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Abstract

Salvioni, Gianluca

Model nuclear energy density functionals derived from ab initio
calculations

Jyvaskyla: University of Jyvaskyla, 2019, 151 p.

(JYU Dissertations

ISSN: 2489-9003; 88)

ISBN: 978-951-39-7775-7 (PDF)

Diss.

This monograph focused on a method to link nuclear energy density functionals to
the ab initio solution of the nuclear many-body problem. This method, proposed
in Ref. [1], was here discussed in many aspects as well as applied to a state-of-art
ab initio approach.

We introduced the basis of the density functional theory, paying attention to the
concept of generators of the functional. In parallel, we explored the Self-Consistent
Green’s Function approach as ab initio framework to calculate ground-state energies.
We derived the model functional based on the Levy-Lieb constrained variation,
which exploited the response of the nucleus to an external perturbation.

Using the Green’s function technique and the NNLOsat chiral interaction in the
ab initto Hamiltonian, seven semi-magic nuclei were probed with perturbations
induced by generators of two- and three-body contact interaction (Skyrme-like).
We employed the same generators to built model functionals, whereupon the
coupling constants were fitted to reproduce the perturbed ground-state energies.
Several parametrizations of the functionals were obtained for given choices of
generators, selection of data points, and assumed uncertainties. We analysed the
derived parametrizations according to their statistical performances, magnitude
of the propagated errors, and corresponding nuclear matter description. Two
parametrizations emerged as the most promising, but the model functionals built
from them did not produce meaningful results. As it turned out, zero-range
generators provided a poor description of the chiral interaction. Moreover, the
performed error analysis suggested that the actual precision of the ab initio approach
may not be sufficient to improve the quality of the novel energy density functionals.

Keywords: energy density functionals, ab initio methods, chiral interaction,
theoretical uncertainties.
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1. Introduction

The atomic nucleus is identified with the massive core at the center of the atom
and it has the radial dimension of a few fm (107'°m). It is formed by positively
charged particles, protons (p) and neutral particles (n), that together are called
nucleons. The different types of nuclei are distinguished by the proton number Z
and the neutron number N, summing up to the mass number A = Z + N. Nuclei
with the same Z (i.e. same chemical element) but different N are called isotopes.
Nuclides are commonly presented within the nuclear chart as in Figure 1.1. Nuclei
can contain between one and a couple of hundreds of nucleons, requiring a proper
treatment as many-body systems.

A small part of them is stable, meaning that they have lifetimes larger than the
age of the Universe. The majority are radioactive, i.e., they are produced naturally
or in laboratory in certain unstable configurations, and then they decay until they
reach stable structures.

Neutron and proton numbers are not enough to describe a nuclear system. There are
other measurable quantities called experimental observables that define a particular
nuclear state. These are, for example, binding energies (masses), spins, radii,
electromagnetic moments as well as lifetimes, excitation energies, electromagnetic
transitions, decays, particle emissions and so on. In fact, the nuclear chart presents
only the lowest energy states (the ground states), on top of which a large variety
of excited states exist.

The technical development of experimental facilities continuously increases the
number of measured systems. With the help of theoretical models, boundaries have
been identified to the existence of nuclear systems that do not spontaneously emit
nucleons. These limits called “drip lines”” predict that there are many more nuclei
to be observed, especially on the neutron-rich side [2].

The nuclear mass M relates to the proton m, and neutron m,, masses as

Mc* = Zmyc* + Nm,c® — BE, (1.1)
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Figure 1.1: Section of the nuclear chart containing the lightest nuclei. The whole
nuclear chart is shown in the inset. The known nuclei are plot according
to the neutron number N (z-azis) and proton number Z (y-axis). Colors
represent the primary decay mode for the ground state. Stable nuclei are
in black. Neutron and proton magic numbers are indicated. Adapted from

Ref. [3].

where BE represents the binding energy of the nucleus. In the simplest approxi-
mation, the nucleus can be described as a high-density and incompressible fluid
of nucleonic matter, which organizes itself in a spherical drop. In this liquid-drop
model the binding energy assumes the form [4]

Z(Z —1) (A—22)?
Az ATy
Every term stands for a specific effect of the residual interaction that binds the

system in a sphere of fermions. The first term is the volume energy, which accounts
for the interaction of each nucleon with its neighbors. The second term, surface

BE = ay A — a,A*? — ac +0(A,Z).  (1.2)



energy, corrects the volume term for the nucleons on the surface of the drop. The
third term is the Coulomb energy, which describes the electric repulsion among the
protons. The fourth term is the symmetry energy accounting for the unbalance
of N and Z. The last term is the pairing energy, which models the preference of
the system to form pairs of like nucleons when A is even. The expression for the
pairing energy is

ap AP for N,Z both even
A, Z)=<0 for A odd . (1.3)
—apA¥r  for N,Z both odd

The parameters ay, as ac, as, ap and kp are obtained by fitting experimental
masses, reason why Eq.(1.2) is called the semi-empirical mass formula. This gives
a simple estimation of the binding energy.

Similarly as in the atomic physics, where closed electronic configurations make the
atom less susceptible to ionization, in nuclear physics one also finds experimental
evidence of shell closure. We consider the separation energy, i.e., the energy to
remove a nucleon from a nucleus, defined respectively for neutron and proton as

Su(N,Z) = BE(N,Z) — BE(N — 1, Z) (1.4)
S,(N,Z) = BE(N,Z) — BE(N,Z —1). (1.5)

Nuclei with a specific number N and/or Z, have much larger separation energy
than the neighboring nuclei, indicating that the former systems are more bound.
Such ‘“magic numbers” (for spherical nuclei) equal 2, 8, 20, 28, 50, 82 (for protons
and nucleons) and 126 (only nucleons). When a nucleus has N or Z equal to
one of these numbers the nucleus is called ‘‘semi-magic”, if both N and Z are
magic numbers the nucleus is called ‘““doubly magic”. The effect of large binding
in semi-magic and doubly-magic nuclei appears also in their stability against exci-
tations. In these systems, collective 27 excitations are higher in energy than in the
neighboring systems.

The evidence of closed shells can be simulated by an average potential that localizes
the wave function of the nucleons inside the nuclear volume.

The shell configuration is fairly well described by the three-dimensional harmonic
oscillator (HO) potential with the addition of a spin-orbit term (the Nilsson model
[5]). The spin-orbit term, with tuned coupling constant, is able to separate har-
monic oscillator eigenstates with same angular momentum [ but different j = |1+ s|,
in the way that correct magic numbers are obtained. The resulting potential works
fine to approximate the nuclear mean field.

The description of the average potential can be improved by the Woods-Saxon



potential [6], which provides more accurate single-particle wave functions of the
nucleons at the price that these solutions are not analytical.

It is a common practice in the many-body nuclear physics to expand the nuclear
wave function on a basis made of HO eigenstates. In fact, the analytical expression
of the HO eigenstates helps to simplify the theoretical calculations and implemen-
tations of the relevant equations in numerical codes. Furthermore, in the HO
system, analogously to the nuclear Hamiltonian, the center-of-mass motion can be
decoupled from the relative motion.

For the large majority of nuclei, away from closed shell configurations, it is
necessary to introduce a “‘residual’ interaction to account for interplays among
nucleons that go beyond the average potential.

Intending to study the structure of the nuclear system, we deal with phenomena
at low-energy scale, it usually means of the order of MeV (compared to the rest
mass of the nucleons ~ 1GeV). It is fundamental to characterize the residual
interaction at the level of low-energy physics, highlighting the relevant degrees of
freedom in the system. It is instructive to begin the discussion from the world of
quarks, gluons, and QCD towards the domain of neutrons, protons, and effective
Hamiltonians.

1.1 Fundamental particles and forces in nuclear
physics

Nucleons are composite particles, their fundamental constituents are known to be
quarks and gluons.

Quarks (q) are elementary particles with spin 1/2 and non-integer electric charge,
that is, the charge is proportional to a fraction of the elementary charge e. They
possess also color charge, which is responsible for their strong interaction. Quarks
are divided in six flavors, each flavor has specific mass and mean lifetime. Anti-
quarks (g), antiparticle of quarks, also exist, with the same flavor, mass, spin and
lifetime than quarks, but opposite charges. Gluons are elementary particles with
spin 1, mediators of the strong interactions of quarks, that also carry color charge,
i.e., they participate in the interaction in addition to mediating it.

While separating two color charges, the phenomenon of color confinement shows
that it is energetically more favorable a new quark-antiquark pair to appear rather
than increasing the separation distance, due to the fact that gluons are color
charged. It means that particles with singular color charge cannot be isolated,
but only states with global neutral color can be observed, namely, quarks and



antiquarks manifest in composite particle called hadrons. Hadrons are formed by
valence quarks, from which they get their quantum numbers, plus an indefinite
number of virtual sea quarks, antiquarks and gluons. Among the hadrons, there are
mesons, formed by valence quark and antiquark (¢g), such as pions, and baryons,
formed by three valence quarks (¢qqq), such as proton p and neutrons n. Recently
have been investigated states of tetraquarks (¢qgg) and pentaquarks (qqqqq) [7].

Quarks and antiquarks interact with all the four fundamental forces: gravita-
tional, weak, electromagnetic and strong interaction (see Table 1.1). Then the
atomic nucleus, being composed by quarks, also experiences all the four forces, even
if only the last three play an active role in shaping its structure and regulating its
dynamics. The effects of the gravitational force are negligible, since its strength is
much smaller than that of the other interactions.

Table 1.1: Fundamental interactions and their properties. The strong interaction is
characterized as (fundamental) residual force. Adapted from Ref. [8], with
values from Ref. [9].

Strong
Interaction | Gravitational Weak Electromagnetic | (fundamental)
residual
Particles . (quarks, gluons)
experiencing all quarks, leptons | charged particles hadrons
Mediators (graviton) | W, W~ and Z° photons ~ (ghuons)
mesons
Strength 1036 107 1 20
p-p in nucleus
Range 00 10~ ®m 00 10~ %m
Effects Beta deca Coulomb, Binding,
in nucleus Y EM transitions N-N scattering

The strong force is the one which keeps the nucleons together to form a bound
system and for this reason it is called “nuclear” force. At the fundamental level of
quarks and gluons, it is described by the quantum chromodynamics (QCD). At the
hadronic level, instead, the strong force emerges as residual interaction primarily
mediated by mesons.

QCD is a non-abelian gauge field theory, that is, the QCD Lagrangian is an
invariant of gauge transformations of the symmetry group SU(3) of color, and
the symmetry group is non-commutative. Colored particles, quark and gluons,



interact weakly at short distances (corresponding to high-momentum transferred)
and strongly at distances larger than 1 fm (low energy). As a consequence, the
interaction can be treated perturbatively at high energy (asymptotic freedom) while
it is non-perturbative in the low-energy regime we are interested.

We briefly recall the notation commonly used in relativistic quantum field theory
with the spacetime index p of a four-vector z# = (ct, z,y, z), in contrast with a
space vector x = (x,¥, z), and the Einstein convention for the sum on repeated
indices. The QCD Lagrangian density reads

. 1 v
Loep =1 (Z’YMDM —M)q— Zgulaa 9", (1.6)
where ¢ = ¢(x) are quark fields, M is the quark mass matrix, v* are Dirac matrices.
Gluon fields A, ,(x) enter in the gauge-covariant derivatives D, as

p
D, =0,— zg;AWl (1.7)

and in the gluon field strength tensors g, ,, defined as

uv,a = auAl/,a - 8VA/L,(1 + gfabcAu,bAu,ca (18)

where ¢ is the strong coupling constant while the Gell-Mann matrices A, [10] and
the structure constants fu. are elements of the SU(3)..,- Lie algebra [11]. The
last term on the right-hand side of Eq.(1.8) represents the peculiarity of the strong
force, in which gluons interact also among themselves.

Up (u) and down (d) quarks are the lightest quarks with masses m, ~ 2.5 MeV
and mg ~ 5 MeV. They are the valence quarks that form protons (uud), neutrons
(udd) and pions (ud, uti, dd, ud). We limit our attention only to these two quark
flavors.

In the limit of vanishing quark masses m; = 0, we can rewrite Eq.(1.6) in the form

Lo = an (D) an + 15 (D) a1~ (G oL (1.9)
emphasizing the projection of the quark fields on their right-handed, qr = Pgq,
and left-handed, q;, = Pr, ¢, components. E%C p are invariant under a global unitary
transformation induced by elements of the symmetry group SU(2)r x SU(2)y.
Namely, the right- and left-handed components of massless quarks do not mix
under such transformation, and this property is known as chiral symmetry.

The chiral symmetry is broken explicitly by the mass matrix M = m;d;; because
m, # mg. Such breaking is small since quark masses are a couple of order of
magnitude lower than pion and nucleon masses.

Furthermore, the hadronic phenomenology indicates that the chiral symmetry can



be spontaneously broken. It happens when the ground state of the system does
not realize the symmetry of the Lagrangian. If the global symmetry is broken
spontaneously, there exist bosons with the same quantum numbers of the broken
generators, called massless Goldstone bosons [12]. In the case of the chiral symme-
try, the Goldstone bosons correspond to the isospin triplet of pseudoscalar pions.
Pions break the chiral symmetry spontaneously and explicitly. In fact, they are
the lightest mesons but their mass is not zero due to m, # mg # 0.

The nuclear force can be described directly in terms of quark and gluons only in the
framework of lattice QCD. It requires an enormous computing power, which makes
this method feasible only to calculate observables of low-energy nucleon-nucleon
scattering or other few-body observables [13].

A more manageable approach is the effective field theory (EFT) [14], with a separa-
tion of scales placed around the breakdown scale A,. The contributions to the force
are expanded in powers of Q)/Ay, where @ is the soft scale. The physics at energies
around () is accounted explicitly, while the high-energy effects are integrated in
the constants of the theory.

The separation of scales is fundamental to obtain an accurate representation of the
phenomena. In order to describe the large n-p scattering lengths, the pion-less EF'T
is preferred, with the hard scale set at A, ~ m.c* = 139.6 MeV. When the pion
degrees of freedom are included, the pion-full EFT places A, ~ 770 MeV. To study
heavy nuclei and nuclear matter the Fermi momentum kg is the reference scale,
with the value kr ~ 2m,c?® at nuclear matter saturation density [15]. Yukawa
meson theory [16] and pion-exchange theory show that in nuclear structure and
reactions, nucleons and pions emerge as proper degrees of freedom, instead of
quarks and gluons.

The chiral perturbation theory (ChPT) is the EFT where the effective Lagrangian
is built satisfying the broken symmetries of QCD and using the pions and nucleons
as degree of freedom. Scattering matrix elements or Green’s functions, calculated
with the ChPT Lagrangian, admit an expansion of the form [17]

zm—; (%)V}'(%,gi). (1.10)

() represents the momentum or pion mass, corresponding to derivatives and mass
terms in the Lagrangian, A, is around the mass of the p meson, M, ~ 770 MeV
and the power v is bound from below. The function F is of order 1 (naturalness),
depending on the regularization scale p and the low-energy constants (LECs) g;.
LECs are usually obtained by fitting data, in the way that they mimic the unknown
high-energy physics. In ChPT Eq.(1.10) is justified by the vanishing interaction in



the limit of pion mass or momentum going to zero. The relativistic expression of
the effective Lagrangian reads

Lejr=Lon+ Loy 4+ = LY+ LD 4+ L8 4 L8 420 1+ £+, (111)

containing terms of increasing number of derivatives and pion mass insertions.
Ellipsis points include higher order dimensions as well as interaction of pions with
more nucleons.
The relativistic formulation is problematic because the mass of nucleons in £,y is
of the same order of the breakdown scale A,. An improvement consists in going
to the non-relativistic limit through the heavy baryon chiral perturbation theory
(HBChPT) [18], where the Lagrangian assumes the form

Lefp=Lnr+ Loy +Lyn+ Ly + .., (1.12)

including many-nucleons contact interaction terms like Lyn, Lynn, .- [14] -
Through the chiral perturbation theory, the nuclear force is represented by long-
intermediate range interaction, via pion(s) exchange, and short-range contact
interaction.

The naturalness of F makes the contribution to the next-to-leading order (NLO)
smaller than the leading order (LO), namely Mo (Ay) > Myro(Ay) > Mynzo(As),
as shown in Figure 1.2.

Renormalized terms, derived from chiral effective field theory, are employed to
describe the nuclear Hamiltonian in ab initio methods.

Ab initio approaches include all the theoretical techniques that solve the non-
relativistic Schrodinger equation, with a Hamiltonian in which all the nucleons
are active and obey the Pauli exclusion principle. They are applied mostly to
light nuclei, in fact, the exact solution is available only for system of few nucleons
A < 4, while with certain controllable approximations heavier nuclei can be studied.
State-of-art calculations can reach Ni (Z=28), Zr (Z=40) and Sn (Z=50) isotopic
chains [19, 20]. In the interaction part of the Hamiltonian, the parameters are
fitted to reproduce 2N and 3N experimental data.

In the literature, there are several available ab initio methods, distinguished by
the technique adopted to calculate the many-body solution. The most developed
approaches are:

In-Medium Similarity Renormalization Group (IM-SRG) [20]
No-Core Shell Model (NCSM) [21]

Lattice EFT [22]

Many-Body Perturbation Theory (MBPT) [23]
Coupled-Cluster (CC) [24]
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Figure 1.2: Schematic contributions to the potentials entering the Lagrangian density
of chiral EFT. The expansion is limited to next-to-next-to-leading orderd
(NNLO), for 2N (two-nucleons or two-body) and 3N forces. Continuous
(dashed) lines represent nucleons (exchanged mesons). Adapted from Ref.

[14]

e Self-Consistent Green’s Function (SCGF) [25]
e Green’s Function Monte Carlo (GFMC) [26]

When the number of nucleons is larger, due to the limits in computational re-
sources, more severe approximations need to be introduced. This is the case of the
Configuration Interaction (CI) theory (also known as nuclear shell model)[27].
The nucleus is divided in an inert core and valence nucleons, that is, the computing
resources are reduced by truncating the model space. The Hamiltonian contains
an average potential (usually harmonic oscillator or Woods-Saxon plus spin-orbit
interaction), that determines the single-particle energies, and a residual two-body
interaction, which accounts for interactions between nucleons in specific orbitals.
The solution of the Hamiltonian is simplified by a linear combination of Slater
determinants, made by single-particle wave functions. The Slater determinants
form the basis in which the Hamiltonian matrix is diagonalized. This approach
focuses particularly on medium-mass nuclei, 16 < A < 132. The parameters of
the interaction are fitted for the specific model space to observables available in
the same model space (e.g. ground and excited states of nuclei, in which valence
nucleons lie in a certain model space).

Recently this method was applied to the Hg isotopes (A ~ 190) [28], where the

9



valence nucleon space was extended with the Monte Carlo Shell Model technique
[29]. This procedure is able to select the most relevant Slater determinants to
describe a certain nuclear state by Monte Carlo sampling, and the reduced basis
makes the diagonalization possible.

When the dimension of the CI matrices overshoots the computational resources, the
nucleus can be modeled by the nuclear Energy Density Functionals (EDF)
or self-consistent mean-field method [30]. The force is parametrized by an average
mean-field potential, acting on each nucleon and originated by the interactions
with all the others. The information on the system is reduced to its densities.
This method requires to self-consistently calculate solutions of single-particles
Schrodinger equations. This approach, on the one hand, allows us to describe
heavy nuclei, on the other hand, is restricted mainly to study ground-state prop-
erties. Extensions to beyond mean-field theory and projection techniques help to
broaden the applicability to excited configurations.

1.2 ‘“Effective’ interactions

The term ‘“‘effective’” has assumed different meanings in the history of nuclear
physics.

The modern connotation tells that such interaction describes the degrees of freedom
at a certain energy scale, while the degrees of freedom relative to other scales are
integrated out and included in the parameters of the effective theory. The chiral
effective interaction is an example of this kind of force.

Conversely, the concept of microscopic effective interaction started in the context of
the Brueckner-Hartree-Fock calculations. The hard core part of the nucleon-nucleon
interaction, evaluated for a Slater determinant, will push the interaction energy
to explode. To avoid such divergence, an effective interaction can be calculated
by renormalization of bare nucleon-nucleon force. This can be achieved using
the Brueckner G-matrix [31], i.e., treating the two nucleons as if they scatter
in the nuclear medium. The independent particle picture still represents a good
approximation because the healing distance is smaller than the mean distance
between two nucleons inside the nucleus. That is, the two nucleons return to their
single-particle behavior before the next collision takes place.

Due to the difficulties to work with the microscopic potential, since the 1950s,

nuclear physics has seen a huge development of phenomenological effective forces to
be applied directly in the Hartree-Fock method. The adjective ‘“‘phenomenological”
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indicates that the interaction is described by a certain number of parameters fitted
to reproduce experimental data.

The nuclear wave functions should satisfy the invariance principles of the nuclear
Hamiltonian, but in the case of phenomenological interaction, these invariance
principles are not always fulfilled. Then, because of the phenomenon of spontaneous
symmetry breaking, the obtained solutions need to be projected on good quantum
numbers to be compared to experiments.

Since the range of the nuclear force is rather short, the simplest phenomenological
effective force is zero-range, i.e., described by a d-function in the space coordinates.
More realistic forces require momentum dependence, density dependence or finite-
range.

Historically, the Skyrme-type force is an example of phenomenological effective
interaction. There are many parametrizations available in the literature due to the
different observables used to fit the parameters [30, 32].

In this work, we understand the components of the Skyrme potential as the “‘gener-
ators” of the energy density functionals. Namely, these components are operators
that, when calculating their average values with a Slater determinant, generate
the terms of the interaction part of the functionals, as shown in Section 2.5.

1.3 Motivation

We aim to explore the link between chiral EFT interactions and mean-field forces.
This may allow us to extend the description of nuclear interaction typical of the ab
initio framework to the domain of the EDFs. On one side we have a fundamental
description of the interaction among nucleons and on the other side we have a
method to describe medium- and heavy-mass systems. The development of ab
initto methods proceeds quickly, but the applicability to heavy systems is still
far to be reached with the actual computing resources. The scientific community
working with nuclear density functionals, instead, is looking towards new forms
and parametrizations of functionals that can increase precision of their predictions.
A successful extension could apply information from the chiral force to tackle a
larger variety of phenomena. Improving in the theoretical models are beneficial
in the comparison with experiments, especially when the theory is able to offer
uncertainties to the estimated values. The effective interaction can redefine the
driplines and it can increase the performance of the functionals on the whole nuclear
chart.

The research for a connection between ab initio and density functionals has already

started. In particular, possible ways to combine ab initio with EDFs are addressed
in the review article [33].
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A formal construction of EDF kernels grounded on ab initio methods is proposed
in Ref. [34].

In this work, I proceed by fitting parameters that enter the energy functional, to
ab initio calculations. Such derivation was suggested by Dobaczewski in [1], where
also a proof-of-principle was provided. In this thesis, I explore the potentiality and
limits of such a derivation, employing full-fledged ab initio calculations with chiral
interaction.

The thesis is organized as follows: Chapter 2 reviews the foundation of Energy
Density Functional theory in nuclear physics and Chapter 3 presents the current
status of nuclear functionals. Chapter 4 introduces the Self-Consistent Green’s
Function method and the ab initio technique we adopt in the calculations of ground
state energies. The methodology to derive the model functional is given in Chapter
5. In Chapter 6 the results obtained for the relevant case of NNLOsat with two-
and three-body interaction are discussed. Conclusions are given in Chapter 7.
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2. Energy Density Functionals

We present the principal aspects of the Density Functional Theory (DFT). The
DFT method was introduced in the 1960s to describe the properties of electronic
systems and very soon thereafter applied to atomic nuclei. We start from an
overview of foundations of electronic DFT [35], which then becomes a baseline for
the extension to the nuclear case.

2.1 Hohenberg-Kohn theorems

A many-body system composed of N electrons, subject to Coulomb repulsion and
immersed in an external potential v(r) is represented by the Hamiltonian operator

N h N 82 1 N
—V; i :T ‘A/ee Uez; 2.1
S DR D W S WL RS Y

where the contributes from kinetic energy T , Coulomb \766 and external Um
potential are separated. From the (assumed) non-degenerate ground-state wave
function |W¥(ry,...,ry)), solution of the Schrodinger equation

HIW) = E|), (2:2)
the electronic density p(r) of the system is obtained as

p(r) :N/dr2~--drN |U(r, Ty, ...,rN)[% (2.3)

The density satisfies the N particle number constraint

/dr p(r) = N. (2.4)
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The wave function |¥) depends on the potential v(r) through Eq.(2.2), then the
density, Eq.(2.3), is also a functional of v(r). Density associated with the (anti-
symmetric) ground state wave function of a Hamiltonian like Eq.(2.1) is called
v-representable. Hohenberg and Kohn [36] pointed out interesting properties related
with the v-representability.

Theorem 1: the external potential v(r) is a unique functional of the density
p(r), apart from a trivial additive constant.

The theorem establishes a one-to-one mapping between the v-representable density
and the external potential v(r). The ground state wave function is the mediator of
this relation, in fact v(r) determines H, which determines |¥), which defines p and
the chain rules equivalently in the opposite direction.

All the information about the interacting system of fermions is included in the
function p(r). In fact, the density determines the ground-state properties, such as
the number of electrons N, in Eq.(2.4), and the energy functional

Bulp) = T(p) + Vel + Uil = Ful + [ dr plopote), (29)
where the universal functional, Fyx|p] = (U|T + V..|¥), is separated from the

v-dependent part. Fyg[p| is defined ‘‘universal” because it is the same for all the
systems with density p, independently from the details of the external potential.
For the ground state density pg, the energy functional E,[p] is equal to the ground
state energy FEj.

Theorem 2: for a trial density p(r), such that p(r) > 0 and [dr p(r) = N,
it results E,[p] = Ey, i.e., the functional E,[p] assumes its minimum if p = po.

Alternatively it can be said that for all the v-representable densities p(r) con-
strained to [ dr p(r) = N, the ground-state density py is the one that minimize
the total energy:

Ey[p] = Eylpo]. (2.6)

2.2 Levy-Lieb constrained-search

The v-representability is a strict condition that not all the density can satisfy. For
example a density obtained from degenerate ground state wave functions is not
v-representable. This condition can be relaxed by considering N -representable
density, which means density obtained from antisymmetric wave function that
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satisfies p(r) > 0, [dr p(r) = N and [ dr|Vp'/?(r)> < oc.

