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Abstract

We present extensions and new developments of the in-medium no-core shell model (IM-
NCSM), which is a novel ab initio many-method that merges the multi-reference in-medium
similarity renormalization group (MR-IM-SRG) with the no-core shell model (NCSM)—two
complementary and successful ab initio many-body methods.

Within the IM-NCSM framework, the MR-IM-SRG employs a correlated NCSM reference state
and unitarily transforms observables such that the reference state is decoupled. Consequently,
the model-space convergence of a subsequent NCSM calculation is substantially accelerated—
demonstrating the power of the IM-SRG decoupling scheme—and the IM-NCSM can treat
nuclei that are out of reach for traditional NCSM calculations.

In earlier applications we already employed the IM-NCSM for addressing scalar observables
w.r.t. ground and excited states in even open-shell nuclei, however, this initial formulation of
the IM-NCSM had several restrictions that we eliminate in this work.

Due to the spherical formulation of the IM-SRG equations—which is mandatory from a com-
putational point of view—the total angular momentum of the reference state is required to
vanish and, thus, the IM-NCSM was restricted to the treatment of even nuclei. The particle-
attached/particle-removed extension overcomes this restriction and makes odd nuclei acces-
sible. Furthermore, the spherical formulation of the IM-SRG equations did not account for
non-scalar operators and, therefore, the consistent transformation of electromagnetic observ-
ables was not possible. By deriving and implementing the IM-SRG equations corresponding
to non-scalar observables, we open up the possibility to calculate electromagnetic observables
from the IM-NCSM. These observables are sensitive to different aspects of the wave functions
and, therefore, ideal for validating theoretical models and new opportunities for fruitful col-
laborations with experimentalists are opened up. For the transformation of observables we
implemented a Magnus-type transformation, which determines the generator for the IM-SRG
transformation and greatly reduces the computational effort.

Considering numerical applications, we employ the IM-NCSM for the calculation of ground-
state energies, excitation energies, radii, magnetic dipole moments, electric quadrupole mo-
ments, B(M1) transitions, and B(E2) transitions, where we study various medium-mass nuclei
up to calcium isotopes. These calculations are already converged at very small model-space




sizes—showing the great advantage of the IM-NCSM—and the results are compatible with
large-scale NCSM calculations. These applications demonstrate that the IM-NCSM is now ca-
pable of addressing the full range of nuclear structure observables—including spectroscopic
and electromagnetic observables—in fully open-shell nuclei.
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Zusammenfassung

In dieser Arbeit stellen wir Erweiterungen und Neuentwicklungen des In-Medium No-Core
Shell-Model (IM-NCSM) vor. Das IM-NCSM ist eine neuartige Ab-Initio-Vielteilchenmethode,
welche die Multi-Reference In-Medium Similarity Renormalization Group (MR-IM-SRG) mit
dem No-Core-Shell-Modell (NCSM) vereint, wobei ein wesentlicher Aspekt des IM-NCSM die
Komplementaritat dieser beiden Methoden ist.

Im Rahmen des IM-NCSM verwendet die MR-IM-SRG einen korrelierten NCSM-Referenz-
zustand und transformiert Observablen derart, dass eine Entkopplung des Referenzzustands
erreicht wird. Folglich ist die Modellraumkonvergenz einer nachfolgenden NCSM-Berech-
nung wesentlich beschleunigt und das IM-NCSM kann Kerne behandeln, die fiir traditionelle
NCSM-Berechnungen unerreichbar sind.

In fritheren Anwendungen wurde das IM-NCSM bereits zur Berechnung von skalaren Obser-
vablen beziiglich des Grundzustands und angeregten Zustande in Kernen mit offenen Schalen
eingesetzt. Diese erste Formulierung des IM-NCSM hatte jedoch mehrere Einschriankungen,
welche durch diese Arbeit beseitigt werden.

Aufgrund der sphirischen Formulierung der IM-SRG-Gleichungen - welche unerlasslich fir
eine rechentechnisch effiziente Implementierung ist — muss der Gesamtdrehimpuls des Re-
ferenzzustandes verschwinden, woraus folgt, dass das IM-NCSM auf die Behandlung von
geraden Kernen beschrankt war. Die Particle-Attached/Particle-Removed Erweiterung des
IM-NCSM iiberwindet diese Einschrankung und macht die Behandlung von ungerade Ker-
nen moglich. Dariiber hinaus war die spharische Formulierung der IM-SRG-Gleichungen ein-
geschrankt auf skalare Observablen. Folglich war eine Transformation von elektromagneti-
schen Observablen nicht moglich. Mittels einer Herleitung und Implementierung von IM-
SRG-Gleichungen, welche den sphirischen Tensorrang der zu transformierenden Observable
variabel hilt, eroffnen wir die Moglichkeit elektromagnetische Observablen mittels des IM-
NCSM zu berechnen. Diese Observablen sprechen auf andere Aspekte der Wellenfunktion an
und sind daher von groflem Nutzen fiir die Validierung von theoretischen Modellen und bieten
neuen Mglichkeiten fiir Kollaborationen mit Experimentatoren. Fiir die Transformation von
Observablen haben wir eine Magnus-artige Transformation implementiert, welche den Gene-
rator der IM-SRG Transformation bestimmt und den Rechenaufwand erheblich reduziert.
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In numerischen Anwendungen verwenden wir das IM-NCSM fiir die Berechnung von Grund-
zustandsenergien, Anregungsenergien, Radien, magnetischen Dipolmomenten, elektrischen
Quadrupolmomenten, B(M1) Ubergingen und B(E2) Ubergéingen, bei denen wir verschiedene
mittelschwere Kerne bis zu Kalziumisotopen untersuchen. Diese Berechnungen sind bereits
bei sehr geringem Modellraumgréf3en konvergiert — was den groflen Vorteil des IM-NCSM
zeigt — und die Ergebnisse sind kompatibel mit grofiskaligen NCSM-Berechnungen. Diese
Anwendungen zeigen, dass das IM-NCSM nun in der Lage ist, die gesamte Fiille von Kern-
strukturobservablen zu berechnen - einschliefilich spektroskopischer und elektromagneti-
scher Observablen - in Kernen mit vollstdndig offenen Schalen.
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CHAPTER 1.

Introduction

Theoretical nuclear physics aims for an understanding of the structure and dynamics of nuclei
from first principles. To this end, two intertwined problems have to be addressed: The con-
struction of a nuclear Hamiltonian and the solution of the many-body Schrédinger equation—
both tasks are far from trivial.

For the construction of a nuclear Hamiltonian, we face the problem that the protons and neu-
trons a nucleus consists of are no fundamental particles—they are compounds of quarks and
gluons—and, therefore, the nuclear interaction is not fundamental. Instead, the underlying
theory is quantum chromodynamics (QCD)—the theory of the strong interaction between the
colored quarks and gluons.

Directly deriving a nucleon-nucleon interaction from the underlying theory is not possible
since QCD is highly non-perturbative in the relevant low-energy regime—which is also known
as the confinement of quarks and gluons into color-neutral hadrons.

However, one may construct a chiral effective field theory (yEFT) for low-energy QCD, where
one usually follows the suggestion of Weinberg [Wei79] and writes down the most general
Lagrangian that is consistent with the general symmetries of QCD—especially including the
broken chiral symmetry. As we are aiming for an effective theory describing the low-energy
regime of nuclear physics, it is the nucleons and pions—instead of quarks and gluons—that
are the relevant degrees of freedom. In this context, pions are the Goldstone bosons of the
spontaneously broken chiral symmetry, which are not massless as chiral symmetry is also
explicitly broken. Heavier mesons and nucleon resonances, however, are “integrated out”
and the effects of high-energy physics are taken into account by the so-called low-energy
constants (LECs), which have to be determined through a fit to experimental data.

A problem that arises within such an yEFT is that the Lagrangian still contains an infinite
number of terms. For that purpose, chiral perturbation theory (yPT) allows for ordering these
infinitely many terms w.r.t. their respective importance via an expansion in powers of (%) ",
where Q is the characteristic momentum or pion mass, A, =~ 1GeV is the chiral symmetry
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breaking scale, and v is the chiral order. As a consequence, each order v only contains a fi-
nite number of contributions [Wei90]. The first orders arising within this power counting
scheme are referred to as leading order (LO, v = 0), next-to-leading order (NLO, v = 2), next-
to-next-to-leading order (N?LO, v = 3) and so forth, where contributions at v = 1 vanish
due to parity and time-reversal symmetry. The great advantage of yPT is that it allows for a
consistent and systematic choice of interaction terms and explains the empirically observed
hierarchy of nuclear forces like, e.g., two-nucleon (NN) interactions are more important than
three-nucleon (3N) interactions. Another advantage of interactions derived from yEFT is their
direct connection to the underlying theory of QCD and the natural appearance of particular
many-body forces at a specific order. Therefore, interactions derived from yEFT are system-
atically improvable and, thus, in accordance with the ab initio spirit. In contrast, realistic
phenomenological potentials like, e.g., the CD-Bonn [Mac01]] and Argonne V18 [WSS95]] lack
this connection to an underlying fundamental theory and the inclusion of 3N forces—which
has been shown to be mandatory for an adequate description of nuclei—is less systematic.
For years, there was only a very limited selection of chiral interactions available such that we
usually employed the NN interactions at N°LO by Entem and Machleidt [EM03] and 3N inter-
actions at N°LO by Navratil [Nav07] . However, applying these interactions for nuclei beyond
the lower sd-shell revealed their shortcomings as ground-state energies and radii significantly
deviate from experimental data [Bin+14].

During the recent past, there is a new dynamic in developments of interactions derived from
XEFT. To give a few examples, there are interactions by Ekstrom et al. [Eks+15], which use
NN and 3N interactions at N°LO and include many-body observables for the determination
of its LECs—in contrast to the traditional approach, where only few-body data is employed.
Furthermore, there is the family of interactions from Entem, Machleidt, and Nosyk [EMN17]],
which consist of NN interactions up to N*LO, together with a non-local 3N interaction at
N3LO [Heb+15]—allowing for a study of the chiral convergence. Lastly, there is yet another
family of interactions that is developed within the LENPIC collaboration. For the construction
of these interactions, semi-local regulators are employed and one of the goals is to study the
convergence of the chiral expansion and to quantify theoretical uncertainties due to trunca-
tions of the chiral expansion through an order-by-order analysis [Bin+16; Bin+18; Epe+19].
This demonstrates that there is a remarkable effort for developing the newest generations of
chiral interactions, which eventually paves the way for a new era of high-precision theoretical
nuclear physics in the medium-mass regime.

The nuclear Hamiltonian, however, is not the only aspect in the context of calculations of nu-
clear structure observables: We still have to solve the Schrédinger equation, which cannot be
solved exactly and we have to employ controllable approximations. However, a well-known
property of realistic nuclear interactions are strong tensor forces and strong short-range re-
pulsions leading to strong couplings of high and low-momentum modes. Many-body calcula-
tions with these “bare” interactions pose a major challenge as the convergence of many-body
methods that rely on a basis expansion is slowed down—or even inhibited. The free-space
similarity renormalization group (SRG) [BFP07; BFS10; RNF10] tries to remedy this problem
by aiming for a generic decoupling of low and high momenta. As the SRG is usually carried out




in two and three-body space [Rot+14], the improved convergence behavior is accompanied
by an error due to the neglection of SRG-induced higher-order contributions.

In recent years ab initio approaches for the solution of the nuclear many-body problem were
developed at an exciting pace and tremendous progress has been made in this area. Broadly
speaking, the many-body approaches we will be mostly dealing with can be separated into
three classes: shell-model-type approaches, medium-mass methods, and hybrid methods.

Two important representatives of shell-model-type approaches are the valence-space shell
model [KB66; |Cau+05; (Cor+14] as well as the ab initio no-core shell model (NCSM) [Nav+07;
Nav+09; Bro01; BNV13]], which numerically solve a large-scale matrix eigenvalue problem
within a model space spanned by a set of many-body states. Thereby, they give direct access
to the eigenstates of the Hamiltonian such that we are able to obtain ground and excited-state
observables on equal footing. Aiming at an exact ab initio solution of the nuclear many-body
problem, the NCSM is one of the most successful methods available, however, it is limited by
its factorial scaling w.r.t. particle number of the nucleus considered and, therefore, its range
of applicability is restricted to p-shell—or lower sd-shell nuclei in the case of the importance-
truncated NCSM (IT-NCSM) [RN07; Rot09].

The in-medium similarity renormalization group (IM-SRG) [TBS11;TBS12; Her+13a], the cou-
pled cluster method [Wlo+05; Hag+07; [Hag+08; Bin+13b; Bin+13a]], and the self-consistent
Green’s functions approach [CBN13; Som+14]] are representatives of the class of ab initio
medium-mass methods. These methods employ fundamentally different truncation patterns
than shell-model-like approaches and scale much more mildly w.r.t. particle numbers making
medium-mass nuclei accessible. However, in their basic formulation they are restricted to the
description of ground-state observables of nuclei with shell or sub-shell closures.

It is the IM-SRG, which this work will be mostly dealing with, and that distinguishes itself
by the simplicity of its basic concept and flexibility. The IM-SRG is a rather new many-body
method employing the SRG framework for the unitary transformation of the Hamiltonian
such that a particular many-body reference state is decoupled from particle-hole excitations,
where the reference state is usually chosen as an approximation for the ground state of the
nucleus under consideration. The single-reference version of the IM-SRG—being restricted to
single Slater determinant reference states and, therefore, the calculation of ground states in
closed-shell nuclei—was first proposed by Tsukiyama et al. in [TBS11]]. However, in [Her+13a]
Hergert et al. introduced the multi-reference IM-SRG (MR-IM-SRG), which generalizes the IM-
SRG framework to correlated reference states and, therefore, open-shell nuclei are becoming
accessible. Using a particle-number projected Hartree-Fock-Bogoliubov (HFB) reference state,
the multi-reference IM-SRG was then successfully employed for even-mass isotopes in semi-
magic chains in [Her+13a; [Her+14].

Lastly, there is also the class of hybrid methods, which merge shell-model-like approaches
with medium-mass methods with the aim to merge the individual advantages, while overcom-
ing most of the shortcomings. Over the past few years, many hybrid methods have entered
the stage of ab initio many-body methods showing their great potential. The valence-space
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shell model relies on effective valence-space interactions, which, traditionally, are constructed
phenomenologically [KB66; (Cau+05} (Cor+09]. However, both the IM-SRG [TBS12; Bog+14;
Str+16;Str+17] and the coupled cluster method [Jan+16]] open up the possibility to derive non-
perturbative effective valence-space interactions within an ab-initio framework. Apart from
hybrid methods that are based on the valence-space shell model, various innovative NCSM-
based hybrid methods were developed like, e.g., the NCSM-PT [Tic+18], which consists of an
NCSM calculation in a small model space together with a low-order many-body perturbation
theory correction for capturing residual correlations.

Finally, we merged the MR-IM-SRG with the NCSM—which we refer to as IM-NCSM. Within
the IM-NCSM framework, the MR-IM-SRG employs a correlated NCSM reference state and
transforms the Hamiltonian and other observables in such a way that the model-space con-
vergence of a subsequent NCSM calculation is substantially accelerated. Through a consis-
tent evolution of observables, we gain direct access to observables w.r.t. ground and excited
states.

In earlier applications [Geb+16; |Geb17]], we employed the IM-NCSM for addressing ground
and excited-state observables in even open-shell nuclei. However, there were two major re-
strictions that are eliminated through this work: Firstly, only scalar observables could be con-
sistently evolved due to the spherical formulation of the IM-SRG equations—which is manda-
tory from a computational point of view. However, in order to meet the requirements for
modern many-body methods, the possibility to treat non-scalar observables is essential: Elec-
tromagnetic decay processes usually correspond to such non-scalar operators and—being sen-
sitive to different aspects of the wave functions—these processes may substantially contribute
to the validation of our theoretical models. To this end, we overcome this restriction of the
IM-SRG by explicitly accounting for eventual non-scalar contributions during the angular mo-
mentum coupling of the IM-SRG commutator equations. Secondly, our implementation of the
IM-SRG is restricted to reference states with vanishing total angular momentum so that only
even nuclei may be treated. While this restriction is hard to overcome in practical applica-
tions, we established an extension of the IM-NCSM that allows a treatment of odd nuclei after
all. With these and other developments and investigations that are presented in this work,
the IM-NCSM is now able to study the full range of nuclear structure observables in fully
open-shell medium-mass nuclei.

This work is organized as follows: In chapter [2| we discuss the most important aspects of
the NCSM, which includes the IT-NCSM and single-particle bases other than the harmonic
oscillator. The basic concepts of single and multi-reference normal order and related approxi-
mation schemes—which are a fundamental ingredient for the formulation of the IM-SRG—are
addressed in chapter (3] Throughout chapter [4| we cover the basic concepts of the IM-SRG:
After a brief summary of the general SRG framework and the free-space SRG, we discuss pos-
sible choices for the reference states, the IM-SRG(2), the Magnus formulation, the construc-
tion of adequate generators, and an illustrative application of the single-reference IM-SRG.
In chapter [5| we present the more involved details of commutator evaluations—which are the
computationally most time-consuming part of the IM-SRG. After discussing the m-scheme




commutator equations, we give a summary of angular momentum theory and spherical tensor
operators, followed by a derivation of the spherical commutator equations via diagrammatic
angular momentum coupling techniques. In chapter[6]the IM-NCSM and most of our new de-
velopments are discussed. After illustrative applications of the IM-NCSM and an explanation
of the details of the IM-NCSM framework, we will address several methodical improvements,
extensions, and investigations: the optimization of generators, studies of the dependence on
the reference state, the particle-attached/particle-removed extension for the treatment of odd
nuclei, and the calculation of observables—including electromagnetic transitions. After hav-
ing studied the characteristics of the IM-NCSM, we apply this many-body method for an in-
vestigation of oxygen, fluorine, and neon isotopes and explore the dependence on the chiral
interaction in chapter 7} Finally, a summary and an outlook is given in chapter







CHAPTER 2.

No-Core Shell Model

Aiming at an exact ab initio solution of the nuclear many-body problem employing state-
of-the-art realistic nuclear interactions, the no-core shell model (NCSM) is one of the most
successful methods available [Nav+09; BNV13]. Formally, the NCSM belongs to the class of
configuration interaction (CI) approaches which numerically solve a large-scale matrix eigen-
value problem within a model space spanned by a set of many-body states and, thereby, give
access to the eigenstates of the Hamiltonian. Conceptionally, the NCSM is a rather simple
approach from which we are able to obtain ground and excited-state observables on equal
footing. However, the NCSM is limited by its factorial scaling w.r.t. particle numbers of the
nuclei considered and, therefore, its range of applicability is restricted to p-shell and lower
sd-shell nuclei. Even though it may not be applied to nuclei beyond the lower sd shell in
its standard formulation, the NCSM is a many-body method of greatest importance within
theoretical nuclear physics. In the context of other many-body methods with more involved
truncation patterns, due to its exact nature the NCSM sets a standard that other methods
have to compete against and which allows us to quantify the effects of inherent truncations
on numerical results.

Three complementary remedies for the aforementioned limitations of the NCSM, which al-
low us to significantly extend the reach of the NCSM and which may be used individually or
in conjunction with each other are presented throughout this work. Firstly, we will be ad-
dressing the so-called importance-truncated NCSM (IT-NCSM) [Rot09]] in section [2.3| which
employs low-order multiconfigurational perturbation theory for discarding basis states that
are irrelevant for the description of specific eigenstates of a Hamiltonian and, thereby, signif-
icantly reduces the model-space size. Secondly, we will introduce and motivate the natural
orbitals [Tic+19] in section[2.4]as an alternative single-particle basis that exhibits greatly im-
proved convergence properties in NCSM calculations. Lastly, we will address so-called hybrid
methods, i.e., combinations of the NCSM with other “traditional” many-body methods. The
discussion of this aspect is not confined to this chapter but a large part of this work is dedi-
cated to the in-depth discussion of the foundation, details, and numerical application of such
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an hybrid method: the so-called in-medium no-core shell model (IM-NCSM). It combines the
multi-reference in-medium SRG (MR-IM-SRG) [Her+13a]] with the NCSM in order to over-
come most of their individual shortcomings while preserving most of their advantages. Over
the past few years, many other NCSM-based hybrid methods have entered the stage of ab
initio many-body methods and were successfully applied in the context of nuclear structure
theory like, e.g., the NCSM-PT [Tic+18], showing the great potential that originates from
future developments and advancements of such hybrid methods.

2.1. Basic Concepts

Considering the general quantum properties of a nucleus, it can be described as a fermionic
A-body system. As such, it is associated with the antisymmetric A-body Hilbert space H5™
which solely consists of antisymmetric many-body states. Therefore, the NCSM employs a
model space spanned by a set of Slater determinants {|¢;)}, i.e., antisymmetrized product
states, where each Slater determinant |¢;) consists of A harmonic oscillato single-particle
states |p;). Therefore, an arbitrary Slater determinant |¢) may be written as

16> = [pipz-.pa> = NALA([py @ |p2y @ @ pad ) , (2.1.1)

where A denotes the well-known antisymmetrizer. Note that the set of all Slater determinants
forms a basis of H%*®. Each single-particle state |p) can be written as

Ip) = [n(ls)jmjtm;) = [nljmjm;) (2.1.2)

where n denotes the radial quantum numberf] I denotes the orbital angular momentum, s
refers to the spin, j stands for the total /s-coupled angular momentum, m; refers to the projec-
tion quantum number with regard to j, t denotes the isospin, and m; its associated projection.
Note that, for brevity, we usually omit the spin s and isospin ¢ information as both are simply
% for nucleons. Additionally, the principal quantum number is defined as e = 2n + [ such that
the harmonic oscillator single-particle energy is given through e = (e + %)hQ.

