¢ f

The 9-j symbol is defined by the transformation

a b c
(ad)g, (be)h;i) = > éfghq d e f pl(ab)e, (de)f;i). (B.4)
cf g h i

Remark 2 Symmetries of 3-j Symbols (IB_t;i.u.]La.n_d_S_a.tLh.Le_rI, |]_9_6_d)

119
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The 3-j symbol is invariant under cyclic permutation of its columns and multipied by (—)*+b+e

by non-cyclic ones

a b c _ b ¢ a _ (_\atbte b a c etc. B.5
<a67> (ﬂva>() <5a7>’t >
a boe N\ awpref @ b e B.6
(—a—ﬁ—7> ) (aﬁ7> (5.6

Remark 3 Orthogonality Relations of 3-j Symbols (IB_t;i.u.]La.n_d_S_a.txh.Le_rI, |]_9_6_d)

The sums involving products of two 3-j symbols read as

and

b b <
ST )T ) = b (B.7)
o a By a B o B

b b
Zé( ¢ ; c)(“/ p c) = GawOsy (B.8)
= \a 8 v)\a ¥

Remark 4 Values of Some Special 3-j Symbols (IB_r_i.nLa.u_d_S_a.t&h.LmJ, |]_9_6_d)

_\L-M
(J\L4 —6\4 8) B ()f; ’ (B.9)
a b a+bd B a_p (@ +0)! (2a)!(2b)! 1/2
(0 0 0 ) = O a!b! [(2a+2b+1)[] : (B.10)

Remark 5 Triangular Conditions of 6-j Symbols (IBIJD]LB.Hd_S.a.t.thQtI, |].9.6.d)

The four triangular conditions which must be satisfied by the six angular momenta in the 6-j

symbol may be illustrated in the following way:

R R P R
’ oofjlo ofloo
Remark 6 Symmetries of 6-j Symbols (IB.r_i.n.lga.n.d_S.a.t.(‘.h.l.mI, |].9.6.d)

The 6-j symbol is invariant under the interchange of any two columns, and also under the

interchange of the upper and lower arguments in each of any two columns, e.g.,

{abe}:{aeb}:{eba}:{acf}:{dce}‘ (B.11)
d c f d f c f c d d b e a b f

Remark 7 Contraction of 3-j Symbols to 6-j Symbols (IB_t;i.u.]La.n_d_S_a.txh.Le_rI, |]_9_6_d)




121

Z(—)A+B+C+a+ﬁ+V<A B c)(B C a)(C’ A b)(a b cl)
afvya 3 a _ﬁ 7/ ﬁ - o v T« ﬁ/ o ﬁ, /71
9 a b c
= C 50615’)/"\/{ { A B C }7 (B12)
Z(_)A+B+c+a+ﬁ+»y<f1 B c><B C a><C A b>
afy a =B o gy o v o—a [
a b ¢ a b c
- LA ; (B.13)
o [y A B C
Z( )b-i-B—o/—a ( a B C ) ( b A C )
e @ 5 J\F —a
b b B A
o A B C o By g —a v
Remark 8 Values of Some Special 6-j and 3-j Symbols (IBI_i.nLa.n.d_S.aLthﬂl, |l9.6.é)

a b a+b _ _)2(a+b+e) 1 ) (B.15)
a+b+e e a+te V/(2a +2b+1)(2a + 2e + 1)

If I 4+1 + J is even,
;g
1 ( o ) . (B.16)
3 —3 0

UV 1 J U 1
00 0 i J i
Remark 9 Symmetries of 9-j Symbols (IB_t;i.n.]La.n_d_S_a.tLh.Le_rI, |]_9_6_d)

The 9-j symbol is invariant under cyclic permutations of rows and columns as well as reflection

G
——
Il
T
—_
~—
A

L
NIO

about a diagonal, and is multiplied by (—)® under non-cyclic permutations of rows and columns,

where R is the sum of all arguments of the 9-j symbol.