Furthermore, given the ground state density pg, there can be found an infinite
number of wave functions |¥) that square integrated give py (we write ¥ — pg),
including the ground state wave function |¥y). Determining |Wy) from pg is not
trivial and it requires to consider the minimum energy principle of the ground
state. In fact, the ground state wave function is the one that minimizes the energy
functional and therefore the functional Fy[p| as

Firiclpo) = (ol + Veel Vo) = guin ([T + V., 0). (2.7)

Levy [37] and Lieb [38, 39, 40] suggested a solution that eliminates the restriction
on the v-representability in the Hohenberg-Kohn variational principle (see Eq.(2.6))
and determines the ground-state wave function |Wy). This procedure is called
constrained-search. The Levy-Lieb functional Fp; is an extension of the Fpyg
functional, and it is defined as

Frr[p] = min(U|T + V.| 0), (2.8)
U—p

where p is a N-representable density. The minimization of the energy is carried
out in two steps:

Ey, = m\I}n<\IJ|T—|—Vee+ZU(r,-)|\I/>

p VU—p

= min {min<qf|T + Vie + Z v(ri)|\11>}

= i {gin [0017 4 Vg + [ ooy}

p

~ min {FLL[,O] 4 / dr p(r)v(r)} = min B[] (2.9)

p P

The inner minimization is restricted to the wave functions that give a certain
density profile p, while the outer minimization runs over all N-representable p.
In such a way, an universal functional F 1 [p] and an energy functional minimum
principle are obtained for N-representable densities.

2.3 Kohn-Sham method

The Hohenberg-Kohn theorems and the Levy-Lieb constrained-search indicate the
existence and other properties of the ground-state density, without giving practical
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recipe how to calculate it. Help in this direction comes from the Kohn-Sham
method [41].

We consider a system of non-interacting electrons, with N-representable ground-
state density p(r). Kohn and Sham suggested to represent such density by specific
single-particle orbitals |¢;). These Kohn-Sham orbitals are assumed to satisfy the
one-particle Schrédinger equations

2

sl = |5

. V2 4 UKS(I'):| |6i(r)) = €ldi(r)), (2.10)

with the one-body Hamiltonian hgg, the Kohn-Sham (external) potential vy g(r)
and the single-particle energies ¢;. Due to the fact that the electrons do not interact
among themselves in this system, we can rewrite the many-body Hamiltonian Hys
by the sum of one-body Hamiltonians as

N N

N A h2 K

His =Y higs =3 {— V?} ! / dr ves (x)p(r). (2.11)
=1

2m
i=1 €

The eigenstates of Hyg are given by the Slater determinant |®ks) built of the
Kohn-Sham orbitals. The ground-state density results

p(r) = (Prs|p(r)|[Prs) = Z |6i(r)[*, (2.12)

namely, the density is determined by these specific orbitals. The ground-state of
the system reads

Exslp) = (Pxs|Hics|Pxs) = Trslp] + /dr vks(r)p(r), (2.13)

where Txs[p] = SN (di] — %Vﬂqﬁi) is the kinetic energy of a system of non-
interacting electrons with density p. Applying the Hohenberg-Kohn theorems to
the non-interacting system (V,.=0), Tks[p] appears as a universal functional, after
defining it in the restricted domain of v-representable densities. The extension of
the functional Tk g[p| to N-representability is a conjecture with open discussions
about the methods to accomplish it [35].

When we are interested in characterizing the potential vig(r), we look now at an
interacting system described by Eq.(2.1) with the same ground-state density p(r)
of the Kohn-Sham system. For the former, we rearrange the universal functional
Fuklp] introducing the exchange-correlation functional F,.[p], that is,

Fuklp) = Trslp) + Enlpl + Eaclp]- (2.14)
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Here the Hartree functional Ey[p] represents the classical Coulomb interaction,
i.e., the direct term of V,.[p],

Exlp] = 1/dr dr’ px)p(r) (2.15)

2 v —1/|

The exchange and correlation energies are included in the functional E,.[p], that we
can rewrite as E.[p] = T[p| — Tks|p] + Veelp] — Enlp], pointing out the difference
between the true T'[p] and the Kohn-Sham Tg[p] kinetic energy functionals.
The minimum condition, Eq.(2.6), is equivalent to require

OF

OFurlel _ —u(r). (2.16)

dp(r)

Expressing Fr[p] by Eq.(2.14), and using Eq.(2.13) for the Kohn-Sham kinetic
functional, Eq.(2.16) provides the expression of the Kohn-Sham effective potential
as

vgs(r) = v(r) + vy (r) + vge(r), (2.17)
where the Hartree potential is vy (r) = [ dr’ |f (:"2‘ and the exchange-correlation
potential is v,.(r) = éfg”(ﬂf].

The derivation of the Kohn-Sham potential is fundamental to link the non-
interacting system with the interacting one. The Kohn-Sham method suggests that
the ground-state energy of interacting electrons can be obtained as the ground-state
energy of non-interacting electrons with the same ground-state density of the
interacting ones and the effective Kohn-Sham potential vig(r).

Looking at the components on the right-hand side of Eq.(2.17), vgs(r) depends on
the density p, then Eq.(2.10) needs to be solved self-consistently.

At this point the principal difficulties are located in finding a good approximation
for the exchange-correlation functional E,.[p]. The Linear Density Approximation
(LDA) considers the system locally equivalent to the homogeneous electron gas of
density p(r), meaning that the exchange-correlation functional takes the form

ELPAY) = / dr [eo(p(r)) + eo(p(r))] (2.18)

e.(p) and e.(p) represent respectively the exchange and correlation energy per
volume unit for a homogeneous system of density p.
More accurate expressions are studied in the Generalized Gradient Approximation

(GGA) [42], where
BN g) = Bl + [ dr £ o(6), V(). (219
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i.e., the exchange-correlation functional is expanded in functionals of the density
and its gradient. The LDA is the zero-order term of such expansion.

2.4 Nuclear Density Functional Theory

Extending the density functional method to the nucleus faces new challenges. On
the one hand, the electronic system is subject to the external potential, usually
due to the interaction with the charged nuclei. This interaction has the effect of
localizing the electronic density. On the other hands, the nucleus is a self-bound
system, due to the attractive strong force among nucleons, which is responsible for
the nuclear density localization.

Moreover, on the one hand, the electrons interact among themselves through the
well-established Coulomb force, which is a two-body interaction. On the other hand,
the nuclear interaction at the level of nucleons involves two-body and three-body
terms at least. As discussed in Section 1.1, it is formed by a long-range part, the
pion-exchange and Coulomb potentials, and by a short-range part, described by a
contact interaction. In the vertex of the contact interaction all the high-energy
contributions are integrated out.

Experimental evidence shows that the inner part of the nucleus has almost constant
density psa; ~ 0.16 fm~2, and the density sharply drops down at the surface, which
has a thickness of around 0.6 fm. The Pauli exclusion principle and the range of
nuclear interaction, around 1 fm, shorter than the average distance between two
nucleons 2ry &~ 2.5 fm, suggest that the nucleons experience the mutual interaction
not so often. In fact, inside the nucleus the nucleon mean free path is of the order
of the nuclear radius [43].

The mean-field theory can be used to describe such system, namely the nucleons
move in an average potential created by the mutual interaction with the other
nucleons. This consideration leaded to formulation of several mean-fields, among
them stands the famous empirical Woods-Saxon potential [6].

At the same time, the shell model picture proposed the idea of single-particle
orbitals filled by the nucleons, interacting through a residual potential.

The Nuclear Energy Density Functional theory attempts to connect the mean-field
approximation with the orbital representation characteristic to the Kohn-Sham
method. This requires to construct a functional to be employed in the framework of
a microscopic mean-field approach, in nuclear physics known as the Hartree-Fock
method.
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The many-body Hamiltonian H for a system of A nucleons can be written as

A 2o, 1.
i=1 i#j=1
where my is the average nucleon mass and V (i, §) is a two-body potential (three-
body and many-body terms are neglected at the moment for simplicity). We assume
that the ground-state solution of Eq.(2.20) is described by a Slater determinant
|®) of single-particle states ¢;. With the orbital ¢; we indicate the wave function
¢i(r,0,7) in the space-spin-isospin coordinates, which is equivalent to the ket
7). In second-quantization formalism, |i) = a!|—), where the fermionic creation
operator a! acts on the particle vacuum |—) 1. Tt results

)
A

@) =[] all-)- (2.21)

=1

We recall that the complete set {aj} can be expanded on another complete set of
eigenstates, a basis {c,t}, through an unitary transformation. In the many-body
nuclear physics, it is common practice to use the harmonic oscillator wave functions
as basis in which expand the solutions. In fact, in the harmonic oscillator problem
the wave functions are localized, i.e., their values approach zero at large distance
|r].

In second-quantization, we rewrite the Hamiltonian H in Eq.(2.20) as

H=T+V=> (i|T|j)ala; + 1 > (i |V |kl) alalaa, (2.22)

ij ijkl

where (i|T|j) and (ij|V|kl) are respectively the kinetic one-body and the (antisym-
metrized) potential two-body matrix elements.

The expectation value of the Hartree-Fock energy defines the energy functional as
[44]

Enrlp] = (©|H|®)

A 1A A
=N "GTEY + =S (65| V]ig), 2.23
;H |2) QMZ:lM! i) (2.23)

! The hermitian conjugate of the creation operator is represented by the annihilation or
destruction operator a;. aj and a; obey the anticommutation rules for fermionic operators

{ai, a;} = 0;;.
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where in the last line we applied the Wick theorem [45], and, after defining the
one-body density matrix p;; = (®|ala,|®), we used that p;; = d,;. The minimization
of the functional Exr|p| with respect to the constrained density p can be replaced
by a constrained variation respect to the single-particle states ¢ as

4]

0Q;

Eq.(2.24) gives the set of Hartree-Fock single-particle equations as
2

Enrlp] — Zej/dr|¢j(r)|2] = 0. (2.24)

V25 (r) +/dr/V(r,r') [p(r)¢;(x) — p(r',1)8;(x')] = €;¢5(r).  (2.25)

These coupled equations need to be solved self-consistently. In fact, each single-
particle state depends on the mean field generated by the total density as shown
in the integrand. Schematically the procedure consists of the following steps:

2mN

1. starting with a reasonable guess for ¢;;

calculating p from ¢;;

calculating the integrand in Eq.(2.25) with p;

solving the Hartree-Fock equations to obtain new ¢;;

repeating the loop of steps 2 to 4 until the convergence of the solution, i.e.,
when the difference between the new solution and the previous one is smaller
than a fixed value. The difference in the value of EFypr is commonly used as
index of convergence.

AN

In term of single-particle energies the ground-state energy in Eq.(2.23) becomes

A 1A A
Eyr = € — = 17| V]ig). 2.26
HF ; 5 ”221< JIV1ij) ( )
The single-particle equations Eq.(2.25) are formally similar to the Kohn-Sham
equations Eq.(2.10), but they are conceptually diverse. The Kohn-Sham method
reformulates the interacting problem to solve it exactly, while the Hartree-Fock
method replaces the initial many-body problem by a simpler one-body problem.
Here, the Hartree-Fock technique has been presented as the procedure to obtain
Kohn-Sham like equations in the context of nuclear interaction.

2.5 Interactions and Skyrme energy density func-
tionals

The interaction V needs to satisfy the symmetry properties relevant for the nuclear
system. We recall that, once the symmetry operator can be written as P, the
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Hamiltonian H is invariant under P if H commutes with ]5, that is, []:I, fD] = 0.
Important symmetries are:

e Hermiticity, Vi =V, such that the Hamiltonian I:{ has real eigenvalues.
e Invariance under exchange of particles, V(1,2) = V(2,1).

(@K) where a is the shift

e Translational invariance, represented by P = e
vector and K is the total linear momentum operator.

e Rotational invariance, represented by P = el @d) where a is the rotation
angle and J is the total angular momentum operator.

e [sospin invariance, represented by P = eT) where [ is the iso-rotation
angle and T is the total isospin operator.

e Galileian invariance, that is, V does not change if the system moves at
constant velocity (for non-relativistic systems).

e Particle-number invariance, P = e(ON ), with gauge angle  and total particle
number operator N, standing that the number of particles is fixed to A.

e Space reflection, P= Hle 7;, where 7; is the particle parity operator, setting
that the total parity is conserved. o

e Time-reversal, represented by P = elim5y)C

the total spin operator and C' is the complex conjugation operator.

, where Sy is the y-component of

Such symmetries put limits to the possible form of the interaction. The potential
must be a scalar, containing functions of the relative coordinates r = ry — ro, of
the square of relative momentum k?, where k = —% (V1 — Va), of the spin-orbit
product L - S.

Including the spin and isospin-exchange operators [46],

1

PU:§(1+0'1'0'2), (227)
1

PT = 5(1 —|—7']_ . Tz), (228)

in the central potential facilitates the saturation of the nuclear density, the condi-
tion when the kinetic energy and the repulsive part of the potential balance the
strong attractive part.

Furthermore, in order to obtain a distribution of nuclear levels comparable to the
experimental one, a density-dependent term needs to be added to the two-body
interaction, as shown in Ref. [47].

Many phenomenological interactions have been developed to built energy func-
tionals and among them three families gain large success in their application.
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They use finite-range, zero-range or relativistic interactions [48] to describe the
nuclear structure. The latter kind is just mentioned here since we consider the
non-relativistic approach to the nuclear many-body problem.

The finite-range Gogny interaction [49, 50], written as 2

2 rp-rgf? R ) o
VGogny(rl - 1'2) = Ze HJQ' (W] + ijo - HjPT - MjPUPT)

Jj=1

+ st(a']_ -+ 6'2) . |:Rl X (S(I']_ - I'2>l;:|

Ft5(1 + 20P7)6(r1 — 1a)p° (rl ; "2> , (2.29)

is formed by two Gaussians to mimic the finite-range, by the spin-orbit and by the
density dependent term.
The zero-range momentum-dependent Skyrme interaction [51, 52],

VSkyrme<r1 —1g) =to(l+ $0pa)5(1‘1 —r3)
+ %tl(l + 2, P) [ﬁ’?a(rl —ra) +6(ry — m)fﬂ
+ty(1 4 2 PO)K - 6(ry — 1ok
+ iwo(61 + 52) - [12’ x 3(ry — rz)f{]

1 ~
+ glall + 23 P7)3(rs — r2)p” (rl ;”) : (2.30)

presents the momentum-dependent, the spin-orbit and the density-dependent terms.
These effective interactions are used to generate the energy functional as

Elp] = (@[T + Vo] |®). (2.31)

For this reason, the terms in Eq.(2.29) or in Eq.(2.30) are considered the generators
of the functional E[p], which is commonly expressed by the energy density £ as

Elp] = / dr &pl. (2.32)

The Gogny interaction generates functionals of non-local densities, like p(r,1r’),
while Skyrme functionals contain quasi-local ones, as p(r).

Both include a certain number of parameters, (u;, W;, Bj, Hj, M;, Wi, t3, z9) in
Gogny and (to, xo, t1, T1, te, T2, Wo, t3, r3) in Skyrme, that are fitted to reproduce

2The notation k' = k' indicates that the derivatives act on the (bra| side.
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experimental data. In the literature, there are many parametrizations available,
corresponding to different choices of experimental properties to be described. Vary-
ing the relative strength of the parameters corresponds to tune the singular terms
of the interaction.

In this work we are interested in Skyrme-type energy density functionals.

The generators of the Skyrme interaction in Eq.(2.30), acting on the density matrix
p(r,ot;r', o' ') =), ¢i(r,0,t)¢i(r',0’,t'), can produce the following densities:

e isoscalar one-body density

po(r) = po(r, 1) - Zpratr at)‘ . (2.33)

e isovector one-body density

p1(r) = pi(r, )] |- thratr 0t)| . (2.34)

e kinetic energy density

mp(r) =V - Vpr(r,r')| _, (2.35)
e spin-density
so(r) = S pr(r,o, v, o 1) (0']3]0)| ., (2.36)
oot
e current density
jr(r) =kpr(r,r)| _, (2.37)
e spin-current tensor
Jr(r) =k @sp(r, )] _, (2.38)

often approximated by the spin-orbit current
Jr(r) =) et [In(r)] (2.39)
ijk
e kinetic spin-density

Tr(r) =V - V'sp(r, )| (2.40)

r=r’’

The index T' = 0 distinguishes the isoscalar densities from the isovector (17" = 1)
ones. For example py = p, + pp and p1 = p,, — pp.
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The EDF is invariant under time-reversal, then it separately contains bilinear terms
with time-even and time-odd densities as

Eskyrme(T) = Y (EF" + ). (2.41)

T=0,1
The time-even part results
EX = Chpy + CpPprApr + Chprrr + C333 + CY prV - I (2.42)
The time-odd part, different from zero only in case of odd number of nucleons, is
EPM = Cis74Cp sy Asp+Cil sy Tr+Cy* (V-s)°+Crj7+Cy sV X jr. (2.43)

The coefficients C% are called coupling constants and are linear combinations of
the Skyrme parameters. The density-dependent term is absorbed in the coupling
constant C% = C2% + L% pa.

We focus on studying even-even nuclei and for this reason the time-odd part of the
functional will be neglected later.

Eq.(2.42) and Eq.(2.43) have been derived from the generators of the interac-

tion in Eq.(2.30) [44].
The total energy of the Skyrme-type functional results

E[p] = /dI‘ [Ekm(r) + ESkyrme(r)} -+ ECOuh (244)

including the kinetic energy density

hQ
Erin(r) = e To(r), (2.45)
and the Coulomb energy
2 / 2 /
Ecoul — € /drdr/ pCh (r)p0h<r ) - pch(r7 r ) 7 (246)
47reg v — 1| v —r/|

with the charge density pe.
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3. Development of EDF's

Phenomenological energy density functionals can be constructed without a connec-
tion to the underlying Hamiltonian, but building them from bilinear terms of local
densities and their derivatives, that are invariant with respect to translational,
rotational, isospin, parity and time-reversal transformations. The pairing sector
(see Section 3.1) can be described by a potential other than the force used in
the particle-hole channel. The exchange terms can be treated in simplified forms,
as in the case of the Slater approximation of the Coulomb exchange term. The
density-dependent part of the potential can contain a non-integer power of the
density, a in Eqgs.(2.29) or (2.30), as in the functional SLy4 [53]. Functionals
can be formed by terms coming from finite-range interactions and from realistic
microscopic interactions, as in the functional BCPM [54]. This large freedom in
the selection of the building terms lead to an extended phenomenology of EDFs,
complementary to the functionals derived in Sections 2.4 and 2.5.

The most general total energy assumes the form

E = Ekin + Eint + ECoul + Epair - Espuru (31)

with the pairing energy FE,q;, and the correction for spurious motion Fgp,,.
Spurious effects, like self-interaction terms, can appear when the functional is not
derived from a Hamiltonian or when the theory is extended beyond the mean-field
approximation. Such difficulties, discussed in the Section 3.2, recommend the use
of energy density functionals derived from generators rather than functionals built
without an underlying Hamiltonian.

3.1 Pairing and Hartree-Fock-Bogoliubov equa-
tions

Pairing effects are relevant to describe the stability of nuclear systems [5].
In the EDF theory pairing can be included, for example, through an effective
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density-dependent interaction that gives

B = 3 Y [ [1 - (Pf))ﬁl AOIAG) (3:2)

q=p,n P

where p,. is called ‘‘switching’”” density and p,(r) is the pair density [55]. The choice
of the parameter p. selects the kind of pairing, namely p. — oo represents volume
pairing concentrated in the inner part of the nucleus, while p. = ps,; is the surface
pairing.

A formal way to introduce pairing in the mean-field approach is the Hartree-
Fock-Bogoliubov (HFB) method. The Bogoliubov-de Gennes transformation,

(5) = o) (& )=m (). (33)

defines the quasiparticle creation b' and annihilation b operators as linear combina-
tions (matrices U and V) of particle operators a and a'. Such transformation W is
unitary WWH = Wiw = 1).

The quasiparticle vacuum of this theory is the product state

[Prrp) = H bil =), (3.4)

that satisfies the condition b;|®yrp) = 0 Vi. Quasiparticles represent excitations of
the system: the ground state corresponds to the vacuum, a state without excitation,
while excited states are produced adding quasiparticle creation operators to the
vacuum.

The one-body density matrix is defined as [30]

pij = (Purplala|®urp) = (Vv = o5 (3.5)
and the pairing tensor (or abnormal density) as
"iij = <<I>HFB|ajai|<I>HFB> = (V*UT)” = —Féﬂ. (36)

They are the components of the generalized quasiparticle density

R=(20 ") 7

In HEB theory there is a one-to-one mapping between the reference state |®yrp),
the matrices (U, V') of the Bogoliubov transformation and the set of densities (p, ).
The ground state is calculated by minimization of the Routhian

ROy, M) = E = M@ ups|Ny|®rrs) — M (Purs|No|®urs), (3.8)
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with the Lagrange multipliers A used to constrain the expectation value of the
particle number operator N for both protons and neutrons, since the particle
number symmetry is broken.

The total energy E in the Routhian consists of a functional derived by an effective
Hamiltonian H as

E = (Dypp|H|®yps)

S 1 D 1 R . .
= (ilT|5)psi + 3 ) |V Ik pripr + 1 ) |V IkD) K50 = Elp, 1,57,
@ ijkl ijkl

(3.9)

or of a functional of the generalized density not fully linked to any underlying
Hamiltonian as

E = Elp,k, k"] = E[R]. (3.10)
Analogously to the Hartree-Fock equations, the minimization of Eq.(3.8) gives the

HFB equations
h—\ A U; U;
(—A* —h*+Ai)<Vi>:Ei(Vé)’ (3.11)

with h;; = 887?1 and A;; = 8872. In case of energy obtained from a two-body

Hamiltonian, we obtain again the Hartree-Fock single-particle hamiltonian h;; =
(i|T|g) + I';j, where the Hartree-Fock self-consistent field is

iy = > (ik|V]il) pu, (3.12)
Kl
plus the pairing gap
1 S
Ay = 5%;(ZJ|V|/€Z) K- (3.13)

The eigenvalues of the HFB equations appear in pairs +¢; and only one value for
each pair is considered. By the Bloch-Messiah theorem [5], the solution can be
expressed in the canonical basis (natural orbitals), in which the density matrix p;;
is diagonal and the pairing tensor appears in its canonical form.

3.2 Beyond the mean-field approach
HFB, like HF, is a mean-field method constructed by single-reference energy density

functionals (SR-EDF') because the ground state wave function |®) is represented
by a single product state or Slater determinant. Such wave function describes
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the nucleus on its intrinsic reference system, the center-of-mass frame, where the
symmetries of the nuclear interaction are broken by the quasiparticle operators. As
an example the ground state, linear combination of quasiparticle wave functions,
mixes particle creation and annihilation operators, breaking the particle number,
angular momentum and parity symmetries.

On the contrary, experimental observables are measured in the laboratory frame,
where the symmetries are conserved. Transferring the mean-field wave function
to the laboratory system requires the ‘“‘beyond mean-field” approach. The broken
symmetries are restored by projecting the wave function on good quantum numbers,
conserved by the nuclear interaction. The operator S, generator of the symmetry
group, and H commute. Nevertheless the solution |®) is obtained by symmetry
breaking, and it makes necessary to project the product state on the eigenstate |s |s)
of S, namely |s) = ps |®). The projection, performed by the operator PS. can be in-
cluded at two stages: projection-after-variation (PAV) or Varlatlon—after—prOJectlon
(VAP). In PAV procedure, the projection operator acts on the state, solution of the
variational method. In VAP way, the variational equation is solved in the subset
of projected state ps |®). The domain of this subset is larger than the domain of
|®) and, as a consequence, the VAP strategy can find a lower minimum than the
PAV. These techniques demand the construction of a set of several product states
(configuration mixing), usually performed by the generator coordinate methods
(GCM). In this context, the functionals are named multi-reference energy density
functionals (MR-EDF).

In GCM the many-fermion state is approximated by

v = / dg £(9)|®(q)). (3.14)

where f(q) is the weight and |®(g)) indicates a family of product states (generator
states) parametrized by the continuous generator coordinates g. Such family can
be derived from the solution of the constrained variation

IR=0

<<é 'H@ Z)\ D|0:l(a)) | =0, (3.15)

where the Lagrange multipliers \; are determined by the constraint (®(q)|0;|®(q)) =
q; for the operators O;. These operators describe the relevant degrees of freedom
for the system to be parametrized, like particle numbers, quadrupole moments, ...
Introduced the energy kernel H(q,¢) = (®(q)|H|®(¢)) and the norm kernel
Z(q,q) = (®(q)|®(¢)), we can rewrite the average energy as

(U H|W) [ dedq f*(a)H(q,4)f(q)
(Wjw)  [dedq f+(9)Z(q,q)f(d)’
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The variation of E with respect to the weight gives the Hill-Wheeler equation [56]

/dq’ [(H(q,q') — EZ(q,q")] f(¢') =0, (3.17)

from which the weight f(q) is determined.
The projected energy on a quantum number s reads

(®(q)|H P51 (q))

E? = ~ )
D= )PS0 ()

(3.18)

Projection techniques can experience spurious effects when the functional is not
derived from a proper Hamiltonian. An irregular behavior of the energy projected
on particle number was pointed out in Ref. [57], due to the presence of the density-
dependent term. Successive works [58, 59, 60] proposed a regularization method to
remove spurious states limited to the case of density-dependent functionals with
integer power .

Inaccuracies can regard also the angular momentum projection, for which a simple
regularization scheme is discussed in Ref. [61], to treat the situation when the
norm kernel Z(q,¢’) is null in the denominator of FE.

In the context of GCM, we can define the transition density matrix as

(@(q)]afa:|®(q))
(®(9)[®(a'))

After applying the generalized Wick’s theorem to the energy and norm kernel, the
kernels appear to depend on transition densities, namely H(q,¢')[p] and Z(q, ¢')[p].
In this sense, the beyond mean-field approach manifests itself as an extended
formulation of EDF's with transition densities.

pij(0.¢) = (3.19)

3.3 Current status of nuclear functionals

The state-of-art functionals provide ground state energies close to the experimental
values along the whole nuclear chart (see Figure 3.1). The root-mean-square differ-
ence between the theoretical and experimental binding energies reached below 0.8
MeV in the optimization described in Ref. [62], using the Gogny D1M interaction
with quadrupole corrections. The Skyrme-type functionals showed a root-mean-
square of about 1.4 MeV within the UNEDEFO [63] parametrization. This level
of accuracy, even if it appears small compared to total binding energies of few
hundreds MeV, is not sufficient to provide valid theoretical estimates. Nuclear
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Figure 3.1: Performance of energy density functionals. The difference between theo-
retical and experimental binding energies, y-axis, is plotted in function of
the neutron number N, z-axis. Continuous lines represent isotopic chains.
The arch structures are typical features when the parameters are fitted to
magic nuclei: energies of closed-shell nuclei are more constrained than the
extrapolated energies of mid-shell systems.

(Left) Gogny-type functionals D1S, DIN and D1M. Plot taken from Ref.
[62].  (Right) Skyrme-type functionals SLy4 [53] and UNEDEFO. Plot
adapted from Ref. [63].

observables are measured with higher precision in laboratory, and models based
on nuclear structure outputs are sensitive to small differences in the value of
observables. Other properties of nuclei as radii, quadrupole deformations, and of
infinite nuclear matter systems (see Appendix B) provide terms for comparison
with the available data.

The choice of the observables, which enter as inputs in the optimization procedure
of the functional parameters, influences the quality of the functional in reproducing
the observables themselves. If the optimization is done properly, the fitted func-
tional returns the correct values of observables for the nuclei included in the fit,
and it provides model extrapolations for the other nuclei.