Without any truncation pattern on either the single-particle basis or the many-body basis,
the many-body model-space dimension would be infinite. Considering the NCSM, the model
space is solely truncated through an upper limit on the unperturbed excitation energy of each
many-body basis state of Ny,.xhQ. For illustrating this truncation scheme, let us, firstly, define
the energy E of a Slater determinant as the sum of the single-particle harmonic oscillator

!Strictly speaking, the very notion of the NCSM goes hand in hand with the harmonic oscillator basis which
has some striking features as we will see in a moment. However, in the context of this work the discussion of
this basic formulation of the NCSM is mostly of educational value: It serves as a reasonable starting point for
extending the NCSM with regard to other single-particle bases. This extension is straightforward and practical
applications throughout this work will usually be based on other single-particle bases than the harmonic
oscillator.

*We employ the convention n =0, 1,2, ....
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Figure 2.1.: This figure schematically illustrates the truncation scheme that is employed for
the construction of an Nyx-truncated model space as it is characteristic for the
NCSM approach. On the left-hand side one of the base determinants of #0 is
depicted: 8 protons and 8 neutrons are filling up the 1s and 1p shell, respectively,
and 2 neutrons are only partially filling up the 2s and 1d shell. Due to the fact that
there are multiple energetically degenerate determinants that only differ by the
specific orbitals the two upper neutrons are occupying the Np,x = 0 model space
of 80 is multidimensional. The right-hand side shows an example for a Slater
determinant with N = 4 harmonic oscillator excitation quanta, i.e., a basis state
which would be included within a model space with Np.x = 4.

energies. Secondly, we define the base determinant |¢,) as a determinant which minimizes
this energy. Employing the previous two definitions, the unperturbed excitation energy E* of
a determinant |¢;) may now be easily defined as the energy difference between itself and the
base determinant |@,». Furthermore, the number of harmonic oscillator excitation quanta N
of a determinant is given through N = 5—9 Using this definition, it will prove as useful to
employ |¢N ) as a short-hand notation for referring to the i-th NCSM basis state with exactly
N harmonic oscillator excitation quanta. Therefore, the Nyax-truncated model space can now
be written as the span of its many-body basis

MPNmax = Spal’l({|¢f\l> ‘ N = Nmax}> . (2.1.3)

The corresponding eigenstates obtained from solving the eigenvalue problem are given in
terms of superpositions of basis determinants

ey = Y el (2.1.4)

M)j e M Nmax

where c;; may be associated with the overlap between the eigenstate |¢lN mx % and the NCSM
basis state [¢;). The characteristic truncation scheme of the NCSM is further illustrated by
means of fig. It depicts the base determinant as well as a determinant with four harmonic
oscillator excitation quanta with regard to '#0.

Note that, as it is only the Np,x truncation scheme of the model space that separates the
NCSM approach from an exact treatment of the Schrédinger equation, we have to study the
impact of this Ny truncation on numerical results, i.e., assess convergence rates w.r.t. Nipax
and eventually assign meaningful uncertainties.




Chapter 2. No-Core Shell Model

A striking advantage of the harmonic oscillator basis within the context of the NCSM is that
it leads to a separation of intrinsic and center-of-mass degrees of freedom, whereby the in-
trinsic part of these eigenstates is translationally invariant In other words, any eigenstate
|1 > factorizes into an intrinsic part |¢in; » and center-of-mass | ) part

|¢> = |l//int> ® |¢cm> s (2.1.5)

which only depend on relative and center-of-mass coordinates and momenta, respectively.
Furthermore, eigenstates with the same intrinsic component but different center-of-mass com-
ponents are degenerate. For removing eigenstates with an excited center-of-mass component
from our spectrum, we follow the scheme outlined in [RGP09]], which eventually goes back to
Gloeckner and Lawson in [GL74], and add a center-of-mass Hamiltonian that purely acts on
the center-of-mass part of our wavefunction

~

ﬁtot = I:Iint + AemHem - (2.1.6)

The center-of-mass Hamiltonian may be constructed as

A2

. P mQA.2 3

Hyy=——+—R -ZhQ 2.1.7
o= oAm T 2 2 (2.1.7)

where m refers to the nucleon mass and P and R” refer to the center-of-mass momentum
and coordinate, respectively. It is noteworthy that the last term within the definition of Hem
ensures that the center-of-mass ground-state energy is shifted to zero. By using non-zero
values for A, and solving the eigenvalue problem for Hiot, we have resolved the aforemen-
tioned degeneracy and are shifting eigenstates with an excited center-of-mass component to
higher eigenvalues, i.e., removing those eigenstates from the energetically lower part of the
spectrum.

We would like to remark that a problem that comes along with any single-particle basis other
than the harmonic oscillator basis when employed in the NCSM is that the factorization of
intrinsic and center-of-mass degrees of freedoms is not exact anymore and only recovered
for Npax — 0, ie., the exact solution. While the diagonalization is still based on a total
Hamiltonian given through egs. and (2.1.7), we have to be careful regarding the specific
choice for the scaling parameter Acy,. This is due to the fact that the factorization of eigenstates
is not exact anymore: A¢y, has to be chosen large enough such that approximately degenerate
eigenstates are shifted upwards in the spectrum and it should be as small as possible such that
its action on dominantly intrinsic eigenstates is kept at a minimum. Two common diagnostics
for assessing the center-of-mass impact on an eigenstate |1/ ) is the calculation and tracking
of ¢ ¢|ﬁcm| /> and the behavior of ¢ ¢|I:Itot| ¥/ » under variations of A¢y. Considering numerical
calculation we have found that the optimum for Ay, lies in the range of 0.2 to 1.

*We will discuss the case for single-particle bases other than the harmonic oscillator later on.
*Within this work the NCSM is usually employed within the context of the IM-NCSM. As a consequence, we do
not employ the harmonic oscillator single-particle basis but a more abstract “IM-SRG basis”.
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A further advantage of the NCSM approach is its versatility: We are able to calculate ground
and low-lying excited states and, as we have direct access to the eigenstates of the Hamilto-
nian, a large range of nuclear structure observables like, e.g., energies, radii and transitions
may be obtained with little effort. Also the extension to three-body or even four-body inter-
actions is straightforward—in contrast to other many-body methods like, e.g., the IM-SRG.

The only limitation of the NCSM is the factorial growth of the model-space size w.r.t. the
particle number A and excitation energy Ny.xiQ. As we are not aiming at a full diagonal-
ization of the Hamilton matrix but are only interested in a few low-lying eigenstates of the
Hamiltonian we are employing a Lanczos-type algorithm, which massively reduces the com-
putational effort and makes calculations with many-body model space sizes up to 10° or even
10'° [MVS09] possible. However, considering, e.g., 1°0 even such huge model-space sizes are
already reached at around Ny,,x = 10 which is usually not sufficient for obtaining converged
results w.r.t. Npax. Therefore, such “traditional” NCSM calculations are limited to the descrip-
tion of nuclei with mass numbers A < 16 [Bin+18]E]

2.2. Symmetries

For further reducing the model-space size and, as a consequence, extend the reach of NCSM
calculations, we may take rotational symmetry and parity conservation into account.

As the Hamiltonian is rotationally invariant it follows that the eigenstates are degenerate w.r.t.
the projection quantum number M of the associated A-body total angular momentum J. As
M;j is an additive quantum number it is simply given through the sum of the single-particle
projection quantum numbers

A
My =3 m, (2.2.1)
i=1

and we can project the model space M onto one specific M;. Assuming that we do not want
to impose any further restrictions on the total angular momenta of the eigenstates contained
in the model space, we are usually using the lowest possible absolute value for Mj, i.e., Mj = 0
and Mj = % for nuclei with even and odd particle numbers, respectivelyﬂ

Furthermore, the Hamiltonian is parity conserving and, thus, we may even further reduce the
model-space size by including positive or negative parity basis states only. The parity of a
Slater determinant is given through the product of the parities of the single-particle states it

>These numbers already refer to calculations with free-space SRG (see chapter transformed interactions. Cal-
culations with “bare” interactions limit the range of applicability to even lighter nuclei.
Note that a model space restricted to, e.g. , M = 1 does not contain eigenstates with J = 0 anymore.

11
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consists of. As the parity of a single-particle state |nljm;m;) is given through (-)! the parity
IT of a determinant can be written as

A
Il = H(—)’i . (2.2.2)
i=1

1

Note that we are usually restricting the model space to states with natural parity— the parity
of the uncorrelated ground state predicted by the naive shell model— as opposed to basis states
with unnatural parity. Due to the opposite parity of two determinants which are associated
with consecutive numbers of excitation quanta, N and N + 1, respectively, the inclusion of
parity conservation implies that the model space exclusively consists of basis states with either
an even or odd number of excitation quanta N and, as a consequence, the truncation parameter
Nmax has to be increased in steps of two.

Summarizing, the Nyax-truncated model space Mﬁ‘;"“ﬁ that takes parity conservation and ro-
tational invariance into account and is used for representing the underlying Hamiltonian and
for solving the large-scale matrix eigenvalue problem, can now be written as

Mﬁ‘;aﬁ = span<{|¢f\]> | N < Npay, |¢Y ) has parity IT and projection M; }) , (2.23)

where the parity II is usually determined through the parity of the Njpax = 0 (Nmax = 1) con-
figurations for natural (unnatural) parity eigenstates and for even (odd) total particle numbers
we usually use M; = 0 (M; = 1).

2.3. Importance Truncation

One possibility to overcome the limitations of the NCSM due to the growth of its model space
to untractable sizes is the so-called importance truncation leading to the importance-truncated
NCSM [RNO07; Rot09]. It introduces an a priori measure for selecting only the physically most
relevant basis states necessary for an adequate description of specific eigenstates while taking
the properties of the underlying Hamiltonian into account. As shown in [Rot09]], a substantial
amount of basis states may be discarded without an impact on the quality of the description of
certain eigenstates. As a consequence, the size of such an importance-truncated model space is
massively reduced compared to the model-space size of an associated full NCSM calculation.
Thus, this scheme allows us to extend the reach of the NCSM to higher Nj.x and particle
numbers A.

For discussing the principles of the importance-truncation scheme within the NCSM frame-
work, let us begin with a brief summary of multi-configurational many-body perturbation
theory (MCPT). For this purpose, let us assume that we are starting from a full model space
Mgy spanned by a set of many-body basis states {|¢;>}. Furthermore, M, shall be a sub-
space of My, and |¢r.r) an eigenstate living within M,.r. In the following, we will be using

12



2.3. Importance Truncation

| et as a first approximation or, in other words, zeroth-order approximation for the corre-
sponding eigenstate we are interested in. Following the general idea of MCPT for estimating
low-order corrections to the reference state |¢ref) we have to separate the Hamiltonian into
an unperturbed part Hy part and a perturbation w. Using | i) as the unperturbed state, this
separation may be performed as follows

I:IO = 6ref|¢ref>< lpref| + Z €i |¢1><¢1| > (2-3~1)

¢ M et

with €. = (%efm |Yrer> and the unperturbed energies chosen as €; = €. + A¢;, which is asso-
ciated with the Moller-Plesset-type formulation of MCPT['| Using this approach, the zeroth-
order contribution to the eigenstate is the reference state itself and the first-order correction
is given through

0= ¥ e = 3 =T 232)

=K;

where we defined the so-called importance measure k;. This a priori importance measure k;
plays a central role: It assesses the significance of a basis state |¢;) lying outside of M,.s for
the description of an eigenstate of the Hamiltonian, which, in zeroth-order, is described via
| Yret). The so-called importance threshold xpi, imposes a lower limit on the absolute value of
the importance measure |x;| such that we include only those basis states in our model space
with |k;| > kmin and discard all others

In the context of the Np.xhQ truncated space of the NCSM, the general idea of importance
truncation may be implemented by means of a sequential scheme as will be outlined in the
followingﬂ Starting with a full NCSM calculation in a small Ny.xAQ space, we obtain an
initial reference state |¢yr). Employing this reference state, we then construct an importance-
truncated (Npax + 2)RQ space and perform an NCSM calculation within this space from which
we obtain a new, updated, reference state. This updated reference state is then used for the
construction of the importance-truncated (Nyay + 4)A<Q space and so on. Compared to the full
NCSM the computationally most demanding part of the IT-NCSM is now the construction of
the importance-truncated space, whereas the diagonalization itself is computationally much
less consuming due to the fact that the importance-truncated model space is much smaller.
As the computational cost drastically increases with the number of basis states the reference
state |yrer) is composed of, we only take those basis states into account whose contribution
to the reference state is larger than cyi,. Usually, this rather technical ¢y, truncation pa-
rameter is of the order 1x 10™* and is chosen such that the impact on numerical results is

"Employing this definition, the unperturbed reference state is an eigenstate of the unperturbed Hamiltonian and
the zeroth-order energy correction is the expectation of the full Hamiltonian w.r.t. the reference state.

8Note that the idea of importance truncation is very generic and may also be used in other contexts.

°The sequential scheme has been found to be the most efficient scheme.
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negligible. For taking the impact of the ki, truncation on calculated observables into ac-
count, we perform calculations at each Ny, for a whole sequence of increasing ki, val-

ues, i.e., {Kgl Kl 2

i Kmins Kimins -1 from which we obtain a corresponding sequence of observables

{E(x%,.), E(x}), E(k2,,), .-} As the full NCSM is recovered in the limit ki, — 0 at each
Nmax, we perform an a posteriori threshold extrapolation to vanishing importance thresholds
from which we obtain an approximation for the full NCSM E(ky, = 0) together with an

uncertainty estimation AE(kpin = 0).

Note that the scheme for the construction of the importance-truncated model space may be
easily extended such that not only one but several eigenstates are taken into account. Having
defined a specific importance threshold xpmin, a basis state |¢,) is included in the importance-
truncated model space if its importance measure w.r.t. any reference state is above the impor-
tance threshold.

2.4. Single-Particle Basis Optimizations

The convergence of NCSM calculations w.r.t. Njy.x may be significantly improved through the
choice of alternative single-particle bases Two alternative single-particle bases that play
a dominant role within the context of this work are the Hartree-Fock basis and the natural-
orbital basis. Note that especially within the context of the IM-NCSM (see chapter [6), other
single-particle bases than the harmonic oscillator are particularly valuable for optimizing the
NCSM-based reference state.

Hartree-Fock Basis. The simple picture that the eigenstate of an A-body nucleus is rep-
resented by a Slater determinant, i.e., an anti-symmetrized product state which consists of A
single-particle states where each is occupying a specific orbit is only a crude approximation.
Such a mean-field picture would only be true if the nucleons were moving within an external
potential with no inter-nucleonic forces. However, the opposite is true: A nucleus is a highly
correlated many-body system, i.e., the nucleons are strongly interacting.

Even though a Slater determinant might not be adequate for representing the exact ground-
state, we may aim for the construction of a Slater determinant that is energetically as close
to the ground state as possible—this is the Hartree-Fock approximation. Formally being a
Rayleigh-Ritz variational problem of the form

(DHIDY \

Note that the notion of the NCSM usually implies the employment of the harmonic oscillator single-particle
basis while, strictly speaking, the mere generalization to any other basis would require the notion of an CI
approach.
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it aims for minimizing the energy of a Slater determinant |®) by conducting a particularly
constructed unitary single-particle basis transformation. The variational problem eventu-
ally leads to the nonlinear Hartree-Fock equations which can be solved iteratively until self
consistency is reached (which means that the single-particle states are not changing any-
more from one iteration to the next). Once the iteration is converged, we obtain a self-
consistent mean field together with its associated eigenstates and eigenenergies—the Hartree-
Fock single-particle states and single-particle energies.

The Hartree-Fock approximation is not only useful as a many-body method on its own, but
more importantly a good starting point for more sophisticated many-body methods that ex-
plicitly include the effects of correlations. This is due to the fact that the corresponding
single-particle basis transformation is conducted with regard to a specific nucleus and, as
a consequence, the Hartree-Fock single-particle basis already reflects to a certain extent the
fundamental properties of the nucleus under consideration.

The Hartree-Fock approximation is a standard tool of, e.g., nuclear structure physics and quan-
tum chemistry and, therefore, well-covered in the literature and more general information on
the construction and details of the Hartree-Fock approximation can be found in, e.g., [SO96;
Suh07} RS80].

As successful as the Hartree-Fock basis might be applied within the context of, e.g., the single-
reference IM-SRG, or coupled cluster theory [Hag+16; Hag+14] for targeting medium-mass
nuclei, it comes along with major problems when employed in NCSM-like approaches, as it
has already been pointed out in [Tic+19]. Broadly speaking, this is due to the fact that the
Hartree-Fock approximation is eventually aiming for an uncorrelated mean-field and only
variationally optimizes occupied single-particle states while unoccupied states are only fixed
through orthonormality. The interplay of, firstly, deficiencies of the wavefunctions of unoc-
cupied Hartree-Fock states, and secondly, the fact that the Nj.x-truncated model space does
not fully resolve the single-particle space in which the Hartree-Fock transformation takes
place, leads to the fact that the Hartree-Fock basis does not enhance but even impedes the
Nmax convergence. As a consequence, the Hartree-Fock basis is not an adequate choice for
the NCSM.

Natural Orbital Basis. Another alternative single-particle basis with advantageous proper-
ties is the natural orbital basis: It does not only enhance the Ny, convergence of observables,
but also removes the AQ dependency [Tic+19]. Generally, the natural-orbital basis is the eigen-
basis of the one-body density matrix. While there exist several approaches for the construction
of this one-body density matrix, which differ by the amount of correlations they are taking
into consideration, we found that it is sufficient to employ a second-order corrected one-body
density matrix which originates from many-body perturbation theory. An advantage of this
approach—in contrast to approaches, which employ a fully correlated ground-state from, e.g.,
a previous NCSM calculation, for the construction of the density matrix—is computational
simplicity.
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Due to the fact that all single-particle states—including those that are not occupied within
the Hartree-Fock Slater determinant—are contributing to the correlated ground-state and to
the one-body density matrix it follows that also all single-particle states are eventually opti-
mized.

For more details on the natural orbitals like, e.g., their construction and a comparison of NCSM
calculations employing the harmonic oscillator, Hartree-Fock, and natural orbital basis can be
found in [Tic+19] and references therein. Due to their advantageous properties, the natural
orbitals are most commonly employed within the IM-NCSM framework as will be discussed
in more detail in chapter|6]
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CHAPTER 3.

Normal Order

In this chapter we discuss one of the cornerstones of this work: The concept of normal order,
which is employed in this work for the truncation of operators at a specific particle rank in
a systematic and controllable manner. This truncation is necessary as analytic complexity
as well as computational effort increase dramatically for higher particle ranks. Furthermore,
normal order is a fundamental ingredient of the IM-SRG framework, reflected by the fact that
operators within the IM-SRG are entering in normal-ordered form up to a specific particle
rank. More specifically, we are usually employing the normal-ordered two-body (NO2B) ap-
proximation [Rot+12;|GCR16]), i.e., operators are included up to the normal-ordered two-body
rank. Additionally, normal ordering also lays the foundation for the evaluation of many-body
matrix elements by means of an application of Wick’s theorem.

Broadly speaking, normal ordering reassigns specific parts of an operator to lower particle
ranks based on a so-called reference state |;er). This reference state should already capture
the main structure of an eigenstate of the quantum system under consideration to a certain
degree, such that correlations represented by the reference state are already absorbed into the
normal-ordered Hamiltonian. Usually, an approximation for the ground state is chosen as the
reference state.

Often, normal order is only defined w.r.t. a single Slater determinant reference state |¢s.f),
which is referred to as single-reference normal ordering. This approach is only applicable to
closed-shell systems as only here a Slater determinant may represent an adequate approxi-
mation for the ground state and can, therefore, be used as a reference state. In the context of
single-reference normal ordering, the reference state is interpreted as a physical vacuum and
defines occupied and unoccupied single-particle states as hole and particle states, respectively.
Furthermore, a particle-hole picture is employed for redefining specific creation and annihi-
lation operators to quasiparticle creators and annihilators. Single-reference normal order is
then nothing but a particular order of a product of annihilation and creation operators such
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that its expectation value w.r.t. |1, vanishes. For more information on the topic of single-
reference normal order that goes well beyond the following introductory discussion see, e.g.,
[BS09].

For open-shell nuclei it is not sufficient to use a single Slater determinant as a reference
state due to the fact that there are usually many energetically degenerate Slater determinants.
Therefore, we may resort to a multi-determinantal approach, i.e., an approach in which the
reference state can be represented by superposition of single Slater determinants. Obviously,
in this case the single-reference normal order approach, which is based on a particle-hole
picture, breaks down. For that purpose, Kutzelnigg and Mukherjee generalized the concept
of normal order to multi-configurational reference states [KM97]] and we will mainly follow
their line of thought here. However, we will employ a slightly different notation, which was
first introduced by Kong, Nooijen, and Mukherjee in [KNM10|]. Note that, besides both of
the aforementioned references, an educationally valuable introduction into the topic of multi-
reference normal order can also be found in [|Geb17; Her17].