Remark 10 Gradient of Propagator

In general, in the meson exchange model, the propagators for mesons are Yukawa functions

1 e Hlri—m2|

v(p;ry,re) = (B.17)

E ’7‘1—7‘2’ ’

which can be expanded in terms of spherical modified Bessel functions combined with the spherical

harmonics,

v(im1,me) = Y Ren(pir, r2) Y L(#1) - Y i (#2), (B.18)
L=0
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where

1
RpyL,(pir1,m2) = 1y f . [IL1+%(Z1)KL2+%(Z2)9(Z2 —21) + Ky (2, 1(22)0(21 — 22)

(B.19)
with 2z = pr.
The gradient on the propagator with respect to rq reads
Violirira) = =305 Clion |50+ P Ru (i, ¥ B ) Vi)
LM Iy
= iy > CReSny (1, )Y [ (P1) Y (79), (B.20)
LM L,

where

1
Sery (371,72) = e, [IL1+%(21)KL+%(22)9(2’2 —21) = Kp (200 1(2)0(21 — 22)|
(B.21)
and ay, is defined in Remark Obviously, one has S, (p;r1,72) = —Sr,n(1; 72, 71).

The action of VoV on v reads

d a7, . .
VoVio(puiri,ry) = +p2Y Y CRLCLEY, [E + = } Spn, (i1, r) (- MY EL (7)Y E2 | ()
LM L1Lo 2 2
= Z Z CEY O [ ~Rpyr, + Dy d(21 — 20)] Yo, (1) - Y 11, (7%2), (B.22)
L LiLo
where
1
Dirr, (r1,m2) = pyf . |:IL1+%(251)KL+%(22) + KLH%(zl)IH%(zQ)] , (B.23)
and
YE\/[ = Z C[l:%\llly,YLlMleu' (B24)

Mip

For simplicity, one can write VoViv into a more compact form

VaViv(piry,re) = 12 Y > CratCrale 7 (mir,m)Y o, (71) - Y pr, (72), (B.25)
L LiL>
with
V2 (iry,ra) = =Ry, (51, m2) + Dip, (71,m2)0(21 — 22), (B.26)
or
VP (s r1,m9) = =Ry, (i1, m2) + MQLT%‘S(N —72). (B-27)

Remark 11 Expansion of Delta Function

The delta function 6(r; — r2) can be expanded in terms of spherical harmonics,

(5(7’1 —7"2) ZYL("A“I)‘YL("AW)' (B.28)
L=0

5(7"1 —7"2) = T2
1
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Remark 12 Direct Product of Two Spherical Harmonics

A direct product of two spherical harmonics of the same arguments may be expanded as

l1+l2

L{lL Iy L l l L
PR Sl o Mlll?L(; ’ 0)( Lo M)Y;Mm). (B.29)

L=|l1—ly| M=—L myp ma2

Remark 13 Wigner-Eckart Theorem

The Wigner-Eckart theorem states that in a representation according to the operators J 2, jz,
where the basis vectors are given by |jm), the matrix element (jm|Ty,|j'm’) of an irreducible
tensor operator is given by the product of a so-called reduced matrix element (j||Tk||5’), which

does not depend on m, m’ and ¢, and a Clebsch-Gordan coefficient (or a Wigner 3-j symbol) (see

Ref. (Varshalovich et afl 11087)),

GmlTeglim’) = (=025 G GITHILT)
- <—>J’—m(_in ’; ;,><jmuj'>. (B.30)

The reduced matrix of the composite tensor
Tro(kiks) = Z O o Bh1gSka0—q (B.31)

may be evaluated in terms of the reduced matrix elements of the R and 5,

I Tk |lJ') = (=) K+ K
WITk[I) = (=) Zkzli”

J J K
} (T Ry (17T 1Sk, 1) (B.32)