The comparison with experiment addresses the fundamental aspect of estimating
uncertainties in theoretical results. In this direction the research have improved
recently. The topic has been more and more discussed in the literature concerning
theoretical methods in nuclear physics, particularly in the context of energy density
functional with Skyrme-type interaction [64, 65, 66, 67, 68].

Error analysis not only makes a solid link between model estimates and data, but
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also offers hints on the limits and weaknesses of the model itself. In Ref. [69], the
study of uncertainties brought the authors to conclude that the optimization of
EDF's based on standard Skyrme generators reached its best.

In order to improve the prediction power (the quality of the theoretical outputs)
new terms need to be considered in the functionals. The form of the Skyrme inter-
action can be extended using new pseudopotentials with higher order derivatives
[70, 71]. EDFs generated from regularized finite-range pseudopotential have been
examined in Refs. [72, 73]. Other improvement can emerge by adding specific
terms in the functional to study particular configurations, as done in the case of
isopin-breaking generators [74].

More terms in the functionals entail more parameters to be optimized, then a larger
database of experimental inputs needs to be considered, including deformed nuclei.

In this work I explore another direction, namely, we are interested in study-
ing the information that ab initio interactions can transfer to EDFs, when the
parameters of Skyrme-type functional are fitted to ab initio results.

The formal attempts to derive EDFs from first principle [33] deal with the density
matrix expansion (DME) technique. In Refs. [75, 76] DME was used to relate
mean-field calculations performed with realistic 2N interactions to results of the
Skyrme-interaction. For a general purpose, building quasilocal functionals from
an expansion of the non-local one-body density matrix is an useful method. The
interaction energy for an arbitrary two-body potential V(rl, ry) can be written in
function of density matrices in coordinate space as

~

Ei = %/drldrg V(ry,re) [p(r1)p(re) — p(ra,r1)p(ry, 1), (3.20)

where the exchange term, depending on the non-local density p(ry,r2), makes the
corresponding energy density nonlocal.

The non-locality issue is absent in the Skyrme interaction because it is zero-range
and, due to the symmetry property of the d-interaction, d(r; — ry), the functional
generated is quasilocal. Skyrme-EDFs are local (depending only on r) in the
momentum-independent and density-dependent terms, while they are quasilocal
(depending on the derivatives of local densities) in the momentum-dependent and
spin-orbit parts.

DME, instead, produces quasilocal density functionals to approximate finite-range
interactions. Following Ref. [72], intro%ucing the coordinates R = $(ry + ry),
R a N

r = r; — Iy, the derivatives V = =, 0 = 4, the non-local density can be expanded
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as

IV( )p ( ) + i (r)raja(R)

1
+ 2V2( T)Talp ZVapr(R) —7a(R) +

—_

1
gdabk%p(R) + s (3.21)

where j,(R) = —i0,p(R,r),— and 7,(R) = Vfll)Véz)p(rl, r9)r —ro-

vo(r), v1(r) and v,(r) are auxiliary functions that define the quasi-local approxima-
tion and correct the asymptotic behavior of the expansion. They depend on the
Fermi momentum kr and on the local density p(R), through their derivation from
infinite nuclear matter properties.

The direct and exchange parts of the energy become ! respectively
dir 1 2 1
1
By = [ R {VOO *(R)
02 (1 -2 3.9 9
2V (pRIAR) — (pR)T(R) ~ ) + DKEAR) ) + |, (3:23)

where in the square brackets we can recognize quasilocal energy density functionals
Eint(R). The moments of the interaction,

Vo = /dr r"V(r), (3.24)
Vi = /dr "y (r)v;(r)V (r), (3.25)
are running coupling constant, dependent on kg or p(R), and they contain all the

information of the short-range interaction relevant to study low-energy nuclear
physics.

. 'The two-body interaction is assumed to depend only on the distance between the coordinates,
V(I‘l,rg) = V(’I")
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4. Self-Consistent Green’s Function
method

Several methods are available to perform ab initio low-energy nuclear physics
calculations, and in Section 1.1 the principal ones are listed. They employ different
approaches and controlled approximations to solve the many-body Schrodinger
equation. We choose to apply the Self-Consistent Green’s Function method (SCGF)
in this work. SCGF has an affinity with DFT, in fact, both can be included in the
family of Green’s function methods, that study the ground state through its response
to external probes [33]. A specific analogy between SCGF and quasiparticle-DFT
for the electron case was discussed in Ref. [78].

The Green’s function method was firstly introduced in the literature to extend the
knowledge of quantum field theory to the Schrodinger field.

The many-body problem is studied in terms of fundamental excitations of the
system. These excitations, rather than all the particles, are used as degrees of
freedom. In fact, the method does not attempt to calculate the full many-body
wave function, but, it determines the propagation of single-particles excitations
and the correlated density matrix p,g of the system.

In the coming Chapter, we present the corner stone of this method, the prop-
agator, starting from the trivial case of non-interacting particles, moving to the
general case of an interacting one. We linger on the Hartree-Fock approximation
and finally we consider the beyond mean-field truncation schemes that are used in
this work. The exposure follows Ref. [79], which contains further details.
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4.1 The non-interacting propagator as starting
point

We describe the non-interacting system of A fermions by a Hamiltonian Hy=T+U ,

where an auxiliary one-body potential U is accounted for.

The ground state |®¢), solution of Hoy|®{) = E(()O)|CI>()4>, is represented by a Slater

determinant |®¢') = [],_j al,|0) and the ground-state energy reads E(go) = oer €a-

F represents the Fermi energy, then all the single particle states |a) below F' are

occupied.

The unperturbed single-particle propagator (also called one-body Green’s function)

is defined as ;
h

with the time ordering operator for fermions 7 [a,, (t)aLI ()] = 0(t—t)aq, (t)aEI (t)—

GOt 1) = — (D3| Tlag, (t)al, (t)]|24), (4.1)

o(t' — t)aTBI (t)aq, (t) '. The subscript ; stands for interaction picture, that is, the

operators carry a time dependence of the form ag, (t) = e# taae~#0t The time-
independent Hamiltonian f]o, due to the time translation invariance of the system,
makes the one-body Green’s function dependent only on the time difference ¢ — ¢'.
Eq.(4.1) can be interpreted as the probability amplitude for adding a particle in a
state 8 and removing it from a state « after a time ¢t — ', or generating a hole in a
state a and annihilating it from a state [ after a time ¢’ — ¢, on top of the ground
state.

Using the single-particle eigenstates and writing explicitly the time factors, Eq.(4.1)
becomes

Hy

GOt —t) = —%@Yﬁ [e@ — ) 0(a — F)e~tet=t) g — ) o(F — a)e%ea“’*ﬂ .

(4.3)
Note that, for the unperturbed propagator, it can only be a = [ since these
single-particle states are eigenstates of H,.

1 9(z) is the step function, defined as

1 f >
9(95): orx_O.
0 forz<O

It satisfies the relation

e—%Ez

1
O(£z) = F lim —

4.2
0+ 27 E+in’ (42)

where the term +in in the denominator stands for the proper boundary conditions imposed by
causality.

34



The Fourier transform of Eq.(4.3), with the help of Eq.(4.2), gives

O(a—F) N O(F — «)

4.4
E—e,+1m E—¢€, —1in (44)

GONE) = 0us |

showing that, in the complex plan, the poles of Ggg(E) appear at value of the
energy F corresponding to the single-particle energies €,. The one-body density
matrix for the non-interacting system reads 2
€p 1
) = (@labaal@d) = [ “dE mGU(E) = 6,0(F - ). (49

namely the density is diagonal with value 1 corresponding to the single-particle
states with energy smaller or equal than the hole Fermi energy €.

4.2 The interacting case

We consider now the general case of a nuclear system described by a Hamiltonian
H = Hy+ Hl, where the interaction part H, = —U + V includes the residual
interaction operator V (only two-body terms for the moment).

The ground state is indicated by |¥'), to be distinguished from the non-interacting
solution |®3'). The single-particle propagator associated with |¥g') is defined as

Gt — 1) = - (W3|Tlaw, (1, ()10 (4.7
where the annihilation and creation operators appear in the Heisenberg picture g,
that is, the operators carry a time dependence as a,,, (t) = eifta e~ 7!, Notice
the exponentials with arguments H, in contrast to the interaction picture with
1y. {|a)} is any single-particle basis defined by the model space, chosen for
(computational) convenience. The propagator in Eq.(4.7) is “‘dressed” by the
many-body correlations included in the solution |W{').

The Fourier transform and Eq.(4.2) hold

1 1

Gos(E) = (Ua a\IIA \Ian - o | U4
as(E) = (V5| o (H EA)—I— in 5| )+ (5] fp_ (EA—H)—in ol ¥5),
(4.8)
2We can separate the real and imaginary part of the propagator through the equality
1 1 .
pE— 27)5 Fimd(z), (4.5)

which uses the concept of principal value P.
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where E{! is the ground state energy, H|¥¢) = E{|¥¢). The intermediate (A= 1)-
body system is introduced through the complete set of eigenstates [WA+1) [W~1)
with eigenvalues E/F1) E,?_l, leading to the spectral representation (called also
Lehmann representation [80]) of the one-body Green’s function

Gop(B) = 3 (HBleal B 05
" — B (BB + i

(U laf o) (T aa| T3)

+ - ;
Xk: E— (B — B} —in

= GE4(E)+Ghy(E). (4.9)

In Eq.(4.9), n and k are indices for propagating quasi-particle (p) and quasi-hole
(h) states, with excitation energies ¢ = EAT! — Eft and ¢, = Ej — Ei*. The
Fermi energy is usually taken as Ep = (€] + ¢; ), with ¢f the lowest of particle
states and €, the highest of hole states.

The one-body spectral function Sas(E) = S?,4(E) + S)5(E) can be extracted from
Eq.(4.9). Tts components are defined for the particle case (E > ¢/) as

S(E) = —%Im Gos(E)

= D (U laa WU a0 §(E — ), (4.10)

n

and for the hole case (F <¢;) as

1
Shy(E) = —Tm Gas(E)

= D (Wglab W) (Wi aa| U5 O(E — €). (4.11)
k

The diagonal part of the spectral function has the interesting physical interpretation
of the probability of adding (S?(F)) or removing (S (E)) one particle in the
single-particle state |a), leaving the (A + 1)-body system in a state with energy
E{' + E or the (A — 1)-body system with energy Ej' — E. To shorten the notation,
we define the removal (addition) spectroscopic amplitude as

Vo = (0 ool O5) (A7 = (5 al|95)). (4.12)
The one-body density matrix p,s is obtained directly from the hole spectral function

€

pos = (Wlabaul ) = [ ABSL(E) = S OROE (413)

— 00 &

36



After introducing the supplemental quantity d,z = <\Ilé4|aaag|\ll‘4 f - dE SE(
the anti-commutation relation gives the sum rule for the spectroscoplc functlon as

/ AE Su3(E) = pap + dop = <qu‘\agaa 1 aaag\\pé) = 0o (4.14)

The spectroscopic amplitudes define the theoretical spectroscopic factors (for
removal or addition of one particle)

Z, = Z|\1/A Yag | UM Zpﬂf? (4.15)
ZI (U al | w5 EZIX;‘IQ' (4.16)

Spectroscopic factors carry information on how strongly the single-particle levels
are occupied.

In experiment of knockout reactions ® as [81], the comparison between theoretical
and experimental cross sections shows a non trivial reduction of the spectroscopic
strength of dominant quasiparticle states (see Eq.(4.48) below) with respect to
predictions from independent-particle models. This constitutes an experimental
evidence that the single-particle levels are only partially filled in a correlated system.

Zy

Any one-body operator OB in the ground state can be calculated as function
of the spectroscopic amplitudes as

(U300 = Z%gﬂﬂa DD oy (4.18)
k  af

If the Hamiltonian contains only up to two-body interactions, H=T+ V, the
ground state energy depends only on the knowledge of the one-particle propagator.
In fact, the Migdal-Galitski-Koltun (MGK) sum rule [82, 83] establishes that

B = (et =Y % / "B [(olT|8) + B 8.y] Sha(E). (4.19)
af —o0

3Knockout reactions are phenomena of peripheral scattering, in which one nucleon (or more
nucleons) is removed from the projectile nucleus, due to the interaction between target and
projectile nuclei. The valence nucleon, occupying the most weakly bound states of the projectile
system, is ejected and the surviving core is measured. In the Plane Wave Impulse Approximation,
the Fermi’s golden rule estimates the differential knockout cross section as being proportional to

the hole spectral function S":
do = Ko, S"(p, E), (4.17)

where K is a kinematic factor, o, is the single-particle cross section for the reaction under study,
and S" depends on the momentum and energy of the removed particle. The comparison between
theoretical and experimental cross sections, the observables of the reaction, allows us to estimate
spectroscopic factors.
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4.3 Irreducible self-energy and Dyson equation

In order to account for the time evolution of the propagator in Eq.(4.7), it is
convenient to consider its perturbative expansion in powers of the interacting
Hamiltonian H; [79, 84]. The propagator results

Ggl(t — 1) = ; (> /dt1 /dt

@ [H1,<t1> ey (), (Bl ()] 198)cona, — (4.20)

where H 1, aq and ag appear in the interaction picture with respect to Hy, and the
time ordering operator acts on the non-interacting solution |®¢').

H, (see BEq.(4.40)) can contain terms of one-, two- (or three-) body interactions, with
their creation and annihilation operators. When performing the Wick contractions
[45] of the time-ordered product of these operators, a large number of contributions
appears. These contributions can be organized in schematic diagrams, Feynman
diagrams, that keep track of the terms and symmetries arising from the contractions.
Presenting the rules to construct the Feynman diagrams is out of the scope of this
thesis, since we present Green’s function formulas already derived in the literature.
However, we discuss some of the properties of the diagrams with examples and
intuitive arguments. Each Wick contraction produces an unperturbed propagator
G (solid single lines) that can be attached to vertices (dots) of the interaction
(dashed lines). To calculate the propagator in Eq.(4.20) only the connected diagrams
are relevant, as indicated by the subscript .on,. The concepts of connected, one-
particle reducible or irreducible diagrams are illustrated with examples in Figure
4.1(a~c). Contributions to the propagator can come from one-particle reducible
or irreducible diagrams, and for all of them the irreducible parts can be grouped
inside the irreducible self-energy ¥* insertions (see Figure 4.1(d-e)). After Fourier
transforming to energy and introducing ¥*, the expansion in Eq.(4.20)) becomes

Gap(E) = +ZG (B)GS)(E)

+3 GBS, (B)GY (E) 6¢(E)G§2(E)+... (4.21)

y6ed

All the terms of this infinite sum are included in the Dyson equation [85] as

Gos(E) = ZG“” (E)Gsp(E). (4.22a)
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Figure 4.1: Example of Feynman diagrams. Solid single (double) lines indicate the

undressed propagators G©) (dressed propagators G) for fermionic states,
with the direction of propagation shown by the arrows, dashed lines are
used for interactions. Gray filled circles stand for irreducible self-enerqgy
>* insertions. Dots correspond to labels of single-particle states, as the
indices in the definition of propagators, self-energies or in the matrix
elements of the interactions. (a) Disconnected diagram, that does not
contribute to Eq.(4.20). (b) Connected and one-particle irreducible diagram,
that is, if one of the propagator lines is cut, the diagram will not result
disconnected. (¢) Connected and one-particle reducible digram, that is, it
can be reduced to a disconnected diagram by cutting one solid line. In fact,
opening the fermionic line, where indicated by the scissors mark, creates two
disconnected diagrams. (d) Irreducible self-energy insertion, that include
all connected diagrams that are one-particle irreducible, as the one in panel
(b). (e) One-particle reducible diagram made with irreducible self-energy
insertions. The diagram in panel (c), contributes to this diagram, since the
irreducible parts of the diagram (c) can be included in the corresponding
self-energy insertions. (f) Representation of the Dyson equation, Eq.(4.22).

The irreducible self-energy E%(E) represents the nonlocal and energy-dependent
potential to which each nucleons is subject when interacting with the nuclear

medium. Through the self-energy the unperturbed propagator G&Oﬁ) is dressed by

the many-body correlations.

The diagrammatic expression of the self-energy arises through the Feynman ex-
pansion in Eq.(4.20) or equivalently when the Dyson equation is derived from the
equation of motion for the propagator. We consider here the latter method.

39



The time derivative of the single-particle propagator reads

) = DU Tlan, (1, (] 05) =

= 0(t = 1)dap + €aGap(t — 1) = Z(ath)Gw(t — 1)

L0

-5 > (@ VIO T [al, (Bacy (B)as, ()a, (#)] 97).
(4.23)

In the last line, (¥3|T [afm (t)ac, (t)as, (t)agH (t’)] |W#') mimics the propagation
of two quasiparticles and introduces a hierarchy between the (n + 1)- and the
n-particle propagators.

The two-particle propagator, formally defined as

1
Gaina(tarts by, ts) = =2 (T[T {aﬁH(ta)aaH(ta)aiH(tw)CL}H(ta) U5),  (4.24)

can be expanded in power of the interaction H, , as

i ()" 1
Gaﬁ’y&(tontﬁ?t’%té) i_iz (ﬁ) E/dtl/dtn
n=0

X QT [, (02) -+ 1, () (83)aa, (fa)al, (1)a, (85) | 198 )comn,
(4.25)

where only the connected diagrams are counted. The infinite expansion can be
simplified as shown in Ref. [86] with

Girs(tasts, by, ts) = ih[G ty)Gas(ts — ts) — Gas(ta — t5)Gpy(ts — 1))
+ (ih) /dt /dtC/dt /dtHZGae o —t)Gaclts —te)
eCné
X (€C|D(te, te, tys o) [00) Gy (ty — 1) Gos (to — ts), (4.26)

where I' is the four-points vertex function, representing an effective interaction
between the particles in the medium.

The Dyson equation, Eq.(4.22), can be extracted from the equation of motion,
Eq.(4.23), with the help of Eq.(4.26), some algebra and Fourier transforms. The

40



comparison gives the expression for the irreducible self-energy

o) = ~l019) —i [ S S ulV I Guu(E)

1 dE1 dE2
+§/§/§ S° (VulV|ev) Gee (Br) G (o)

euvipo

X GO’M(EI + E2 — E)<Cp|F(E1, EQ, E, E1 + EQ — E)|50>, (427)

where C' T means that the integration is performed on the positive imaginary part
of the complex plane.
We can summarize that the irreducible self-energy is composed by three parts as

S(E) = —(7|U18) + 25 + 5 5(B), (4.28)

respectively the auxiliary potential, the static mean-field and the energy-dependent
component. These parts corresponds to the three terms in the right-hand side of
Eq.(4.27) and their Feynman diagrams are presented in Figure 4.2.

Figure 4.2: Diagrammatic picture of the irreducible self-energy. In the right-hand
side the auxiliary potential, the static mean-field and the energy-dependent
contributions are shown. Adapted from Ref. [25].

To account for all the contributions, ¥*(E) can be expanded in terms of skeleton
[87, 79] diagrams constructed with dressed propagators, as explained in Figure 4.3.
The advantages are that calculations are non-perturbative and independent from
the choice of the reference state (the auxiliary potential U cancels out in the Dyson
equation), the many-body correlations are expanded in terms of single-particle
excitations of the true propagator, the conservation laws are satisfied at the level of
the truncation of the self-energy, the number of one-particle irreducible diagrams
is reduced. The disadvantage is that the dressed propagator contains a very large
number of poles and it is, therefore, extremely difficult to handle beyond mean
field.

The use of dressed propagators in ¥*(E) makes Eq.(4.22) to be nonlinear in G,5(E).
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Figure 4.3: Ezample of skeleton (a) and non skeleton (b) Feynman diagrams. Skeleton
diagram means one-particle irreducible diagram that does not contain any
portion that can be disconnected by cutting any two fermionic lines at
different points. In panel (b), the scissors mark cuts the two fermionic
lines, that make the diagram disconnected. This disconnected portion is
contained by definition in the dressed fermionic loop of diagram (a).

The final unique solution of the Dyson equation is obtained by iterative calculations
of self-energy and dressed propagator, until convergence is reached. This method
is called Self-Consistent Green’s Function theory.

4.4 Hartree-Fock approximation

It is interesting to compare the mean-field description of the SCGF formalism with
the EDF one.

The mean-field or Hartree-Fock approximation is obtained imposing I' = 0 in
Eq.(4.27). The corresponding Hartree-Fock self-energy becomes

. , dE' . ,
S = -0 —i Y [ S ouvianGERE). 4
uv

GHF is different from the non-interacting propagator G, in fact, it is the solution
of the Dyson equation when the self-energy is calculated at the lowest order (first
order) in power of Hy,, namely

GIN(E) = GW)(E) + Y GO(B)SH GIF (B). (4.30)
o7

We expect that the Lehmann representation of G has a simple-poles structure,
allowing to write the propagator as

Zn+(zg+)* Zkf(zg_)*

AE(R) = = 7 7 4.31
B - et e (.31

— €, — 1
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with energies ¢ = EAT! — Eg' e, = B8 — F{*" and amplitudes

21T = (VA a, | U, (4.32)
21T = (Ui, | U, (4.33)
Recalling the expression for the one-body density matrix p/if = >, 257 (257)",
Eq.(4.29) gives
S = —(U16) + D _(yulV[ov) pfif (4.34)
n

E%F emerges as an energy-independent potential that simulates the effects of the

potential V mediated over the one-body density of the nucleons (plus the auxiliary
potential).
Solving the limit

lim (E —¢,)

E—e,

GIr(B) ZG(O) E)SHFGIF(E)| =0, (4.35)

we obtain the Hartree-Fock equations for hole states

5 {<a|f|a> S aplV]60) } b et (4.30)

1 N

They need to be calculated self-consistently since the density depends on the
removal amplitudes. The equations for the particle states read

5 {<ama> S Vo) } v et w37)

é n

which represent a linear eigenvalue problem because p ¥ depends only on the hole
amplitudes 2*~. The ground state energy of the system results (cfr. Eq.(2.26))

A
1 .
By =) 6 - B > laulVIBv) ppf ol (4.38)

k=1 afuv

Eqgs.(4.36) and (4.37) are analogous to Eq.(2.25) and they can be derived also from
the constrained variational equation

0
aZ“

«

A
[E - ezzl*zZ] =0, (4.39)
i=1
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consistent with Eq.(2.24) for the EDF case.

At the mean-field level, the equivalence of the SCGF approach with the variational
theorem, fundament of the EDF method, establishes a point of contact between
the two techniques. On one side the Green’s function method studies the response
of the ground state to adding or removing particles, on the other side the EDFs
consider the perturbation induced by a source of interaction coupled to the density.
At the first order in the perturbative expansion of the self-energy, the perturbation
by the source is represented by a local shift in the density [33] that is exactly how
the DFT faces the many-body problem.

4.5 ADC(3) approximation

After the illustrative case of the mean-field approximation, we are interested to
study the self-energy for a more realistic bound state. In the nucleus, when the
number of nucleons is larger than two, the correlations due to the three-body
interaction become important to determine the ground state energy. We include
the three-body potential V3B in the many body Hamiltonian H=H,+H 1, written
in the second quantization as

ZeoaT Z(a|U|B> lag + - Za6|V23|75> aﬁa(ga7
af aﬁ’yé

1 ~
+ 36 Z (ozﬁngB|’y§y>alagaLa,,a5a,y, (4.40)
apuydv

where € are the single-particle energies of the unperturbed Hamiltonian H,. To
further reorganize the contributions to the irreducible self-energy, we restrict the
one-particle irreducible and skeleton diagrams to be also interaction-irreducible, as
shown in Figure 4.4. In addition, we replace the bare interactions in these diagrams
with effective interactions, which represent irreducible and system-dependent
effective forces. The corresponding effective Hamiltonian [88] reads

H=U+V* 4 V35 (4.41)
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Figure 4.4: Ezamples of interaction-irreducible (a) and interaction-reducible (b) contri-
butions to the irreducible self-energy. A diagram is considered interaction
reducible if cutting an interaction vertex the whole diagram becomes discon-
nected. In panel (b), the scissors mark indicates the vertex that, when cut,
makes the diagram disconnected. (c¢) Interaction-irreducible contribution
to X* with effective interactions represented by sinusoidal lines. Effective
interactions appear in the effective Hamiltonian, Eq.(4.41) and they are
illustrated in Figure 4.5. The diagrams (a) and (b) are included in (c)
through the effective interactions.

‘:/33 is the bare three-body force, while the effective one-body U and two-body
V2B forces are respectively

53

N N 1 N
_<&‘U|ﬁ> + Z(Of}/’vQB’ﬁé)pé’y + Z_l Z<&MV’V3B|ﬁ75>FW5,MV CLLGIB,

apf Y0 uvys
(4.42)
VB = Z (aB|VB|y6) + Z(aﬁu|‘733|7(5u>pw aia;atgaw. (4.43)
afBvyd nv

The reduced two-body density matrix I'ys ., is obtained from the two-body Green’s

: I
function G5, (7) as

r lim (—4)GIL (1) = <\1164\alala7a5|\1164>. (4.44)

Yo,uv = O Y8, v

In Eq.(4.42), the static self-energy appears in the right-hand side as

20 =3 (0 |[V2E188) psy + i > (o[ VAP(By0) Tys . (4.45)

Y6 %)
Staticity means that no intermediate excitations propagate in the system, and
the Feynman diagrams of Eg’;) have the form of one-body effective interaction,
as shown in Figure 4.5. The static self-energy represents an extension of the
Hartree-Fock potential (cfr. Eq.(4.34)), since, if calculated with dressed G and
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Figure 4.5: One-body (a) and two-body (b) effective interactions, described respectively
in Bq.(4.42) and Eq.(4.43). Sinusoidal lines represent effective interactions,
short (long) dashed lines are two-body (three-body) bare interactions, where
the dots show the interaction vertices. One-body interactions are presented
with short dashed lines and a cross symbol in place of the second interaction
vertex. Double solid fermionic lines indicate dressed propagators. Adapted
from Ref. [89].

G, it includes more correlations then the Hartree-Fock case.

The energy dependent part of the self-energy, f](E), propagates intermediate state
configurations such as 2plh (two particle one hole), 2h1lp, 3p2h, etc. It appears
starting from the second order in power of interaction because it is necessary to
have at least one interaction to create and one to annihilate the intermediate states.
We employ the Algebraic Diagrammatic Construction method [90, 91] up to the
third order, ADC(3), to perform the calculations in this work. A pedagogical
treatment of the method is presented in Ref. [89] in the context of nuclear physics.
ADC(3) approach is based upon expressing (E) in its Lehmann representation of

the form

. 1
Yos(E) = M M,

1
Nas NI, .. 4.46
+Z ’{E—(E<+D)—in} s'\B (4.46)

We specify with index n and k respectively the particle and hole single-particle
states. In the forward part, the indices r stand for intermediate state configu-
rations, as for example r = {n; < ng, k3} defines 2plh configuration. M are
coupling matrices, containing combinations of the spectroscopic amplitudes X
and )Y, defined in Eq.(4.12), two- and three-body matrix elements, unperturbed
energies. E + in is a diagonal matrix (proportional to 6, ,/). E~ represents the
unperturbed energies for the configuration, i.e., B, = diag(e;, + €}, —¢..). C is
an interaction matrix, containing combinations of spectroscopic amplitudes and
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interaction matrix elements.