3.1. Second Quantization

Considering the antisymmetric Fock space F?, the so-called basic creation and annihilation
operators written as a” and a,, respectively, are formally defined by their action on a Slater
determinant as follows

& pr . pa) = {Ippl pa>  Hp&ip..pat (3.1.1)
0 else
k-1 :
R - oo Phe1Pks1 .- DAy i p=
) 1pr - pa) = ()" P1 o Pr-1Prer - A p=pr ‘ (3.12)
0 ifpe{p....pa}

From this definition we obtain the well-known anticommutation relations
# oal =la . a] = P oal =
[a ,a]+—[ap,aq]+—0, [a ,aq]+—5pq. (3.1.3)
For convenience, we will employ the following notation for strings of basic creation and an-
nihilation operators

AP1---Pn _ AP1 APn 4 A
agtr=alt..aag ..a, (3.1.4)

and exclusively consider particle-number conserving strings, i.e., only those With the same

number of basic creation and annihilation operators. Note that we refer to a f;,': as a basic

n-body operator. An arbitrary n-body operator O can now be written as

- ‘2 Z Obr-bn G-t (3.1.5)

ql
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where Oglljjfg: ={p1... pn|é|q1 ... qny depicts an n-body matrix element.

Let us now introduce an index convention that is most commonly used throughout this work.
We employ either letters of the Latin alphabet p, g, ... or plain numbers 1, 2, ... as single-particle
state indices such that a two-body matrix elements may be written, e.g., as O;z . In contrast,
letters of the Greek alphabet ¢, ¢/, ... are usually used as many-body state indices such that
many-body states are usually expressed as, e.g., |§),|¢/), ...

3.2. Single-Reference Normal Order

Let us begin with the more simple case of normal order w.r.t. a single Slater determinant refer-
ence state |Yrer) = |p1 ... pay. The single-particle states |p; ), ..., |pa) occupied in this reference
state are called hole states, whereas states that are unoccupied are called particle states. Fur-
thermore, let us assume that together the occupied and unoccupied single-particle states form
an orthonormal basis set. We may interpret the reference state | ;) as a physical vacuum by
taking the following relations into account

di|¢ref>=05 &i|¢ref>¢oy &a|¢ref>7&0’ da|¢ref>=03 (3-2'1)

where the indices i and a refer to a hole and a particle state, respectively. It becomes clear
that—employing a particle-hole picture—we may reinterpret d’ and a, as quasiparticle anni-
hilator and a; and a* as quasiparticle creator. The term (single-reference) normal order and
the associated normal order operator may now be defined as follows.

Definition 3.2.1: Normal Order

An arbitrary string of creation and annihilation operators denoted as X - X, is said to be
in normal order if all quasiparticle annihilators appear right to all quasiparticle creators

Definition 3.2.2: Normal Order Operator

The normal order operator—denoted by means of two curly brackets { X1 X} enclosing
their argument—brings an arbitrary sequence of creators and annihilators X, - X, into
normal order via applying a permutation 7 to the order of its arguments and including
a phase factor reflecting the sign of the specific permutation 7z

{Xl Xn} = (_)Sgn(ﬂ) Xﬂ(l) Xn(n) . (322)

A~

For avoiding ambiguities, the specific reference state |i/;ef) w.r.t. which a product X1 X
is in normal order may be indicated through a subscript like, e.g., { X1 -+ Xy }|y;.r)-
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Note that the result of the normal order operator is not unique as there may be several se-
quences that are all compatible with the definition of normal order, which is illustrated by the
following examples

{a"a, a,a%} = 4, a%a"a, =-a%a,d"a, = .. (3.2.3)

An important aspect of normal order is that the expectation value of a normal-ordered product
w.r.t. the reference state always vanishes

(Yrefl{ X1 oo X et = 0. (3.2.4)

This particular property will become a fundamental ingredient for the following definition of
multi-reference normal order.

A~

In practical applications we are often interested in expressing a sequence of operators X1 ... X,
in terms of normal-ordered products. In principle this can be achieved via iteratively applying
the fermionic anti-commutation relations shown in eq. (3.1.3). However, the direct application
of these anti-commutation relations can get very time-consuming and tedious. The remedy
for this problem is Wick’s theorem which gives us a simple and straightforward formula for
expressing a product as a sum of its corresponding normal-ordered products.

Theorem 3.2.1: Wick’s Theorem

An arbitrary product of operators is equal to its normal-ordered product plus all possible
normal-ordered products with single contractions

NN AN PO U A
Xp Xy = { Xy Xp} + Z {Xy X X X} (3.2.5)

all contr.

where a contraction is a complex number and a normal-ordered product with a single
contraction is defined as

{Xl'"Xi'“Xj"'Xn}
=XiX; () F Xy Xia Xy - X1 Kjor -+ X} (3.2.6)

and 7 refers to permutation necessary for X; and Xj being next to each other without
changing their original order.

The question how we can determine the value of a specific contraction is given by Wick’s
theorem itself. Applying Wick’s theorem to the product X; X; and considering the expectation
value of the resulting equation, we obtain

X el = et (1%} + X0 ) Yrer? (32.)
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3.2. Single-Reference Normal Order

Taking into account that a contraction is defined as a complex number and that the expectation
of a product in normal order vanishes yields

X1X2 = <¢ref|X1X2|‘//ref> . (3.2.8)

As we are using a single Slater determinant as reference state there are only two non-vanishing
contractions that we need to consider. The first type is called a hole contraction

[
&pdq = <¢ref|&p&q|¢ref> = }/5 > (3-2-9)

where y refers to the one-particle density matrix of the reference state. The second type of
non-vanishing contraction is also called particle contraction

1
a,a% = (Yrefl @y @\ rety = 75 = 68 - v} (3.2.10)

where we used y for referring to the one-hole density matrix. For the single-reference case
the aforementioned density matrices simplify as follows

yh =nydl, (3.2.11)
7h =1 -n)dk, (3.2.12)

where n,, indicates a so-called occupation number, formally defined as follows

1 if pis hole stat
np={ if p is hole state (3.2.13)

0 if p is particle state ~

which refers to the eigenvalues of the diagonal one-body density matrix whose value is—in
the single-reference case—either zero or one.

Finally, the generalized Wick’s theorem deals with products of normal-ordered products.

Theorem 3.2.2: Generalized Wick’s Theorem

A product of two normal-ordered products evaluates to

(X0 XY Yo} ={X0 o X Yy Vi)

1
bY (Re Ke KB B V) (3:2.14)

ext. contr.

where only external contractions have to be taken into consideration, i.e., contractions
I

between different original normal-ordered products like, e.g., Xi Y]

Therefore, Wick’s theorem gives a formula for the efficient evaluation of products of normal-
ordered products.
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Chapter 3. Normal Order

3.3. Multi-Reference Normal Order

For the case of a multi-determinantal reference state, which can be written as a superposition
of single Slater determinants

Yret> = D cil$i> (3.3.1)

i

it is not directly clear how to define normal order in a traditional particle-hole sense. This is
due to the fact that for a multi-determinantal reference state there is no clear distinction any-
more between occupied hole and unoccupied particle states and as a consequence a reordering
that is primarily based on such an assignment is not applicable anymore. However, in [KM97]
Kutzelnigg and Mukherjee generalized normal ordering such that it becomes well-defined and
applicable within the context of multiconfigurational reference states, which we will be refer
to as multi-reference normal ordering. In the following we will outline the guiding principles of
this generalization, even though we will use a slightly different notation introduced by Kong,
Nooijen, and Mukherjee in [KNM10].

The generalization of normal ordering w.r.t. multi-determinantal reference states is based on
the following three guiding principles.

1. Normal-ordered operators w.r.t. any reference state must be linear combinations of
normal-ordered operators w.r.t. the vacuum.

2. The expectation value of a normal-ordered product w.r.t. the reference state |¢/;.¢) must
vanish.

3. If the reference state |(f) is a single Slater determinant, the single-reference normal
order must be reproduced.

Within the context of multi-reference normal order, k-body density matrices y!¥! are a funda-
mental ingredient. The matrix elements of y{¥] are given through the relation

YE B = (el @ P ey (3.3.2)

Furthermore, we will be employing the antisymmetrizer A, which fully antisymmetrizes an
object w.r.t. index transpositions within its upper and lower row as depicted through the ex-
ample

~

AQBATY =227 ~ AP AL (333)

We can now introduce the irreducible k-body density matrices A¥) for 1 < k < A, which
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3.3. Multi-Reference Normal Order

encode genuine k-body correlations, and are given via the following recursive relatimﬂ

,12 =yt (3.3.4)
M=y - A(RAT) (339
M= i - AQEATA <28 7) (336)

where we omitted the superscript k in AI¥] for brevity as the particle rank is implicitly given
by the number of indices. Before we state the multi-reference version of Wick’s theorem, let
us define the notion of a multi-reference contraction.

Definition 3.3.1: Multi-Reference Contraction

A contraction of rank m is a number taking over m upper p; ... p, and m lower indices
q1 -.- m from an operator a. The set p; ... pm¢i ... m is referred to as contracted indices.
For m = 1 we call this a one-one contraction, otherwise an m-m or multiple contraction.

A rank-m contraction is given by the corresponding irreducible m-body density matrix
Alml,

Theorem 3.3.1: Multi-Reference Wick-like Theorem

An operator can be expressed in terms of multi-reference normal-ordered terms via

g =gt Y {ait (33.7)
all unique

contractions

Each contraction leads to a contribution of a A tensor of the form

_ sgn(ﬂ) X1 X3 X AX2X4... Xj-1Xj+1---XA
) Ayz ijYA {ay1y3---yj71]}+1---yA71 ’ (3.3.8)

where 7 is the permutation to bring the indices back to their original order.

Let us illustrate the multi-reference normal ordering procedure by the following examples.
For a one-body operator we obtain

Qb = {aly + b . (33.9)

Taking the expectation value w.r.t. the reference state |y1.r) and using the definition of the
irreducible density matrix AlJ shows that the expectation value of a normal-ordered one-body
operator vanishes

<¢ref|{&g}|¢ref> =0. (3.3.10)

IStrictly speaking, Al are k-body cumulants of the, w.r.t. the particle rank of the full A-body density matrix y4,
reduced density matrix yI,
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Chapter 3. Normal Order

Applying the normal ordering procedure to a two-body operator gives

Rt ={aty + AP (a2} - AL (a0} - A9 (a) + A9 (af)

+ AP QT AP A9 4 AP (3.3.11)
={aP7) + A (AP (a9} + AP AT + 229 . (3.3.12)

By taking the expectation value of the equation above w.r.t. the reference state | ;) and using
{Yretl{ dé’ Hther) = 0, we obtain

<1//ref|{&gsq}|‘//ref> = <¢ref|&£g|¢ref> —/Vr)ﬂg + /1‘?/1? - /1‘?3 =0. (3.3.13)
[ ——
=2+ A(ARAY)

Consequently, the multi-reference normal order fulfills the condition that expectation values
of normal-ordered products vanish.

Let us now address the multi-reference version of the generalized Wick’s theorem which gives
us a formula for evaluating the product of two operators in normal order in a fast and efficient
manner.

Theorem 3.3.2: Generalized Wick’s Theorem

+ The product of two normal-ordered products yields

{&gi:::gz}{&rl...rn} _ {agi:..gmn...rn} + Z {apl...pmrl...r,,} ’ (3.3.14)

S$1...8p .gdmS1.--Sn q1---9mS1---Sn
all ext. contr.
where only external contractions are contributing, i.e., internal contractions with
contracted indices coming only from one of the normal-ordered products are ex-
cluded. Every contraction pattern must contribute only once and is, thus, unique.

« Every term with its unique contraction pattern involves, firstly, a specific set of
contracted indices which appear in one or more contractions, and secondly, a set
of uncontracted indices that appear in the corresponding normal-ordered operator.

« Every contraction is given by the associated irreducible density matrix A. There is,
however, an exception for one-one contractions between a lower index g; of the
first normal-ordered product and an upper index of the second normal-ordered
product r; which is given through

D =)0 - 50 = b, (3.3.15)

where 74 refers to a one-hole density matrix element.

« Every unique term carries a phase factor which is determined by the parity of the
permutation needed to bring the indices back into the initial order.
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For illustrating the application of the generalized Wick’s theorem, let us consider a product
of two normal-ordered one-body operators which may be evaluated as follows

{af{acy = {agch - v2{ag} + yg{al} + vl pg + M5 (3.3.16)

Considering the context of this work, the generalized Wick’s theorem plays a central role for
the IM-SRG as it is being employed for evaluating commutators of normal-ordered products.

3.4. Representation Changes

As we will see during the following discussion in chapter[4and chapter 5] all operators enter-
ing the IM-SRG framework are in non-vacuum normal order, i.e., they are expressed in terms
of basic operators that are in normal order w.r.t. a specific reference state |{.¢). Thus, starting
from an arbitrary operator in vacuum normal order containing up to three-body operators

N N 1 1
X =Vo+ Y Vh{al}p, + 1 > VEE{abdYy, + % >, VA by (34.1)
rq pars pqrstu

We apply Wick’s theorem to all basic operators of all particle ranks, classify every resulting
term w.r.t. the particle rank of its normal-ordered basic operator, and eventually obtain an
operator that is in normal order w.r.t. a reference state |¢ref)

X -RO + Z RP {a }|¢ref> t Z qu { qu}|¢ret> t o Z Rfﬁur {&fg‘r}“/’reﬁ : (342)
pqrs pqrstu

Note that we will occasmnally refer to the form given in eq. ( as the vacuum represen-
tation of X while eq. 2) shows the reference-state representatlon. Likewise, the matrix
elements associated w1th the vacuum and reference-state representation are conveniently re-
ferred to as vacuum and reference-state matrix elements, respectively.

The change between the vacuum and reference-state representation is referred to as a repre-
sentation change and the corresponding expressions relating the associated matrix elements
with each other may be obtained through the application of Wick’s theorem. Following this
approach, reference-state matrix elements are given in terms of vacuum matrix elements as
follows

Ry=Vo+ Y Vhybh + Z VEIYET + o Z Vi v (3.43)

Pq pqrs pqrstu

1
Z Vb + 2 Z Vo v (3.4.4)
pqrs
12
Ry = Vi + ) Vbl (3.4.5)
Pq

Riss = Visg - (3.4.6)
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The inverse of these relations can be written as

Vo =Ry - > RbyP —*ZR%(YM —aylyl)

Pq pqrs
1
-0 O RO - sylyl +3evtyivi), (3.4.7)
pqrstu
1
Vy =R - ZR avh -5 Z RPI(y2d - 4yPy?), (3.4.8)
pqu
12
Vi =Rsi = ) Raug v (3.4.9)
rq
Vise =Riss - (3.4.10)

Note that a derivation of these relations can be found in [[Geb17].

Usually, the operator Xisa spherical tensor operator with a particular tensor rank Taking
spherical symmetry into account, egs. (3.4.3) to and egs. (3.4.7) to can be trans-
formed into their spherical counterpart, i.e., equations in terms of reduced matrix elements
that do not exhibit any dependence on projection quantum numbers anymore. The result of
this transformation can be found in appendix

Taking spherical symmetry into consideration and assuming that X is a spherical tensor
operator of rank L, we make an essential observation: The individual particle ranks of the
normal-ordered representation of X are only exhibiting the original spherical tensor rank L if
the density matrices are scalars. This would not only increase the complexity of our theory
but also give rise to various fundamental and conceptional questions. For that purpose, we
will exclusively perform normal ordering w.r.t. reference states with vanishing total angular
momentum—as only those lead to density matrices whose decomposition consists of scalars
only.

3.5. Normal-Ordered Two-Body Approximation

A prominent example for the application of normal ordering is the NO2B approximation.
Starting from a three-body operator in vacuum normal order

~ 1 .
X =v = 3 VEA&E o (3.5.1)
pqrstu
where VEI" refer to three-body matrix elements with regard to the vacuum normal order,

we express the basic operators in terms of (multi-reference) normal-ordered operators via

2See section [5.2|for more information on the topic of spherical tensor operators.
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3.5. Normal-Ordered Two-Body Approximation

Wick’s theorem, i.e., perform a representation change of X from vacuum to reference-state
representation and obtain

XBl =R, + ZRP {8}y + Z RPI {09}y + — Z REI G Yy - (3.5.2)

pqrs pqrstu

The NO2B approximation omits the normal-ordered three-body part in the equation above
such that we obtain the following operator

X\ = Ro + Z REA{al }wy + — Z REI{ali} 1w, , (3.5.3)
pqrs

where the matrix elements of this NO2B-approximated operator are directly given through
egs. (3.4.3) to (3.4.6) by setting all initial vacuum matrix elements other than the three-body
matrix elements elements to zero. Eventually, we obtain the following result for the matrix
elements of the reference-state representation of XIEISC]HB

pqr _ pqr 1pq 12 _ 12p
Z Vstu Vstu » Z V2rs Yfr)g > R34 - Z V34q Yq . (3-5-4)
pqrstu pqrs Pq

Note that some many-body methods like, e.g., the NCSM are only taking vacuum matrix ele-
ments as their input in which case )Z'IE%ZB has to be of the form

Xios = Vo + Z VE (Y, + ~ Z Ve {atd}, (3.5.5)
pqrs

where the corresponding vacuum matrix elements \70, \7‘; ,and stq of the vacuum represen-
tation of XI£130]2B may be obtained by employing egs. (3.4.7) and (3.4.10).

The fact that XI£I3C])2B is now an effective two-body operator demonstrates that the NO2B ap-
proximation allows the approximate inclusion of genuine three-body effects embedded into
the matrix elements of lower particle ranks while only two-body machinery has to be em-
ployed. It has been empirically shown in several publications [GCR16}; Bin+13a; Rot+12]] that,
relative to a full inclusion of 3N forces, this neglection has an impact of 1 - 2% on ground and
excited state energies.
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CHAPTER 4.

Multi-Reference IM-SRG—Basics

This chapter aims at discussing the general concepts of the IM-SRG and the approach it is
based on: the similarity renormalization group. We will begin with a brief discussion of the
general SRG framework and outline the idea of the so-called free-space SRG as an example
for a commonly used SRG-based approach other than the in-medium SRG. After that, we will
address the fundamental elements of the IM-SRG like, e.g., the IM-SRG(2), the Magnus expan-
sion, and generators. We would like to emphasize at this point that—even if usually denoted as
IM-SRG for brevity—our studies and developments explicitly refer to a multi-reference version
of the IM-SRG. Compared with the single-reference IM-SRG, the multi-reference IM-SRG is
the more general case regarding the allowed structure of the reference state and eventually
reduces to the single-reference IM-SRG if the reference is chosen as a Slater determinant.
Thus, the single-reference IM-SRG is merely a special case of the multi-reference IM-SRG.
Note that we will not get too involved into the details of commutator evaluations—one of the
pillars of the IM-SRG—but moved all of the associated derivations and discussions to chapter|5]
instead.

4.1. Similarity Renormalization Group

In this section we are discussing the general idea of the SRG framework, which is the foun-
dation of, both, the free-space SRG and the in-medium SRG. We would like to note that more
information on the SRG in general and its utilization in the context of the free-space SRG can
be found in, e.g., [RRH08; RNF10; [BES10]].

The general idea of the SRG in the formulation of Wegner [Weg94; [Weg00] is to transform
the Hamiltonian to a more diagonal form w.r.t. a specific basis. For that purpose, we apply
an unitary transformation U(«), which is continuous w.r.t. a so-called flow parameter «, to a
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Hamiltonian H yielding a transformed, a-dependent Hamiltonian
H(ax) = UN(@)HU(2), H(0)=H, (4.1.1)

where, due to the unitary nature of this transformation, the eigenvalue spectrum of the trans-
formed Hamiltonian H(«) is independent of . The unitary transformation can be reformu-
lated through an operator flow equation by taking the derivative w.r.t. «

iH(O{) sz'(O()

dU(a)
da da '

H(0)U(a) + UT(a)H(0) =

(4.1.2)

Due to the unitarity of U(a) it follows that U(ar) Ut (a) = 1 holds. The derivative of this relation
w.r.t. ¢ can then be written as

4 0t a) = - 01 @D () (4.1.3)
da da

By defining the anti-Hermitian generator of the unitary transformation as follows

dU(a)

de ’
we eventually obtain a first-order operator differential equations for the Hamiltonian and the
unitary transformation, respectively,

@) = -UT(a)

(4.1.4)

A = i@, A@)| . AO) =1, @.15)

(@) = Ha)UT (), UT(0)=1. (4.1.6)

The flexibility of the SRG framework is rooted in the fact that we are free to choose the specific
form of the generator 7j(«). Thus, the behavior of the associated transformation can be tailored
to specific needs via an appropriate construction of the generator 7(«).

Consistent Evolution of Observables. It is important to bear in mind that, once we
are transforming the Hamiltonian, we have to transform the operators of other observables
accordingly. This fact may be illustrated as follows: Starting from the general eigenvalue
problem for the Hamiltonian

H|¥') = E'|[¥) | (4.1.7)

where |y and E’ refer to the i-th eigenstate and eigenvalue, respectively, we may transform
this equation to

UN()HU(2)U () |9y = E'UT () |9 . (4.1.8)

Now, we are facing an alternative eigenvalue problem namely w.r.t. the unitarily transformed
Hamiltonian H(a) = UT(a)HU(a) whose eigenvectors [¥(a)) are formally related to the
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eigenvectors of the initial Hamiltonian through [¥/(a)) = (Aﬁ(a) |¥'» and whose eigenvalues
are obviously invariant under this transformation

H(a)|¥()) = E [¥i(a)) . (4.1.9)

Assuming that we are solving the eigenvalue problem for H(a) now, it follows that we natu-
rally obtain the eigenstates |[¥'(a)). Expressing a general matrix element of an observable O
with regard to the untransformed i-th and j-th eigenstate in terms of a matrix element with
regard to the corresponding transformed i-th and j-th eigenstate

(V0" = (¥ U() UT () OU(a) UT ()| ¥ = (¥ ()| ()| ¥/ () (4.1.10)

demonstrates that we have to unitarily transform the observable via O(a) = (A]T(a)OAlAJ(a)
such that the matrix element is invariant This unitary transformation of observables can be
reformulated by means of a first-order differential equation

2 O(a) - [ﬁ(a), é(a)] . (4.1.11)

For cases in which the generator 7(«) explicitly depends on the evolved Hamiltonian—as it is
most commonly the case for the IM-SRG—the operator differential equations for observables
have to be solved simultaneously with the one for the Hamiltonian.