In a two-component system the tensor Ry, (1) acts only on the first part and S, (2) only on the

second part. Then, the reduced matrix of the composite tensor

Tkq(kiks) = Cr a0 Rragy (1)Sksgs(2) (B.33)

q192

may be evaluated in terms of the reduced matrix elements of the R and S,

J J K
(2| Tk (ki ko) |1 55T = JKT' S G 30 kr p GullReg 1151) (G2l S |173)- (B.34)
Jo Jh ko

Remark 14 Some Useful reduced matrix elements

The reduced matrix element of the spherical harmonic operator reads (Illa.rsb.a.]md&h_aLa.Ll, |l9.81|)

a - L__JanL g L
(allYLIb) = (=) N ( v o) (B.35)
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provided [, + I + L is even, and zero otherwise. It obeys the symmetry property

(Bl[YLlla) = (=Y~ (al[YL[b). (B.36)

The reduced matrix element of the vector spherical harmonic operator reads (Illa.rsb.a.]mdﬂh_&La.Ll,
@)

Ja Jb J
VB ol Loy
(al| Zyellb) = (=)'* —=Jjado S lals L lo Iy L ¢, (B.37)
4T 0 0 O L
11
2 2
where
~( L 1 J
Yoo = Z(—)L_1+MJ T, (B.38)
or
~( L 1 J
Ty =Y ()M Y1,0%. B.39
TM %;() R R (B.39)
Using the following relations, when ¢ + d + e is even,
p a b c )
V6ede ¢ ‘ d e ¢ o= ¢ ‘ ) (B.40)
000 11 % % -1
11
2 2
b 1 b B2 o (_)atbtey2
(10 Yo L)
3 3 1 7 —3 0 c(c+1)

when ¢ + d + e is odd

a b c 1 R
c+1 d e J o ()Feta[(d—a)a? + (e —b)b>+c+1] [ a b ¢
e c = = ,
0 0 0 L1 V6(c+1)(2c + 3)édeé : -3 0
2 2
(B.42)
a b c 1 R
c—1 d e g . (=)ret2[(d—a)a® + (e—b)b* —c [ a b ¢
e c— = = ,
0 00 L 6c(2c — 1)ede 5 -3 0
7 3 1
(B.43)
it can be simplified as
A : : J
al| oLl |b) = (=) 22t 7 a,b Ja b , lg + Iy + L is even, B.44
(al| ZL||b) ()\/EJL( ) I b (B.44)
where
wity+d (la = Ja)ja + (b= jo)ji + L
_jb+lb+é(a Ja)la b b)Jb fL=J+1
( ) i \/f Y Y
1 J 52 jatjot+J 32 :
Zip(a,b) =& ———— |55 + (=)ot g2 if L=, B.45
(a,) Q[J(Hl)ﬁ[b ] (B.45)
. 52 . 52
(_)jb-i—lb-i-% (la - ]a)]a + (lb - ]b)]b —L—- 17 HL=J—1
vL+1
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And it obeys the symmetry property
Ol Tyrlla) = (=) al [Ty ||b). (B.46)
Remark 15 Dirac Matrices

A familiar representation of the Dirac matrices is

o (10 B 0 o
(1) () -
01:<01>, 02:<9_i>, 03:<1 0). (B.48)
10 i 0 0 —1

Frequently appearing combinations are

where

i .
o =S =it = (B.49)

In this representation the components of o#*” are

. 0 of . ok 0
0 __ . ij
o =1 , , o’ = , B.50
< g 0 > < 0 oF > ( )

75=75=<(1) é) (B.51)

Remark 16 Some Useful Short-hand Notations

Some short-hand notations are often used in the derivations. Here we list them as follows,

o= 241, (B.52)
-1 h=10+1,

ay, = ' (B.53)
I+1 L1 =101-1.
L=l

Bu, = ' (B.54)
I+1 L1 =101+1.

ko = (la—Ja)(2ja+ 1), (B.55)

Kap = Kq+ Kp- (B.56)
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