In the backward part, similarly we notice the configuration indices s, the coupling
matrices N, the backward energies E< and the interaction matrix D.

All the Feynman diagrams up to the order n = 3 are included by construction,
which would make the expansion to be perturbative. The diagrams necessary to
achieve the analytical form of Eq.(4.46) are added as well as infinite summations.
ADC(3) method accounts for all these diagrams, resulting in a non-perturbative
approximation. The precision of ADC(3) calculation is estimated as O(H. 1)), giving
an error of 1% on the total binding energy [89].

We identify with ¢; and Z7 the energy and spectroscopic amplitudes for every state
(without distinction if above or below the Fermi surface, because the following
derivation is equivalent). Using the limit of residues

limpe, (E — ¢) [Gaﬁ(E) —GO(E) =%, GU(B)T?5(E) Gl E)] — 0, the cigen-
value equation results

6Zh =Y [T+ U+ 2*(E)L z;

B E=¢;

1
E—(E>+C)+in

+ N .NT} Z} (4.47)

E—(E<+D)—in |4

FE=¢;

The spectroscopic amplitudes provide the spectroscopic factor for the state i as

Sk, =Y |21 = ! | (4.48)

Zh\ " dsy (B) zi
dE | p_., SF:

“ 1_Zﬁ'y KSFB

Eq.(4.47) should be solved by finding all the solutions that match the eigenvalues
¢; with the arguments of ¥*(¢;), which is extremely time consuming.
Instead, defining the intermediate configurations vectors W' and V? as

[E—E> =Cl,, W, =MpZj (4.49)
|[E— E<-DJ], V,=N!,z2i, (4.50)
we can rewrite Eq.(4.47) as
T+xe Mt N z Zi
M E>+C 0 Wil =e W], (4.51)
Nt 0 E<+D/) \V Vi
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where the normalization Y |ZL|*+ > [Wi> + 3, [Vi[? = 1 holds and it is equiv-
alent to Eq.(4.48).

Eq.(4.51) linearizes Eq.(4.47) in a matrix form. The matrix elements are energy
independent, such that all the solutions can be obtained in one diagonalization.
To deal with the large dimension of the Dyson matrix, £~ + C and E< + D can
be calculated in small Lanczos subspaces, reducing the number of poles of the
propagator away from the Fermi surface, while keeping the overall strength to
describe the ground state.

Accounting for the presence of the three-body interaction V3B the ground state
energy is approximated by the modified Migdal-Galitski-Koltun (MGK) sum rule
in Ref. [92] as

. 1 (€ 1 .
B = I = 305 [ 4B T+ B o) Shu(E) - 500). (452
afs o

The expectation value of the three-body interaction <VSB ) requires to calculate
many-body propagators (at least the two-body propagators). Using the fact that
such interaction gives a smaller contribution to the total energy compared to the
other terms of the Hamiltonian, we choose the lowest order approximation that
gives

N 1 N
(V%) ~ = > (aBulVP 6w prapsspup (4.53)

afuydv

The implementation of the self-consistency in the ADC(3) approximation is done
in the following steps:

e We start from a guess for the dressed propagator, called reference propagator,
with its spectral amplitudes and single-particle energies.

e Using the reference propagator, the three-body interaction is contracted to
give a contribution to the two-body effective interaction.

o We employ the reference propagator and the effective interactions to calculate
the components of the energy dependent part of the self-energy in Eq.(4.46),
namely the coupling matrices M and N, the interaction matrices C' and D.

e The Dyson equation, or more precisely Eq.(4.51) is solved with the refer-
ence propagator and the irreducible self-energy, with its static and energy-
dependent parts. The solution provides the dressed propagator, with the
corresponding energy poles and spectral amplitudes.

e The large information, contained in the dressed propagator, is reduced to an
optimized reference state propagator (defined in Section 4.6).
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e The optimized propagator is used to restart the procedure from the contraction
of the three-body force. The scheme is iterated until the solution converges,
specifically, when the ground state energy differs less than 50 eV from the
value of the previous iteration.

4.6 Expectation value of two-body operator

We are interested to estimate the expectation value of a two-body operator 028,
The exact value (O?P) is given as infinite expansion in terms of the effective
interaction and dressed propagators as pictured in Figure 4.6 (first line). From the

OO} ()
004 Do)
0-0( DB

LO NLO ring RPA Iadder RPA

Figure 4.6: Diagrammatic representation of the expectation value of the two-body
operator O?B | indicated with blue zigzag lines. Double straight lines are used
for dressed propagators, single lines for OpRS propagators and sinusoidal
lines for two-body effective interactions. These are Feynman diagrams in
the enerqy formulation, i.e., they include forward and backward propagation.
In the second line, from left to right we can recognize the leading order term
LO, the next-to-leading order NLO (first order in the effective interaction),
the NNLO ring and NNLO ladder (second order of Hy). In the last line, we
use the ph-RPA and pp/hh-RPA insertions to estimate the contributions
from NNLO and higher order terms.

pplhh -RPA)

practical point of view, such summation becomes computationally difficult since
the dressed propagators contain many poles, that multiplicate the matrix elements
of every interaction line. We approximate the single-particle propagator G,s(E)
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with an optimized reference state (OpRS) propagator [93, 94| of the form

(¢n)*¢n ¢k(¢k)*
GRS (E) = o+ SR (4.54)
p ;E—egws%—m REZFE—EQPRS—W

This is a model propagator for independent-particle states with energy ¢“P%% and
wave function ¢. Such propagator contains a reduced number of poles compared
to the dressed one. The lowest moments of spectral distribution with respect to
energy poles can be defined as

Mgy =) (X0 X5+ Va(Vh), (4.55)
n k
(X)exy VEVE)*
1 _ i S
M, = Zn: B Zk: Br e (4.56)

and these quantities constrain the density distributions and the Koltun energy
sum rule. The energies and wave functions of the OpRS propagator are selected in
order that the OpRS momenta reproduce those of the dressed propagators, namely
Mg = Mg and My = M.

We estimate (O?P) using the dressed propagators in the leading order (LO) and
the OpRS propagators in the next-to-leading order (NLO) and NNLO (see Figure
4.6). We account for higher order with the ph-, pp- and hh-RPA (Random
Phase Approximation) insertions respectively in the NNLO-ring and NNLO-ladder
diagrams.

The LO contribution, known also as Hartree-Fock average value, results

1

(O%)10 = (OF)ur = 5 D _(aBlO*[18)prapss- (4.57)
afyo
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5. Model EDF linked to ab 2nitio

Dobaczewski [1] proposed a method to employ ab initio calculations in the fit of
EDF coupling constants for finite nuclear systems. The goal of this technique is to
construct a model energy density functional of the form

E[p] = Tp] + V"[p] + Z Cy Vil (5.1)

J

as approximation to the ab initio ground state energy. The functional is built from
a Slater determinant |®), with the Hartree-Fock average value of the kinetic part
T[p] = (®|T|®) g, of the Coulomb potential V% [p] = (®|VC|®) ;5 and of the
interaction components V7 [p] = (CD|\7jge”|(I>> ur. The operators f/jge" represent
our choice of the generators for the model EDF, when the functional is built
from an underlying model Hamiltonian with potential Vmed = y/Coul 4 $° i ij/jgen.
The coupling constants C; are fitted to the ab initio energies, linking the model

functional to the ab initio interaction.

5.1 Derivation

In the spirit of the Levy-Lieb constrained-variation (see Section 2.2), a density
functional can be built from a two-stage variation.

In the following discussion, we consider only one density, the particle density,
and we neglect the spin and isospin dependency, namely our system is described
by p(r). Such assumption is made at this point to present the derivation in a
simpler way, and, for the same reason, we consider only the direct contribution
of the generators. Nevertheless the results presented in Chapter 6 include several
densities, with their spin and isospin dependency, as well as direct and exchange
terms of the generators.

In the standard Levy-Lieb construction, the first stage of the variation consists of
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the minimization of the Routhian R as
SR = 80 |0l 0) + [ dr U)o —o. (52)

where H® is the Hamiltonian of the system. We use the superscript % to indicate
that it comes from the ab initio theory, distinguishing it from the Hamiltonian
used to built the model functional.

The auxiliary potential U(r) is the Lagrange multiplier of the density operator,
which average value is (U|p(r)|¥) = (¥|al(r)a(r)|¥) = p(r).

The Routhian simulates a variation in which the one-body density is constrained
to a given density profile. The minimization produces the solution |[¥(U)). If we
were able to probe the system with all the possible potential U(r), we would obtain
the functional E®[U] = (U(U)|H®|W(U)), that describes how the energy of the
system changes with varying the auxiliary potential. The integrand on the right
hand side of Eq.(5.2) introduces a perturbation to the system at rest. The response
of the system to the perturbation causes a change in the density p. Inverting the
relation p[U] in Ulp], we get the energy functional E%[p].

In the second step, the functional E%[p] is minimized respect to p. This gives the
ground state energy Egbs and the ground state density py ...

Being unable to perturb the system with an infinite number of auxiliary po-
tentials, we discretize the perturbation to a finite number of Lagrange multipliers
A and to the operators Veen )\ represents the strength of the perturbation and it
can assume values around zero. With the choice of V9" we select the relevant
terms for the model functional.

Let us assume that we are interested to built a model functional only of the local
density p(r). We can employ the d-interaction as generator, that is, in the con-
figuration space it results V9" (r,r') = §(r — r')(1 — P.P,P;) al(r)al (r')a(r')a(r).
Eq.(5.1) in the specific case reads

Elp] = Tlp] + Vo] + C(D|6(r = t')(1 = B P, ) al (r)al (r')a(r')a(r)| @)
=Tlp] + V" [p] + C’/dr dr’ p(r)p(r)d(r — ') — C’/dr dr’ p*(r,r')6(r — 1)
~ Tp] + Ve [p] + C / dr p*(r), (5.3)

where we applied the Wick’s theorem to the Slater determinant |®), and used the
definition p(r,r’) = (®|a’(r')a(r)|®). In the last line, the exchange term has been
neglected for simplicity.

In the framework of the ab initio method, we minimize the Routhian as

S (U|RW) = 8y | (U] %D + A(\II|V96”|\IJ>] . (5.4)
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Dealing with the exact wave function |¥), the action of the creation and annihilation
operators in the Wick’s theorem produce the two-particle density p® (r,r’;r,1r') =
(U|a'(r)a’(r")a(r")a(r)|¥). This can be replaced by

P2 (1w, x') =p(r)p(r') — p*(r,1') + Alr,1'ir,x), (5.5)

where A is the two-particle density cumulant, that accounts for the correlations
of the two-particle density not included in the products of one-particle densities.
With the choice of J-interaction as generator, Eq.(5.4) becomes

g (U|R|T) = by [(qf\ﬁlab\\m + A/drp2(r) + A/drdr/ p?(r,r)o(r —r')
+ A / drdr’ 6(r — r)A(r,r'; r’)]
~ by [(xp\ﬁﬁbm + )\/drpz(r)] =0, (5.6)

where in the last line we have neglected the exchange term and the cumulant for
simplicity. Comparing Eq.(5.6) with Eq.(5.2), it appears that using A and Veen ig
equivalent to an auxiliary potential of the form U(r) = Ap(r). In particular, due
to the choice of the d-force, the main contribution from the perturbation part in
Eq.(5.6) depends on the correlated local density p(r). According to the Kohn-Sham
method (Section 2.3), it exists an uncorrelated local density, Kohn-Sham local
density, that can represent any local density. Such Kohn-Sham density will enter
the model functional.

From Eq.(5.6) we obtain the solution |¥(\)) as function of the Lagrange multiplier.
The ab wnitio energy of the perturbed state results
E®(\) = (U)[TIW(N) + (TN V()
= (UN)[T]TN) + TV + V(). (5.7)

where the ab initio potential is described by its nuclear ‘A/be and Coulomb V/Cou!
components. With the correlated W(\), we calculate the Hartree-Fock average

value of the generator as

@V ))r = [ drgd(r), 53)
where p)(r) indicates that the local density is a function of \. With ‘‘Hartree-Fock
average value”” we intend that the expectation value of the operator is calculated at

the leading order of the expansion in effective interactions, as shown in Eq.(4.57).
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We want to describe the ab initio energy with a functional of the form of Eq.(5.3)
including the Coulomb term, that is

E®(\) = T{py] + C / dr p3 (x) + VO ). (5.9)

Considering that the Kohn-Sham kinetic energy represents a good approximation
to the total kinetic energy, we assume that

(T(N)TE(N) = Tlpal. (5.10)

Analogously we suppose that the Coulomb contribution in the ab initio Hamiltonian
is close to the Hartree-Fock average in the functional, namely

(T[T (A) = VE[py]. (5.11)

Then, we can subtract the kinetic energy and the Coulomb energy in the left-hand
and in the right-hand sides of Eq.(5.9), rewriting it as

(W) VB () = C / dr 2 (r). (5.12)

The coupling constant C' is now fitted, knowing (¥(\)|V.®|¥(A)) and [ dr p3(r),
both calculated with the ab initio technique.

We can repeat the same machinery for different value of A in order to fit the value
of C to a larger dataset. The coupling constant is not dependent on A but it is
defined on the manifold generated by the Lagrange multiplier .

The obtained C' is then inserted in Eq.(5.3) and the model functional is minimized
in the space of local densities p(r).

The ground state energy Eg_s, should be close to the ab initio energy Egbs if the
generator is adequate to reproduce the ab initio description of the system. Lack of
accuracy in determining the coupling constant requires to modify or to extend the
number of model EDF generators.

The ground state (local) density p,, in the functional should be similar to the ab
initio local density po(r), for the unperturbed case A\ = 0.

Our research aims is to study the validity of the assumption discussed above.

The earlier construction can be extended to a model functional of different densities
Elp, 7, pAp, J], using perturbations by the generators that in the Hartree-Fock ap-
proximation induce such densities. The minimization of the Routhian is generalized

as
S0 (WIRW) = 0y | (WH|W) + X (W[V2"|9)| = 0. (5.13)

o4



The index 7 indicates the possible choices of values of A as well as the choices of
different generators. The perturbation technique not only tests the changes in
the nucleus due to external probes, but also it enlarges the number of ab initio
computable solutions, otherwise limited to experimental energies or unperturbed
ab initio results. In this way, as many data points as the values of \; are made
available for fitting. We obtain a number of coupling constants C; equal to the
number of generators of the model functional. We can calculate perturbations of
several nuclei and fit the coupling constants simultaneously, in order to derive a
model functional that can be applicable over the nuclear chart.

In the SCGF approach, we recall that not the wave function but the propa-
gator is used to describe the ground state, solution of the Routhian minimization.
From the propagator G,z we obtain the correlated one-body density matrix p,g,
Eq.(4.13), used to extract the Hartree-Fock expectation value of any operator
(O ) mr = (T(N)[O|W(\)) gp. The kinetic energy as one-body operator reads

T(\) =) (alT18) ppa(As) = (T(N)) - (5.14)
af

Regarding the Hartree-Fock average value of the generators (V/™"(\i))ur, we
distinguish two- and three-body cases. The expectation value of the two-body
potential, according to Eq.(4.57), reads

(V2P0 r = 5 3 (@172 118} pra(A)piss (A0, (515)

afvyo

where (aB|V2B|y6) are antisymmetric two-body matrix elements. In the case of
three-body interaction, from Eq.(4.53), it follows that

VP ONmr = ¢ S BVPhov) praMpssMpn(V), (510

aBuydy

where (afu|V3P|ydv) are antisymmetric three-body matrix elements.
We extract the nuclear interaction energy as

Vil(h) = (U ) =T = VOB (A), (5.17)
rewriting Eq.(5.12) in the general form

Vit(h) = Z (Vi N e, (5.18)
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where (V7"(\;))ir are specified in Eqs.(5.15) and (5.16).

Eq.(5.18) represents the cornerstone of the derivation. In fact, the coupling con-
stants C; are fitted by regression analysis (see Section 5.2) to carry the information
of the ab initio interaction. Eq.(5.18), if validated through our analysis, suggests
that the correlations of the ground state solution can be absorbed by the Cj.

We use the SCGF solver “BoccaDorata” [95], in which the contributions V% ()\;),
VOoul(\;) and A\ VPrH(N) = A (T (N) [V [T (X)) to the interaction energy are not
separated when solving Eq.(5.13). In the Routhian, the total interaction energy
then becomes

VIHA) = (W) |V + VO \VZ (), (5.19)
from which we approximate the ab initio contribution as
V() & VIUN) — (VO A re — (VP (N)) Re- (5.20)

The subscript gz indicates the inclusion of ring and ladder RPA contributions in
(V2B(X\;))rL, as shown in the Feynman diagrams in Fig. 4.6. We will discuss the
uncertainties associated with Eq.(5.20) in Section 6.3.2.

5.2 Linear regression analysis

We perform the fit of the coupling constants C; through the linear regression
method.

From the perturbation method, we obtain d interaction energies V,%()\;), that
represent the regression data y;. We intend to describe the data in function of p
regression parameters C;, corresponding to the coupling constants.

The comparison with EDF methods (cfr. Egs.(5.1) and (5.18)) and the idea that
the ab initio correlations are absorbed in the coupling constants suggest a relation
of the form

Zc VI T (N)) rr. (5.21)

Namely the Jacobian matrix is identified with the Hartree-Fock average of the
generator V}ge", for the wave function relative to the Lagrange multiplier \;, as

Tij = (W) VI U (N)) (5.22)

Ab initio data y; and the Jacobian J;; are the inputs in the regression equation
that reads (in vector notation)
y =JC. (5.23)
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When fitting data, it is common procedure to rank different data according to the
importance we want to attribute to them. In this way, the value of the parameters
is constrained to specific data more strongly than to the others. The practice
consists in introducing an artificial weight w; for each data, then the larger the
weight, the more importance is assigned to the corresponding data. In the present
case, all the observables are of the same type (interaction energy) and there are not
a priori reason to prefer some datapoints to others. The weight is then assigned
by the inverse of the estimated error on each datapoint as

1
W, = - 5.24
) (5.24)
The error Ay; contains different contributions [65], that can be sintesized as
(Ay:)* = (Ayi®)” + (Ay™™)* + (Ay™)”. (5.25)

Ay is the error attributed to the ab initio calculation and it will be presented in
Chapter 6. Ay™™ is the numerical precision. It can be taken from the convergence
condition of the total energy in the SCGF calculations, where the convergence is
reached if the difference between two consecutive iterations is smaller that 5x 1075
MeV. The numerical precision has the same value for all the data.

Ay™° represents the error associated to the model and it can be tuned to normalize
the penalty function x2. In fact, starting from an arbitrary value € > 0, Ay™°? can
be increased iteratively up to the value at which the y? approaches the value of 1.
We build the penalty function by ordinary-least-squares (OLS) method as

d p
X*(C) = d%p > w; [Z JiiCi = 4i
=1

Jj=1

2

(5.26)

1 T

=-—(JC~y) W(IC~y),

-Pp
where the weight matrix W is a diagonal matrix with elements W;; = w;. This
penalty function satisfies the normalization property x?(C) — 1 at the minimum,
typical of statistical analysis.
The optimal set of variables C,,;, is obtained from the minimum of Eq.(5.26), i.e.,

we require that Vj =1,....n

2
C
9x(©) — 0. (5.27)
9C;  lo=cyn
The solution of Eq.(5.27) reads
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It is important to underline that some parameters cannot be determined from the
fit, as the parameters lying in the kernel of J7W 7, if this product is singular,
or that some parameters can poorly describe the chosen dataset. In Appendix A
the Singular Value Decomposition method is presented as solution to the ill-posed
problem when JTW 7 is singular.

The regression analysis can return the statistical error associated to the parameter
ijm, namely

ACT™ = \/Kj. (5.29)

where the covariance matrix IC, between the parameters C, and C, is defined as
Kas = ((Ca = (C)(Ch = (C)) = (O (TTWI). (5.30)

For a general observable A, that varies almost linearly with the variation of C
around C,,;,, the propagated error due to the uncertainties on the parameters is

AA= [ GIEy G, (5.31)
il
where G = 24

= 5¢ |c—c. . 1s the Jacobian relative to the observable A.
In the specific case of the interaction energy, the observable used in the fit, we
obtain

yih =Yg (5.32)
j=1

and the associated error becomes

Ayt = Z Tii Kt (T (5.33)
i

yt" can be compared with the input value y2°. The smaller the difference |y — y!"|,
the better the coupling constants C,,;, reproduce the ab initio interaction energy.

5.2.1 Constrained regression

We consider valuable to introduce constraints in the linear regression. With the
constraints, we aim to drag the coupling constants toward values we expect, pri-
marily to satisfy nuclear matter properties. Linear regression with constrained
solution is in the spirit of the Bayesian inference where the prior distribution of
the parameters is known.

o8



A technique to include constraints in the regression is represented by the Tikhonov
regularization [96] or ridge regression [97], which consists of minimizing a penalty
function of the form

1

2 —
XT(C)_d—p—l—f

[(y = TC)'W(y = JC) + Ar(b - QC)"(b - QC)] . (5.34)
The Tikhonov parameter Ay is a real positive number and b = QC is a system of
equations in the parameters C with constant terms b. The final values of C will
depend on Ar. For Ar=0, the constraints are neglected and Eq.(5.34) reduces to
Eq.(5.26). Increasing the value of the Tikhonov parameter, the relevance of the
constraints increases, in a way that we can consider Ay as the weight factor of the
constraining equations.

In this formalism, the solution Cr of the regression reads

com- (B 1 SIE) T AR e

with the corresponding covariance matrix
A% w 01171\
2
T A [

In the Tikhonov regularization, the constraints are realized at the expenses of the
difference y® — y""(Cr). That is, forcing the parameters to satisfy the equations
b = QC produces a deterioration of the x? in the part related to the data.

Reasonable constraining equations for the parameters C regard the properties
of the nuclear matter system, described in Appendix B. Particular quantities char-
acteristic of this system, like the energy per particle E/A, effective mass m*/m,
symmetry energy J, can be expressed in function of the coupling constants of the
EDFs.
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6. Results from ab wnitio calcula-
tions

We present the results obtained by applying the technique explained in Chap-
ter 5. The Self-Consistent Green’s Function calculations are performed with the
solver BoccaDorata [95]. It uses a spherical harmonic oscillator basis, including all
the neutron and proton orbitals up to the specified principal quantum number N,,,.

Similarly to the proof of principle in Ref. [1], we test the perturbative method at
the Hartree-Fock level, with Skyrme SV [98] as interaction, namely H® =T+ Vg
Such test returns the same parameters of the SV original interaction we started
from. Since we limit the calculations to the Hartree-Fock order, the expectation
values of the generators produce uncorrelated densities corresponding one-to-one
with the densities in the model functional.

This test represents a benchmark among the codes in use for the SCGF solutions,
the regression analysis and the spherical Hartree-Fock solver for the model func-
tional (HOSPHE [99]). Details are shown in Appendix F.

We are interested to fit the functional coupling constants to the state-of-art chiral
interactions, employing ab initio methods beyond the Hartree-Fock approximation.
Then, in the following, we discuss principal results.

6.1 NNLOsat: chiral interaction optimized for
nuclei

Ab initio calculations employ Hamiltonians derived from chiral effective field theory,
accounting for the symmetries of QCD. Such Hamiltonians contain coupling con-

stants of the long-range (pion exchange) physics and LECs for the nucleon-nucleon
(2N) channel. The three-body (3N) forces are adjusted successively to data from
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systems with A < 4. This way of tuning the interaction leads to over binding of
medium-mass nuclei and underestimating of charge radii. Furthermore, reproducing
binding energy and radii of finite nuclei simultaneously with the empirical nuclear
matter saturation point and incompressibility, appears to be an issue for ab initio
techniques.

To overcome such problems, the authors in Ref. [100] optimized the 3N and 2N
forces together, improving the force order by order in the chiral expansion. Their
fit includes binding energies and radii of light and medium-mass nuclei as well as
deuteron, p-p and p-n scattering data at low energy. The choice of the observables
used in the penalty function was made in the spirit of mean-field calculations and
energy density functionals.

The obtained interaction called ““NNLOsat”’, performs well to reproduce binding
energy and radii of nuclei from He to Ca. The 3N forces play a major role in
obtaining saturation of nuclear matter in a way similar to the density dependent
term in the EDF theory.

With such derivation, this interaction promises power to extrapolate bulk properties
of heavier nuclei.

NNLOsat interaction contains charge symmetry breaking terms other than the
Coulomb interaction, and it means that the strength of the interaction is different
among neutrons and protons. In our density functional, we neglect the isospin-
breaking terms, and generalizations in the spirit of Refs. [74, 101] are left to future
work.

6.2 Data points from ab initio calculations

We performe calculations with the Self-Consistent Green’s Function method in the
ADC(3) approximation (see Section 4.5), where the chosen interaction NNLOsat
(Section 6.1) is included through the two-body and three-body matrix elements.
An exploratory study, employing the coupled-cluster-doubles method [102], has
investigated the behavior of the ground-state energies in function of the harmonic
oscillator energy hw and of the model space, labeled with N,,... It emerges that
with NNLOsat interaction the minimum energy for Ca and Ni isotopes is reached
at the oscillator energy hw=20 MeV. The convergence in term of N, is not
assumed to be exact, nevertheless increasing N,,,. decreases the binding energy
towards the experimental values. In terms of computational resources, even if the
present technology allows calculations up to N,,.. = 13, this would require a too
large amount of CPU hours to complete the full set of perturbations. Reducing
our model space to N,ux = 11 or N, = 9 is a necessary compromise between
available resources and precision.
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With the choice of Aw=20 MeV, we complete SCGF calculations for 7 semi-
magic nuclei 160, 240, 31Si, 365, 9°Ca, Ca and °°Ni. Each nucleus is formed by a
closed level configuration: at least a magic number for one kind of nucleon and a
fully filled valence orbital for the other kind. These nuclei represent the available
convergent ADC(3) calculations among the semi-magic systems between °0O and
%Ni, where the magic numbers are 8, 20 and 28.

The ground state energy per nucleon E/A is plotted in Figure 6.1 for the model
spaces Nyaw = 7, Npaw = 9 and Ny = 11, These unperturbed cases (A=0) can be
compared with the experimental values [103]. The model space N, = 7 appears
to be too small to reproduce experimental results. The theoretical predictions
improve increasing the oscillator space. For N,,,, = 11 the maximum difference
with experiment is at 5°Ni. The difference of 0.25 MeV per nucleon means around
3% error on the total energy that overestimates the assumed 1% error due to the
ADC(3) truncation [89]. In absolute value, the calculated *Ni binding energy
is more than 10 MeV away from the measured value. Such deviation is much
larger than the standard deviation of common EDFs (of the order of 1 MeV). The
precision of the SCGF method conflicts with the ambition of the novel functionals
to reduce the difference with the experimental results. However, in this work,
we intend to reproduce the ab initio energy irrespective of its agreement with
experiments.