Induced Many-Body Interactions. An important aspect that comes along with the SRG
framework are induced many-body interactions up to the A-body particle rank. This fact be-
comes directly evident when considering the operator flow equation given through eq.
for an arbitrary O. Assuming that at « = 0 the generator 7(0) is an x-body operator and the
observable O(0) is a y-body operator, the evaluation of the commutator on the right-hand side
of the flow equation produces operators up to the particle rank of x + y - IEI Thus, integrating
the differential equation for O(a) one infinitesimal step da forward from a = 0 to a = S«
gives a set of operators of the following form

{ L0 (5q), (5[’”3’_1](505)} . (4.1.12)

Given that x > 1, it follows from x+y-1 > y that the maximum particle rank of the transformed
components of Y is increasing, and after a finite number of integrations the particle rank of
one of those components reaches A. As the unitary transformation is not carried out in A-
body space but confined to lower particle ranks through truncating all operators involved
at, e.g., the three-body level, we are neglecting induced higher-order interactions and, as a
consequence, we are formally violating the unitarity of our transformation. Therefore, we

'From another point of view, we are performing a generic unitary transformation of the many-body basis of the
A-body Hilbert space through which it also becomes directly evident that all observables have to be consis-
tently transformed.

Note that this is a direct consequence of Wick’s theorem.
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have to assess the impact of those omitted induced interactions through a study of the «
dependence of calculated observables.

Generators & Decoupling Pattern. A simple choice for the generator, originally pro-
posed by Wegner [Weg94;[Weg00]], consists of a commutator between the diagonal part of the
Hamiltonian H%(a) and the Hamiltonian itself

i@ = [ %), fit@)] . (4.1.13)
HYa) = Y <BilH(@)|Bi> 1B}l - (4.1.14)
{Bi}

Obviously, the definition of H%(&r) presumes a choice for the many-body basis {|f;>} which is
the basis w.r.t. which the Hamiltonian shall be diagonalized. Considering the flow equation
in a matrix representation with regard to the eigenbasis of H4(a), two things can be shown:
Firstly, the diagonal form HY(a) is a trivial fixed point. This can easily be verified by assuming
that the Hamiltonian is equal to the proposed diagonal form, i.e., H(a) = HY(a) from which
it follows that the generator and therefore also the derivative %H () vanish. Secondly, the
off-diagonal matrix elements of the Hamiltonian are continuously suppressed throughout the
evolution and, consequently, the diagonal form is an attractive fixed point of the evolution to
which the Hamiltonian is being driven [RNF10;|Weg94].

Considering a more general choice for the generator

i@ = |6(@). @) . (4.1.15)

and studying the associated flow equation through its matrix representation w.r.t. the eigen-
basis of G(a), the previous statement—where G(«) was chosen as H%(a)—can be generalized
to the statement that the Hamiltonian is being driven to a form that is diagonal in the eigen-
basis of G(a). Through such a choice we are departing from the original choice of Wegner,
which aims at a full diagonalization for « — oo, and instead aim at a prediagonalization of
the Hamiltonian w.r.t. a specific basis, i.e., the eigenbasis of G(a). This demonstrates that
through a specific choice of our generator we can drive the Hamiltonian to a certain extent to
any desired band or block-diagonal form [BFS10].

4.1.1. Free-Space SRG

A well-known characteristic of realistic nuclear interactions is that they exhibit strong tensor
forces and strong short-range repulsions. As a consequence, those interactions lead to a strong
coupling of high and low momentum modes and strong short-range correlations. Performing
many-body calculations with these so-called “bare” interactions poses a major challenge for
many-body methods like, e.g., the NCSM. Considering the NCSM approach, the many-body
model space consists of Slater determinants which, in principle, can capture any interaction,
provided that the model space truncation parameter Ny, is chosen large enough. However,
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Slater determinants are not an adequate basis for representing strong short-range correlations
as this requires energetically very high lying basis states, i.e., very high Ny,ax and it is difficult
to obtain converged NCSM results beyond the lightest nuclei. The so-called free-space SRG
tries to remedy this problem by aiming for a generic decoupling of low and high momenta.
For that purpose, the generator of the free-space SRG is usually chosen as follows

i(a) = (2u)° [ﬁnt, H(a)] , (4.1.16)

where we have used the intrinsic kinetic energy operator Tint and the reduced nucleon mass
. Note that this choice leads to a flow parameter having the dimension fm*. As discussed
previously, this choice for the generator drives the Hamiltonian to a diagonal form w.r.t. the
eigenbasis of Tine, ice., leads to a band-diagonal form w.r.t. momentum eigenstates. Through
this prediagonalization in momentum space we obtain a “softer” and unitary-equivalent in-
teraction with improved convergence properties in subsequent many-body calculations. Fur-
thermore, interactions transformed by means of the free-space SRG are model-space and nu-
cleus independent so that the same transformed Hamiltonian can be used as input for many
different calculations.

For more information regarding our current implementation of the free-space SRG and the
consistent evolution of chiral three-nucleon interactions see [Rot+14]. An educationally valu-
able overview over the topic of the (free-space) SRG, background information, and compar-
isons with other alternative approaches for tackling the impact of strong short-range correla-
tions can be found in [BFP07; BFS10; RNF10].

4.2. In-Medium SRG—Motivation and General Concepts

Generally speaking, the IM-SRG aims at suppressing a specific, so-called off-diagonal part of
the Hamiltonian. To that end, let us partition the Hamiltonian as follows

H=HY+ A, (4.2.1)

where H9 and H°? indicate the diagonal and off-diagonal parts of the Hamiltonian. It is im-
portant to note that the diagonal and off-diagonal parts do not have to coincide with the actual
diagonal and off-diagonal part w.r.t. a matrix representation. Instead, they may be freely cho-
sen to a certain extent.

However, common to all cases considered throughout this work is that the off-diagonal part
is chosen such that the Hamiltonian becomes block-diagonal w.r.t. a specific many-body basis
J3. Partitioning the many-body basis 3 into V and W, ie, B=VYuWand YV n W = @, the
off-diagonal part is usually chosen as the part of the Hamiltonian that couples V and W with
each other. Formally, the off-diagonal Hamiltonian may, therefore, be written as

Hod = Z Z <U|I:I|W>|U><W| + herm. conj. (4.2.2)
veEY weWw
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v w

Figure 4.1.: This figure depicts a schematic matrix representation of the initial (left) and final
(right) Hamiltonian and illustrates the common decoupling pattern which the IM-
SRG is in all of its applications usually aiming for. While the initial Hamiltonian
couples elements from V and W with each other, the unitary transformation U
is decoupling these two spaces from each other such that, finally, the span of V
becomes an invariant subspace of H, i.e., the matrix representation of H is block-
diagonalized.

Once the off-diagonal Hamiltonian H°d is suppressed, the matrix representation of H wirt.
3 becomes block-diagonal and the span of V is an invariant subspace of H, which is further
illustrated in fig. An obvious advantage of such a block-diagonalization is that we do not
have to solve the eigenvalue problem within a model space spanned by 5B anymore, but may
as well solve the eigenvalue within the smaller model space spanned by V.

As already indicated by its name, the IM-SRG is an SRG-based method and achieves the sup-
pression of a specific off-diagonal part of an initial Hamiltonian H through an unitary trans-
formation

H(s) = UT(s)H(0)U(s), H(0)=H, (4.2.3)

where s is a continuous flow parameter. As already shown in the previous section, this unitary
transformation can be rewritten as an operator differential equation or flow equation

SA = i, )| A=A, (124)

where 7(s) refers to the anti-Hermitian generator of the unitary transformation. Evidently,
the generator has to take the specific choice for the off-diagonal part into account and has
to be constructed accordingly. Other observables O obey a very similar operator differential
equation

%é(s) - [ﬁ(s), é(s>] L 00)=0. (4.2.5)

As already noted previously, observables have to be evolved simultaneously with the Hamil-
tonian if—as it is most commonly the case—the generator explicitly depends on the evolved
Hamiltonian.
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[chiral interaction]

[Free-Space SRG]

\

(In-Medium SRG) ~ (In-Medium SRG) ~ (many-body methods|

Ey, Rep, ... (many—body methods}

Figure 4.2.: lllustration of the flexibility of SRG approaches. Starting from a chiral interaction
and performing a free-space SRG, the IM-SRG may be employed as a stand-alone
many-body method directly giving access to nuclear structure observables or, al-
ternatively, it may be employed for preprocessing operators associated with nu-
clear structure observables which are then passed on to subsequent many-body
methods.

A great advantage of the IM-SRG is its flexibility and simplicity. Especially through different
choices of generator types and off-diagonal parts, we can tailor this method for specific appli-
cations and control its numerical efficiency and behavior. As it is also illustrated in fig.|[4.2] we
can either directly calculate nuclear structure observables using the IM-SRG framework as it
is routinely performed within the single-reference IM-SRG (see section [4.8) or, alternatively,
construct effective interactions and use IM-SRG evolved operators as input for subsequent
many-body methods, as it is being done within the IM-NCSM framework (see chapter [6).
Furthermore, there are new opportunities emerging like the construction of valence-space
interactions from an IM-SRG treatment (see appendix [A).

IM-SRG(k). Characteristic for the IM-SRG approach—and the main difference to the free-
space SRG approach—is that it is being formulated “in medium?”, i.e., all operators are normal-
ordered w.r.t. a specific reference stateﬂ |Urety and, for practical reasons, truncated consistently
at a specific particle rank k initially (s = 0) and throughout the evolution (s > 0). Such a
truncation pattern—denoted as IM-SRG(k)—can also be formally expressed as follows

k

H(s) = HOY(s) + AU (s) + ..+ AF(s) = Y Al(s) (4.2.6)
i=0
k

O(s) = Ol (s) + O(s) + . [Kl(s) = Z otil(s), (4.2.7)

3The reference state |y/;¢) is a first approximation for (usually) the ground state obtained from, e.g., a HF, NCSM
or HFB calculation

35



Chapter 4. Multi-Reference IM-SRG—Basics

k
i(s) = () + ..+ 41(s) = ) AT(Gs) (4.2.8)
i=1

where X[1(s) indicates the normal-ordered i-body part of a generic operator X(s) whose gen-
eral operator structure may be written as

<Ll SP1Di
X g Z {ab-0y (4.2.9)
ql QI
where it is important to note that the dependence on the flow parameter s is carried by the
matrix elements. Considering the differential equation for the Hamiltonian for demonstration

purposes, the Hamiltonian and the generator—both truncated at the k-body level—may now
be plugged into the operator differential equation for the Hamiltonian which yields

d

k k
AN =T Y Y [ﬁm(s), ﬁIUJ(s)] , (4.2.10)

i=1 j=0

where IT1* refers to the projector on the x-body space and 0 < x < k for closing the system of
equations. Each commutator within the sum on the right-hand side may also be written as

it(s), A(s)| - (

) Z nhbi(s) hglg(s) [{ab-Piy, {agdy] . (42.11)
rl rJ
$1...5j
The right-hand side of the equation above can then be conveniently evaluated by employ-
ing the generalized Wick’s theorem (see chapter [3). Obviously, each commutator between
an i and j-body operator eventually contributes to various particle ranks of the derivative,
which demonstrates that different particle ranks are coupled with each other throughout the
evolution in a highly non-trivial way.

Eventually, the evaluation of eq. (4.2.10) yields a coupled system of first-order ordinary differ-
ential equations in terms of the matrix elements of the involved operators, which may formally
be expressed as follows

d- =/ -
)= F (ry(s), h(s)) , (4.2.12)

where E(s) and 7(s) indicate the entirety of all matrix elements up to the k-body rank of
the Hamiltonian and the generator, respectively, and the function F represents the matrix-
element-based commutator evaluation, i.e., it defines the system of ODEs. This system of
differential equations may then be numerically solved until H°4 is “sufficiently” suppressed.

Furthermore, from the generalized Wick’s theorem it is evident that evaluating eq.
produces induced many-body interactions up to the A-body rank. More specifically, the com-
mutator between two i-body and j-body operators X1 and YU, respectively, produces oper-
ators up to the (i + j — 1)-body rank from which it becomes evident that after each integration
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step of the ODE the maximum particle rank is eventually increasing. As a consequence, the
IM-SRG is exact except for initially and intermediately discarded normal-ordered many-body
interactions beyond the particle rank k.

4.3. Reference States

Information about the reference state |y is entering the IM-SRG framework solely through
the k-body irreducible density matrices AlX], which encode genuine k-body correlations and
naturally emerge when evaluating commutators via Wick’s theorem. As already noted previ-
ously, it is solely the type of the reference state, which sets the single-reference and the more
general multi-reference version of the IM-SRG apart.

On the one hand, within the context of the multi-reference IM-SRG the reference state may be
multi-determinantal and obtained, e.g., from a Hartree-Fock-Bogliubov calculation [Her+13a;
Her+14]] or an NCSM calculation [Geb+16]. As a consequence of its multi-determinantal na-
ture, the multi-reference version is applicable to open-shell nuclei and the naturally arising
higher-order irreducible density matrices are explicitly taken into account. However, as an
arbitrary correlated reference state may produce irreducible density matrices up to the A-
body level, we have to impose some kind of truncations on the particle-rank of these density
matrices as otherwise the computational effort would increase dramatically and eventually
beyond feasibility. The stages at which irreducible density matrices are emerging and which
eventually are subject to truncations with regard to their particle rank are, firstly, the com-
mutator evaluation (see chapter[5), and secondly, the generator construction (see section[4.7).
Even though we will discuss both of these topics in more detail later on, it is worth noting
that throughout this work we did not include any irreducible density matrices beyond the
two-body rank.

On the other hand, the single-reference version of the IM-SRG requires the reference state
to be a single Slater determinant which may be, e.g., obtained from a previous Hartree-Fock
calculation (see section [2.4). As a consequence, all irreducible density matrices beyond the
one-body rank are naturally vanishing and the matrix elements of the one-body density ma-
trix are either zero or one. The single-reference IM-SRG may, therefore, be considered as
a special case of the more general multi-reference IM-SRG, as employing a Slater determi-
nant within the framework of the multi-reference IM-SRG leads to the simple single-reference
IM-SRG. An obvious downside of the single-reference IM-SRG is that it is only applicable to
closed-shell nuclei as only for those a Slater determinant is an adequate first approximation
for the ground-state. Furthermore, it is restricted to the description of ground-state observ-
ables. However, even though the capabilities of the single-reference version are a subset of
those of the multi-reference version, it remains a standard tool for nuclear structure theory
and eventually is favored over the multi-reference version in specific applications due to its
conceptional simplicity and the fact that it yields reliable nuclear structure observables at a
fraction of the computational cost.
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Furthermore, it is important to note that we restrict ourselves to reference states |y with
total angular momentum Ji.sf = 0 and, as a consequence, to the description of even nuclei
only. This is due to the fact that we only want to include scalar density matrices and, given a
reference state | r) with a specific Ji.f, the spherical tensor rank L of the associated irreducible
density matrices obeys 0 < L < 2. such that L is only restricted to zero if and only if Jer = 0
There are two main problems that would arise with non-scalar density matrices: Firstly, there
is a significant increase in computational effort, and secondly, the IM-SRG transformation
would begin to break the conservation of the spherical tensor rank of a specific observable o
so that an initially scalar operator would transform into a non-scalar operator.

4.4. IM-SRG(2)

As noted previously, we have to truncate our operators at a specific particle rank for both
analytical and computational reasons. In this work, we are going to discuss and employ the
IM-SRG(Zﬂ which is mainly due to the fact that already the IM-SRG(3) shows a tremendous
increase in complexity of its flow equations and computational effort inhibiting a “full” IM-
SRG(3) up to now. Nevertheless, we are in the process of developing approaches that approx-
imate the impact of induced three-body interactions.

However, within the context of the IM-SRG(2) we are consistently truncating our operators
at the normal-ordered two-body level

A9 = 5+ T oNaf) L o), (44.1)
pqu
CEWCICHE, L3 ey, (442)
pqrs

where all operators are normal-ordered w.r.t. a reference state |¢;.f) and we adopted the com-
mon convention to employ f and T for referring to one and two-body matrix elements, re-
spectively, of the Hamiltonian. Let us now assume that we are starting with a Hamﬂtoman
Hpn that contains a two- body kinetic-energy part T2, a two- -body interaction V12l and a
three-body interaction VB! and may, therefore, be written as

g = 7l vl yiBl (4.4.3)

(Pi‘f")z j
The operator for the kinetic energy may be written as nkl = Yi<j ~2an— [HRO9], where p;
indicates the momentum operator for the i-th particle, A is the mass number, and m is the
nucleon mass. The three-body interaction, whose operator form is given through

el L > vELaty (4.4.4)

stu Astu >
pqrstu

“Strictly speaking, we will employ either IM-SRG(2) or Magnus(2).
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is now approximated by means of its NO2B approximation VI\%Z& i.e., the normal-ordered
three-body part in the reference-state representation of VI3 is neglected such that we obtain

A~

R . 1 .
VB = V8 = X(9) + 3, XE (9{ah} + ) XP(s){ald} (4.4.5)
Pq pqrs

The zero, one and two-body matrix elements of this NO2B-approximated three-body interac-
tion \A/IE%ZB are essentially given through eq. . It is worth noting that through this NO2B
approximation information on the three-body force is partially embedded within the matrix
elements of lower particle-ranks. The initial Hamiltonian at s = 0 can now be written as

A

F(0) = T2 4 7120 L 2N (4.4.6)

By Inserting the Hamiltonian and the generator given through eq. (4.4.1) and eq. (4.4.2), re-
spectively, into the corresponding operator differential equation for H(s), we obtain

d - A
S - [ﬁ(s), H(s)] (4.4.7)

= [ A0 + i), )|
+ [ﬁ[ZJ(s)’ H[l](s)] n [ﬁ[z](s), H[Zl(s)] ’ (4.4.8)

where, e.g., H indicates the i-body part of the Hamiltonian. By Evaluating the commutator
on the right-hand side of this equation via Wick’s theoremE] we eventually obtain a coupled
system of first-order ordinary differential equations in terms of the matrix elements of the
Hamiltonian and the generator. Schematically, this ODE can be expressed as follows

d- = /o -
S h(s) - rﬂ(q(s), h(s)) , (4.4.9)

where we denoted the entirety of all matrix elements of the Hamiltonian and the generator
at the flow parameter s as E(s) and 7(s), respectively. Additionally, the irreducible density
matrices are a parameter to this ODE which is why they are indicated as a subscript of . As
the generator itself is merely a function of the Hamilton operator, we may also write the ODE
as

d- N
Sh) = o (h(s)) , (4.4.10)

where the generator or, more specifically, the function that constructs generator matrix ele-
ments 7(s) taking h(s) as input is now added to the parameter list of 7. In practical applications
the ODE system is then solved numerically (see appendix B for more information).

Note that the derivation as-well-as an in-depth discussion of the equations associated with commutator evalu-
ations is contained in chapter |5
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4.5. Magnus Expansion—General Concepts

Up to now, we were discussing a formulation of the IM-SRG in which the unitary transforma-
tion of observables

H(s) = Ut(s)H(0)U(s), H(0)=H, (4.5.1)
O(s) = UT(s)0(0)U(s), O(0)= O, (4.5.2)

was carried out via directly solving the associated operator differential equations
—H(s) = [ﬁ(S), ﬁ(S)] , H(0)=H, (4.5.3)

0. (4.5.4)

206 = i) 0] . 6)

Let us now refer to solving these kinds of operator differential equations as the direct evolution
of observables. Since the generator may explicitly depend on the evolved Hamiltonian a major
drawback of this direct evolution is that the differential equations for observables eventually
have to be solved simultaneously with the one for the Hamiltonian. Resorting to directly
solving the differential equation of the unitary transformation itself

%L‘ﬁ(s) = i(s)UT(s), UT0)=1, (4.5.5)

is not feasible as U(s) is an A-body operator. However, directly related to finding a solution
for the unitary transformation is an approach which was first proposed by the mathematician
Wilhelm Magnus [Mag54] in the 1950s: the so-called Magnus expansion. Since then, it has
been successfully applied in many different contexts, however, it was only recently that it has
been applied within the context of the IM-SRG by Morris et al. in [MPB15]].

Definition 4.5.1: Magnus Expansion

A unitary transformation U(s) may be written as an exponential
U (s) = exp (Qs)) , Q0) =0, (4.5.6)

where Q(s) denotes the an anti-Hermitian Magnus operator. As rigorously discussed in
[Bla+09], it follows that the Magnus operator Q(s) obeys the differential equation

ii [Q(s). ()], . Q) =0, (4.5.7)
k=0

where By, refers to the Bernoulli numbers.
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For writing the differential equation for Q(s)in a compact form, we introduced [X Y] rasa
short-hand notation for nested commutators w.r.t. to two arbitrary operators X and Y. For-
mally, the recursive definition of those nested commutators may be stated as follows

%.9) <[ [ 4] L[] - v 459

Note that a derivation for the differential equation for Q(s) given through eq. 1) as well
as a thorough mathematical review addressing, e.g., the important questions of the existence
and convergence of the Magnus expansion can be found in [Bla+09].

An appealing feature of the Magnus expansion becomes particularly evident when studied
within the context of Lie groups and Lie algebras: Interpreting the unitary transformation U(s)
as an element of an abstract Lie group G, the anti-Hermitian generator 7(s) is element of the
corresponding Lie algebra g. Due to the fact that the commutator maps two elements of g back
into g and €)(s) is constructed from multiple nested commutators of the form [Q [Q(s), 1(s)], the
operator Q(s) always stays within the vector space of the Lie algebra g. As a consequence, the
corresponding exponential of Q(s) is always unitary and certain symmetries are automatically
conserved throughout the evolution. Therefore, the Magnus expansion may be seen as an
approach with which we have implicit access to the unitary transformation U(s) by directly
obtaining the corresponding Lie algebra element Q(s).

Construction of the Magnus Operator . The straightforward way for obtaining a so-
lution for €)(s) is the direct integration of the ODE for Q(s) given through eq. - Thus,
instead of explicitly solving the differential equations for observables, we may instead solve
the associated differential equation for Q(s). This ODE for Q(s) may schematically written as
follows

d—)

—8(9) - 7, (é(s), E(s)) , (4.5.9)

where, similar to previous considerations, é(s) and h(s) indicate the entirety of all matrix
elements of the Magnus operator and the Hamiltonian, respectively, and F defines the actual
system of ODEs.

Compared to the direct evolution of, e.g., the Hamiltonian, a practical advantage of the Magnus
expansion stems from the observation that the numerical solution of this differential equation
for Q(s) is more robust with regard to numerical errors such that the numerical integration of
the ODE can be carried out at larger stepsizes.

Construction of the Magnus Operator Il. For completeness, we want to present another
possibility for obtaining a solution for the Magnus operator Q(s). It is given through the

41



Chapter 4. Multi-Reference IM-SRG—Basics

application of the so-called Picard iteration which yields [Bla+09]

Q4(s) = /Osdsﬁ(s, ﬁ(o)) , (4.5.10)
O (s) = ’:12;11' [Qm_l(s), H(O)]z , (4.5.11)
O(s) =’::i/ ds [Qm_l(s), ﬁ(s, ém_l(s))]k . (4.5.12)

The object Q,,(s) may be interpreted as follows: Assuming that Q)(s) may be written as an
expansion w.r.t. the parameter €

Qs) = i €"Xn(s) , (4.5.13)
n=1

the solution Q,(s) recovers the first m terms of this expansion. Additionally, it can be shown
that the associated unitary transformation UT(s) = exp ( (s)) is exact up to orders O(s™*?).

From a mathematical point of view it might be interesting to construct a solution for €)(s)
through egs. (]4.5.10[) to (]4.5.12[). In contrast to the previous approach—where Q)(s) was ob-
tained by solving a differential equation—we would now construct the solution for Q(s) by
solving integral equations. However, even though these equations can be simplified due to
the fact that the generator does not explicitly depend on the flow parameter s, they are not
applicable in practical applications as, e.g., we would have to store many copies of the evolved
operators at various values for the flow parameter s for evaluating the integrals. We performed
an exploratory study, where we included terms of up to m = 3, which showed that higher or-
der terms are necessary for obtaining an adequate solution. This would imply a significant
increase in complexity w.r.t., both, analytical derivation and computational implementation.

Observable Transformation. Assuming that we are able to construct the Magnus oper-
ator Q(s), a vital question is how we can carry out the unitary transformation of an initial
observable O(O) such that we obtain its transformed counterpart é(s) For that purpose, let
us consider eq. showing the original Ansatz for the unitary transformation in terms of
an exponential of the Magnus operator. This illustrates that, in principle, we have access to
the unitary transformation through exponentiation. However, we are never calculating the
unitary transformation explicitly but employ the Baker-Campbell-Hausdorff (BCH) series for
the unitary transformation of arbitrary observables

[Q(s é(o)] . (4.5.14)

x| =

O) = TH($)0(0)Us) = e¥90(0)e- 30 B 3

k=0

Opposed to the direct evolution of observables, this kind of evolution of observables is now
referred to as Magnus-type evolution of observables.

42



4.6. Magnus(2)

Let us now take the opportunity and briefly compare the two different kinds of evolutions, i.e.,
the Magnus-type evolution and direct evolution, with each other. On the one hand, the direct
integration of the ODE for an operator O(s) by an infinitesimal step forward such that we ob-
tain O(s + 55) may be interpreted as the application of an infinitesimal unitary transformation
SU (s). The complete unitary transformation giving O(s) from O(0) may then be interpreted
as a consecutive application of infinitesimal unitary transformations.

However, while the transformation associated with directly solving the ODE for an observ-
able is guaranteed to be unitary through the very structure of the associated ODE, we never
gain any direct access to the underlying unitary transformations. On the other hand, the big
advantage of the Magnus expansion is that it combines all of these tiny, consecutive transfor-
mations and casts them them into the Magnus operator €)(s) such that we gain access to the
complete unitary transformation.

It is important to keep in mind that a transformation of observables is not only necessary
after we have found a solution for Q(s) but also during the construction of Q(s) as 51 Q(s) may
implicitly depend on the Hamiltonian H(s). For obtaining H(s), we may either directly evolve
H (s) simultaneously with Q(s) or perform a Magnus evolution of H (s) and evaluate the BCH
series. At the moment, we employ the Magnus evolution of H(s) for reducing the memory
requirements of our implementation.

4.6. Magnus(2)

Similarly to the IM-SRG(2), we have to truncate our operators at a specific particle rank for
keeping analytical and computational efforts within certain limits. Therefore, we use the
following Ansatz for the Magnus operator Q(s)

O(s) = Y 0F {ab} + i > o (ara), (4.6.1)

pq paqrs

i.e., we are truncating this operator at the NO2B level. Furthermore, the evaluation of each of
the convoluted commutators in the derivative for Q(s)

Z@ [Q(s). #(9)], (4.6.2)

Ay
Q'(s) = x

Q—-‘Q_

k=0
and the BCH series for observables

O(s) = Z ! [ (s), OO)] (4.6.3)

is also truncated at the NO2B level. This truncation scheme is referred to as Magnus(2). Taking
into account that the series '(s) as well as the BCH series are infinite, it follows that both
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have to be subject to some kind of truncation scheme in practical applications, which will be
addressed throughout this section.

We would like to emphasize that the transformation Ut(s) = exp(f)(s)) associated with the

Magnus operator Q(s) is always unitary—even if the calculation of Q(s) or CY/(s) is subject to
truncations and approximations. The only departure from an exact unitary transformation of
an observable (3, however, arises due to truncations of the BCH series for O, where especially
the NO2B approximation introduces a theoretical uncertainty.

As both the derivative for Q(s) and the BCH series rest upon the evaluation of nested com-
mutators, we would like to remark that the numerical computation of a nested commutator of
depth k is generally performed iteratively by means of k sequential commutator evaluations:
Always evaluating only one simple commutator at a time, the numerical result is stored and
inserted into the commutator of the next higher order. As a consequence, the numerical cal-
culation of those nested commutators breaks down to the calculation of simple commutators
similar to the ones we have already encountered in view of the operator ODEs for observables.
This emphasizes the importance of an efficient, general purpose commutator evaluation ma-
chinery, which will be discussed in chapter

Construction and Convergence of the Magnus Operator.  Algorithmically, the Mag-
nus expansion or, more specifically, the derivative for the Magnus operator is constructed
iteratively. Considering the formula for the derivative

d — B A .
500 = X5 [0, 6], (4.6.4)

and expressing the k-th term in this series as follows

Bi

o [, )], = [ 5), [Qs), A(s)] k_l], (4.6.5)

k!

illustrates that the depth-k commutator appearing at order k of the series only requires the
computation of only one additional commutator as the commutator already calculated at or-
der k - 1 is reappearing again and may therefore be reused. Furthermore, we established a
specific convergence criterion for the calculation of the derivative of the Magnus operator by
truncating the associated series at a specific order x

Aus) =Y. 27 [Qs), #(9)], - (4.6.6)

Formally, the order x at which the series is considered as converged fulfills the criterion

|9 - 4, 9)

. <€e=1x10"2 and B, # 0, (4.6.7)
|
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where only orders with non-vanishing Bernoulli numbers are taken into account. Note that

we generally employ a simple two-norm ||)A(|| = JXZ + zij(X} )2+ Zijkl(X;cjl )2. The particular
value for e in this case has to be chosen small enough such that a further decrease has no
additional impact on numerical results. Taking numerical efficiency into consideration, it
should also not be chosen too small. As the evaluation of commutators is the driving force
regarding computational effort the total number of commutator evaluations should always be
kept at a minimum. For practical applications, we are using € = 1 x 1072 as a further decrease
of this value has no impact on our numerical results and the series is usually converged at
orders k of 2 to 4.

However, employing only the convergence criterion given through eq. (4.6.7), there may be
occasional problems with divergencies for the series of {’(s) due to too large stepsizes during
the numerical integration of the ODE for f)(s) We made the observation that the series seemed
to converge taking only lower order terms (k ~ 2) into account, but at intermediate orders of
the series (k = 10) the norm of corresponding terms began to increase exponentially. One
possible solution is to require a certain lower bound for the order at which the series for
Y/(s) may be truncated like, e.g., always calculate the series up to at least the tenth order.
However, as we want our implementation to be as computationally efficient as possible and
as the commutator evaluation is the computationally most expensive part, we prefer a solution
with which we can diagnose eventual divergencies of the Magnus series already at relatively
low orders of the series. As the explosive increase is rooted in the fact that the norm of
the commutator itself is not decreasing but rapidly increasing with regard to k, we require,

additionally to eq. (4.6.7), the following heuristically motivated condition to be fulfilled

|

[96), )],

(2, 6], |
<1 forall kwith1 < k < kpax, (4.6.8)

where knax is the order at which the series is converged according to eq. (4.6.7). We choose
this condition due to the observation that once the norm of commutator part is sufficiently
decreasing w.r.t. the order k, it is keeping this behavior also at higher orders and, as a con-
sequence, Y (s) converges. However, if during the evolution of Q(s) eq. is not fulfilled
at any order k, the series for {/(s) is considered as divergent and the current integration step
is restarted with a decreased stepsize—as a too large stepsize is the root of the problem after

all.

As already mentioned previously, the numerical integration of the ODE for Q)(s) is numerically
much more robust than a corresponding integration of the ODE for the Hamiltonian. This
might be partially rooted in the fact that, considering the direct integration of the ODE for
the Hamiltonian, numerical errors may lead to a break of unitarity. In contrast, during the
integration of the ODE for €)(s) eventual numerical errors only have an impact on the Magnus
operator. Even if these numerical errors lead to a deviation from the decoupling pattern we
were originally aiming for, the associated transformation will always remain unitary. It is this
conservation of unitarity, which leads to the fact that we could even solve the ODE for Q(s) via
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a simple Euler method. However, we are employing a more involved approach as described
in appendix B

Construction and Convergence of the BCH Series. Similarly to the construction of the
series for Q'(s), also the BCH series is constructed iteratively. Considering the BCH series,

Os) = % % [, 60)] = % Oy . (4.6.9)

the k-th order contribution of the series, denoted as (jk, may also be written as followsﬂ

Ox(s) = % [fz(s), O,H(s)] . (4.6.10)

This shows that the k-th order term may be constructed by reusing the result of the order
k — 1 such that at each order only one additional commutator has to be computed. As the
BCH series has to be truncated at a specific order in practical applications, we are choosing a
convergence criterion similar to the one for the derivative of the Magnus operator which may
be written as follows

s = Hi <e«l1. (4.6.11)

The particular choice for the value of € obviously has a significant impact on both compu-
tational effort and precision of our numerical results as the transformation is, formally, only
unitary for € — 0. Therefore, the choice for € may vary depending on the particular con-
text.

For finding an adequate choice for the threshold ¢, let us first consider fig. It depicts the
evolution of the expectation value of a Magnus-evolved Hamiltonian

BCH
K ax

{Yhef] i ﬁk(s) |Vret (4.6.12)
k=0

where several different orders k2CH are shown. Additionally, it depicts the evolution of the
expectation of a directly evolved Hamiltonian. Evidently, the inclusion of the first three orders
is most important for obtaining a ground-state energy that agrees with the direct integration

of the ODE for the Hamiltonian.

Furthermore, the individual contributions at each order to the expectation value may have
different signs: While the first-order contribution is strongly attractive, the second order con-
tribution is repulsive. Note that we only show kECH < 4 as higher orders lie practically on top
of each other, i.e., the series is rapidly converging.

%Note the difference between ék and f);cz The former refers to the k-th order term, while the latter indicates the
partial sum up to the k-th order term.

46



4.6. Magnus(2)

-100

-110

-120

-130

E [MeV]

-140

-150 e direct - k&h =
& Kh=0 ¢ kbh=3
K1 e ke

-160
0.0 0.5 1.0 15 2.0 2.5

Figure 4.3.: Ground-state energy for °O. Solving the ODE for the Magnus operator, we em-
ployed the solution for Q(s) for obtaining the transformed Hamiltonian H (s) by
means of the BCH series. The figure depicts the expectation value of this Magnus-
evolved Hamiltonian for several orders k" at which the BCH series was trun-
cated (also depicted through eq. (4.6.12)). Additionally, the figure shows the ex-
pectation value of a directly evolved Hamiltonian H(s). The calculation was per-
formed with the White generator and the N®LOgy + N2LOggq interaction (see

chapter@for more information on commonly used interactions).

Another interesting feature of the Magnus evolution of observables becomes obvious when
comparing the stepsizes of the the Magnus and the direct evolution of H(s) with each other.
As each symbol corresponds to an ODE integration step for either Q(s) or H (s), it becomes
apparent that—given a specific numerical error threshold which should be chosen such that
there is no impact on calculated observablesﬂ—the automatic stepsize control allows the ODE
for the Magnus operator to be integrated at slightly larger stepsizes than it is the case for the
ODE for the Hamiltonian. The potentially larger stepsizes illustrate another advantage of the
Magnus evolution.

For studying the impact of a truncation of the BCH series at the k-th order, the left-hand side
of fig.|4.4| shows the evolution of the relative expectation value of the k-th order term defined

"See appendix@for for more information and specific values for the error thresholds.
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Figure 4.4.: Similarly to fig. we solved the ODE for the Magnus operator such that we
obtained Q(s) at several values for the flow parameter s and which was employed
for the evaluation of the BCH series for the Hamiltonian. The left-hand side depicts

the relative expectation value of the k-th order contribution of the BCH series 53[,];])
(see eq. (4.6.11)) and the right-hand side shows the relative norm of the k-th order

contribution 5,[1];]“ (see eq. (4.6.13)). Calculations were performed for °O.

as

st |<Yretl () [9re0)]

T el T A9 | .

Furthermore, the right-hand side depicts the relative norm of the k-th order term defined
in eq. (4.6.11), Considering the values for (56[,]:[]), a rather strict precision goal of about 5‘£§I]’ <

1x107* is obtained at k ~ 5 which corresponds to 51[1’é]rm ~ 1x107% Therefore, we choose
€ = 1x 107 for all observables that are transformed after Q(s) has been successfully evolved.
However, during the evolution of C)(s) we have to transform the Hamiltonian multiple times.
We have found that it is usually sufficient to transform the Hamiltonian in a rather approxi-
mate manner by employing a threshold of about € = 1 x 107% which is usually reached at the
first or second order of the BCH series. While this is obviously not adequate for obtaining
sufficiently precise values for the expectation value of the Hamiltonian, we have found that it
is usually sufficient to let the generator only “see” the lowest order contributions of the BCH
series to H(s). This indicates that these parts are already containing the relevant off-diagonal
part which we wish to suppress. The great advantage of this approximate approach is that we
are able to significantly boost the numerical efficiency as the number of necessary commuta-
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tor evaluations is greatly reduced while—as we have verified in numerical applications—the
choice of € » 1 x 1072 has no significant impact on our numerical results.

Furthermore, we would like to emphasize that this kind of approximation for H(s) only in-
troduces another approximation for the series of {’(s)—additionally to the truncation of the
series at specific order. Even if any of these two kinds of approximations leads to a solution
)(s) with which we depart from the originally intended decoupling pattern, the associated
transformation is still unitary.

4.7. Generators for the IM-SRG

As mentioned before, the IM-SRG aims at suppressing a specific off-diagonal part of the Hamil-
tonian such that a particular decoupling pattern is achieved. Which part of the Hamiltonian
we would like to suppress depends on the nature of our problem and can vary significantly.
However, all problems discussed in this work define the off-diagonal part as the part of the
Hamiltonian that couples a reference-state |(.f) to particle-hole excitations. The question
that arises is how to construct a generator 7(s) that suppresses a specific off-diagonal part
during the IM-SRG evolution. As it turns out, there are several choices—so-called generator
types—available which we discuss in this chapter. In contrast to the decoupling pattern, the
generator type governs the decoupling behavior, i.e., it controls the numerical efficiency and
stability of the evolution. The off-diagonal part and the generator type are two independent
degrees of freedom that serve as the main ingredients for the construction of a specific gen-
erator 7(s) and its matrix elements.

Pictorially, the generator type defines the path within the operator space of unitary equivalent
Hamiltonians from an initial to a final Hamiltonian H(0) and H(co), respectively. Eventually,
it even defines which particular H (c0) the Hamiltonian is driven to, since there are infinitely
many unitarily equivalent operators that are compatible with a decoupling pattern that con-
tains invariant subspaces. However, we are not using an IM-SRG(A) but an IM-SRG(k) frame-
work. As a consequence, unitarity is formally broken and a variation of the path from H(s)
to H(s + &5) potentially has an impact on the induced many-body terms beyond the k-particle
rank. Hence, the generator type not only defines the decoupling behavior but it also controls
the error of the IM-SRG(k).

In this work we will employ three different generators types: White [Whi02], imaginary-time,
and Wegner [Weg94]]. In what follows, we will discuss their operator structure in A-body
space and, if possible, give formulas for the construction of their matrix elements. Note that
an in-depth analysis of the properties and behavior of generators that goes well beyond our
brief discussion can be found in [Her+16;[Her17].

Another generator that is commonly employed in the context of the MR-IM-SRG with HFB
reference states is the Brillouin generator [Her17]. This generator employs the irreducible
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Brillouin conditions [KM04] such that the energy is variationally minimized under the cor-
responding unitary transformations. While this generator has not been employed in this
work, we might reconsider this generator type in future applications—especially in view of
the newest generator optimizations that we recently implemented (see chapter [6).

Wegner Generator. From a conceptional point of view, the Wegner generator, first pro-
posed by Wegner in [Weg94], is the most simple choice. As already discussed in section 4.1}
it is defined as the commutator between the diagonal part of the Hamiltonian H d(s) and the
Hamiltonian itself

i(s) = [ﬁd(s), Fz(s)] - [Hd(s), Ao4(s)| (4.7.1)

It can be shown that I:Id(s) is a trivial, attractive fixed point of an associated evolution of
H(s)

L) - [ﬁ(s), H(s)] , (4.7.2)

which is reached for s — oo as H °d(c0) vanishes. Note that for cases in which H d(s) and H od(s)
commute with each other due to degeneracies in the spectrum of H(s), we may observe fixed
points already at finite values of s [Her+16[]. In practical calculations, however, the Wegner
generator is a very inefficient choice, since the resulting system of ODEs becomes stiff.

It is worth noting that the Wegner generator leads to a true renormalization-group transfor-
mation, i.e., it preferably suppresses off-diagonal matrix elements with large energy differ-
ences of the corresponding diagonal elements. This property can be nicely demonstrated by
analyzing the asymptotic suppression behavior of off-diagonal matrix elements, which yields
[Her+16]]

G )]y = <A (s0)]jy e BB g o gy (4.7.3)
where sy has to be sufficiently large. Here, we chose the eigenbasis of H d(s) for the represen-
tation of H °d(s) and E; refers to the eigenvalues of H(s).

As the definition of the Wegner generator is based on a commutator, its matrix elements may
be constructed by utilizing the general purpose commutator-evaluation machinery, which will
be addressed in chapter[5]

In second quantization, the off-diagonal Hamiltonian takes the form

70 0 N 1 0 A
Hd=2(fd)§{a§}+ZZ(F Yoa {ardy (4.7.4)
Pq pqrs
where the off-diagonal matrix elements are given through
(de)% = <¢ref|I:I{&2}|‘//ref> +[1e 2], (4.7.5)
(T35 = Yrerl A{ @55 H o) + [(1,2) > (3,4)] (4.7.6)
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White & Imaginary-Time Generator. In this work, we will be mostly dealing with two
generator types: Firstly, the White generator, which was first proposed by White in [Whi02]]
in the context of quantum chemistry, and secondly, the imaginary-time generator, which is
originally inspired by Quantum Monte Carlo methods [Car+15]. Both of these generators
show an improved decoupling behavior and the associated ODE systems are less stiff than for
the Wegner generator. Furthermore, their construction is computationally less demanding
than the Wegner generator.