In Figure 6.1, we present also the behavior for N,,,. =9 “nocm’, where ‘“nocm’
indicates that the two-body center-of-mass correction has been neglected during all
the self-consistent calculation. This is our choice of model space. Due to limited
computational resources, especially in terms of available CPU memory, we opt
for an harmonic oscillator basis truncated to N,,.. = 9. We decide to neglect the
two-body center-of-mass correction from the beginning because, removing it at the
end of the calculation, would have introduced a systematic error in the value of
the ab initio interaction energy'. In this way, if on one side the difference with
experimental energies becomes larger, on the other side our fit is cleaned from the
corresponding systematic error. This choice reflects our focus on the theoretical
predictions more than on experimental results.

Y

Tn the SCGF solver, the two-body center-of-mass corrections [104] are implemented through
two-body center-of-mass matrix elements, that are added to the two-body potential at every
stage of the self-consistent calculation. As a consequence these corrections will be included in
the value of the total interaction energy V?°!();), and they will need to be subtracted from the
left-hand side of Eq.(5.20), using the approximated expansion in Fig. 4.6. The subtraction will
produce a further contribution to the error associated with V,%();) described in Section 6.3.2.
The two-body center-of-mass corrections, if neglected from the beginning, will not contribute
to the error on the interaction energy. Furthermore, the two-body center-of-mass corrections
are not implemented in the Hartree-Fock solver, then, without these corrections, it is easier to
compare ground-state energies from ab initio calculations and from the model functionals.
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Figure 6.1: Binding energy per nucleon E/A for different nuclei. The theoretical values
E./A correspond to the unperturbed cases (A =0). Calculations are made
with NNLOsat interaction, hw=20 and model space specified by Npqz in
the legend. Black triangles represent the erperimental values taken from
Ref. [103].

In our model functional, we consider generators of zero-range contact interac-
tion (Skyrme-like) as in Eq.(C.2). The matrix elements of the two-body terms
can be found in Appendix D. They are labeled with the parameters t;. ¢ty and tgzg
describe momentum-independent central interaction (in the power of momentum
they represent the leading order ko). t1, tix1, to and tyxs indicates momentum-
dependent central interaction (order k?), ¢, and ¢, are tensor interactions (order
k?) and wy is the spin-orbit potential (order k?). The density-dependent term,
proportional to t3, is replaced by the three-body zero-range interaction (order k)
as specified in Appendix E.

Using Eq.(C.4), we can replace the central and tensor interaction terms with the
generators V', VI, V&2, VA2 Vi Vi, Vit and V71

It is important to consider the meaning of the subscript 7—¢ and 7—; to indicate
respectively the generators associated with isoscalar and isovector densities. Such
link between generators and densities is valid only when the average value of
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the generators is calculated at the Hartree-Fock level, as in the energy density
functional. In fact, already at the next-to-leading order in powers of the interaction,
the expectation value of a generator contains contributions not only proportionals
to the densities. The Skyrme-like interaction, as shown in Appendix D, is formed
by the identity operator 11 in the isospin space, then all the generators are isoscalar
or isospin invariant.

The studied set of generators consists of 10 elements, the above mentioned VT)(
plus the spin-orbit Vwo and the three-body V}S.Q

We use each generator separately as perturbation potential for the system, namely
Vrert=y/9en with 4 different intensity of AP¢"*. We obtain 284 convergent results,
which represent our full database of the perturbed and unperturbed ground state
energies. The value of \P¢"! is selected specifically for each VPert as shown in Table
6.1. The choice of APt represents a compromise between large perturbation and
convergent results for perturbed nuclei. In fact, the larger is the perturbation
strength, the wider is the density space probed. Nevertheless, if the perturbation
is excessively strong, the numerical solution of SCGF may diverge.

As motivated in Section 5.1, the parameters of the model EDF are fitted only to
the interaction energy V%()\;), given in Eq.(5.20).

Table 6.1: The value of )\fe” used for different ‘A/ipert. The strength of the perturbation
parameter is obtained as )\fe” = sk; where s € {—2,—1,1,2} and k; is
tabled below.

L W W 0 T,
k120 20 10 10 20 20 20 1.0 50 100.0

We recall that the NNLOsat interaction is optimized to reproduce ground state
properties of finite nuclei as well as saturation of infinite nuclear matter. We will
consider the nuclear matter properties as a test of the quality of the parameters
obtained in the regression analysis. In fact, the derivation ab initio should be able
to reproduce the saturation properties included in the ab initio interaction.

Our interest is to find the most significant selection of generators that can reproduce
calculated data and nuclear matter properties.

2The generators Vwo and VtS do not have the separation in isoscalar and isovector because
the relation between the coupling constants and the parameter (respectively COV g C’lv J and wy

or C/ % CP % and t3) is not invertible.
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6.3 Criticalities of the method and sources of er-
rors

Before performing the regression to fit the parameters, we address some criticalities
that emerge due to the approximation used in the SCGF method.

6.3.1 Hellmann-Feynman theorem

As discussed in Section 5.1, the Routhian in Eq.(5.13) can be seen as a perturbation
to the ab initio Hamiltonian H. In perturbation theory, especially in atomic and
molecular physics, the Hellmann-Feynman theorem [105, 106] represents a general
approach to evaluate the change of the energy in functlon of the perturbation.
For a system in which the Hamiltonian Hy = Hy+ \V depends explicitly on the
parameter A only in the perturbative term, the theorem states

dE, d . OH,
= W)L PO)) = (P0)| SO, (61
That is, the first derivative of the total energy with respect to parameter A of
the perturbation is equal to the expectation value of the derivative of the total
Hamiltonian operator Hy respect to the same perturbation parameter.

Eq.(6.1) is valid under the condition that |¥())) is an eigenstate of H,. Ref. [107]
shows that also the Hartree-Fock wave function can satisfy the Hellmann-Feynman
theorem. Furthermore, Eq.(6.1) can be fulfilled by approximate wave functions
that satisfy the variational principle (§¥|H — E|¥) = 0 for a variation of the
form |6¥) = %Yd), as stated in Ref. [108]. However, when the wave function is
expanded in a truncated basis [109] or it is a solution of a perturbative expansion
[108], the Hellman-Feynman theorem is violated and the gradients of the wave
function need to be included as

OH,

4B _p, {<d‘1’“) 420 D). (62)

=5 [ + | + oG
Inserting H* + X\, V7" (see Eq.(5.13)) in Eq.(6.1), we obtain that

dE,,
X

— (W) |[H + AV [ [0 = (RO 0y). (6.3)

O\
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Here, the first derivative can be calculated with the finite difference method,
specifically with the centered-difference formula *

dE, E(\) — E(=))

2
A - . 4
o o) (6.4)

The ground state wave function of the ab initio Hamiltonian is not variational,
because the SCGF method at the ADC(3) level employes a truncated expansion.
We are in the condition discussed above, in which the Hellmann-Feynman theorem
is violated. Anyway, we study the case that the perturbation is given by Aap VO =
Aab(V,fb + VCOUl), i.e., the same potential entering in H*. The Hellmann-Feynman
formula in Eq.(6.3) together with Eq.(6.4) give at the point A = 0 the result

EQ\w) — E(=Aw) _ dEy,
2\ Dy |y,

= (U(0)[V2 + VO T(0)) = V(0).  (6.5)

This compares the finite difference of the energy for the perturbed cases (Ay and
—Aap) with the average value of the interaction energy in the unperturbed case
(A = 0). The quantities in the left-hand and right-hand side of Eq.(6.5) are available
from the SCGF solver for a numerical analysis. Such analysis offers an estimate for
the difference between the approximated solution in the ADC(3) method and the
exact solution, which should satisfy the variational principle and, as a consequence,
the Hellmann-Feynman theorem. We can define an error on the ab initio energies

as
dE,,,

dAap

where the subscript g stands for error extracted from Hellmann-Feynman theorem.
This error represents an absolute error on the measure of the interaction energy,
due to the truncation in the theoretical method. It is assumed to be dependent
on the nucleus but independent from the perturbation, namely the central point
value (A=0) is attributed to all perturbed and unperturbed interaction energies of
a certain nucleus.

AVy

Figure 6.2 shows the ratio [vat(oy]» 38 percentage, in function of the mass number A

AVy = (0) — V(0)], (6.6)

3For the first derivative, the central finite difference formula

Af(eo) _ fleo+h)~ flao—h) o
dho N - 2h - +O(r),

can be further improved using the five-points formula as

df(zo)  flzo—2h) —8f(xo —h) +8f(xo + h) — f(xo + 2h)
dh 12h +O(RY).
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of the nucleus. Such ratio, and consequently the precision of the solution, increases
with the increasing of the model space (N4, in the legend). In the case N,,;.,=9
“nocm’” discussed in the calculation of coupling constants, the imprecision results
around 3-4 % of the interaction energy for the heaviest systems. For O and 20,
it drops down around 1%, which is the expected correction on the total energy due
to the ADC(3) truncation.
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Figure 6.2: The ratio WAM% 1s plotted for different nuclei. Results are relative to the

NNLOsat (two and three-body) interaction with the value of Ay = 0.005.
The model space is specified in the legend, for all the cases the oscillator
energy is hw = 20 MeV. The two-body center-of-mass correction is removed
from Vgu(0) (the label “nocm’ means that the two-body center-of-mass
correction has already been neglected in the calculation of the ab initio
solutions).

6.3.2 Minima of the ab initio energy

Effects of the approximations made in the SCGF calculation appear also in the
ground state energy of perturbed systems.
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Figure 6.3 shows the behavior of the ab initio energy in function of \; for different
perturbation V" explained in the legend. We expect that the case A = 0 (black
triangle) is the one with lower binding energy E%(0) because |¥(0)) is the solution
that minimize the unperturbed case that correspond to the Routhian R = H®, Any
other wave function |U(\; # 0)) represents the solution of a perturbed case, namely
it is the minimum for the system described by the Routhian R = H® + \; V7"
with \; # 0. For each solution of the perturbed system, it results

E™(\) = (U(N)[HP W () > E*(0), (6.7)

if the ab initio energy is calculated exactly. From the plot, it is evident that there
are cases of energies F%();) smaller than E?(0). In these cases, the minimum
is shifted at values \; #0 in constrast with the variational principle. For the
perturbation induced by the three-body generator Vts (orange curve), the energy
does not present a minimum but decreases monotonically towards negative A;. This
effect is partially related to the way the contribution of the three-body interaction is
extracted. In fact, we can estimate only the leading order as in Eq.(4.53). Including
high order corrections can push the curve to a concavity shape.

It is necessary to study the impact of the uncertainty on the energy minima.
In Section 6.3.1, we discussed the Hellmann-Feynman difference as a source of
an absolute error associated with the energy. Here, another source of error is
due to subtraction of the perturbation energy from the solution of the Routhian,
since E®()\;) = R()\;) — VP, We assume that only the perturbation potential
contributes to this uncertainty. Then, the imprecision associated with the value
E()\;) can be estimated from

AEL(N) = [T NV ) R = (T)AVE () wrol,  (68)

where ()gy indicates the full ring and ladder RPA approximation (RL). Such
error can be viewed as a relative error between the perturbed solutions and the
unperturbed one.

In the bottom panels of Figure 6.3, we present the effect of the subtraction
error AEZ()\;) (left) and of the Hellmann-Feynman error AE% (right), on the
energy minima. For the Hellmann-Feynman uncertainty, we extend the error on
the potential to the energy as AE% = AV, assuming that the value of potential
is the only source of errors for the total energy. The error bars are visualized as
shadows. The case of O, where AE% value is the smallest among the nuclei,
shows that in most of the cases AE% > AFZ. In the other nuclei, AE% is around
one order of magnitude larger than AEZ. In both situations, including the error
bars, we can say that E%()\; # 0) can be larger than E%(0) in the error limit.
Then, the variational principle, on which the Levy-Lieb construction is based,
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Figure 6.3: (Top) Ab initio energy for the perturbed and unperturbed cases in 0.
Colors in the legend correspond to the generator used as Vipert. The black
triangle indicates the unperturbed case and the black dashed line shows the
reference value E%(0). (Bottom) The shadows represent the error bars
associated to the ab initio energy. The same color scheme is employed
as in the legend. In the left panel the error is given by Fq.(6.8). In the
right panel the error is extracted from the Hellmann-Feynman theorem,
corresponding to Eq.(6.6).

continues to hold.

The significant difference in magnitude of AE% and AE2 suggests to keep separate
these errors in the following analysis.

When we move to the ab initio (nuclear) interaction energy, V2()\;) = R(\;) —
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ANVI () — VEoul()\;) — T ()\,), the imprecision due to subtractions becomes
b Crgen rgen 2
AV s = [(aV" ) aw = AT (Ao
orCoul o Coul 213
+ ((V (A R — (V5 (Az‘)>NLO> ] - (6.9)

It means that the perturbation potential and the Coulomb potential have the
larger uncertainties among the removed quantities. The largest contribution in
Eq.(6.9) comes from the error associated to the perturbation potential A; V7"
The difference between the expectation value at RL and at NLO is larger for the
perturbation potential as well as dependent on the kind of perturbation. The
error associated with the Coulomb interaction is, instead, similar for the different
perturbations in the same nucleus.

In the Hellmann-Feynman error, AVy contains also the contribution from the
Coulomb interaction. However, we calculate that the uncertainties associated
to the Coulomb potential do not affect significantly (around 1%) the value of
the Hellmann-Feynman differences. In this case, we can neglect the Coulomb
contributions, and we take [AV®|y = AVjy.

6.4 Results

We collect the unperturbed and perturbed calculations to organize four smaller
databases from the 284 data points available. We select the generators of the
model functional according to the expansion in power of the momentum, namely
the leading order (k") and the next-to-leading order (k?). We can also identify the
generators that produce isoscalar densities or isovector densities at the Hartree-Fock
level. In such way, we fit ‘“‘isoscalar’” generators only to energies of N = Z nuclei
(160, 1°Ca and 5°Ni), while ‘“‘isoscalar” and ‘‘isovector’” generators together are
used to describe energies of all the 7 nuclei. The combination of two order in
momentum (leading, leading + next-to-leading) and two isospin-like behaviors
(isoscalar, isoscalar + isovector) produces the four databases D1, D2, D3 and D4.
The inputs and characteristics of each database are summarized in Table 6.2.

We perform the linear regression as described in Section 5.2 to estimate the coupling
constants C; corresponding to the selected generators. We conduct the analysis us-
ing separately [AV%()\;)]s or [AV.%®] g as ab initio error Ayf® in the weight function.

As guideline for the discussion, in Table 6.3 we present the coupling constants of

Skyrme SIII functional [98]. This mean-field functional, including momentum- and
density-dependent generators, is a good reference point. Its parameters are in the
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Table 6.2: Specific inputs for the databases Ds.

| Name | DI [ D2 | D3 \ D4

nuclei 3(N=2) 7 3(N=2) 7

datapoints 123 284 123 284
gen. order kY kY kY, k2 kY k?

p 1P Y/Bp Y/Ap
Vo, VIL Ve ', Vi ?,
YT Y7J1 YrJ1
Vo, Vi, Voo, Vil
Vwoa‘/;fg,

7P AP YrT
Vo, Vo', Vs

N o
generators | Vi, Vi, | Vi, VI, Vi, VA V.V
0 » Ywoy Vi3

domain of natural units according to Ref. [110], i.e., they scale similarly as the
terms of an effective Lagrangian.

Table 6.3: Skyrme SIII [98] coupling constants. In the spin-orbit sector Cy”’ =-90.0
and CY7 =-30.0 correspond to Cy,=-120.0. In the density dependent part
ch 4 _g75.0 and cy U __875.0 are equivalent to Ct, =14000.0 . CJ* and
C{' are null in this parametrization.

GG _Gr CY G OGO G oY G O
-423.28 268.08 -62.97 17.03 44.37 -30.62 0 0 -90.00 -30.00 875.00 -875.00

Case with error from subtraction [AV,%]g

We indicate the results corresponding to this prescription with the subscript g. The
numerical values are presented in Table 6.4 with the associated errors. In the D1g
and D2g database, we fit the ab initio potential with only the contact two-body
and three-body generators, that are the zero-order terms of the functional. The
values we obtained for Cfj, CY{ and C}, are of the same order of magnitude as the
corresponding values of SIII.

When the momentum-dependent generators are included in the model, in the
database D3g and D4g, the behavior of the fitted coupling constants changes from
SIIT values. C}, doubles its value compared to the cases D1g and D2g and the
parameters Cg”, Cf and C,,, relative to new generators included in the model
functional, assume opposite signs with respect to SIII. The C; of the isovector
generators of the case D4g assume values significantly larger than the corresponding
isoscalar coupling constants. These oversized numbers are artefacts of the x? mini-
mization. The expectation values of the isovector generators are generally small,
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Table 6.4: Values of the parameters for the parametrizations D1g, D2g, D3s and Dig,
with relative errors. In the bottom of the Table, the statistical quantities x2,
model error, Birge factor and BIC are given for each parametrization.

‘ parameter ‘ Dilg ‘ D2g ‘ D3g ‘ D4g
c? -402.3 + 1.3 4119 +23 -384.7 + 4.5 -366.4 + 2.7
c? - 1832 +6.4 - 7484 4+ 68.0
Cs - - 46.4 +4.9 52.0 +2.7
e - - - -996.0 + 243.4
cy - - -146.2  +11.0 -164.4 +6.3
Cr - - - 722.9 4+ 79.8
ct - - -266.8 +291.5 | -1057.4 =+ 213.0
cit - - - -1128.6 =+ 189.1
Cup - - 734 + 1147 400.5 =+ 83.8
C, 13231.5 4 146.0 | 14292.8 =+ 264.5 | 31448.0 =+ 1267.3 | 31874.3 =+ 764.9
% 1.000 1.000 1.000 1.000

model error 1.816 5.448 0.000 0.000

Birge factor - - 0.399 0.693
BIC 2693.9 6663.4 2708.8 6483.6

then the regression push the corresponding coupling constants to large values to
reduce the penalty function. The conspicuous errors associated to these parameters
reflect the inability of the regression to estimate the parameters themselves.

We consider now statistical quantities that can help us to evaluate the qual-
ity of the coupling constants and, as a consequence, the generators of the model.

In the regression, the x2, Eq.(5.26), is normalized adjusting the model error Ay™o?.
When the ab initio error Ay® is large, it can happen that x? < 1, then no values
of the model error can normalize the penalty function. In this case, we use the

Birge factor b [111] as universal factor (equal for all the data points) to force the
x*(C)

penalty function to 1, namely y*(C) —
A large model error means that the difference between the observables and the
fitted quantities, y — JC, is large and then the ab initio inputs are not accurately
reproduced.

It is reasonable to compare D1g with D3g, both using 123 data points, and sepa-
rately D2g with D4g, including 284 data. However, D1g and D2g normalize the
penalty function by the model error, while D3¢ and D4g require the Birge factor,
as shown in the bottom of Table 6.4. Such distinction makes hard to relate the
performance of the different databases.

The Bayesian Information Criterion (BIC') is a statistical quantity useful to study
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the relevant number of generators. It is defined as [112]
BIC = 2d In(Agrms[KeV]) + p In(d), (6.10)

where d is the number of data and p is the number of parameters or equivalently
the number of generators. Agys = /(y — JC)?, expressed in KeV, represents the
root-mean-square deviation of the data points from the fitted values. The smaller
the BIC value, the more relevant are the parameters to describe the model.
BIC' is, then, a proper index to contrast Dlg with D3g. By a little difference,
D1g seems to carry out more information, since BIC(D1g) < BIC(D3g). That is,
the isoscalar coupling constants of the order k? do not add relevant knowledge to
describe the ab initio interaction energy.

In the comparison of D2g and D4g, on the contrary, the addition of the momentum-
dependent generators in D4g reduces the value of BIC. As explained before, this
database has a larger disposition of unconstrained parameters that the regression
can adjust to minimize Agy/s.

The residuals of the Eq.(5.18) are defined as

> GV M) e — Vit (N)
Viab(\i) '

Residuals = (6.11)

They are presented in Figure 6.4 and Figure 6.5, respectively for 10 and °°Ni,
the lightest and the heaviest of the calculated systems. A model that fit precisely
Vab()\;) will produce residuals close to zero (black dashed line) for all the pertur-
bation generators. In the present cases, instead, the residual of the unperturbed
system (A=0) is around zero, while, when \; moves away from zero, the distance
of the residual tends to raise. For 90 the residuals due to the perturbation V;’!
and Vf pass over 2%. The residuals of *Ni are around half the value of the
corresponding ones in 90, suggesting that the data relative to **Ni are reproduced
better by the fit. We propagate the error on the residuals, due to the uncertainty
[AV()\;)]s, and we plot the error bars as shadows in Figures 6.4 and 6.5. The
propagated errors are similar for the two nuclei, when we take in account the
different scale on the y-axis.

In the comparison of Figure 6.4 with Figure 6.3, it emerges a similarity between
the behavior of E% and of the residuals corresponding to the same generators. It
means that the fit is hardly able to describe systems that are strongly perturbated.
We observe that the most of the residuals lay in the half-plane y > 0, i.e., consider-
ing that the interaction energies are negative, the fitted values 3, C3(V/™"(\;)) nr

are smaller than V,2(\;).
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Figure 6.4: Residuals calculated with the parametrization D4g in 90. In the notation
of the linear regression, they read Residuals = JCoy
The perturbation potential is described by color in the legend and by A\; on the
x-axis. The errors propagated on the residuals are illustrated with shadowed
areas of the same color and they are equivalent to AResiduals = L2€
The reference value 0 is shown with a dashed black line.

Now we will look at the details of the regression to check that the large val-
ues of the isovector parameters in D4g and their errors are not related with
numerical singularities. We study the singular values of the matrix J7W 7. Its
inverse enters in the equation for the parameters, Eq.(5.28) and for the covariance
matrix, Eq.(5.30). We refer to Appendix A for the definition of singular values
and singular value decomposition (SVD).

The singular values o} of the matrix J7WJ are shown in Figure 6.6 for the case
D4g. We define the SVD condition number as
max(a?)

Fsyp = (6.12)

min(a?)
It is common practice to assume that J7W 7 is singular when Fgyp ~ 10'. In the
actual case Fgyp = 1.3 x10%, then the inversion of J7W J is free from singularities.
In Table 6.5, the parametrization D4g is compared with the parameters derived
from the same database D4 when only the largest 9 singular values out of 10 are
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Figure 6.5: Same as in Figure 6.4 for °6Ni.

kept in (JTW J)~t. We call this new parametrization D45(9sv). Reducing the

Table 6.5: The comparison between D4g and D4gs(9sv) parameters.

| parameter | Dig | D4s(9sv) |

Cc¥ -366.4 £ 2.7 -362.0 £ 5.5
cr -748.4 +£68.0 -2903.5 £ 149.3
o 52.0 =+ 2.7 185 439
i -996.0 + 2434 | -3224.1 + 596.2
(@f -1644 +£6.3 56.1 =+ 4.5
CcT 7229 £ 798 1463.1 =+ 165.7
c! -1057.4 £ 213.0 52.8 £ 479.5
cit -1128.6 £ 189.1 -736.9 =+ 420.5
Cueo 400.5 =+ 83.8 82.8 =+ 188.6
Ci, 31874.3 + 764.9 369.1 +£ 294
x> 1.000 1.000

model error 0.000 4.195

Birge factor 0.693 -
BIC 6483.6 6612.5
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Figure 6.6: Singular values az for D4s and D4y parametrization. As discussed in
Appendiz A, they are organized in descending order.

number of singular values means neglecting the smallest contribution to J7W 7.
It corresponds to neglect the linear combinations of parameters that influence
the fit less or spoil it. In this instance, the smallest contribution comes from the
expectation value of the generator of three-body, as the SVD suggests. Ignoring
aqo explains the small value Cy,=369.1 in D44(9sv), when usual value is on the
order of 10%.

In D45(9sv) the distance between data and fitted values, y — JC, is large enough
to require a model error of 4.195 to normalize the penalty function, on the contrary
of the Birge factor in the case D4g. This is even more evident when looking at
the BIC values, that read BIC(D4g) < BIC(D4s(9sv)). In general, we observe
that reducing the number of singular values produces a decreasing of the absolute
values of the parameters and their errors. This happens because the elements of
the matrix (JTW J)~! become smaller at the price of deteriorating the penalty
function.

All these evidences suggest that the large value of isovector parameters and errors
in D4g are not related to numerical issues in the fitting procedure.
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We plot the correlation matrix for D4g in Figure 6.7, to study if there are evident
relation between the parameters. We notice, in particular, the correlation between
CJ! and C{! and various anti-correlations.

IJIIIII=I

& Cf el Gl cff Cw Co

Figure 6.7: Correlation matriz for the parametrizations D4s. Full correlation is indi-
cated in yellow, anti-correlation in dark blue.

Case with error from Hellmann-Feynman difference [AV%]

We consider the case in which the error Ay is due to the difference in the
Hellmann-Feynman theorem and we indicate the parametrizations with the sub-
script . Results obtained for the databases D1y, D2y, D3y and D4y are presented
in Table 6.6.

We have already understood from the bottom panels in Figure 6.3 that, in general,
[AV®]; > [AV,2]g. This induces in each parametrization Dy a larger error on
the coupling constants, respect to the corresponding Dg. The huge value of Ay,
makes the weight function smaller and then the normalization of the x? requires
the use of the Birge factor. The Birge factor decreases while increasing the number
of parameters (or generators) in the database. This fact suggests an improvement
in the fit. The same advise can be extracted by comparing the BIC for D1y and
D3y, for D2y and D4y. In particular, similarly to the Dg case, the inclusion of
all the possible generators, D4y, seems to provide the better fit of the ab initio
interaction energy. We observe also that BIC(D4y)<BIC(D4g), indicating this
parametrization as the best fit.
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Table 6.6: Values of the parameters for the parametrizations D1y, D2y, D3y and
D/, with relative errors, and related statistical quantities.

‘ parameter ‘ Dly ‘ D2y ‘ D3y ‘ D4y

C¥ -397.0 £85 -392.6 £7.0 -418.0 £ 26.3 -410.7 £21.3
Ccy - 142.7 £ 10.5 - -120.2 £ 708.2
C’OA’) - - 30.3 + 33.7 38.0 +20.0
crr - - - -1451.1 + 1850.9
cq - - -111.5 £+ 69.3 -125.2 +£41.5
cT - - - -26.3 =+ 458.5
C(‘)” - - 223.4 + 1424.7 506.9 + 970.3
cit - - - 315.5 4+ 916.0
Cuup - - -158.7 4+ 554.6 -267.8 + 374.6
Ct, 12704.6 4+ 1080.3 | 12129.2 =+ 882.9 | 30406.6 4 8832.1 | 31494.8 =+ 6012.6
x? 1.000 1.000 1.000 1.000

model error 0.0 0.0 0.000 0.000

Birge factor 0.109 0.089 0.049 0.030
BIC 2717.6 6704.3 2637.0 6360.6

Residuals are shown in Figure 6.8 and 6.9 respectively for O and °°Ni. In
both nuclei the residuals are smaller than 1%, and of the corresponding systems in
D4g parametrization. It is also evident that the propagated errors are broader than
the ones in D4g. Including the error bars, almost all the residual are compatible
with the value zero.