Let us assume that we are aiming to decouple two subspaces M, M’ ¢ H*% from each other
with the properties M u M’ = H** and M n M’ = @. The decoupling condition, therefore,
reads

CPIHYY 20 V[EYeB, ¥)eB, (4.7.7)

where B and B’ denote the basis of M and M’, respectively. We may now write down the
definition of both generators in A-body space as follows

= (VAN F (<\11|ﬁ|\1!> - <‘If’|ﬁ|‘I”>) W) (| - hec., (4.7.8)
YeB
¥'eB’
where the argument of the function F are differences of the diagonal part and varies with the
specific generator type

-1 .
Fx) = { X for White (47.9)

sgn(x) for imaginary-time

Note that we suppressed any dependency on the flow parameter s for brevity. Similar to
previous considerations with regard to the Wegner generator, an analysis of the asymptotic
suppression behavior of the matrix elements of the off-diagonal part H°4(s) for s > s, yields
[Her+16; Her17]]

GIHY ()| = GIHY(s0)]j> e, (4.7.10)
GHS)]) = GIH Y (s0) iy e FBI) (4.7.11)

for the White and imaginary-time generator, respectively, where |i) and E; refer to eigenstates
and eigenvalues of H(s), respectively. It is the approximate suppression behavior that treats
all matrix elements equally regardless of any energy differences that makes the White gen-
erator the numerically most efficient choice. However, in some cases we might encounter
divergencies of generator matrix elements due to vanishing denominators. As a resort the
numerically less efficient but more stable imaginary-time generator may be employed.

However, as the IM-SRG is formulated in terms of operators in second quantization, we have
to cast the definition above into the form

. . 1 .
() = Y. nh @b Yy + : > P {atd g - (4.7.12)
pq pqrs
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For that purpose, let us now assume that B only has one element denoted as |¥), which is also
employed as the reference state, i.e., | ;e = |¥). Furthermore, we employ that any [¥/) € B’
can be expressed as a (generalized) k-particle k-hole excitation w.r.t. |[¥), i.e.,

97 = {afi Dy ) (4.7.13)

Inspired by the definition of the generator matrix elements in A-body space, we obtain the
following definition for a general k-body generator matrix element.

Definition 4.7.1: Generator Matrix Elements

A general k-body matrix element of the White or imaginary-time generator in reference-
state representation w.r.t. [¥')

. u 1 .
i) = D nh Aafhwy + 5 3 b (@l + ., (4.7.14)
7 pars

may be written as follows

nb bk = CUH{ BT F (A, prgq) = (1o Pk < g1 il (4.7.15)
where we use a short-hand notation for the difference of diagonal elements

Apr..perar = <olH[¥o) - (Wol{al-Pe}TH{aP-Pe} %) (4.7.16)

and employ the definition

(4.7.17)

Flx) = x ! for White
)= sgn(x) for imaginary-time

This definition naturally leads to a vanishing generator, once the decoupling condition is ful-
filled, i.e., the off-diagonal part of the Hamiltonian is suppressed. As a consequence, any H(s)
that is compatible with the decoupling pattern is a fixed point of the operator differential equa-
tion %I:I (s) = [n(s), H (s)] and the flow stops. It is important to note that the general defini-
tion of White and imaginary-time matrix elements given through definition[4.7.1is employed
in several contexts throughout this work: the single-reference IM-SRG, the multi-reference
IM-SRG within the context of the IM-NCSM, the construction of effective valence-space in-
teractions via the single-reference IM-SRG.

4.8. Applications—Single-Reference IM-SRG

A straightforward and conceptionally rather simple application of the general framework that
gives us useful insights into its essential concepts is the single-reference IM-SRG. It utilizes
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the IM-SRG framework for the decoupling of a reference state |¢r.f) from its ph-excitations
{00} [Yhet>, {052} [Yher>. The single-reference IM-SRG is characterized by the choice of a
single Slater determinant as reference state. As a first step, we have to define the off-diagonal
part of the Hamiltonian that we are aiming to suppress, i.e., partition the Hamiltonian into
a diagonal and an off-diagonal part H = H + A°4. To that end, we have to examine which
matrix elements of the Hamiltonian are coupling the reference state to its excitations. Using
Wick’s theorem, it is straightforward to obtain

(et H{GD Y ret) = 5 Tipy g, (4.8.1)

<¢ref|H{a3;§§ }|l//ref> = rgigz nPl an Ng N, (4-8-2)

where H refers to the Hamiltonian in reference-state representatlon given in eq. ( CItis
these matrix elements that form the off-diagonal part H°4. The only thing that is left before we
are able to construct specific generator matrix elements is a specification of a particular gen-
erator type. Considering the White and imaginary-time generator and employing definition
their matrix elements may be written as

ny = f3iiny F(Ar), (4.8.3)
Az =f1-f3-T15, (4.8.4)
n3s = T35 Aaiignsny F(A1234) ) (4.8.5)

Mizsa = f1 +f5 —f3 - f1 + -T33 -Tyg -T% -T5 (4.8.6)

where the definition for the function 7 depends on the generator type. It is an interesting
observation that the argument to 7 clearly resembles the energy denominator found within
the analytical expression for the second-order energy correction from perturbation theory
employing an Epstein-Nesbet partitioning [BS09; [SO96|]. Furthermore, by omitting the two-
body matrix elements, we would obtain the energy denominator of the second-order energy
correction in a Meller-Plesset partitioning. All in all, the particular analytical expressions
for the generator matrix elements in the single-reference case demonstrate that there is a
connection between the IM-SRG and perturbation theory.

Once the off-diagonal part of the Hamiltonian Hd(s) is sufficiently suppressed, the reference
state becomes an eigenstate of H(s) where the corresponding eigenvalue is the zero-body part
of the evolved Hamiltonian

Eo = < Yret H(S)|Yrer) - (4.8.7)

As we are numerically solving a system of ODEs, we have to define a particular convergence
criterion for the evolution of H(s). For that purpose, we are employing second-order pertur-
bation theory for a simple and computationally very cheap way for monitoring the progress
of the suppression of the off-diagonal part. We are calculating the second-order energy cor-
rection E? at each integration step of the ODE and take its ratio with the current zero-body
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part of the Hamiltonian into consideration. Once this ratio becomes sufficiently small, i.e.,
E®@
—% <
< lpref|H| wref>

we consider the evolution as converged. The convergence threshold € is usually chosen as
1x107* to 1 x 1073 for obtaining reliable results.

e«1, (4.8.8)

Figure shows a single-reference evolution for “He depicting Ey and E; + E® (left-hand side)
and the suppression of the norm of the one and two-body off-diagonal part of the Hamilto-
nian (right-hand side). Evidently, the second-order correction is rapidly absorbed into the
zero-body part of the Hamiltonian such that, finally, both lines lie on top each other and the
convergence criterion is fulfilled. Likewise, the norm of the two-body off-diagonal part of
the Hamiltonian is suppressed by several orders of magnitude. The norm of the one-body
off-diagonal part—initially zero as we are employing the Hartree-Fock basis for which the
Brillouin condition holds—slightly increases at the beginning of the evolution and begins to
decrease again at the end of the evolution.

A matrix plot of the initial and evolved Hamilton matrix in a particle-hole basis is shown in
fig. We can observe that strong initial couplings of the reference state to two-particle
two-hole excitations are suppressed in the evolved Hamiltonian. Note that the are no ini-
tial couplings to one-particle one-hole excitations due to the use of the Hartree-Fock single-
particle basis and the associated Brillouin condition. Furthermore, it becomes apparent that
the transformation does not only affect the blocks corresponding to couplings of the refer-
ence state to npnh excitations, but also makes the Hamilton matrix more band-diagonal by
also suppressing, e.g., the block that is associated with a coupling of 1p1h excitations to 3p3h
excitations.
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Results of a single-reference IM-SRG calculation for “He. The left-hand side shows
an evolution with regard to the flow parameter s of both the IM-SRG energy Ej =
<¢ref|I:I |Yrery and Ey + E@._ In this context E@ refers to the second-order energy
correction obtained from perturbation theory. The right-hand side depicts the
evolution of the norm of the one and two-body off-diagonal part. Considering the
one-body off-diagonal part as an example, the norm is calculated through [f°¢| =

2 :
g ( fg ng np) . Calculations were performed at en,x = 12 and are based on the

N3LOgnm+N2LOygr. interaction (see chapter|§| for more information on commonly
employed interactions).
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Figure 4.6.: Matrix representations of the initial and final, i.e., transformed Hamiltonian on
the left and right-hand side, respectively. The basis chosen for the representation
consists of n-particle n-hole excitations of the reference state |er) (0p0h) which
is a simple Slater determinant. Note that we include only a certain subset of de-
terminants in each set of n-particle n-hole excitations used for the representation
where the subset consists only of those excitations |¢/’) with the largest absolute
values for the overlap with the reference state | <¢ref|ﬁ [Y/ ).
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CHAPTER 5.

Multi-Reference IM-SRG—Commutator
Evaluation

In this chapter we cover one of the central aspects of the IM-SRG framework: the evaluation
of commutators. The need for commutator evaluations appears in the following different
contexts:

. the direct evolution of an observable O through

%é(s) - [ﬁ(s), O(s>] , (5.0.1)

« the derivative for the Magnus operator Q(s)

ZB—’: Q(s), (s (5.0.2)

k=0 k!
« the construction of the Wegner generator

i) = [A%). ()] (503

« the unitary transformation of an observable o by means of the BCH series

O(s) = 9 5(0) 2 = 3" 1'[ (s). O(0 ]k. (5.0.4)

k=0
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Taking all of these cases into account, this chapter is dedicated to the evaluation of the general
commutator

Ck = [Ag, B}w] , (5.0.5)

where (:’]%,I and 1%[ denote spherical tensor operators of rank L and projection M and Ag denotes
a scalar operator. We will be commonly referring to the resulting equations in terms of the
matrix elements of the operators as commutator equations. Note that, if not stated otherwise,
we will omit the tensor rank and projection information for AO, B]L\4 and CA}%/I and use A, B,
and C, respectively, for brevity. Commutators with a non-scalar second argument arise in
the context of the consistent evolution of electromagnetic observables as, in general, those
observables are associated with non-scalar operators.

This chapter is outlined as follows: Firstly, we present the so-called m-scheme commutator
equations, which may be obtained by an application of Wick’s theorem and a subsequent
transformation into the so-called spherical natural orbitals. Secondly, we briefly review the
theory of irreducible spherical tensor operators and the Wigner-Eckart theorem. Thirdly, we
use fundamental symmetry properties of the operators and of fermionic many-body states for
writing the m-scheme equations in a more compact form. Finally, we derive spherical com-
mutator equations in terms of reduced matrix elements by performing angular momentum
coupling.

5.1. Spherical Natural Orbitals and m-Scheme Equations

Spherical Natural Orbitals. A central aspect of the commutator equations is that they are
formulated in terms of the so-called spherical natural orbitals, which is the eigenbasis of the
one-body density matrix y!!l. Under the corresponding unitary single-particle transformation
the one-body density matrix transforms like

yh — npdt (5.1.1)

b =580 - yb — 8 —nyt = (1-np)8h = Apdh (5.1.2)

where we introduced the fractional occupation numbers n, with 0 < n, < 1 as eigenvalues of
v and defined fi, = 1-ny. It is noteworthy that this single-particle transformation is unitary
and that it only mixes radial quantum numbers.

The main reason for using the natural orbital basis is simple: It reduces the computational
effort drastically due to the collapse of summation indices. In practical applications it has
proven useful to partition the natural-orbital single-particle basis into a core space C, an active
space A, and a virtual space V. For that purpose, let us express the reference state |;cf) as a
superposition of Slater determinants |¢;)

[Yret> = D cil$i> - (5.1.3)

i
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As the unique assignment of any single-particle state p to one of the aforementioned subspaces
is governed by the numerical value of its occupation number n,, we obtain the definition:

peECe=n,=1 <=pe|p) foralli = af |the) =0, (5.1.4)
peEA=0<n,<1< pelp;) foratleast one butnotall i, (5.1.5)
pPEV =n,=0 = p¢l|p) foralli = a,[ther) =0. (5.1.6)

The usefulness of this classification is rooted in the fact that particular occupation numbers
and two-body irreducible density matrix elements vanish for certain natural orbital single-
particle combinations.

For demonstration purposes let us consider a general n-body density matrix element ygijjj'gz .
It is easy to verify that such a matrix element is only non-vanishing if none of its indices
is associated with a virtual state. As a consequence, the computational impact of particular
analytical expression may be further reduced by, e.g., letting specific summation indices only
run over core states. For more information see [|Geb17].

m-Scheme Equations. In the following we are going to present the result of the evaluation
of the general commutator equation

o [A, g] , (5.1.7)

where each of the three operators is in reference-state representation w.r.t. |(ef), consistently
truncated at the NO2B level, and can, therefore, be written as

" . 1 .
A= Ao+ Y AL @y + 7 D AR g - (5.1.8)
rq prars

For better readability, we split up the commutator evaluation w.r.t. the particle ranks of the
operators involved which yields

6= [ ] = [Am s A e, o, g g 619

+

- [ A Bm] N [ Al pl2)

Al2 3[11] . [Am , 3[21] _ (5.1.10)

For evaluating each of these commutators we employ Wick’s theorem (see chapter 3), which
naturally leads to terms involving one-body, irreducible two-body, and irreducible three-body
density matrices.

As an example, let us now evaluate the commutator between the two one-body parts Al and
B and denote the resulting operator of this operation as &

K= ;Ag{ag}, ;Bg{ag} (5.1.11)
= Y, APBI{abH{al} - ) BhAL{ah}{al}, (5.1.12)

pqrs pqrs
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relabeling of summation indices gives

= Y APBL ({apy(ar) - farHany)

pqrs

applying the generalized Wick’s theorem to both normal-ordered products yields

= Y ATB (- tagh s P Aat s iy ey
pqrs

AT RS S CARA
combining terms with the same normal-ordered product produces

= Y ARBL (- + PO+ (7 + vl
pqu

YV VTS Y —%é’)-
By employing the relations
Yo +72 =63, vhi -y =yhi-yhi =0,
Y2V -Vi¥z =v203 -vidsy,
we further obtain

k= ADBL (-80{ar}+ 8, {at} +yt 8, -y o)
pqrs

=- Y APBI S8 {a;}+ ) ADBL S {ab}

pqu pqrs
r r r r
LS A, - Y LByt
pqu pqrs

evaluating delta terms and subsequently relabeling summation indices yields

=- Y AbB{ar}+ ) AbBI{al}+ ) APBIy? - APBly]

par pgs pqs par
— q AP q g AP
==Y Y AL BE{ahy+ Y > AP B] {ah)
pip2 g pip2 g
+ ) (APBIy? - AIBOYE)
pqr

combining the two one-body parts again gives

=, 2. (Al By, - BRL A ) {ap}+ ) (AL BT - BYAT) y?

ppz2 q pqr
' R 1 N
=Ko+ ZKIq){ajq)} "4 Z ihd {ab} .
rq pars

(5.1.13)

(5.1.14)

(5.1.15)

(5.1.16)

(5.1.17)

(5.1.18)

(5.1.19)

(5.1.20)

(5.1.21)

(5.1.22)

(5.1.23)

(5.1.24)

(5.1.25)

(5.1.26)

(5.1.27)
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By comparing each particle rank of the result with the general form of k, we obtain the fol-
lowing expressions for the zero-body and one-body matrix elements of , respectively,

ko= > (APBI -BPAZ)yP, (5.1.28)
pqr

ky =y (AyBI -BLAT) . (5.1.29)
q

A subsequent single-particle basis transformation of the zero-body part into the spherical
natural orbitals yields

ko= (APBI -BbAY)y? — > (APB} - B AT)n,, (5.1.30)
pqr Pq

Apparently, k3 is invariant under this transformation as it does not contain any density ma-
trices.

Applying this approach outlined through this exemplary evaluation of [A, B] to the re-
maining terms [A[1 | BI21], [A[?] | Bl1l] and [A[?], B?]], including the transformation of all terms
into the spherical natural orbital basis, we obtain the m-scheme equations

Zero-Body m-Scheme
— q
Cy =+ Z (ny - ng) AlB; (5.1.31)
pPq
1
+2 > npng,is (AP Bl —[A < B]) (5.1.32)
PqVS
1
w— Y CPare + o (AP)) (5.1.33)
4 pql"S
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One-Body m-Scheme

Cy =+ Y A, BY -[A— B] (5.1.34)
P
+ 3 (np-ny) (A{; BY —[A B]) (5.1.35)
Pq
1 o
+2 Z (nphighy, + fipngny) (A;fr’ Bg; -[A < B)) (5.1.36)
pqr
1
£y (iA;f/ngf -[Ae B]) Aoy s (5.1.37)
rtosw
+ > (A B, ~[A— B) AL, (5.138)
rtusw
1 1r pto 1 1t pro ro
+ ), (EAZtBSW - SARBL -[Ae B)) A% (5.1.39)

rtusw

Two-Body m-Scheme

ce -, Z ( (A;, B2 —[1 z]) - (A} B -3 4]) ) -[A < B] (5.1.40)

P
+ % > (1-np-ng) (A BY -[A B]) (5.1.41)
Pq
+ 3 (np-ng) ((Aég BY —[A o B]) o z]) . (5.1.42)
Pq

These equations are commonly referred to as m-scheme equations due to the fact that they
still depend on projection quantum numbers—in contrast to the so-called spherical equations,
which will be derived later on. It becomes evident that the zero-body part is the only part
which, in principle, contains an irreducible three-body density matrix, However, this term
will be neglected in this work as it has been shown that its impact is negligible [Geb17]. Fur-
thermore, it is noteworthy that the subset of the equations above not containing any two-body
irreducible density matrices A2 g equal to the set of single-reference equations. Assuming the
reference state is a Slater determinant, all terms containing higher-order irreducible density
matrices A2 vanish which shows that the multi-reference equations reduce to the single-
reference equations. Additionally, we would like to note that during the derivation of the
m-scheme equations presented here, no symmetries of the operators were exploited, in par-
ticular, we did not assume any symmetry under Hermitian conjugation. For more information
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and details on the derivation of the single-reference and multi-reference equations see [Vob14]]
and [Geb17], respectively.

5.2. Angular Momentum Theory

Taking rotational symmetry into account is not only educationally valuable but is also an
essential cornerstone for the following derivation of the spherical commutator equations
which—compared to the m-scheme commutator equations—significantly reduce the compu-
tational effort. Furthermore, it will allow us to write the m-scheme equations in a much more
compact manner, making them much easier to handle. To that end, we are going to briefly dis-
cuss angular momentum theory, introduce spherical tensor operators and address the Wigner-
Eckart theorem in this section. For educationally highly valuable information on this topic
beyond our following considerations see [Suh07; [ VMKS3].

Angular Momentum Coupling. A (Vector) operator] is said to be an angular momentum
operator if its three Cartesian components T, ]y, and J, are Hermitian and, additionally, satisfy
the commutation relations

s b =i, [ 2] =g [k J] = indy (5.2.1)

Starting from this abstract definition of an angular momentum operator J, it can be shown
that the orthonormal eigenstates of J fulfill the following eigenvalue relations

Jolimy = jG+ DA jm) | (52.2)
J.ljm)y = mhl|jm) (5.2.3)

where —j = m = j. We would like to note that the notion of angular momentum arises
naturally within the context of rotational symmetry. This is rooted in the fact that an angular
momentum operator is closely related to the rotation group—its components are the three
infinitesimal generators of the rotation group.

Having defined the notion of an angular momentum operator, we are now prepared to address
the coupling of angular momenta. Generally, the sum J=7J 1+ J 5 of two commuting angular
momentum operators J, and J, again forms an angular momentum operator, where J, and
J , may be, e.g., the angular momenta of two different particles or those of the orbital and spin
angular momentum. The complete set of basis states {|j;mz, jamy)} is called the uncoupled

basis w.r.t. the operator set {ﬁ,flz,ﬁ,]}z}. However, as | = jl + jz is also an angular mo-
mentum operator the complete set of basis states {|(jijz)jm)} is called the coupled basis w.r.t.
the operator set {jfj;jz jz }. The transformation between the coupled and uncoupled basis
is unitary and a basis state of the coupled basis can be expressed in terms of basis states of the
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uncoupled basis as follows

|(jij2)imy = Z s majamy ) {1 moj2 ma|(j1j2)im) (5.2.4)
=2 ( gy ,’n) myjams) (525)

where we defined the overlap between a coupled and an uncoupled basis state as the Cleb-
sch Gordan coefficient. Closely related to Clebsch-Gordan coefficients are the so-called 3j
symbolsﬂ which can be expressed in terms of each other as follows

b2 T\ _yieMpget ((J J2|T
(m1 o M) Ym0 ) (5.2.6)
Jude| T\ _(yi-ieM B T\ _ (e y-m(J J2h
(ml my M> ( )] HJ mi myp -M ( ) H]( )] -M myo mq ’ (527)
where the so-called hatfactor is defined via
H] =4/2]+1, H]l]Z-"]x = H]1 . H]z "'H]X . (5.2.8)

We will usually employ 3j symbols instead of Clebsch-Gordan coefficients as these are ac-
companied by very convenient symmetry properties: Firstly, a 3j symbol is invariant under
cyclic permutations of its columns, whereas an anti-cyclic permutation produces merely an
additional phase factor of (-Y'*2*/_ Secondly, an inversion of all of its projection quantum
numbers in the bottom row produces the same phase factor as in the context of anti-cyclic
permutation

Jv iz B _ (B JJ2 (<) Jo 2 J3 (5.2.9)
my my ms ms my ny mymyms) ’ o
JvJz Js\ _ (<) o2 B (5.2.10)
my myp ms —mi; —my—ms ' o

Another useful property of the 3j symbol involves the case where one of the angular momenta
vanishes

i 0 R
(]1 J2 > - (_)11 1Hj115j1j25m1’_m2 . (5211)

my my 0

Considering the case of coupling three angular momenta, there is, compared to the case of
two angular momenta, a slight complication as there are three possible coupling orders in
which the three angular momenta may be coupled and the coupled states associated with
each coupling scheme are different from each other. However, each of the three sets forms a

'Note that in the literature the object we are referring to as a 3j symbol it sometimes referred to as 3jm symbol.
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complete basis and the 6j symbol arises within the context of the unitary basis transformations
between two different coupling schemes. Note that, formally, the 6j symbol may be written
in terms of 3j symbols as follows

JvjeJs | _ Vi-Myth-Myrfs-Ms (1 J2 J3
{]1 L2 Js } Z 2 <m1 my m3>

M1M2M3m1 myms
O N Js h ko (5.2.12)
-my —My Ms ) \M; my -Ms ) \-My My m3 /) ~ o

The basic symmetry properties of the 6j symbol are: invariance under permutations of its
columns and invariance under simultaneous exchange of lower and upper arguments in any
two of its columns.

Similarly to the 6j symbol, the 9j symbol arises within the context of transformations between
coupling schemes w.r.t. four angular momenta and is denoted as

Jut jiz Jis

J21 joz Jo3 | - (5.2.13)

J31 j32 J33
Again, there are several ways in which the four angular momenta may be coupled to a total
angular momentum, states associated with different coupling schemes are not equal to each
other, and each set of basis states associated with each of the different coupling schemes forms
a complete basis. Considering the basic symmetry properties, the 9j symbol is invariant under
reflection w.r.t. to either of its two diagonals, it is invariant under even permutations of its rows
and columns, and for odd permutations of its rows or columns a phase factor of Hiy (=Y
emerges.

Spherical Tensor Operators.  Generally, a Cartesian tensor operator can be reduced to
spherical tensor operators of several spherical ranks. As the definition of spherical tensor op-
erators is closely connected to their behavior under rotations in coordinate space, let us briefly
recapitulate the most important implications arising within the context of those rotations.

Under a rotation, represented by the rotation operator R with matrix elements R/, the three
components V' of a Cartesian vector and the nine components TV of a second-rank Cartesian
tensor are transforming as follows

3
Vi ZR}VJ' —» V' =RV, (5.2.14)
j=1
e 3 . >
T/ = Z R;Rﬁk’ —» T =RTR, (5.2.15)
k=1

where both rotations were additionally written as matrix equations with the orthogonal ma-
trix R. A rotation R in three-dimensional Cartesian space leads to a unitary transformation U
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of angular momentum eigenstates |jm) in a (2j + 1)-dimensional Hilbert space. The so-called
Wigner D functions are the matrix representation of these unitary transformations in a basis
consisting of angular momentum eigenstates

Dl .= <jm" U‘jm> . (5.2.16)

Rewriting the previous definition to the form
A '] -
Ulimy= > D, . lim’), (5.2.17)
m==j

illustrates how an eigenstate |jm) transforms under rotations induced by U.

Employing the definition of the Wigner D functions, a spherical tensor operator TL with rank

L consists of (2L + 1) components {YA'AL/I | —~L=sM=<+L } which transform under rotations
as follows
o L
UTyU" = Y Dy Tin - (5.2.18)
M/=-L

Put differently, the components YA’AL/[ of a spherical tensor operator are transforming just like
angular momentum eigenstates |jm). Equivalently, spherical tensor operators can formally
be defined through the following commutation relations

[jz, TL| = MRTE, (5.2.19)
[ji , fA@] — U =M+ (= M) TL,, (5.2.20)

where J, = Jo+i ]y are the ladder operators. These commutation relations are especially useful
for testing whether or not a set of objects forms a spherical tensor operator.

As noted previously, Cartesian tensor operators of a specific Cartesian rank can be reduced to
spherical tensors of several spherical ranks. A special case are Cartesian scalars and vectors as
their spherical counterparts have the same rank, i.e., a Cartesian scalar is a spherical scalar and
a Cartesian vector is a spherical vector. However, a rank-two Cartesian tensor can be decom-
posed into spherical tensors of rank zero, one, and two. In other words, Cartesian tensors are
reducible whereas spherical tensors are irreducible. This is why they are commonly referred to
as irreducible spherical tensor operatorsl °| As an example for the decomposition of Cartesian
tensors into spherical tensors, let us consider a vector V with the Cartesian components Vy,
Vy and V. The associated spherical components can now be written as follows
A 1

Vo=s s (vx s ivy) V=1, (5.2.21)

?Mathematically speaking, an irreducible spherical tensor operator corresponds to an irreducible representation
of the rotation group, i.e., a group representation with no further invariant subspaces.
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Note that, if not stated otherwise, we will assume to deal with Hermitian tensor operators in
this work, which obey

(Th)" = M 1, (5.2.22)

where the M = 0 component of such tensor operators fulfills the well-known criterion for
being Hermitian (fOL)' = TOL

Wigner-Eckart Theorem. We are now ready to discuss the Wigner-Eckart theorem
[Wig31} Eck30]. It simplifies the calculation of matrix elements of nuclear observables by ex-
panding observables in terms of spherical tensor operators which then allows to exploit their
special transformation properties. Using the notation |¢; JM) for referring to states with an-
gular momentum J and projection M the Wigner-Eckart theorem can be stated as follows.

Theorem 5.2.1: Wigner-Eckart Theorem

A matrix element of a component TAL4L of a spherical tensor operator T can be rewritten
as

. ~L /‘//__—M]L]/ L. 17

where <1 J||TL||y/; ]’ denotes the so-called reduced matrix element which does not de-
pend on any projection quantum numbers anymore.

Therefore, the Wigner-Eckart theorem states that it is possible to separate matrix elements of
spherical tensor operators into a part that still contains projection quantum numbers from the
rest, i.e., the reduced matrix element. This reduced matrix element is rotationally invariant
and contains the “physics” of the initial and final state and that of the tensor operator. The
inverse relation of the Wigner-Eckart theorem will prove very useful and can be written as

- /. 7/ - Ly - AR
WGINTHYSTy = Y (_)lM(_{VIMLZ{/[,><¢;]M|TAL4LII//;]M>. (5.2.24)
MM M;

From the Wigner-Eckart theorem given through eq. and the general properties of 3j
symbols it becomes evident that the matrix element of a spherical tensor operator vanishes
if either the triangular condition or the projection quantum number conservation is violated.
Formally, this can be expressed as

Y IMITi | My =0 if \AUL)) or (-M + Mp + M') #0 (5.2.25)

where A(JLJ’) indicates the triangular condition.
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Let us consider a matrix element and its complex conjugate counterpart
A A T *
I IMIT )My =y M \(Tyy,) [y M) (5.2.26)

where we used the definition of the Hermitian conjugation of operators. Assuming from now
on that we are dealing with Hermitian spherical tensor operators, we apply the Wigner-Eckart
theorem to both sides of the previous equation and obtain

TSy = Y s I gy (5.2.27)
which is an important symmetry property of reduced matrix elements.

An interesting special case is the Wigner-Eckart theorem for scalar operators: As both L and
M, are vanishing in this case we obtain the simplified equation

P IMITY s 7'My = T s JI TN 5 T 8 Suner - (5.2.28)

Two things become evident here: Firstly, coupled matrix elements of scalar operators are
only non-zero if both the total angular momentum and its projection are equal in bra and
ket, respectively. Secondly, the matrix element is independent of the specific value of the
projection. Therefore, we may replace reduced with coupled matrix elements with each other,
even though one has to take the hatfactor both are differing by into account.

Tensor Product. The tensor product of rank L and projection M of two spherical tensor
operators X'* and Y7 of rank Ly and Ly, respectively, is defined through

oLy o ULyll _ Lx Ly
[X ®Y ]M_M%:@(Mle

LY\ oryvr
M> Xyl (5.2.29)

Considering the special case where one of the two spherical tensor operators involved in the
tensor product is a scalar, we obtain the relation

L AOL_ on
[XX®Y]M‘%:<M10

L
M

> XY = S dumXyi Yy (5.2.30)

from which it follows that any product of a spherical tensor operator of rank L and projection
M with a scalar operator is equivalent to a tensor product of rank L and projection M. As a
consequence, also the commutator of a non-scalar operator with a scalar operator is again a
tensor operator with rank and projection equal to the ones of the non-scalar operator which
in turn justifies our previous assumption given through eq. (5.0.5).

During the following process of angular momentum coupling, matrix elements of two types
of tensor products will appear naturally. Therefore, let us consider these two cases such that
we may directly identify specific terms as tensor products.
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Matrix Elements of Tensor Products I. In the first case we assume that X¥ and Y%7
are two spherical tensor operators, where each depends exclusively on variables of its own
subsystem. The matrix elements of such a tensor product, which can be written as

A

A ~ L
Zt = [X*e Y] 0, (5.2.31)

are then given through [VMK&3]|

o J
{Gij)] H z Gaja)'y =M, I S s g T ¢ i H Xt sy o 0 Yhr jay . (5.2.32)
x Ly Lz
There are two important special cases:
1. Ly = 0 which leads to the following matrix elements
<(jlj2)] H z* H (1'3]'4)]’> =I1 10,11, (—yrind oL {}1/ ]]3 ]IZ, }
G| X sy | ¥ Liay (5.2:33)
2. Lx = Ly = 0 which gives
A II A ~
{Gi)] H z° “ (Gsia) ) = Hij G| X° H]3> (o | Y° H]'4> . (5.2.34)
J2J1

Matrix Elements of Tensor Products Il. Another possibility for coupling two tensor op-
erators deals with the case, where both are acting on the same Hilbert space [Suh07, p. 34].
This leads to

a7

(o Lx Ly Lz}
J2> ()] LZ%:{JZ ]1 ]p

{h H Xt kY, (5.2.35)

By p| T

where J; refers to the total angular momentum of the “spherical” many-body state ;. We will
commonly face a special case of this relation, where one of the two operators involved in the
tensor product is a scalar which leads to

AFATAE PRV

Jp

Xt ”]p) {, H Y° 0]2> . (5.2.36)
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5.3. m-Scheme Equations—Revisited

The m-scheme commutator eqs. (5.1.31) to (5.1.42) are overly complicated. This is due to
the fact that they are mixing up the general symmetries of each matrix element of a spheri-
cal tensor operator with the structure inherent to the commutator equations. In this section
we will separate these general symmetries of matrix elements and the inherent structure of
the commutator equations from each other. Apart from gaining aesthetically more attractive
equations, the practical advantage of this approach is that we obtain equations that exhibit
fewer terms and are easier to handle. As a consequence, the subsequent angular momentum
coupling procedure will be significantly simplified and less error-prone.

We will employ a short-hand notation for index transpositions via an index transposition
operator

3 Fr2 = Fai (5.3.1)

where F is an arbitrary object with two indices. Furthermore, we assume that all involved op-
erators have a definite symmetry under Hermitian conjugation of 1 or -1, where the symmetry
of C is determined through the symmetry of A and B and denoted as &- = =1

A \T N R
(cAa) S G (M EL, = (ML, (5.3.2)
Choosing the matrix elements to be real it follows thaiﬂ

PICHIY > = = (MY |Chlyy (5.3.3)

. . . 1 . .
Symmetrizer. The resulting one-body matrix elements (C}Q) , should be invariant under
the action of the symmetrizer

ame 1 M A
Sl = 5(1 ()™ TMMT%) (5.3.4)

. 12 . . .
Furthermore, two-body matrix elements (C]ﬁ) 5, shall be invariant under the action of

-1y, -1, = (MM, (5.3.5)

giving 8 distinct permutations. Consequently, the symmetrizer for the two-body matrix ele-
ments may be written as

—‘M+
21234M

(1-23) (1-23) (1= ()M #M,2323) . (5.3.6)

O | =

*Note that in the context of the symmetrizer we will from now on employ + for referring to &.
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As an example, let us consider the first term of the two-body equations (see eq. (5.1.40)), which
can be rewritten as

3 (((A;, B - B} A§Z>-[1<—>2])-((A§ BY - B! A},ﬁ)-[3<_>4])>

P
Al ATA2 _ Adala 2 2
=Y (1- )+ #1825 #12042) (A;, B - B} A§4) (53.7)
P
Al A1A2 A4 ala2 1-75 (1 P2 1 4p2
=Z (1- 2} + 1375 7 132373) 5 Ap By - B, Ay (5.3.8)
P
~M= 2 2
=SSy (A;, Bf, - B, A§4) (5.3.9)
P

Evidently, the equation takes on a much simpler form as any two terms that merely differ
by an exchange of particles such that basic matrix elements symmetries are satisfied are now
broken down to one as any of those redundant “exchange” terms is now recovered through
the action of the symmetrizer.

Result. Applying this approach to all the remaining terms is straightforward and results in
the following set of equations.

Zero-Body m-Scheme Enhanced
- q
Co=+Y (n-ng) AL B} (5.3.10)
rq
1 o
* Z npng i (Afsq By, -[A< B]) (5.3.11)
pqrs
1
- Pq ) Pq
+ j;g CPa AP (5.3.12)
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One-Body m-Scheme Enhanced
L\! M 1
(CM)Z =t SMm ZZAp B} (5.3.13)
P
M+ 1
+ By Y, (np—ny) (A‘Z BZZ) (5.3.14)
Pq
M 1
- S1am Z (”p - nq) (BZ Azz) (5.3.15)
Pq
+ BY Y AR B (mpfighy + Apngny) (53.16)
pqr
- 1
+ S D, 5 Asw A% Bay (5.3.17)
rtosw
+Elf Y (2) A A BR, (53.18)
rtosw
+Ef Y. A B A (5.3.19)
rtosw
AM=+ L\ 17 0\ tv 0)Sw
~EMm Z (BM)tg (Ao)sw (/lo)w (5.3.20)
rtosw

Two-Body m-Scheme Enhanced

LY12 _ AM: 1 pp2
(CM)34 =+ Si23am Z 4 A, By, (5.3.21)
P
SMz 2
~ B1234M Z 43117 A§4 (5.3.22)
P
SMz 12 ppq
* 2123aM Z (1 ~np - nq) Apq By (5.3.23)
pq
SMz 1p n2q
+ E123am Z 4 (ny - ng) Ash B (5.3.24)
pq

Comparing these equations with the previous set of equations given through egs. (5.1.31)
to (5.1.42) demonstrates that they exhibit a simpler structure. As a consequence, they are the
ideal starting point of the derivation of the spherical commutator equations.
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5.4. Diagrammatic Approach

In the context of angular momentum coupling of the m-scheme commutator equations, we
will face expressions containing sums over products of many Clebsch-Gordan coefficient and
3j symbols symbols. Such expressions can get extremely complicated and performing ma-
nipulations is a very time-consuming process. The reason for this is simple: The expressions
contain many arguments and it is very difficult to grasp all of the interrelations and to under-
stand symmetries and invariances of specific terms.

For facilitating the process of angular momentum transformations, we will resort to a graph-
ical representation of those analytical expressions. Such a graphical representation is a much
clearer and more compact way for representing the structure inherent to the expressions.

There has to be a unique relationship between any analytic expression and its associated
graphical representation. Any transformation of an analytic expression may be translated
into an unique transformation of the associated diagrams [VMK88].

Let us briefly recapitulate the basics of a diagrammatic treatment of angular momentum cou-
pling. As we are only using the diagrammatic representation of 3j symbols and its associated
transformation rules, we are merely employing a subset of the rules presented in [VMK88] on
which this section is based on.

As a starting point, bra and ket states with a definite angular momentum j and projection m
are represented as follows
G jmy= Jm . IGN(mi= T (5.4.1)

where the lines coming into or out of a node are referred to as j-lines and the variable above
them indicates the state they are associated with.

A 3j symbol is represented by a dot which connects three j-lines, where each of the line
corresponds to one of the three angular momenta within the 3j symbol. The cyclic order
of the arguments of the 3j symbol is determined through the sign of the node which may
either be positive or negative determining if the j-lines around the node have to be interpreted
anticlockwise or a clockwise, respectively. Note that the sign of a node is indicated through a
solid edge (positive sign, anticlockwise) or a dashed edge (negative sign, clockwise)m

_ Jimi J3ams
<11 2 J3 ) _ _ T , (5.4.2)
m; my ms o
Jammz Jam3 Jo mzf \Jl my

“Note that the introduction of solid or dashed edges instead of simply noting “+” or “-” next to each node is the
only deviation from the original notation given in [VMK33].

5This reflects the invariance of the 3j under cyclic permutations of its columns as only the order in its diagram-
matic representation counts.
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Furthermore, a j-line associated with {jm| may come into a node in which case the 3j symbol
carries an additional phase factor of (-)™™ and its projection quantum number m is inverted

Jim
_ (_Y1i—m jl j2 j3 543
/35\ O () o
Jamy J3ms

In the following, we will summarize the most important rules for the transformation of dia-
grams, however, this treatment is far from exhaustive and for further reading and background
information we refer to [VMK88] .

1. Invariant summation over projection quantum numbers: Two j-lines with com-
patible direction, i.e., one is going into its node and the other out of its node may be
linked together producing an internal j-line

JxMx  JxMy

) / . Jx

Jimy Jomy 1 m jo M

el >)—> _ Jl_l,,;_@i,z , (5.4.4)

mym,y
Jymy - Jymy Iy

where the linked j-line has the same direction as the two original ones. Such an internal
j-line implies the summation over the associated projection quantum number. Note that
each internal line is corresponding to a scalar product of the two irreducible tensors the
line is linking and, as a consequence, internal variables are invariant under rotations.
Another type of lines are external lines: Those lines are linked to a node only at one
end and the other one is free, i.e., their associated external variables are parameters of
the expression under consideration and not involved in any summations.

2. Summation over angular momentum: A summation not only of the projection but
also over the angular momentum j itself is indicated through a thick j-line

Jamy Jimy Jamy Jimy
> m J - J , (5.4.5)
J
J3ms Jamz J3ams Jamy

where one has to keep in mind the additional hatfactor involved in the summation.

3. Change of node sign: It is very often convenient to exchange two j-lines with each
other for example if they are crossing each other. Such an exchange of j-lines corre-
sponds to a change of the momentum coupling order and has to be taken into account
either by an inversion of the sign of the associated node or by a phase factor of the form

(~Y*2*5 a5 already discussed previously (see eq. )
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. Change of direction of internal lines: Inverting the direction of an internal j-line
produces a phase factor of (-)¥ in the associated analytic expression

Jx Jx
Jim «G}—bh my = ()% im 4-{3)-71'2 my . (5.4.6)
jy jy

It becomes evident that changing the direction of internal j-lines for integer angular
momenta (as opposed to half-integer angular momenta) does not change the associated
analytical expression. As a consequence, we will usually omit the direction of integer
angular momentum internal lines.

. Linking subdiagrams: Two subdiagrams A and B which have at least one identical
node may be linked together by means of the rule

1 ¥ I
A |2 ,‘:‘jz, BL - A ;23 Bl . (5.4.7)
B 3 -
Js Js

Note that a necessary condition for the validity of this rule is that at least one of the
subdiagrams does not have an external line.

. Cutting into subdiagrams: In this work we will only be dealing with cutting one or
two lines connecting two subdiagrams A and B and the two corresponding rules may
be diagrammatically written as follows

i [TF -
Al»]B = A Bl . (5.4.8)

_j<1_ o J1 5
A Bl = A) (B_#. (5.4.9)
J2

E.am —
J2

Note that a condition for the validity of these rules is that at least one of the two subdi-
agrams does not exhibit any external lines.

. Hermitian conjugation: Very often is is necessary to invert the direction of all exter-
nal lines of the diagrammatic representation of the 3j symbol. Such a transformation
produces a phase factor of (-)!, where j; corresponds to the j-line whose direction is
differing from the other two j-lines. If, however, the directions are all the same, i.e.,
either out or ingoing, then the diagram is invariant under such an inversion.

. Orthonormality relation: The graphical representation of the orthonormality rela-
tion of 3j symbols reads

J2

5. .8
Jams S fml T (5.4.10)
i J3
Ji
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9. Completeness relation: Diagramatically, the completeness relation for 3j symbols is
given through

. .y
Jimy i Jimy

})‘B—‘f = 5m1m{ 5m2m§ . (5.4.11)
Jamy 2m)

10. Eliminitation of vanishing j-lines: A vanishing j-line, defined as a line with j = 0,
may be removed from the diagram along with its corresponding node

jl’"l*)?-)-jzmz _ 1y Smymy (5.4.12)
| o 4.

j=0

Note that the remaining two j-lines keep their original direction and are involved in a
delta term. This rule can be applied to any diagram exhibiting vanishing j-line by means
of a reduction to the diagram shown above.

As already noted previously, we will also face the emergence of 6j and 9j symbols. Diagram-
matically, these symbols may be represented via

o,
i §p) N
{}1 }2 }3 } - , (5.4.13)
1 ks O
Jit Ji2 13
J21 joz2 Jo3 ¢ = (5.4.14)
J31 J32 J33

Note that the diagramatic representation of the 6j (9j) symbol elucidates that it may be written
in terms of four (six) 3j symbols and the aforementioned symmetry properties of both the 6
and 9j symbol appear naturally within their diagramatic representation.

Note that diagrams that only differ by some kind of deformation but still respresent the same
analytical expression will be called identical. Furthermore, diagrams that only differ by their
node signs or directions of lines are called topologically similar as they usually only differ by
a phase factor.
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5.5. Coupled and Reduced Matrix Elements—Conventions and
Formulas

Up to now, a collective index like, e.g., p denoted a full m-scheme collective index, i.e., it fully
specified a single-particle state, which could then be written as |p). Instead, from now on p
shall denote a spherical collective single-particle index that does not depend on the projection
quantum number anymore. As a consequence, a single-particle state may now be written
as [pmy,) where m, is the corresponding projection. For expressing all previous m-scheme
equations in terms of this new convention, the following transformation with regard to single-
particle indices has to be conducted

p— pmy, XZ —>X§Z§ , XPi —>Xf$ff,,rzq . (5.5.1)

Note that this step is necessary for resolving ambiguities within the context of the transforma-
tion from m-scheme equations to spherical equations, where we will encounter expressions
in which both m-scheme and reduced matrix elements are occurring,.