The singular values for D4y are plotted in Figure 6.6. They are more than a
factor 10 smaller than the ones for D4g, because the large uncertainties make
the elements of the weight matrix W smaller. Anyway, the condition number
Fsyp = 9.6 x 108 keeps the regression away from singularities. Removing the
smallest singular values does not improve the fit, in a similar way as we already
discussed for D4g.

The correlation matrix for D4y, in Figure 6.10, points out the correlation be-
tween Cy* and C{'. The number of anti-correlated parameters seems to be raised
but with slightly reduced amplitude respect to D4g.

6.4.1 Nuclear matter properties

We test the performance of the obtained parametrizations in the description of
nuclear matter.
Appendix B discusses the concept of infinite nuclear matter and shows how to
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Figure 6.8: Residuals for the parametrization D4y in 16 0.

extract its properties from a Skyrme-like functional. We derive such quantities for
the databases D1g, D2g, D3g and D4g in Table 6.7, and for D1y, D2y, D3y and
D4y in Table 6.8.

It is interesting to compare them with the properties described by the original
NNLOsat interaction. In Ref. [100], the equation of state for the NNLOsat
parametrization presents a minimum for the energy at the value of E/A ~-14.5
MeV. Such minimum is obtained when the Fermi wave vector kr = 1.35 fm™!, i.e.,
using the relation pyq; = #k‘%, this value corresponds to pg; = 0.166 fm ~3. The
incompressibility is given K = 253 MeV.

Considering the NNLOsat values and the empirical ones (see Table B.1) D4g and
D4y seem to provide a better description of the bulk properties as saturation
density psq, volume radius ry and binding energy per particle £/A. This fact
agrees with the previous statistical analysis to indicate D4g and D4y as the best
among the respective parametrizations.

The symmetry energy JJ and its slope L are poorly determined with huge propagated
errors. In general, the propagated errors in Dy are larger than in Dg, as expected.
The effective mass m*/m represents an issue for this kind of model. The empirical
value is considered between 0.6 and 0.9, with Skyrme-like interactions that often
underestimate it (for Skyrme SV m*/m =~ 0.38). In the fitted parametrizations,
the closest value appears in the D1 and D2 database, where the value 1 is only due
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Figure 6.10: Correlation matrix for the parametrizations D4y .

to the absence of the coupling constant Cf from the model (C§=0). Including the
error bars, m*/m for D4y is in the empirical range, but this is not enough to have
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Table 6.7: Nuclear matter properties extracted for the parametrization D1g, D2g, D3g
and DJg, with relative propagated errors. Empirical values are provided in
Table B.1. The properties relative to the NNLOsat interaction are psqt =
0.166 fm =3, E/A =~-14.5 MeV and K = 253 MeV, given in Ref. [100].

‘ quantity ‘ Dlg ‘ D2g ‘ D3s ‘ D4g ‘
Psat fm ™3] | 0.191 £ 0.002 | 0.181 =+ 0.002 | 0.130 =+ 0.002 | 0.132 =+ 0.002
o [fm] 1.078 4+ 0.003 | 1.097 +£ 0.005 | 1.223 &£ 0.007 | 1.219 4 0.005
E/A [MeV] | -21.79 £0.09 |-21.28 £+ 0.13 |-15.19 +£0.34 |-14.56 =+ 0.20
m*/m 1 - 1 - 12,52 4+ 11.02 | -22.72 4+ 21.95
J [MeV] -16.3 £ 0.3 172 £1.0 -32.6 £+ 2.1 10.1 £ 16.0
L [MeV] |-1529 + 2.0 -49.5 4+ 3.3 -2286 +£11.7 190.4 £ 79.0

K [MeV] 491.7 £ 13.6 479.0 £ 21.8 386.1 =+ 26.9 380.2 £ 175

Table 6.8: Same as in Table 6.7 for Dig, D2y, D3y and D4 parametrizations.

Psat [fm 7] 0.196 £+ 0.012 | 0.203 &£ 0.011 | 0.129 &£ 0.017 | 0.128 =£ 0.012
o [fm] 1.068 £ 0.023 | 1.056 £ 0.019 | 1.227 £ 0.055 | 1.232 =+ 0.039
E/A [MeV] | -21.99 +0.93 |-2255 =+ 0.86 |-16.43 +2.13 |-1599 =+ 1.25
m*/m 1 - 1 - 3.27 £+ 4.62 4.38 £+ 4.90
J [MeV] -16.4 £+ 2.6 121 £ 3.1 -28.4 £ 13.7 -50.2 £ 99.2
L [MeV] -154.4 £ 155 -71.5 £ 151 | -205.8 £ 77.5 |-284.1 4 436.2
K [MeV] 497.0 £ 109.9 | 509.5 £ 97.2 399.1 £1959 | 393.3 £ 1435

a correct distribution of single-particle energies. We aim to improve the effective
mass by the constraint of its value with the Tikhonov term.

6.4.2 Constrained results

Following Section 5.2.1, we introduce the Tikhonov term Ay as Lagrangian param-
eter of the constraint b = QC. For our interest to adjust the effective mass m*/m,
the constraint equation is given by Eq.(B.5) and the target effective mass is set to
m*/m=0.70 .

We vary the value of logigAr from -4 to 2 and we study the changes in the
constrained parameters Cr, solutions of the constrained regression. In the uncon-
strained part of x%, we take the inputs used respectively for the databases D4g
and D4y, that have provided the best fit of the ab initio interaction. For every Ar,
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we obtain the parametrizations D4{°(Ar) and D4} (\r), where !¢ indicates that one
constraint is used. The evolution of the constrained parameters Cr in function

of the Tikhonov parameter is shown respectively in the top panels of Figure 6.11
(D4f) and Figure 6.13 (D4%).
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Figure 6.11: D/ (A\r) parametrization with m* /m constrained to 0.70 . (Top) Value
of the coupling constants Cr in function of Ap. Cl, is scaled by a factor 50
as explained in the legend. (Bottom) Contribution of the data points x?lam
and contribution of the Tikhonov term x2,, o, to the total X3 (normalized).

For the case D4k, the changes in the parameters happen at logigAr between
-1 and 0. Out of this region their values are quite stable. C*, Ct, CJ', /' and
(', are the coupling constants in which the constraint makes the largest impact.
We have already noticed that these coupling constants were poorly determined by
the regression in the parametrization D4g.

In the bottom panel of Figure 6.11, the normalized x?2 is separated in the contribu-
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tion from the data points x?%,,, and from the constrained part x?2,, ., (see Eq.(5.34)).
It is evident that the contribution of the constrained part to the total y2 increases
with Ap up to logigAr = -0.5. After that, such contribution drops quickly down to
zero. The explanation for this effect is that at the peak of x? ... the parameters
begin to be adjusted to give m*/m close to the target value. Increasing \r decreases
XZonstr Decause b — QC — 0, while the reproduction of the data points deteriorates
since the difference y — JC becomes always more prominent.
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Figure 6.12: Infinite nuclear matter properties extracted from D4}9‘3()\T). The curves
show psar (top left), EJA (top right), m*/m (bottom left) and symmetry
energy J (bottom right). The red shadows indicate the propagated error
bars. The gray regions illustrate the range of the empirical values in Table
B.1.

The kink in the plot of the effective mass m*/m is due to numerical
instability.

We present the nuclear matter properties pss, £/A, m*/m and symmetry energy
J relative to the parametrization D41 (M) in Figure 6.12. For small A7 the values
of such quantities equal the values extracted from D4g. In the region of log;g\r
between -1 and 0, the “‘active’ region of the constraint, the properties change
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abruptly and the effective mass is dragged towards the target value. When the
target value is reached, at logigAr between 0 and 1, these quantities do not vary
any more. We note that the kink in the plot of the effective mass is an artefact of
numerical instability, a pole in the Eq.(B.5), and does not have physical signifi-
cance.

The curves for pyq, E/A and symmetry energy cross their region of empirical values
(shown in gray color) before setting to values far away from standard nuclear matter
conditions. Such crossing occurs at slightly different value of Ay for the three
quantities and before the effective mass reaches its empirical range. We conclude
that there are no values of the Tihkonov parameter in which all the mentioned
quantities are in their expected domain, even including the propagated error bars.
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Figure 6.13: Same as in Figure 6.11 for the parametrization D411LIC(/\T).

A similar analysis is performed for the case D4}¢(Ar) in Figure 6.13. Here, the
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large variation of the coupling constants can be noticed around log;gAr = -2. The
largest changes concern, also in this situation, the parameters C’lA P et ¢t and
Ci,.

In x%, the separation of the contributions manifests the peak in the curve x?2, ..
near logipAr = -2. Such peak is smaller in amplitude compared to the case D4 (A7)
in Figure 6.11. The reduction is explained by the fact that the unconstrained
solution D4y has an effective mass closer to the target value and, then, the distance
b — QC does not grow significantly.
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Figure 6.14: Same as in Figure 6.12 for the parametrization D411LIC()\T).

The corresponding variation of the nuclear matter parameters appears smoother
in Figure 6.14. However, neither in this case the nuclear matter properties are
simultaneously (at the same Ar) in agreement with the empirical values. When
the effective mass approaches the reference value 0.70, namely around logigAr =~
-1, the energy per particle £//A results over bound and the symmetry energy has
become huge.

Both parametrizations, D45 (Ar) and D41 (A7), fail to reproduce the nuclear
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matter properties by constraint of the effective mass. A possible reason for the
failure regards the correlation between the parameters. Figure 6.7 (for D4g) and
Figure 6.10 (for D4y) point out a strong anti-correlation between the parameters
C§ and Cy,. The effective mass depends explicitly and only on Cf. Trying to adjust
the value of this parameters moves C}, out of its local minima in the domain of the
regression. Since Cy, is the parameter of the three-body part of the functional, a
large reduction of Cy, value produces strong effect on the saturation properties of
the nuclear matter. In fact, the repulsive contribution of the three-body interaction
becomes smaller and the nuclear matter system results over bound, with a large
saturation density.

Attempts to constraint at the same time the effective mass and the energy per
particle have failed to provide reasonable results. The parameters of the model
were not able to approach the targeted values of these properties simultaneously.

6.5 Model functional

This work aimed to study the feasibility of the derivations based on the ab initio
interaction to built a model energy density functional. The performed analysis
suggested that D4g and D4y are the most reasonable parametrizations among the
set of available generators, namely, the models in which our confidence is higher,
also thanks to the prior knowledge on the nuclear matter properties.

We insert the obtained parameters and the corresponding generators in the model
EDF in Eq.(5.1), obtaining E[p]. In particular, we construct the functionals £[p]pa,
and E[p|ps,. We minimize the functionals with respect to all the possible densities
(second stage of the Levy-Lieb constrained search). Such minimization, for the case
of the parametrization D4g as well as for D4y, does not converge to a self-consistent
solution. That is, the minimum of the functional is not stable and corresponds to
densities out of the domain of the densities explored by the perturbations ;. It may
indicate that the actual information we extracted from the ab initio interaction is
not extendible to the framework of the EDFs.

We can address possible reasons for the failure of the method.

The derivation assumes that generators of one-body densities are able to fit the ab
initio interaction energy, which is calculated with the self-energy in approximation
ADC(3), well beyond the mean-field order. The coupling constants have the role of
absorbing the high order effects in their values. This approach is fully compatible
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with the Levy-Lieb construction of exact density functionals. However, if the set of
generators is not adequate to describe the original interaction, the minimization of
the penalty function can lead values of the coupling constants outside the physical
region. Large values of the penalty function relative to NNLOsat interaction,
compared to the exact fit of Skyrme SV interaction (Appendix F), can be evidence
of that misbehavior.

The introduction of the constraint on the effective mass was not decisive to improve
the description of nuclear matter, worsening the bulk properties like saturation
density and energy per particle. This can be seen as another indication that the
list of parameters and generators is severely limited.
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7. Summary, conclusions, and per-
spectives

In this thesis, I studied a link between functional generators employed in the
nuclear Energy Density Functionals theory and the chiral interactions used within
the ab initio calculations.

Applying the technique suggested in Ref. [1], seven semi-magic nuclei in the
light-medium mass region were probed with perturbations induced by generators of
two- and three-body contact interaction (Skyrme). The perturbations provided a
large collection of ground state energies, calculated with the Self-Consistent Green’s
Functions method in ADC(3) approximation. Such theoretical results formed a
database, that extended beyond the limited number of unperturbed solutions nor-
mally available, corresponding to the experimental ground state energies.

We used the collection of ab initio data points to compare competing models,
differing by the selection of generators and by the estimated errors on the data,
to describe the ab initio interaction energy. For each model or parametrization,
we derived the coupling constants of a model functional, to be built by the same
generators.

We studied the properties of the obtained coupling constants in relation to their
ability to reproduce the potential of the NNLOsat chiral interaction as well as the
infinite nuclear matter properties, which the functional is expected to satisfy.

In the Bayesian language, we can say that we had different competing hypotheses,
the parametrizations or selection of generators, and we completed the task to deter-
mine the set of parameters, in the values of which we placed the largest confidence.
Such confidence was also assigned according to the prior best knowledge, namely
the nuclear matter properties.

At the end of our analysis, with the help of statistical tools, we preferred two
parametrizations D4g and D4y, both employing all the generators available in
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our Skyrme-like functional. They differed by the estimated errors on the ab initio
interaction energies, respectively due to the approximation made on the calculation
of the perturbation and Coulomb contributions and due to the estimates obtained
by employing the Hellmann-Feynman theorem. The D4y parametrization gave
slightly better description of the nuclear matter system, including the large propa-
gated error bars.

However, we verified that the fitted parameters were not able to provide a valid
model Energy Density Functional since the preferred parametrizations did not lead
to convergent functionals.

We discussed possible issues to explain the failure of the approach, pointing
towards the conclusion that the set of generators was not adequate to reproduce the
ab initio interaction. Extension to finite-range and symmetry-breaking generators
could be beneficial to establish the suitability of the approach and will be explored
in further studies.

Our derivation of the functionals was based only on the information contents
of the ground-state energies, in the spirit of the Levy-Lieb construction. It is an
open problem whether this information can be sufficient to characterize functionals
for nuclear structure calculations. Parametrizations available in the literature
usually include such observables as charge radii and nuclear matter properties,
together with ground-state energies, in the penalty functions to be optimized.

We also pointed out some limitations of the actual ab initio calculations, in
particular, related to the SCGF method. In fact, the current approximations,
employed to calculate the ground-state energies, seemed to show large uncertainties
of the estimated averaged interaction. We could see it by applying the Hellmann-
Feynman method or estimating the difference between the highest order and the
next-to-leading order contributions. Such uncertainties appeared to be significantly
larger than the precision expected at the level of nuclear density functionals.
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Appendices



A. Singular Value Decomposition

We consider a m x n matrix A with rank » < min(m,n). The Singular Value
Decomposition [113] of A allows to write

A=LYR". (A1)

L is a m x m matrix containing 1y, ..., 1, column vectors that form an orthonormal
basis for the column space and lx.4, ..., 1,,, column vector, orthonormal basis for the
left null space N'(AT). Ris anxn matrix containing ry, ..., ry row vectors that form
an orthonormal basis for the row space and ryyq, ...,r, row vector, orthonormal
basis for the left null space N'(A). X is a m X n matrix made with all zeros but the
first k£ matrix elements o; = [¥];;. 01, ..., 0% are positive numbers called “‘singular
values”.

The decomposition of A appears in vector notation as Ar; = ¢;1; for i =1, ... k.
Eq.(A.1) can be explicited as

01

39

Al =4 oo, . T

== 110'11‘{ + -4 lkO'kI‘g. (AQ)

The singular values o; are in descending order (o7 > 0; > 0% > 0), meaning that
the terms in the last line of Eq.(A.2) appear in order of importance.

It is significant to notice that o? are eigenvalues of AT A as well as AAT.
Studying the response of the singular values to a small variation in A, Ref. [113]
shows that for a small change in one of the matrix elements [A];; — [A];; + €, with
€ < [A];;, the singular values will not be altered more than e. That is, the singular
values of A are stables.

92



If eigenvalues of A exist (A is a square matrix), and if A is not normal (AT A # AAT),
the same small svariation in a matrix element can lead to a drastic change in the
eigenvalues of A (change > €). It means that the eigenvalues of a not normal
square matrix are unstable, contrarily to the singular values.

A.1 SVD applied to ill-posed problem

In Section 5.2, we have presented concerns about calculating the inverse of the
matrix J W J, when it is singular. We can use the SVD to solve this problem.
We start with the decomposition of the p x p square matrix J7 W 7, that results
[114]

T WT =R o*RY, (A.3)

where o? are ¢ positive (> 0) singular values, with ¢ < p, and R is a p x ¢ matrix.
This is equivalent to assume the decomposition of the rectangular matrix Jj; as

q
Jji = Z Lir ar (R, (A.4)
=1

where £ is a d x ¢ matrix. Outside the null space of JTW 7, its inverse results
1
(J"WJ)"' =R SR (A.5)
a

Selecting only the singular values larger than a certain value €, we can rewrite the
inverse as

Q
o

(T"WJ)'=R RT, (A.6)

Q
ENY L

0

where agi1,...,04 < 0. In the regression analysis, the fitted parameters are
determined by the cut off €. In fact, only the first k£ out of the ¢ singular values
influence the value of the parameters as

(Chin)j = Z Z Z Rilai%(RT)lm(jT)miwi Yi- (A7)

=1 m=1 i=1
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B. Infinite nuclear matter proper-
ties

Infinite nuclear matter can be viewed as an idealized system made of nucleons,
interacting only through nuclear force. The system is considered infinite in the
sense that it does not have a surface, and it is invariant for translation.

We are interested to study the Symmetric Nuclear Matter (SNM), assuming that
the nuclear matter contains an equal number of protons and neutrons.

For a Skyrme-like functional or interaction the characterizing properties of SNM
can be calculated analytically. Such system is described by an energy density in
which the terms containing derivatives of the densities are neglected. The energy
per nucleon E/A reads

E £ n /3m2\"*3, 1 3r2\** 3
Sy == () 2B+ =ty + () 20507 (B
5 (P) ; 2m<2> 20+ Copt gotap +(2) FCor”” (B.1)

R (3n2\**3 ,. 3 1
- - _ /3 —t _t ’Y-‘rl
2m<2> /7 TR gt

37'('2 2/3
+ (T) %(Stl + Bty + dtyxy) p°/3, (B.2)

where the kinetic energy is taken from the Thomas-Fermi model. Eq.(B.1) is
expressed with the coupling constants, while Eq.(B.2), in terms of the Skyrme
parameters, follows from Ref. [32]. The pression P of the system, equivalent to

,0(E/p) _h_2 (3772>2/32 5/3+CS

1
prt —ta(y + 1)

P(p) = - S
==, =3 \ 2 57 16
3 2\ 2/3
(%) e (B.3)
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defines the saturation density p** as the density at which P(p***) = 0 (minimum
of the binding energy per nucleon E/A). The volume incompressibility is

oP 2 [3r*\*? 9
3 2\ 2/3
+ (%) 24CT /3. (B.4)

The in-medium effective (isoscalar) nucleon mass is given as

(B.5)

It is important to notice that it depends explicitly only on the coupling constant
0> while the value of p is determined by the saturation condition. The effective

mass is related with the density of single-particle levels in the energy space.

The isovector coupling constants enter in the expressions for the symmetry energy

J and its derivative L, calculated at the saturation density as

R2 [372\*%1 1
J(psat> — <_) —pié? -+ Ciopsat — _t3<1 + 2$3)P3¢;1

S 2m \ 2 3 48
3 2 2/3 1
(%) (Geser) (B6)
0.J R (302\Y*2 , 1
L=3p"L = () 2 Oy — —ts(1+2 1p2t!
P ap o om ( 9 ) 3/05at + 1Psat 16 3( =+ Ig)(’}/—l— )psat
32\ /1
+ (%) 10 (505 + O{) o (B.7)

Nuclear matter quantities have definite values extrapolated from experimental
results or deduced from empirical models (see Table B.1).

In Section 6.4.1, we evaluated the infinite nuclear matter properties for the
parametrizations obtained by the regression analysis. Moreover, thanks to Eq.(5.31),
we quantified the error propagated on the nuclear matter quantities, helping in
the comparison with empirical values. Specifically, the central-difference formula
provided the numerical derivatives as

0A A(Chin + hj) — A(Chin,

— b))
GA= 2| . — 2+ O(h?). (B.8)
J 00], ‘Cfcmm th J
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Table B.1: Typical values for the properties of infinite nuclear matter taken from Ref.
[32] and evaluated at p = p>*t.

quantity value (or range)
Psat [fm 2] 0.17 + 0.03
E/A [MeV]  -16 £ 0.5
m*/m 0.65 - 0.9

J [MeV] 30 - 35

L [MeV] 40 - 76

K [MeV] 200 - 260
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C. Parameters and coupling con-
stants of Skyrme interaction

The interaction part of Skyrme-type EDF's is formed by combinations of density
generators V" and coupling constants Cj, namely Ein[p] = 3, [ dr C; VI™[p].
Taking Eq.(2.42) as example,

Ci VI o] = CLpb + Cp prApr + Crprrr + CL I3 + CY prV - Jp. (C.1)

The coupling constants C; are connected to linear combinations of the Skyrme
parameters t;, defining Vpyrme = >, t:V;7™". We can distinguish the generators
V7" in the standard form of the Skyrme interaction

VSkyrme(rl - 1'2) - tO(l + IOPJ)(S(I'I - I'2)
1 A N N
+ §t1(1 + xlpa) |:k/2(5(1'1 - I’2> -+ (S(I']_ - I’2>k2:|

+ty(1 + 2, PO)K - 5(ry —ra)k
+ iwo(Fr + ) - [12’ X 8(ry — rz)lAc}

+ %{ [3(01 k') (o2 - k') — (07 - az)k'Q}d(rl — 1)
+6(ry —12) [3(0—1 k) (0 - k) — (07 - 02)18] }

+ to{S(al K)S(r1 — ra)(02 - k) — (01 - 02) [K' - 6(r1 — r2)K] }

1 - ry+r
+ sta(1+23P7)0(ry = 12)p" ( - : 2) , (C.2)
which includes also the generators of the tensor part. Using the summation on
repeated indices, the Skyrme coupling constants, for an interaction up to the second
order in momentum, read

C; = Mit;, (C.3)
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where the matrix ./\/l; is obtained explicitly from

[ Cf ] S0 0 0 0 0 0 0 0 0]t
cy -1 -1 0 0o 0o 0 0 0 0 0 [t
CoY o 0 -2 o 22 L 0 o0 0 of]|t
o o o & 2 L L 0o 0 0 o |un
G|_|0 0 &% 0 &% § 0 0 0 0]t (C.4)
CT 0 0 —& -+ L 1 0 0 0 0|t '
Gl |0 0 & & k5 & 5 o0 0w
cy 0 0 5 0 —5 0 =% & 0 0]t
o 0 0 0 0 0 0 0 0 -1 0]]w
C,] O 0O 0 0 0 0 0 0 0 1]t |

Here the % factor in the tensor term > . %C’%J% is included in C%, such that, in

spherical symmetry, the corresponding tensor terms give the same results in Ref.
[115] as in Ref. [116].
For EDFs derived from an underlying Hamiltonian, holds the relation

[ S vl =S oo = S @vee, ()

that is, ij/jge" = ti‘z‘fen. After substituting ¢V = (C;)” = t*M?, the generators
‘A/jge" are identified as

ngen _ (MZ)—l thgen7 (06)
that explicitly reads
(el [ -4 0 o o 0o 0o 0o 0 o[V ]
vy 00 =4 0 0 0 0 0 0 0 0|V
DA 16 8 16 8 16 16 ¥
LN T S S S W B - B B A
32 40 16 16
Vit 000 0 8 —F P ¥ 2 0 0|V
%4 00 0 —2 =8 10 £ 0 0 0| Vi
v/ o0 0 0 0 0 & & 0 0]V
v/ 00 0 0 0 0 =% 2 o o]V
Viso 000 0 0 0 0 0 0 =1 0| |Viu
Vi, 00 0 0 0 0 0 0 0 1]|W




The notation \A/(t)wo distinguishes the generator of the spin-orbit term associated
with the parameter wy from the generator Vwo associated to the coupling constant
Cuup-

Eq.(C.7) considers the vector contribution V7 = V7! to the tensor term, which is
the only non-zero contribution to the tensor interaction in spherical symmetry.
For the spin-orbit interaction, the only relation available is

Cuy (D112 [8) = o @[Vl ) = [ i (CFn(a)V - Jo(x) + O pu(x) ¥ - 1)
(C.8)

making not possible to separate the contribution of the isoscalar generator from
the isovector one.

The derivation of the two-body matrix elements for the Skyrme interaction is
presented in Appendix D.

Similarly, when deriving the term proportional to ¢3 from a zero-range three-body
interaction (see Appendix E) with z3 = 1 fixed, the isospin components are not
separable, and it results

Cu(@IVi) = (0177, |8) = [ de (CE"4i) + CL¥30). (€
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D. Skyrme two-body zero-range in-
teraction

We present the expressions for the matrix elements of the two-body zero-range
Skyrme interaction, Eq.(C.2)!, derived with the help of Ref. [117].
We consider the antisymmetrized? JT-coupled matrix element

(ab; J'M"; T' M|V |ed; JM; T Mr) o
= Nop(J'T)Noa(JT) [(ab; J' M T' M|V |ed; JM; T M)
+ (=1)Pt9a=I=T b, J' M T M|V |de; JM; T My |, (D.1)

where the normalization of the two-particle state reads

_ 6ab(_1)J+T
1+ dap )

Nuw(JT) = V1 (D.2)

In the following, we first concentrate on the part (ab; J'M’; T’M’T\V|cd; JM;TMr)
and then we provide the complete expression, Eq.(D.1), for the distinct components
of the interaction.

Since interested in a scalar potential V, the angular momentum rules impose
the condition 67050, such that

(ab; J'M'; T' MLV |ed; JM; TMy) = (ab; JM; T'M|V|ed; JM; TMyz).  (D.3)

!The density-dependent part, last line in Eq.(C.2), is derived from the three-body zero-range
interaction in Appendix E.

2In Appendices D and E, we explicitly use the subscript ‘“,,”’ to distinguish the antisym-
metrized matrix elements from the ones that are not. In the other parts of the thesis, we referred
to antisymmetric matrix elements omitting the subscript for simplicity of notation.
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After introducing the relative coordinates X = \%(rl +r9) and x = \%(rl — 1),

the space part of the interaction becomes

(rhrh|V|rry) = 5(%(){’ - X))v(x’, X). (D.4)

In this relative coordinates, the d-interaction results
(riry|0(ry — ro)|rirs) = d(ry — r2)d(ry — r})d(ry — 1)) (D.5)

]' / /
= 5(E(X - X))&(\/ﬁxw(\/ix ). (D.6)

The corresponding relative momenta are

kx = V2k, = V2 {—% (Ve, — vrz)} : (D.7)

L =V2 B (Ve — vr;)] . (D.8)

The JT-coupled matrix elements can be written as

(ab; JM; T' M|V |ed; JM; T Mry)

) ) 1 1 ~ ) . 1 1
= <nala]ama’ nblbjbmb; JM, §Ta’ §Tb; T,M%|V|nclc]cmc’ ndld]dmd; JM, 57—67 §Td; TMT>
AL A la‘ lb >\, avi

= > NSGeq 33 S O ST MNE

/\’S’T’M% ja jb J 222 N'L'n'l

B Lol A

x 3" ASjgad b LS pomM i D M

AST Mz Je Ja J 2 NI

AN TAV 11 1! 11 27 1 / /
X <N L ,n U\ ; 558 MS; J]\47 §§T MTM E(X — X) U(X 7X)f((71, Uz)f(Tl,Tg)
X |NL,nl\ 115’M JM 11TZW )
ni\: == . A
) ) 29 SH ) 29 T/

(D.9)

with the coupled orbital angular momentum A ('), the coupled spin S (S’) and
the notation j = /27 + 1. MY = (20 + 11,010,205 + Iy, o A[2N + L, L, 2n +
l,1; \)q=1 are the coefficients of the Talmi-Moshinski transformations for the har-
monic oscillator brackets [118].
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The dependence on space-spin-isospin coordinates appears in

11 1

(N’L’,n’l’X;——S’MS,JM —T'M}|6 (X' = X) Jv(x',x) f(01,02) f (1, T2)
22 \/§
11

X |NL,nl/\; SMS,JM §§TMT>

>\/M/
= Z CA’M’S’M’ C)\M)\SMS Z 02%21mlOLIle'm;
M Mg M} M} Mpm M} m)

X (N’L’MH(S(%(X’ — X)) |NLMp){n'lI'mj|v(x', x)|nlmy;)

11 11 11
X (52 §'My|F(ov, 02)] 55 SMs) (5 ST Myl f (11, m)] 3 ST M),
(D.10)
The center-of-mass motion results
1

The Skyrme interaction in relative coordinates reads
v(x', %) f(01,02) = to(1 + 20 P, )6(V2x')5(V2x)
t 1
+ =1+, P,) [ K., *5(v/2x")6(v/2x) + 5(\/§X,)5(\/§X)§kx2:|

2
, 1
)[\/_kx, 5(v2x')s (\/ﬁx)ﬁkx}
. , 1
—iwg (01 + 02) - {\/_kx, x §(V/2x')6 (ﬂx)ﬁkx}
Sk f K, )6(v/2x)3(v2x)
— 6(V2x')8(v2x) (01 - 02)51{;/2
+30(v/3)0(v/3x) (01 - k) (03 - ——ky)
—5(\/§X) (\/_X)(Gl 02)%kx2}
, 1
{300 - 1)V (V ) 2 ke

5(V2x')0 (\/Ex)%kx} },

te
530

— (01 02) L/— x'

(D.12)
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while the isospin independence of the interaction gives

11

11

The tensor part in Eq.(D.12) can be rewritten as

/
U(X 7X)f(01,a2) tensor N 2 62
My=—2

x §(vV2x')6(V2x) + 6(vV2x')6 (V2x)

2
X Z (—1)* M o1 ® 2], [kx ® kX]Q,—Mo }
M,=—2

2
3.1
7 _{ Z (—1)* Mo @ O2lonr, K @ Kl

2
1 _
+3t"§{ Y ()M (o1 @ sy, (K @ ke,

Ms=-2

X 5(\/§X/>5(\/§X)}.
(D.14)

In the spin sector, we can distinguish different contributions. The spin identity
gives

11 11
<§§S/Mélls|§§SMs> = 555”5M5Mé.7 (D15)

the spin-exchange operator reads
11 avii o 11 S+1
The term entering the spin-orbit part results

11 P 11 / — o
(555 Msl o1 + o2l 1555Ms) = ((-1)5 +(=1) S) VBS' (—)M O

SERRS

= 555/:12\/63(—1)S+M0051]\\4/['SS1,7M0 {

=N
N CQ

Unol=
—~ =N
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where we used that ((—1)% + (—1)~5) = 2(—1)%dgg, with the triangular rule in

Og’%ZIfMG £ 0 giving S=5'=1, and the relations

1 ]_ S/ M! lm/l
<——S/Mé’[0'1] g __SMS> - Z Cl /Si /OfMSImQﬂcgmllMaémé’mQ

f g

2M13My  Mig
(D.18)

/ /
mimsmima

1 1
4 o - 1S 3 9
- (_1)5 \/65 <_1)M OS’]\J\{[S’SI,—MU { % i

N[ CQ

11 11 S’ M. SM Lms
(555" M5 [02)1r, 1555Ms) = > ‘7;%§m§7;mlmgV§C§m;wu5m@m
mimimims

. 11 g
=<—1>S¢65’<—1>M00§%21,Mg{ 21 }
2
(D.19)
The spin contribution in the tensor part is
11 11 Sy 1 ~S'M!
(555 Ml 1 @ iy, 1555Ms) = 871 Coiu, (51101 @ 2], 1)
11 g
A I Agl A A A 2 2
=S 852d 11 g
11 2 (D.20)

< (31l5) (3l 15)

5 1M
= 658/12\/;01]\4521\407

where, for the triangular rule, S=5'=1 is necessary to have CS;\Z% v, 7 0, and we

1 1
11
~ 2 2
used that (3|, [I3) = V6, § = vBana{ 1 £ 1 %1
1 1 2

For the spatial part of the interaction, we calculate the integral in the momuntum
space as

(n'U'mjlo(x',x)Inlm;) = /dxdx'gb:;/l/m;(xl)v(x',x)gbnlml(x)

(D.21)
= / dadq' ¢y (d)0(d', =) Gt (a),
thanks to the Fourier transform
1 L
(q',—q) = @ /dxdx'v(x',x)e‘zq X, (D.22)

104



The separation of the momentum dependence in radial and angular part reads
o(q', —q) < g (¢ )Y () g(q)crYenr, (), (D.23)

where the coefficient ¢ are such that 1 = V47 Yy(2), q, = 1/ Z ¢ Y1,(2), @> =

Nz (D)) 3

From the coupling of the spherical harmonics 3

l
Yo (V) @ Yo (W}sar = =7 CifraoVias (). (D.24)

we obtain

@ =a-a= (VAT (Vi () © Vi (@)

) (D.25)
_ (_\/g)QZ%\/% <_\/§> Yoo(R) = ¢*VArYyo(Q),

and

47
{a@al, u, = ¢ 5 Vi (D) @ Vima (D},

47 3 2 /92
== Yy () = PVAT ] =Y _ s (D).
3 V5v/ar V 3 2, (§2) = ¢ 152 M, (£2)

Inserting Eq.(D.23) in the integral in Eq.(D.21) leads to the simplified expression

(D.26)

[ 494 @) [ Yirn ()90 Vi, (D] B ()
= / A4 ¢*9'(¢) Ry (d) / dg ¢*g(q) Ruu(q)
[ AV @i (@) [ 49 (1), (@Yo, ()

= (_1)7Mk(5l’k’5m;M{€5lk(5ml,ka7";/l/ (gl)rnl(g)a

(D.27)

with r,,(9) = [ dg¢*g(q)Ru(g). The radial part of the harmonic oscillator solution
is defined as

3 Q(n!) (1+31) 102
Roi(2) = b2y | = (bx)' Ly, 2 ((bx)?) e~ 2®?)
() T(n+1+ g>( ?) (b)) e (D.28)
= b%Fnl(bx) e 20

3Eq.(14) page 144 of Ref. [119].
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where b = —W is the harmonic oscillator lenght (in fm™1).

The Fourier tréunsform,
~ (—Z 2n+1 q s ot q 1(gy2
Ru(q) = b—3Rnl <b_2> =b"2(—i)""Fy <5> e 20s) (D.29)
leads (after defining y = {) to
(D.30)

rai(g) = /dy y2b%g(by)(—z’)2”“Fnl(y) e 3W)?

When building the antisymmetrized matrix element, we consider the property
of the particle exchange symmetry. In fact, the matrix element with exchanged

particles ¢ <> d results

(ab; JM; T' M|V |de; JM:; T My)
(_1))\—L(_1)lc+ld+/\+%+%+s+jc+jd+J<ab; JM, T,Mr}|‘7|0d, JM, TMT>,

(D.31)

due to the symmetries for particle exchanging, respectively in the Talmi-Moshinski

transformations
My o= (=DM EMY (D.32)
and in the 9j-symbols
lg Lo A le lg A
1 1 g _(_1>lc+ld+x+%+§+s+jc+jd+J 15 b (D.33)
jd jc J jc jd J

D.1 Central part

Term ‘A/ = to‘A/to + toxo\A/ton
The coupling of momentum space and spin parts of the interaction,

LY@ () (g (1), (D.34)

o(q, —q) f(o1,02) = to(1 + xOPU)W (\/5)6
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gives the coupled matrix element as

(ab; JM; T' M|V ed; JM; T Mry)

la A
N N'L'n'l «
= Z A,S/jajb % % S, Z Mnala”blb,)\,
NS Ja Jo J ) NLwv
le lg A

(&
2 : N 1 1 2 : NLnl
X )\S‘]de 5 5 S MnclcndldvA
AS Je Ja J ) NLnl

AM )\IM/
X Z C,{'%;S/M'SC:\]A%SMS Z CLM;lmlCL’M//\Ll’mE
M Mg Mj MY Mpm My m)
X (V'2)201 /001, 3y On N 0T Snyaty, 055 Onzsaas o (1 + 2o (—1)H) (D.35)
11
——4 5’5m/65m *//]_ n ].
X (271')3 (\/5)6 oo 0010 lornl( )T l( )
lo I, L l. Iy L
=Y LLSSjujsjejay 5 5 S 1318
NLS ja jb J jc jd J
X (Z Mﬁ;;’glbi*r;,o(1)> (Z Mﬁfcggldﬂno(l)> 11Oty
1
——2v2 t(1 —1)5+h).
X (471')2 \/_ 0( +x0( ) )
The antisymmetrized matrix element is
(ab; M ; TMyp|V|ed; JM: T Mz)as
lo I, L l. lg L
= Nu(JT)Na(JT) Y LLSSGufsjeja 5 5 S 115
NLS ja jb J jc jd J

n

n' *, % n 1
X (Z Mi\({zinl?lb,[/ Tn/0(1)> (Z MTJL\ichngld,LTTLO(l)> W?\/i to(]. —|—.Z‘0<—1)5+1)

% [1 I (_1>jc+jde7T(_1)lc+ld+L+%+%+S+jc+jd+J} .

(D.36)
Term V = tl‘A/tl + tlxlf/tlsm
The coupling of momentum space and spin parts of the interaction,
~ / tl ]. 1 ]_ /
o(q, — 01,02) = —(1+ 2, P%)= ———47Y5o(€27) Yo (2
(d, —a)f(o1,02) = S (L +2:.P%); @1)? (V2 00(2') Y00 (£2) (D37)

x [g'(¢”)g(1) + ¢'(Dg(q*)],
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gives the coupled matrix element as

(ab; JM; T' M|V |cd; JM; T My)

., b A
o T 1 1 / N'L'n'l!
- 2 :)\Sjajb 2 2 S § : Mnalanblh)\/
NS/ Ja J» J ) NLwv
lo lg X
1 1 NLnl
5 5 S Z Mnclcndld,/\

3" A8
AS

Je Ja J ) NLn

AM )\/M/
X Z C){’Af\é’ S/M’ C)\MASMS Z CLMilml CL’MZl’m;
M Mg M} M Mpm; M) m,
X (V2)* 8110801, aay On O Ontpary, 5 Ontgnr 5(1+x L(=1)5*H) (D.38)
1 1 1

A7 8100m100100m,0 [T (@)1 (1) + 7 (V)7 ()]

X ——
2 (2m)3 (1/2)6
AAAAAAAA la lb L lc ld L
=Y LLSSjujujejag 5 5 S LoLo§ 8 b
NLS ,ja jb J ] jd J
X Z éziﬁll?lb L* ﬁi?ﬁild L [T:L/()( )rn(]( ) + 7’;/0(1>7’n0(q2>}

The antisymmetrized matrix element is

(ab; JM; TMyp|V)ed; JM; TMr)qs

- la I, L le lg L
= Nao(JT)Nwa(JT) Y | LLSSjajojejay 5 3 S 3 3 8
NLS ja jb J jc jd J
XzMi\iZLﬁzﬂb Mot [Tho(@®)rao(1) + 700(1)rn0(6%)]
" (471T) 2v/2 %1< +an(—1)5+Y) [1+(_1)jc+jde7T(_1)lc+ld+L+%+%+S+J’c+jd+J]_

(D.39)
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Term ‘7 = tg‘A/tZ + tg.l’gf/t%m

The coupling of momentum space and spin parts of the interaction gives
- 12 1 1 1 4r

— = 2(1 P = el

X <_\/_) Z ClM’1MkY1M,g(Q,)YIM;C(QM,(QI)Q(Q)?

M} M,

(D.40)

where the factor (—+/3) arises from the definition of the scalar product in terms of
irreducible tensors (L=1),

Ap By =(-1)"V2L+1[A;Bloy = (-1)"V2L+1 > C¥ 1, AL, Bim,

mi1ma2

— Z(—l)mALmBL,_m.

(D.41)
The coupled matrix element results
(ab; JM; T' M|V |cd; JM; T My)
o la b A
= Z )\/S/jajb % % SI Z M?ﬁlfnillb,kl*
NS Ja Jo J ) NI
o le lg A
XY ASjjas 3 5 S p Y MY
A Je Ja J ) NLnl
)\M A,M/
x Z CXM’S/M’ CAMASMS Z CLMilmlOL’MZZ’m;
M/\MsM;\M‘/S. MLmlM’Lml
X (\/5)35LL’5MLM’ ONN'OTT Ontpay, 055 Onrg ngta (1l + To(—1)51h)
1 1 1
><———— - Chh M G118t 017 011 Oy 2 T (@)t ()
2 (2m) (v/2)6 M%k g (= M 0110my, My Tl
o lo b A le lg A
=> M8Sjujujejad 5 5 S g3 5 3 S porrdung
Ja Jo J Je Ja J
<3 (S b)) (St
1 V2
X ————— ty(1 —1)5th).
(47T)2 3 2( +x2( ) )
(D.42)
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The antisymmetrized matrix element is

(ab; JM; TMyp|V|ed; JM; T Mr) o
R la lb A lc ld A

= Nay(JT)Nea(JT) > ANSSjajojea 5 5 S 11s
AS ja jb J jc jd J

(D.43)

n' n

D> (z ;r*,xq’)) (z My M@)

1 ﬁ—t (1+SB2(—1)S+1)

>< —_—
(4m)? 6
% [1 +( 1)jc+jd—J—T(_1>A—L(_1)lc+ld+A+§+§+s+gc+gd+J} ‘

D.2 Spin-orbit part

Term V = wof/(t)wo
The coupling of momentum space and spin parts of the interaction gives

e — 1;;_ _
o(q, —q)f(o1,02) = “002(2@ (\/— sz\;rOIMUlMT (01 + 02), A
—iv2) Y O Yo () Yiag (2)9'(¢)g(a),
M} My,
(D.44)

where the factor (—iy/2) arises from
(Al X Bl)lm = —7,\/_ Z ClmllmgAlmlBlmT

mima2

(D.45)
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The coupled matrix element results

(ab; JM; T' M|V |cd; JM; T My)

B la b A

=> N85y 5 5 8

NS Ja b J

B e lg A

XY ASjejag 3 3 S
S '

jcde
<2

M\Mg M} M}

Z N/L/n/l/

N'L'n'l’

Z MNLnl

nelenglg,\
NLnl

D

MpmM;m)

1 1

JM JM
Oy s, Oy sars

*

Nalanplp,\

AM
C1LMlel

X (V2)* 611001, v, On O Oty (—iW0) = =

2(27)3 (v/2)6 3

x (=v3) Y C?](\)/[JlMT(SSS’:12\/63(_1)S+MUC§J\A//[[§1,—MG{

Mo M,

x (—iv/2) Z C%,Zwk(—1)_M’“51/15m;M,;5115mz,—Mk7"2W(q/)rnl(Q)
M;ICMk
o la lb N lc ld
=D MNNjjeday 3 5 L opq 5 b
AN Ja b J Je Ja

s (z M<q>) (z A
NL n! n
1 L X

/ 1
X (—1)FNET L (_19,/3) wo{ Vo11

(4m)?
The antisymmetrized matrix element is

(ab; JM; TMyp|V|ed; JM; T Mr) s

la Uy

= Nao(JT)Na(IT) > " AN Njajujeja S 5
%Y Ja Jb

NInl

. (z M,ﬁm,}lb,x*r:,xq')) (ZM
NL n’ n
1 L )

/ 1
x (—1)FHAHA +J_22\/§(—6) wo{ N

(47)
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1
J

nelenglg,\Tnl

I

nelenglg,\Tnl

I

X [14 (= 1etiamI =T (LA =E(_q)letlatdtietiat ]

C

N M,
L'M)I'm)|

1 4r

=Nl

O)l\’)l»—l

OTT" O My M,

(CJ)>

XN J
A1 1]

l. g
11
2 2
Je Jd
(Q)>
1 XN J
A1 1

wl— U0

} (D.46)
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D.3 Tensor part

Term V = tef/te
The coupling of momentum space and spin parts of the interaction gives

~ 3 1 1 1 2
Y m o o0) = 5t Gy <¢§>64“\/%
X Z (_1>2_M0012%01m2 (01)1m1 (02)1m2

Msmimso
X [Y2,7Mg(Q/>Y(]O(Q)g/(q/2)g(1> + 5/(]0(9/>}/2,7Ma(Q)g/(l)g<q2)} :
(D.48)
The coupled matrix element results
(ab; JM; T' M|V ed; JM; T Mry)
o la by N
=> NSGjs 3 5 8 p > MYERs
NS Ja J» J ) NI
o le lg A
x D ASjja 3 5 S gD Miii
AS Je Ja J ) NLm
JM JM AM N M,
X Z CXM;S’M’SC)\MXSMS Z CLlemlCL/le'm;
M/\MsM;Mé MLmlMim;
3.1 1 1 2
2)36.1,6 1 ONNOTTIO ¢ —tem——m———A4m\ [ —
X (\/_) LL/OM My ONN'OTT ONip My, 5 2 (20 (Va)s ™15
11
VSV I A
X Y (1) M 059196V5 Copron, § 5 5 O
M, 1 1 2
X [(51/25,71;_1\405105%07"2,1,(q'2)rnl(1) + (_1)MU51’05m205125m1M07n2/l/(1)Tnl(q2)] .
(D.49)
Looking at the total spin quantum numbers, we rewrite
11 g
aL A A v 2 2 PR
> 88055186V Copron, & 5 5 S ¢ =2VI5Cayin. (D.50)
s’ 1 1 2

keeping in mind that S and S” in the Clebsch-Gordan have value 1.
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We start by studying the first case, corresponding to {q' ® ¢ }27_ M,

(ab; JM; T' M|V )ed; JM; T Mr),

B Y e lg A
= brrOnary, 3 Madbjcja 3 5 1 3 3 1
AN ja jb J jc jd J

3.1 1 1 2
x (V2) 213 @ (\/5)647T\/%2\/1_5

.3 (z M<q>) (z Mﬁiﬁizmnoﬂ))
NL

n’ n
— My ~JIM JM MMy ~A M S'Mg D.51
X E (—1) )\’M/’\S’M’SCAMASMSCLMLOOCLMLQ—MUCSMSQMU ( )
My Mg M/, MMy, M,
l, Ly N . lg A
= 06 ,EM’“’” 119 11
TT'YMr M7, JaJbJcld 2 2 2 2
AN Ja Jo J Je Ja J

;3,1 1 1 2 AT O 1N J
x (V2) 52565(%)3 (ﬂ)ﬁzm\/%z\/ﬁ(—l) J)\\/§{ Y 1 2}

NAn'2 % % 2 NAnO
X E <§ M, x Trio(q )) <§ Mnclcndld,)\rn()(l)) :
N n’ n
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We consider now the second case, corresponding to {q ® q}, _ M,

(ab; JM; T' M|V |ed; JM; T My),

B by XY (e Lo A
= 07T Oy My, Z M jagvjcday 5 3 1 i 1
AN ja jb J jc jd J

31 1 1 [2
2)3 2t ,— Ay [ —2v/15
X (\/_) 27¢9 27T)3( 2)6 v 15

D> (z MYy ,om) (z ey Arn2<q2>)

N M/ M,
X Z (-1~ +MUC/\’M’S’M’ C)\MASMSC%%QQM CLMLXOOOSMSQM
My Mg M/, MMy, M,

AAAAAA lo b N le g A
= 0r Oy, Y M jajvjcjaq 3 3 1 5 5 1
AN ja jb J jc jd J

311 1 2 e 1N J

2)3 "t 4y | =2V 15(—1) A3
x (V2 2 (2m)3 (v V15 (=1) VBiIa 1 2

D> (z M /0<1>) (z ey m(qa) |

n

(D.52)
Then, including both cases, we obtain

(ab; JM; T' M|V ed; JM; T Mry)

AAAAAA lo Iy N le lg A
= 0rpOareary O M jajojejad 5 5 1 5 5 1
AN ja jb J .jc jd J

x (1) (V2)° % 1)ﬁ \/72\/_[{1 1 ‘2]} (D.53)

3,
9°¢
D> [ ( Y ,2<q'2>> (z v Arn0<1>)

n

Y (z Ay X*r;,o<1>) (z e m@a) ] |

n' n
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The antisymmetrized matrix element is

(ab; JM; TMyp|V|ed; JM; TMr)qq
B la b N I 1y A
= Nas(JT)Nea(JT) > Mijajejedad 3 5 1 11
AN ja jb J jc jd J
3.1 1N J
_1\1+J Sy -
x (—1) (2%5)2t6<47r)2\/6{A ) 2}

. [<—1>w (z Mnfz?:,;flb,x*r;,xqu)) (z M;zazg,d,mm) (0.54)
N n’/ n

X [1 4 (= 1)etiaI =T (LA (et dtietiat 7]

P (z M;zzz;;bm0<1>) (z M;xasz,d,mqa)

n/

S L G e C D G VRt ] .

Term V = tthO
The coupling of momentum space and spin parts of the interaction gives

1 1 A4r

(27)% (V2)° 3
_1)27M‘7 Z Cfnj\;lflmg (01>1m1 (Uz)lmQ (D55)

N | =

o(q’, —q) f(o1,02) = 31,

mima2

Mo'
X Y Ol Yo ()Y (2)9'(d) 9 (a)-

—~

X

M/ M,
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The coupled matrix element results

(ab; JM;T' M| V)ed; JM; T Mry)

l, I, A
_ A 1 1 ' N'L'n'l!  *
=Y N85 5 5 S > M
NS Ja Jo J ) NLwv
o lg A

N

A Je Ja J ) NLnl

JM AM M
X E Ciiy 150 Oxaa, s E Lty im, CL/M'Lz'm;

M Mg M} M} MpmMjm}

1 1 1 4n
X (\/5)3(5LL’5MLM’L5NN’5TT'5MTM/T 3to

2(2m)3 (v/2)6 3
- ) " (D.56)
X Z(—l) N ”555/:156\/5 CSMSS2M(,

[V Ll L
[ Ll L
N Uy L

x Z Ci i (1) 0018y aag 001Gy~ T (6 )i ()
M/ My,
- I, I N I. lg A
= Z MNNJagvgeday 3 5 1 | 07T 007 M,
AN ja jb J jc jd J

. (z AN ,1<q'>) (z Ay mq))

n' n

1 501 LA LN J
? (47)2 N2 01 Alo2

The antisymmetrized matrix element is

x (_ 1)L+)\+)\’

(ab; JM; T Myp|V)ed; JM; T Mr) o

N~ A A A A~ la lb N lc ld A
= Nas(JD)Na(JT) Y AN NjoGvjeja{ 5 5 1 Lo
w Ja b J je Ja J

(D.57)
D> (z X*r;q(q») (z My mﬂ<q>)

1 501 LA LN J
’ (47)2 N2 01 A1o2 [
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E. Three-body zero-range contact
interaction

We study the case of the generators of three-body force. We consider an antisym-
metric three-body zero-range contact interaction, represented by the operator

Vi, = 0(r1 —12)0(r2 — r3) Aoz (P7, PT) = Vs Ajgs(P7, P7), (E.1)
where the antisymmetric part is described by
Az = [1 — PLP, — PPl — PY PG + PLPL PR Pl + PRPL PPy . (E.2)

Its contribution to the interaction potential is V35 = t5V;,.

E.1 Three-body matrix elements

In the JT' coupling, we indicate a three-body antisymmetric matrix element with
<ab(JabTab)C; JMJ TMT’V;‘/g |de(Jdere)f; JMJ TMT>as-
The JT-coupling can be translated in the LST-coupling as

(ab(JopTop) ez JM; TMp|Viy |de(JaeTae) f3 JM; T My gy =

AAAAAAAAAA

LadeeLL, SabSdESS/

la % ja Lab Sab Jab ld % .jd Lde Sde Jde
X ly % Jb le % Je le % Je lf % jf
Lab Sab Jab L S J Lde Sde Jde L S’ J
X Z CZ%LSJV[S CZ%L,S'MS,

MMy MsMg
 (ab(LapSapTup)c; LM ; SMg; TMy|Viy|de(LaeSaeTye) f5 L' My 8" Mgr; T My ) o,
(E.3)
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where the 9j-symbols recouple four angular momenta (see Sections 1.3 and 1.4 of
Ref. [120]) in the form

o a5 Ja
lasa(ja)lbss(io); JanMap) = Y SavLavjajo§ b 5 b
LapSap Lab Sab Jab
X |lalb(Lab)Sa5b(Sab); JabMab>' (E4)
The single-particle state |a) is labeled as
1
@) = Inalama 5 ma5ma) = o, (1) Ym0 )X3 1y (0)X T, (7)), (E.5)

and the single-particle coordinates are expressed by x = (1,0, ¢, 0, 7).

In our case, the direct (i.e. not antisymmetrized) LST-coupled matrix element is
written explicitly as

(ab(LapSapTap)c; LMyp; SMg; TMyp|Vs|de(LaeSaeTue) f; L' Mys; ' Mgr; T M) gir

= 2>

Lot ml ML mlmblmbl ML ms smSmSMS mtmtmt ML mtmtmt MT
mempme Moy momem’; Mg, mg mme mgmgmi Mg, mEmymi M mgméme M

cab fd
LabMub LML LdEM L ML’ SabM ab SMS SdeMélSe S’ MS/

Cl Ll OL pMEleml " 1gmll LaeMEI 1 Crr CS pMS L O s SgeM$ L
amllymi, eml. " lgmpleml, ™ Lae fm 3Ma3My ab2Me  2Mg3 aeMg, 3m5
bM TMrp TdeMd T M~

x C* C C ¢, C
lmZémz Tap Mgy 3mt~ gmgmt~ Tae M, 3m

X /XmdXQdX3dX4dX5dX6 R:(Lala <T1> :;blb (TQ)R:LCIC (Tg)Rndld (T4>Rnele (T5)Rnflf (7’6)
% 5(T1 — 7“2) (5(7“1 — 7”3) <(5(7”1 — T4) (5(7"2 — 7"5) 6(7“3 — 7”6))

2 2 2 2 2
T3 7"3 ) rs T

XY, (01, 01) Y01 (02, 02)Y 1 (B3, 03) Yt (61, 04) Vit (05, 95) Y, (06, d6)
o 001 = 05)0(01 — ) 6(61 — 05)0(¢1 — )

Sin92 sin03
y 6(01 — 04)0(P1 — ¢4) 6(02 — 05)0(d2 — ¢5) 6(03 — O5)0
sinfy sinds s1n96
X X1 1)X:gfnt (Tl)X”;;;(Uz)Xgm;(ﬁ)Xf (03)X1mt (73)X1 s(04)x gm )
X les( 5)Xgmé(7_5)X§m;(06)xigm§c(76) (06104071 74.00305 Orym5 07306 Om s ) »

(E.6)

where the d-functions in the round parentheses mean the particle number conser-
vation before and after the interaction.
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E.2 Spin and isospin sectors

In Eq.(E.6) the spin and isospin parts can be separated from the orbital and radial
parts, namely

(ab(LabSabTab)C; LMyp; SMs; TMT’%’de(LdeSdere)f; L/ML’§ S,MS’S TMT)dir

— C abMab CLML CLdeMcﬁa CL’ML/
2: }: lamblym] pMEleml ~ lgmbleml LdeMdLelfmlf

mbmlmi ML mflmémﬁcMLe
X / dI‘ldI‘QdI‘ng'4dI‘5dI‘6 R;ala (Tl)R:zblb (TQ)R:;CZC (Tg)Rndld (T4)Rnele (T5>Rnflf (7’6)
% (5(7"1 — 7“2) (5(7“1 — 7’3) <5(T’1 — T4) (5(7’2 — 7"5) (5(7“3 — 7"6))

2 2 2 2 2
T3 T3 T3 rs T

XYt (01, 01) Y71 (02, 02) Yt (B3, 03) Y1y, (64, 04) Vi (05, 95) Y, (06, d6)
o 001 = 05)0(01 — ) 6(61 — 05)0(¢1 — )

sinQQ Sil’l‘gg
" 0(01 = 04)0(d1 — ¢a) 0(02 — 05)5(Pa — ¢5) 3(03 — 66)0 (b3 — @)
sinfy sinds sinfg
X <CLb(Sab)C SM5|‘/5|d€(Sde)f SMS’>dW (ab( ab)C TMT|‘/;5|d6(Tde)f TMT>d“~
(E.7)
Using the following relation in the spin (and isospin) channel,
Zles 01 Xl ( 2)(50'10'2 = 6%%§mgmgv (ES)
we obtain respectively
(ab(Sap)c; SMg|1g|de(Sae) fi S" Mg ) dir = 05,,5,. 055 00Ms My » (E.9)
(ab(Tap)c; T Mr|Lr|de(Tae) f; T Mr) dir = 01,1, 0770 My M- (E.10)

E.2.1 Antisymmetrization of spin and isospin

The antisymmmetric |ket) can be written as

|def)as = |def)aw — ledf) + |fde) — |dfe) + |efd) — | fed). (E.11)

We use Eq.(3) from Ref. [121] to re-write the coupling of the third nucleon to the
antisymmetric state of the other two nucleons. We also consider that the orbital
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part does not affect the antisymmetrization of the |ket) because of the spatial
symmetry of the d-interaction. Then, it results
Sab Tab
Sde Tde

(E.12)

(ab(SaTap)c; SMg: T M|V, |de(SueTue) 3.5 Mg, TMr) o
= |:5Sab5deéTadee - |:]‘ - (_1)Sde+Tde] SabSdeTadee {

> [1 _ (_1)Sab+Tab] )

1
2
T

N[ =D | =

Lol

N[ DO | =

E.3 Radial and orbital sectors

For the radial and angular part in Eq.(E.6), redefined as

LopyME LM LgeME L'M
‘/(SspaceE 2 : § : Calablcr LL lC el (ielC L’L .
lamglymy — Loy Mgy leme — lgmylemy LdeMdelfmf

Londmt ML mb mbmbl ML
memyme My mdemed8

X /drldrgdrgdr4dr5dr6 R:Lala(Tl)R:;blb(TQ)R:;CZC(T3)Rndld(T4)Rnele(r5)Rnflf(TG)
% 5(T1 — ’I"Q) 5(7"1 — T3) (5(7"1 — 7“4) 5(7“2 — 7”5) 5(’["3 — T6)>

2 2 2 2 2
T3 T3 ) Ts T

XYt (01, 01) Y71 (02, 02) Y1 (B3, 93) Y10t (64, 04) Vit (05, 95) Y, (6, P6)
oo 9001 = 05)0(91 — ) 8(61 — 05)0(¢1 — )

siné’g sin93
" (5(91 — 04)6(P1 — P4) 6(62 — 65)5(d2 — P5) (65 — 05)5 (3 — ¢6))
sin(94 sin6‘5 sin96 '

(E.13)

we use the separation of radial and angular coordinates in spherical symmetry
[ dr = [rdr [sinfdf [ dp. After coupling the spherical harmonics and applying
angular momentum algebra,

AAAAAA

lalplelalely po 0 Aro Lac0 L0 la+lp+lo—L
‘/aspace _ ﬁClaglfboOLabOICOCldg?EOOLdEOIfo(_1) atlptle 5LL,5MLML,
G (E.14)

x / 2R (PR (F)RE () Rty (F) R, (1) R ().
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E.4 JT-coupled matrix elements

Inserting Egs.(E.6), (E.12) and (E.14) in the JT-coupled matrix element, Eq.(E.3)
reads

(ab(JayTu)c; JM; T Mrp|Vi, |de(JaeTue) f3 JM; T M) o

AAAAAA

B - AAA"".".A.".A.".lallcllel
= Z Z (—1)la+lb+lc LSabSdeLadeeJadeeLL/SS/]ajb]c]d]e]f ’ 2dA 2f
La,deeLLl Sabsdessl 167T L

la % ja Lab Sab Jab ld % jd Lde Sde Jde
RS ) le 3 Je le 3 Je ly 5 Js
Lab Sab Jab L S J Lde Sde Jde L S’ J

La0 Lge0
X ClaolfboCf,?bozcoczd‘ézeocfgeouo/dr Tszaza (T)szzb (T)R;Czc(T)Rndld(T)Rnele(r)Rnflf (r)

JM JM
X E : Cint,smsCring,, sy 05500 Mg OLL Ony My,
Mp My MgsMg:

X 3<_ 1)Sab+Sde 5(Tab+sab71)5(Tde+Sdevl)63% 5T%

AAAAAA

L~ > z z A e T T lal lcl lel
= Z Z (= 1)l  Spe Lap Lae Jav JacJaJvJeiaded bl6 d2 !
Loy LaeL SapSde T
la % ja Lab Sab Jab ld % jd Lde Sde Jde
X9 b3 b e 5 Je le 5 Je ly 5 s
Lab Sab Jab L % J Lde Sde Jde L % J

Labo L0 Ldeo L0 S b-‘rSd
X ClaOlbOCLabOlcOCldOleOCLdeOlfO 5JJ(SMM 6(_ 1) ¢ e5(Tab+sab»1)5(Tde+sd671)5T%5S%

X / dr® Ry, (r) Ry, (1) Ry (7) Ry (1) Rt (1) Ry, (7).
(E.15)
The sum over Sy, and Sy, and the conditions d(r,,+s,,1)0(7;.+85,.,1) Produce four

different cases. In the following, we use also that (—1)%a*5e = (—1)Te+Tac,

Case 5,,=0, S4.=0, T,,=1 and T,.=1
With the help of Eq.(1.97) in Ref. [120], that is

. <z1 b 112) bole e |y gyt ()t ( i z12>

lly J1 g2 ha p= .
00 0 L 2 V2, \=3 3 O
(E.16)
and with the relation between Clebsch-Gordan coefficients and 3j-symbols,
. e li Iy 1
o = (=1)" %2(01 0 52), (E.17)
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we obtain

(ab(Jap1)e; J; IVtg\de(Jde )5 T >

AAAAAA

T 4T, _ 1 \oHetib—ie+Tab+Jae
_1) ab deJadee]a]bjdeje‘jf 1672

(
§
2
% ( jla jbl > < ]10 Jl J(C)Lb > ( jld jel J(c)le ) ( ]1f ‘]1 J(c)le )
2 2 2 2 2 2 2 2
x / dr 2R, (1) Ry, (1) Rt () Rt (7) Rty (7) R (7).
(E.18)

The conditions dz,,,.7.,, 0L, J.s la + b+ Lap= even, l.+ Loy, + L= even, l;+ 1. + Lg.=
even, lf + Lg. + L= even appear during the derivation.

Case Sab:]-7 Sde:Oa TabIO and Tde:]-
Using Eq.(1.98) in Ref. [120],

ll lQ l12 ll l2 l12
2( 00 0 > ]f Jf ]iz
2 2
_ (D)1 (1) tethe ( giJa )
V6 2 5 —3 0

5% + (= 1)]1+J2+]12J Jiz 1 Lttt [ Jiz 1 lia
—- o210 )HEDTTELY g g
2j12(j12 + 1) -

il

Y

(E.19)
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the matrix element results

{ab(Ju0)c; J;

Z\/ﬁ

2

T 167

X ( jla jbl Jab ) ( jlc Jl Jab ) ( ]Id jel Jde ) ( Jlf Jl Jde )
\ 5 —3 0 3 —2 3 —3 0 s —3 0

y ( 1)]a+]b+Jabj ( Jw 1  Lg ) +( 1>la+h+2 ( Jw 1 Lg )
I 2Tt (Jap + 1) 1 -1 0 0 0 O

" _|_< 1)Jc+J+JabJ2 ( Jab 1 Lab > +( 1)lc+Jc+2 < Jab 1 Lab )
I /2T (T + 1) I -1 0 0

<[ ARy ()R 1) B () Rots (1) Rot (1) R (),

AAAAAA

7(—1)Tab+Tdeing deejajbjcjdjejf

1 - 1
§|V23|d6<<]del)f; J; §>as =

1 le+lf+ja+jb+jc+je+[/ab

(E.20)

with the conditions 4z, , and I, + 1, + L= even, l.+ Lo, + L= even, lg+ 1.+ Lje=

even, ly + Lge. + L= even.

Case 5,,=0, S4.=1, T,,=1 and T,;,=0

The matrix element results

(ab(Japl)c; J;

1 1
§|W3|d€(‘]d60)fﬂ J7 5)&5 =

V3 o aaa —1\bHletiotiatietis+Lae
A _]- TabJereLQ Ja Je a. c e

LZ 5 (=1) vacJaJvicadel s 16

de

x ( jla jbl Jab ) ( jlc Jl Jab ) ( jld jel Jde ) (
\ 5 -3 0 3 —3 0 3 —3 0

y ( )jd+]e+Jdej ( Jde 1 Lde > +( 1)ld+.7d+§

/2Jde(<] ) 1 -1 0
GrtI+dae T2

% ( )f ¢ J ( Jde 1 Lde > +( l)lf+jf+§
L 2Jde<<]de ) 1 —1 0

x/wﬁmﬁm;mmmhmmwmm%mmmm,

with the conditions 4z, .7, .

even, ly + Lg. + L= even.
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and [, + 1, + Lyp=even, .+ Ly, + L= even, lg+ 1.+ Lge=



Case S,,=1, Sgz.=1, T,,=0 and T,;,,=0
The matrix element results

1 - 1
<ab(Jab0)C; J7 §|W3|de(<]deo)f) J7 5)@5 -

AAAAAA —1 JativtietiatietistLaptLaetl

2 1672
LopLae
x ( jla ]bl Jab ) ( jlc Jl Jab ) ( jld ]el Jde > (jlf Jl Jde >
5 -3 0 3 3 0 3 2 0 3 —2 0
" ( 1>Ja+Jb+Jab Jw 1 Lg +(_1)la+h+2 Jaw 1 Ly
2w £ 1 1 -1 0 0 0
o + ( 1>JL+J+JabJ2 Jab 1 Lab + (_1)lc+jc+§ Jab 1 Lab
I 2Jab( b +1 1 —1 0 0
9 ( 1>Jd+]e+Jde Jde 1 Lde 4 (_1)ld+Jd+§ Jde 1 Lde
dee(J 1 -1 0 0 0 0
y ( )Jf+J+JdeJ2 ( Je 1 Lde > I (_1)lf+Jf+§ < Jde 1 Lde )
i 2Jde(Jde -1 0 0 0
/ A 7R, ()R 1)1 () Rt 0) R (1) o 1)
(E.22)

with the conditions [, + l, + L4= even, l. + Ly, + L= even, Iy + |, + Lg4.= even,
ly + Lge + L= even.
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F. Tests and benchmarks

Here we present results of tests and benchmarks performed to check the numerical
consistency of the different solvers used in this work. In fact, we employ a code
for the SCGF solutions (Boccadorata [95]), an Hartree-Fock solver in spherical
harmonic oscillator basis for the model EDFs (HOSPHE [99]) and a code to perform
the regression analysis of the data.

All the solvers use the same values of physical constants relevant for the nuclear
many-body problem. These values are collected in Table F.1.

Table F.1: Physical constants used in the calculations.

constant value
myc’ [MeV] 938.918267
he [MeV-fm]  197.326972

F.1 Test of the functional derivation at Hartree-
Fock level

We apply the method described in Section 5 to Hartree-Fock calculations, that is,
the quantities entering in the regression come from not correlated solutions.

In the reference Hamiltonian H® !, we choose to describe the system with Skyrme
SV [98] interaction, namely H® = T + Vg, where the Coulomb interaction is
neglected for simplicity. The potential is formed by generators commonly used to
build the EDF at the mean-field level and then gives stable binding energies for

IThe subscript ®° is used to keep the same notation as in Section 5 even if in this Appendix
the Hamiltonian includes a phenomenological effective interaction.
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Hartree-Fock calculations. The specific form of the interaction is

~ ~ 1 ~ A
VSV = (to + t0$0P0>(5(r1 — I’Q) + 5(151 -+ tll‘lPU) |:k/25(1‘1 — I'Q) + 5([‘1 — I‘Q)k ]

+(t2+t2$2]5‘7) IA{/Z-(S(I‘ —r2)1;2:| +ZU)0(O?1+O§2) |:k X 5 I‘l —I'2 :|

(F.

= ttho + tOxo‘/tozo + tl‘/tl + t1131vtlxl + t2V22 + t2x2‘/tgz‘2 + wov Hwo s

1)

where the density-dependent term (o< t3) is absent in the SV parametrization. The
last line of Eq.(F.1) defines the generators ‘A/jge". Note that in this Section we work
with the parameters ¢;, instead of the coupling constants C;, and their relative
generators.

In our choice, the perturbations are induced by the same generators, V7" = V9"
acting one at a time with a certain Lagrange multiplier \;. We are interested, for
testing purposes, to construct a model functional E = (®|T + > tjf/jge"|<l>>, with
the model Hamiltonian analogous to the reference Hamiltonian.

The independent-particle nature of the Hartree-Fock solution |®();)) allows us to
directly evaluate the expectation value of the interaction energy as

V() = Var(A) = (@A) Vsv [@(\)). (F.2)

More important, since we built the model functional with the same generators
used in the ab initio-like interaction energy, and we perform a calculation at the
Hartree-Fock level, we expect an exact fulfillment of Eq.(5.18), that is

Vab(\ Zt VI O(N)) i = Zt A) VI B (N)). (F.3)

In the following, we indicate the Hartree-Fock average value of the generators as
VI (X)) = (@A) VI @(Ai)) e

The kinetic energy results (®(X\,)|T|®(\;)) = T[p(\:)], such that the model func-
tional in Eq.(5.1) appears equivalent to the standard functional for Skyrme SV.

We consider a small model space, the spherical harmonic oscillator basis is restricted
to Ny = 5, with oscillator energy Aiw = 14 MeV. The calculations employ the
matrix elements defined in Appendix D for the generators. The same matrix
elements provide the Skyrme SV potential, using the parameter values given in
Ref. [98] and shown in Table F.2. We use the solver BoccaDorata [95], with the
Hartree-Fock (HF’) option.

The regression analysis (see Section 5.2) involves results calculated for 7 closed-shell
nuclei (10, 210, 31Si, 363, 1°Ca, 48Ca and *°Ni), each one perturbed with 7 different
interactions V" and 10 possible values of \; for each i (A\; =-9,-7,-5,-3,-1,1,3,5,7,9).
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Figure F.1: Plot of the average value of the Skyrme SV energy Eq for 0. The
solutions |®(N;)), corresponding to the perturbations ()\;), are identified by
the markers color and the strength shown on the x-axis.

In total, we collect 496 data points, corresponding to convergent solutions, including
the unperturbed ground states (A; =0). Each data point contains the observables
V();) and the variables V“"();) as inputs.

Data relative to the nucleus %O are presented in Figure F.1, where the plot shows
that the unperturbed solution A = 0 represents the minimum for the ab initio-like
energy F,p,, in agreement with the variational principle.

This exercise does not offer any physical argument of discussion about the interac-
tion, because we fit a mean-field interaction using its own generators. However,
apart the goal of testing the numerical coherence of the codes, it is interesting to
study some general features of the regression analysis.

First of all, the results of the fit are strongly deteriorated removing the smallest
singular values as described in Appendix A. It means that the corresponding x?(t)
increases significantly when reducing the number of singular values, because the
Eq.(F.3) is not exact any more. This fact suggests that all the singular values are
important to determine the parameters t; or, equivalently, there are not singular
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values small enough to make the matrix J7W J singular.

More interesting point, it is the discussion of the generators relevant to reproduce
the ab initio-like interaction. Skyrme SV potential presents only 5 non-zero param-
eters out of the 7 available ones for the central and spin-orbit parts (see the column
Vsy in Table F.2). We observe that using the 5 non-zero generators (5p) or using
all 7 of them (7p) does not change significantly the x*(t). However, as one of the
5 original generators is substituted with one of the zero ones, for example 17(t)w0 is
replaced with Vj,,, (5p*), the x2(t) becomes much larger than zero and the values
of the parameters change completely from the value of the original interaction Vv
These results are summarized in Table F.2, including the associated errors obtained
from regression.

Table F.2: Comparison between the value of the parameters used in the Skyrme SV
interaction (Vsy ) and the ones obtained from the regression analysis (fit).
Also the errors associated with the fitted parameters are displayed. The
different selection of parameters and relative generators (5p, 7p and 5p*)
are explained in the text.

parameter ‘ Vsy ‘ fit (5p) ‘ fit (7p) ‘ fit (5p*) ‘

to -1248.29 | -1248.291 4 0.003 | -1248.294 + 0.004 | -1193.0 =+ 21.7
toTo 212.21 212.209 =+ 0.002 212.160 =+ 0.028 | -2120.2 4 119.7
t1 970.56 970.560 =+ 0.005 970.566 =+ 0.006 861.5 =+ 37.4
t12q - - - 0.065 4 0.042 3930.6 4 173.6
to 107.22 107.221 4 0.001 107.237 4 0.018 110.1 £4.0
toxg - - - -0.019 £ 0.022 - -

Wo 150.00 150.001 4 0.001 150.000 4 0.001 - -

X 2.22x10°7 2.21x1077 7.70
BIC 2357.7 2366.9 10969.2

In Table F.2, the comparison of the BIC value, Eq.(6.10), for (5p) and (7p) shows
that the interaction energy Vg, can be reproduced better with the 5 generators
(the ones which are, in fact, used to build the Skyrme SV potential) than the 7
generators. That is, among the 7 generators, 2 are redundant and do not improve
the information content.

We need to clarify that we have used the weight w;=1 in the y? because the
theoretical uncertainties, associated with the interaction energy, are around 1 eV
and then negligible. The x? is not normalized.

Figure F.2 offers a graphical representation of Eq.(F.3), where data points relative
to nucleus *°Ni are displayed. The parametrization (5p) shows a great agreement
between the average value Vj;, of the interaction energy (markers) and the right-
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Plot of Eq.(F.3) for the nucleus 5Ni and parametrization (5p). The
average values Vop(\;) of the Skyrme SV interaction energy are represented
with markers (“‘ab’ in the legend), while the lines describe the right-hand
side of Eq.(F.3), dependent on the fitted parameters t; (‘““fit”’). Different
colors indicates different perturbation potentials Vigen = Vti; with the value
of A; shown on the x-axis. The shadowed areas identify the propagated
errors on the interaction energies, associated with the error on the fitted
parameters.

Figure F.2:

hand side of Eq.(F.3), with the parameters obtained from the regression analysis.
The parametrization (5p*), instead, gives an appreciable difference between the
Skyrme SV average value and the product of the expectation value of the generators
and the corresponding parameters. Such difference is responsible for the large value
of the x? in the (5p*) case. Figure F.3 points out that, if the selected generators
are not adapt to describe the interaction energy, the behavior of the fitted values
can be tilted respect to the data. Furthermore, since the regression fits the data
points from all the nuclei at once, for some nuclei it can happen a vertical shift
between markers and lines. That is, the parameters underestimate or overestimate
the average value of the potential systematically for all the data points of the
nucleus, including the unperturbed case (A = 0). As mentions, not shown here, in
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Figure F.3: Same as Figure F.2 for the nucleus 6 Ni and parametrization (5p*).

240 (318i) the fitted values underestimate (overestimate) the inputs data.
The propagated errors (shadowed areas) are large for the (5p*) case while negligible
for the (5p) case.

The parametrization (5p) allows to calculate the infinite nuclear matter quan-
tities described in Appendix B. The values are collected in Table F.3. The standard
properties of Skyrme SV interaction are reproduced as in particular the small
isoscalar effective mass m*/m and the large incompressibility K, due to the lack
of the density-dependent term.

The previous analysis is performed including ‘A/ts, the generators of the three-
body contact term, among the possible generators. The obtained parametrization
(8p) extends the parametrization (7p) to include the t3 parameter. As shown in
Table F.4, the larger number of parameters does not provide an improvement
in the fit of the Skyrme SV potential since the BIC is larger than in the case of
(5p). The parametrization (5p**) considers the parameters t,t1,t2,wp and ts, i.e.,
replaces the tgzy parameter in the original Skyrme SV with the parameter relative
to the three-body zero-range interaction. In the case (5p**) as in the case (5p*),
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Table F.3: Values of infinite nuclear matter quantities for the parametrization (5p)
of the Skyrme SV model functional (compare with Table B.1 for standard
value).

quantity value

Psat [fm™>] 0.15509 =+ 0.00001
ro [fm] 1.15463 4+ 0.00001
E/A [MeV] -16.04774 + 0.00001
m*/m 0.38289 =+ 0.00001
J [MeV] 32.82451 =+ 0.00016
L [MeV] 96.09112 =+ 0.00052

K [MeV] 305.67449 £ 0.00380

replacing one of the original generators corresponds to a large increase of the 2,
and a decreasing quality to reproduce Eq.(F.3).

Table F.4: Same as in Table F.2, but with the generator of the three-body contact
interaction ts included in the regression analysis. (8p) is the extension
of (7Tp) to include ts. (5p**) parametrization uses to, t1, ta, wo and ts as

generators.
‘ parameter ‘ Vav ‘ fit (8p) ‘ fit (5p**)
to -1248.29 | -1248.295 4+ 0.004 | -1429.26 =+ 7.85
toxo 212.21 212.162 + 0.028 - -
t1 970.56 970.567 =+ 0.007 1263.70 =+ 15.85
tlxl - 0.065 4 0.042 - -
to 107.22 107.237 4+ 0.018 121.02 =+ 2.63
toxs - -0.018 =+ 0.023 - -
Wy 150.00 150.000 4 0.001 197.36 =+ 2.26
t3 - -0.018 =+ 0.028 652.56 =+ 100.61
2 2.22x10~" 3.123
BIC 2372.7 10521.8
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F.2 Benchmarks for the matrix elements

The matrix elements for the generators ‘A/jge" corresponding to the coupling constant

C; are obtained from the generators ‘A/tj, derived in Appendix D, and from Eq.(C.7).
To check the correctness of the matrix elements, we can consider that, for a Hartree-
Fock state |®();)), it results

(@)IT + Vsv + AV (X)) = Tlp(A)] + Vv ()] + MV [p(A)], - (F4)

where the Coulomb interaction is neglected on both sides. The left-hand side can
be calculated with the SCGF method, at the Hartree-Fock level, and the matrix
elements V" we are interested to test. The right-hand side can be obtained
from an energy density functional solver after rescaling the coupling constants as
C; — Cj for j # i and C; — C; + ;. Specifically we compare the results from
the SCGF code Boccadorata [95] and the EDFs code HOSPHE [99]. Both use a
basis of spherical harmonic oscillator wave function, and we choose a model space
limited to N, = 9 and energy hw = 20 MeV. We select value of \; such that the
differences in total energy respect to the A = 0 case are of the order of few MeV.
The agreement between the perturbed energy from Green’s functions and from
EDFs is at the eV level for all the generators Ve VE VR VA VT Vi VI, v
and V.

F.2.1 Benchmarks for the three-body matrix elements

The three-body matrix elements for a zero-range potential are given in Eq.(E.15).
For an Hartree-Fock state that describes the ground state of a spin saturated
system, Ref. [44] shows that the expectation value of the three-body generator
Vi, (see Eq.(E.1)) is equivalent to the expectation value of the two-body density
dependent operator

(F.5)

A ~ r{ +r
Vag = (1 + 23P7) 6(ry —r2) P( - 2>’

2

with the parameter x5 = 1 fixed 2. We use this fact to benchmark the three-body
matrix elements, namely

<(I)()‘t3)|T + VSV + )‘tSVtS‘(D()‘ts» = T[p<)‘t3)] + VSV[P<)\t3)] + )‘ts‘/dd[p<)‘t3)]' (FG)

We compare the results from the SCGF code Boccadorata [95], for the left-hand side,
and the EDFs code HOSPHE [99], for the right-hand side. For testing purpose, we

2We remind that ‘A/t.g and Vg are multiplied by the parameter t3, respectively in the contri-
butions to the three-body d—interaction and to the density-dependent potential.
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select a model space limited to N,,., = 5 and energy hw = 14 MeV. The reduction
t0 Npez = D is necessary in order to have no truncation in the two particles basis
Ninaz(2) = 10 and in the three particles basis Np,q.(3) = 15. Otherwise the model
space is limited to Npaz(2) = Nipax(3) = 16 for larger single-particle model space,
Npae > 5, due to memory limitations.

The agreement between the perturbed energies is at the order of the eV, proving
the equivalence between the three-body zero-range interaction and the two-body
density-dependent potential.
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