Two-Body Matrix Elements. Using spherical collective single-particle indices, a general
m-scheme two-body matrix element is now written as

L \1mi2m 5L
(50) 3gm, = <1, 2ml Xy, [3ms, 4my) (5.5.2)

Our general approach is to couple the two angular momenta in bra and ket to a total angular

a N N A/ N N
momentum J = j, + j, and J = j; + j,, respectively, which gives

1m;2m; ~
(XAL4L)3,,,;4mj = (1my2my| Xy, [3msdmy) (5.5.3)
Ji Jo ])<j3]4 ]/> 53 ,
- 12, M| T4 [34: ] My (5.5.4)
TN My (ml ma| My )\ m3 ma| My '
Ji 2| J ) <j3 Ja J’) L (270
= XM ’ 5 (555)
1AMy, (ml ma| My )\ m3 my| My ( L)(“)f My

where we introduced a short-hand notation for a coupled two-body matrix element

L \a2M L
(X0) ayrag, = <1ZTMIIXE, 134" My ) (5.5.6)

Additionally, we apply the Wigner-Eckart theorem for obtaining reduced matrix elements

L (12)]M_] . AL )
(X3,) " = (12, M| Xy, 134 ' M) (5.5.7)
4
— (= —M] ] L J . >L Ly
- <_MJ M, M]/> A2 J|IX7[34:T7 (5.5.8)
_ym (] LT 1\(12)]
( )] <_MJ M My (X )(34)1/ ) (5.5.9)
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Again, we introduced a new short-hand notation only this time for reduced matrix elements
of two-body operators

(12 .
(X") gy = CAZTIXTI34T> (5.5.10)

which are, compared to coupled matrix elements, not depending on projection quantum num-
bers anymore. Plugging both relations into each other and expressing Clebsch Gordan coef-
ficients in terms of 3j symbols yields

(XAL/IL>;:;21:j _ Z (XL)EZZ, (_)]+j1+j3—j2—j4 H]H]/

J/

Ly hodz T s T
x M ( J ) ( Pz ’ , (5511
MJZM]/ ( ) —M] ML M]’ my my —M] ms my _M]’ ( )
whereas the inverse relation is given through

(XL)(lz)] =H]H]/ Z (_)il_ml+j2_m2+j3_m3+j4—m4+]/_M]/+L—M

(39))
MMM,
mimpmsmy
L J ] v j2 J Js ja J L\ 1my2m;
" <_ML _MJ/ M]) <m1 nmp _M] ms my —M]/ (XM)3m34m4 . (5512)

Note that for a scalar (L = 0) there is a simple relation between a reduced and a coupled matrix
elements
0\(12JM; -1 (4012
(X5 )(34)],M]/ = 8y Swym, 11 (X )(w/ , (5.5.13)
which is a direct consequence of the Wigner-Eckart theorem. During the course of the fol-
lowing angular momentum coupling, we will commonly switch between reduced and coupled
matrix elements like

(XO)( )J

12 (12)]
(34)J

(G207

(12)Jo

<1y (X‘?)(M)Jo

=11 (X7) (5.5.14)
where we usually omit the indication of the projection quantum number for the bra and ket
state for brevity. Diagrammatically expressing the relations giving m-scheme in terms of

reduced matrix elements and vice versa leads to

(XzﬁL);Zﬁ:i = ; (XL)E;%/ 1111y (5.5.15)
(X )y =TI D (i) (5.5.16)
Mg
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5.5. Coupled and Reduced Matrix Elements—Conventions and Formulas

One-Body Matrix Elements.  Considering one-body matrix elements, the angular mo-
mentum coupling step is not required, thus, we only apply the Wigner Eckart theorem for
obtaining reduced matrix elements from m-scheme matrix elements

(T )Pmp (=Y (_Jip}@ﬁ) (TL);Z . (5.5.17)

Similarly to the two-body case, there is a simple relation between coupled and reduced matrix
elements for scalars, which can be written as

(X(?)lml 5]1]25"11"12 i (X0> > (5.5.18)

2m2

and which allows us to simply replace one with the other. Diagrammatically expressing the
relations giving m-scheme in terms of reduced matrix elements and vice versa leads to

L\1m AL LM .
(TM)zmz :(T )2 Jlm\lLT Joms (5.5.19)
L\1 L\lm . LML.
2 - M Jimy Jamy . 5.
(T") (T31) (5.5.20)
Mmlmz \'~”

Pandya Transformation. An important, but rather technical aspect of the spherical com-
mutator equations is the Pandya transformation [Suh07]]. Formally, the Pandya transforma-
tion may be defined for scalar spherical tensor operators as

-\ Jii] 0\ (14)
(AO)(M)J' ) ; {Jé Ja ]} (AO)(32)J ’ (5521
where the inverse of the relation above is of the exact same form and we usually suppress any
indication of the projection quantum number of the bra and ket state for brevity. In this work,
the Pandya transformation—closely related to cross-coupled matrix elements [Kuo+81[]—is
employed for coupling single-particle states in bra and ket with each other. More specifically,
it enables us to couple the first single-particle state of the bra with the first single-particle
state of the ket. The motivation for this procedure are algebraic terms in which summation
indices are distributed over the bra and ket states. Such terms may be transformed by means
of the Pandya transformation resulting in an expression in which the summation indices are
not scattered across the bra and ket anymore

J o)
> () (D) Gy Z(xo) ( 0)(3; . (5.5.22)
pq

The reason why we prefer the form which exhibits Pandya-transformed matrix elements is
simple: It can be formulated as matrix-matrix product implying a massive increase of com-
putational efficiency even if taking the computational cost of the Pandya transformation into
account.
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For non-scalar operators we have to redefine the Pandya transformation as follows

—\ (2] nRJ)
L _ IT. .. + +]’+]’ L (14)]
(X )34 == § I I S s js T p (<) (x*) e (5.5.23)

This generalization of the Pandya transformation to non-scalar spherical tensor operators
with arbitrary rank L was guided by two principles: Firstly, form invariance under inversion,
and secondly, compatibility with the definition for scalar operators. However, it is important
to note that the definition for non-scalar operators is not equal to the scalar definition for
vanishing tensor ranks, but Pandya-transformed matrix elements based on either one or the
other definition are related by

(x0) - gy (0)" (5520
eor I ar -

Evidently, this relation is similar to the relation between reduced and coupled matrix elements
for scalars. Therefore, Pandya-transformed matrix elements of non-scalar operators may be
considered as “reduced”.

The following relation which diagrammatically gives an m-scheme matrix element in terms
of Pandya-transformed matrix elements will prove very useful

1m12m2 Z 2 (30 4] o, My j J1, M (55.25)
3M34M4 32)] ) ) ’ e
J3, M3 Ja, My
(14)] J L
1m12m2
(X3 II;11;, . (5.5.26)
3m34m4 Z -] J < ) 32)]'/
I L
Jamg jimy jamg jzms

In the context of angular momentum coupling, this relation will facilitate the treatment of
several terms by directly inserting Pandya-transformed matrix elements if necessary.

Another relation deals with the case where one of the total angular momenta of the Pandya-
transformed matrix element vanishes

—\ (12 i J N
' = 7 iy j +js#0+] (5 L) (149
(X )<34)0 - ;H]HOH]H]/ ]14 }3/ 2 (=) (x*) () (5.5.27)
1 _yiiorl | J1J2 Lo sery 0
=- ; 8jsj O 1Ly, pr XL (=Y { ja } (x") G2y - (5.5.28)

This relation will prove its usefulness during the following derivation of the spherical com-
mutator evaluation equations where we will encounter terms resembling the right-hand side
of the relation above which can then be directly identified as Pandya-transformed matrix el-
ements. Note that we employed the following relation, whose diagrammatic derivation is
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5.6. Spherical Equations

straightforward, for rewriting a 9j symbol with a single vanishing angular momentum in
terms of a 6j symbol

2] (iRl
JiJs 0 p = 8y, O I I (<t {], i } . (5.5.29)
] ]l L .]3

5.6. Spherical Equations

Let us now employ the symmetry-optimized m-scheme equations eqs. (5.3.10) to (5.3.24) as
a starting point for angular momentum coupling. In this context this means that we get rid
of any projection quantum numbers and express our equation in terms of reduced matrix
elements. The motivation for this endeavor is clear: It greatly reduces the computational
effort as all sums that run over single-particle states produce considerably less terms.

5.6.1. Derivation Zero-Body Part

Zero-Body Part, Term 1. Starting from the expression

Co = Z (npm,, - ”qmq) (AO){;:” (Bﬁ);zz , (5.6.1)

pqmymyg
we may express the m-scheme matrix elements in terms of spherical matrix elements
Z ) ( . LM
= - nq B Jp Jg Jg Jp (5.6.2)
' f b
merging the two diagrams yields
Ja
= Z - ng) )z (BL>Z 0 44/\".-> LM (5.6.3)
o
p

as the diagram evaluates to a delta expression we obtain

OM.00;
= Z - nq )*Z (BL>Z -) 2]p )fpﬂq*L W ) (5.6.4)
L

This equation may then be written as
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Zero-Body Part, Term 1

Go = ; (np = ng) (A°)] (B”), SLoduro - (5.6.5)

Zero-Body Part, Term 2. Starting from the m-scheme expression

1 o
Go =Z Z Z Npmy, Ngmg rm, Nsm

pqrs mymgmy my

((A%A)pmﬂmq (B2) ™™ (A B]) , (5.6.6)

rm,sms pmyqmg

we express the matrix elements in terms of their reduced counterpart, which produces

1 o (pa)J. (rs)J
T4 D mpngieris Y Ty (AM) C00 (BY)

pars JaliJslg
Jsms LaMa JpMp Jqmg LpMp Jrmy
> -[A < B],
mp Mg my ms ]jﬁ ]A Jé ]B
Jrmy quq jpmp JsMs
(5.6.7)
putting together the two diagrams results in
1 o La\PDJa [ pLp\(rs)s
2 D mpngiicfic Y T (A DVoor B oo,
pqrs JaliJslg
“[A« B], (5.6.8)
the diagram evaluates to several delta terms giving the expression
1 o La\PDJa [ pLp\(rs)s
1 Z NpTg Ny T Z WINANA (A A)(rs)]g (B B)(pq)]é
pars JaJ}Js]g
81t 11 St Ovt
Ty Tals CLola Py Ma _ 14 o, B (5.6.9)
II5, 11 II
Ja T4 La
_1 P La\ (P Lg\ (rs)) OLyL OMg,-M,
T3 2 menarie 2 (A gy (BY) gy =T A Bl (5610)
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Finally, we obtain the result

Zero-Body Part, Term 2

1 5 o (pq)J (rs)J
CO =Z Z npnanns Z ((AO)(rS)] (BLB)(pq)] - [A <« B]) 5LB,0 . (5611)
pqrs J

Zero-Body Part, Term 3. Starting from

SRES WD WG som
qrs mymgmy,ms
1 .
=1 > ()i (ﬂg);’;:qﬁq ; (5.6.13)

pqrs mymgm,ms

we obtain similar diagrams as for the previous term, which leads to

Zero-Body Part, Term 3

1 r
C©=3 2, 2, (CL)ET))JJ ()‘o)ipj)]] dLo - (5.6.14)

5.6.2. Derivation One-Body Part

All terms contributing to the one-body part can be written as

1m1

(Cht)gm, = Bl f(1, my, 2, ma, L M) (5.6.15)

M ~M 21
1+(-) 2,7
( )2 M2 £(1, my, 2, my, L, M) . (5.6.16)

This way all the general symmetry properties of one-body matrix elements are absorbed into

the symmetrizer =t . However, our goal is to obtain equations in terms of reduced matrix

elements such that all our equations exhibit the form

L)1 =St £
(c )2 = B35 f(1,2,L), (5.6.17)
where we introduced the spherical symmetrizer Z5¢ and the function f as the spherical coun-

terpart of f. Similarly to the the m-scheme symmetrizer éfgj\j , the spherical symmetrizer élszi
shall, once acting on a reduced one-body matrix element, restore all basic symmetry proper-
ties common to those one-body matrix elements. Note that the right-hand side of the equation

above does not exhibit any dependence on projection quantum numbers anymore.
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Let us now start with deriving the spherical symmetrizer by expressing a reduced one-body
(5.6.18)

5

matrix element in terms of an m-scheme element
1my

jp L j -
(5= 3 (hri) 0
mymy

employing eq. yields
-3 ( J1

My —-mq M my

f(1,my, 2, my, L, M),
pulling the symmetrizer to the front of the expression and taking into account eventually

L j2 > (_)jl_ml 1+ fc (_;M %}—VIM%%
(5.6.19)

arising phase factors due to the non-commutativeness of this action yields
1+ b () Z < i L j > (=)
2 Mml my —ml M mz
(5.6.20)

J(,my, 2, my, L M) .
By comparison, we obtain the following result for the spherical one-body symmetrizer and
(5.6.21)

the spherical function f
(5.6.22)

~S+ 1 i1—j2 2
2 = 2 (1= 13),
z _ o Lj2\, \i-m
f(lszaL) - Z <_m1Mm2> ( )] f(l’m1529 m27LsM)‘
Mm1 my
Summarizing, spherical equations may be conveniently obtained through the following dia-

LM

grammatically formulated formula
Jimy A j2mz £(1, my, 2, my, L, M) . (5.6.23)

(ch), = e fa2n =55 ),
Mmymy |

Evidently, transforming the m-scheme equations into a spherical form breaks down to the

(5.6.24)

calculation of f .
One-Body Part, Term 1. Starting from the term
pmp

Lo\ 1mi _AMsx L 1m L
( MCC)Zmz - =12M 2 (A/V?A)pmp ( ]V?B)Zmz >
pmy
the spherical counterpart of this equation is given through
1 LcMc 1m pm
(ch), =&% >, im t Jmz N2 (Ay) (B, T (5.6.25)
2 12 M, M,
M m, \: / o A/ pmy B/ 2m,
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5.6. Spherical Equations
Expressing the occurring matrix elements of A and B in terms of reduced matrix elements
yields
(CL)l _ &S Z 9 (ALA)l (BLB)P
2 T 12 P 2
p
Z LaMgy LgMp LeMe
Jima g JoMpy  JpMp A oMz jimy g jomy (5.6.26)
DA AL g
mymy
The three 3j symbols may be put together to one big diagram
LgMp
L\l _ 28 La\!
(c )2 it Zp:z (A A)p

(5.6.27)
by exploiting that the spherical tensor rank L4 vanishes, we obtain
A8+ o 1 oL - LgMp LeMe
=12 Z 2 (A B B Z (slllpnh <}
p

5

(5.6.28)
J1
which can be simplified to the following final expression

One-Body Part, Term 1

(5.6.29)
One-Body Part, Term 2.1

Starting from
imy _ ~AMsz 0\P™Mp ([ pL \9Mglm

Comb = Et51 >0 Y. (pm, = ngm,) (A9) o (B )pmp2m2 , (5.6.30)
Pq mpmgq

the spherical equations are obtained from

() =55 Y am szmz T3 iy - mamy) (A" ()
M11]2 pq mpmyg

L\ 9Mmqlm

pmiamy » (3:631)
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expressing the matrix elements in terms of their reduced counterparts gives

=& Y (ny - n) Y M0y (A7) (BL)EZ;ZZ

g JsJ}
) 0
JP"{ Jqmg
3 LM
> LM o jamy Jamg (5.6.32)
Mjrjy mpmg  J111 T]zmz
0 . Jg ~ Jb .
JpMyp Jimy

putting together all occurring 3j symbols produces

~S+ ( )
= ﬂfz_ (np - ng) Z (AO)Z (BL)(Z;)E

rq JsJ}
JB L
s
I, I, T, (1) i L (5.6.33)
<
)

The occurring diagram may be interpreted as a 6j symbol, which leads to the intermediate
result

~S+ (q1)JB
(CL); =8y (np = ng) Z (AO)Z (BL)( 2}
rq JsJ}

I, I, 11! (=)BrLeiptie Jp 12 Jp . (5.6.34)
" L Jz ji

Examining this term closely, reveals that it may be simplified by rewriting the 6j symbol in
terms of a 9j symbol, which then allows us to introduce the Pandya transformation of the
operator B

(€Y, =& Y- ny) (A°)

pq
(19)] np L
B i viy+ ] .
Y, (B) oy LI (Yt 3y jp 0 1 (5.6.35)
JuJj JsJg L

and, finally, we obtain

One-Body Part, Term 2.1

2)L

= :f; Z(np— nq)( ) 20

(a%)7 . (5.6.36)
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One-Body Part, Term 2.2. Starting from
L\1m _ AMx L \Pmyp 0\q9mqlm
(CM)2m2 -7 =12M Zq:mzn;l npmp nqmq (BM)qﬂ‘lq (Ao)meng s (5637)
P

the spherical equation can be derived by evaluating

( = :f2+ Z Z (npm,, nqmq

pg mpmq

LM
3 gm A Jerm: (BE)™™ (A)Ima ™ (5.6.38)
Mjija e o prpsme

Expressing the matrix elements on the right-hand side in terms of reduced matrix elements
produces

(CY), == &% Y(np—ng) Y. I, I, (B), (AO) )]

A

rq A
M
JpMyp qumq
ALY
> 2 ' m 0 iomg (5.6.39)
21182 qtq
Mjjz mpmyq jimy T]zmz
. W Ja ,
JpMyp Jimy

Merging all diagrams into one yields

(€h), == &% Y (np-ny) Y M1, (B! (A7) 00
P9 A

(-1)8,,10,  Ja (5.6.40)
~S+ (qU)J, +j1+
== =] (np — ng) ZHJA BL) (AO)(pZJiz )/q Ji+a
pq Ja
x (5.6.41)
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Expressing the diagram in terms of a 6j symbol gives

AGy N iLi
pq Ja

J2 Ja 1
__ &Sk _ 0\aqUa , . iJ2 L
TS Z("p ng) (B Z 10, (A%) s D) {jp o Ja } (5.6.43)
_ _ &St I 0\ (19)J40 Jij L
-7 =12 Z(np - nq) B Z H]A A ]AO (— ) {Jp jq ]A } . (5644)

By exploiting that the rear part of this expression matches the very definition of the Pandya
transformation for scalar operators, we obtain

One-Body Part, Term 2.2

(12)L

(CL); = -E Z(np— ng) ( BL) ( ) . (5.6.45)

(pg)L

One-Body Part, Term 3. Starting point is the term

Ley1m _ Ams _ _ _
(CMC)ZmZ ==12M Z Z Mpmy Mgmg rm, + Mpmg ”qmq”rmr)
pqr mymgm,

(Afp )b (gl yIm (5.6.46)

qmgqrmy 2mypmy,

and the associated spherical term is given through
. LeMe
(CLC)2 SCH Jimy T]zmz

Mle my pqr mpmqm,

1mypmy, ( L )qmqrmr
gmgrmy Ms/ 2mypm, *

(Mpm, Aigm, irm, + Aipm, Ngm, Nrm, ) (A7) (5.6.47)

Expressing all matrix elements on the right-hand side in terms of their reduced counterpart
and merging all emerging diagrams yields

Lo\l _ 2Ss oo (1p)a plars
(C 6)2 =5 (npnqn,+npnqn, Z Aqr)]A B(ZP)JB

par ]A_]A]B]B

INIRASIDY , (5.6.48)

M,
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the diagram simplifies to

_ St s = .= (1pJa plqnr)s
=12 (npnan + npnan Z A(qr]’ B 2p)Jg
pqr ]A]A]B]B

-2
R AN N AR LR (5.6.49)
Finally, we obtain the result
L St == s 0\ (1p)Ja L\ (qr)Ja
(C ) =B (npnan + npnan) Z (A ) () (B )(Zp)]s
pqr JaJs
o _—
I, (- 1*JP*JB+LB{JZ o } . 5.6.50
JB( )] ]A ]B Jp ( )

In principle, we could stop at this point as any dependence on projection quantum numbers
has been integrated out. However, the 6j symbol occurring in this term resembles the defini-
tion of the Pandya transformation and, in fact, we can express this term in terms of a Pandya
transformation, which is not only analytically more concise but also advantageous regarding
the implementation of this term.

One-Body Part, Term 3

1 2ss —\@L =\ (12)L
(CL)Z =:f2_ anp (”p ()’L> +np (Y/ ) , (5.6.51)
p
fl

(pp)o (pp)0
a2y fp (2] [ o1\ (pg)]
(V )(34)]’ _Z 11 (A )(pq) (B )(34) a (5.6.52)
Pq
(12)/ n
L _ Mplg o 0\(12)] [ n1\(Pg)J
(Y )(34)]/ i v (4 )<Pq) (B )(34)’ ‘ (5.6.53)

One-Body Part, Term 4. Starting from the m-scheme term

Mz
Img “‘12M 0\ 1mytm; 0\ SMswm,, L\ rmeom,
(CML)Zmz - Z Z (AO)smSme (Ao)rmrvmv (BM)ngtmt , (5.6.54)
rtosw My Mgy
msmy,
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we are expressing all matrix elements in terms of reduced matrix elements which yields

AS+
_=12 (1) (sw)J] L\ (ro)]]
(ct r;ﬂﬂ;} (A°) i Aoy, (B )y
B

COyrs (5.6.55)
_ :fz* (AV)O (o)W ()
- Z Z (SWJB )(rv)JB ( )(Zf)fé
rtvsw]B]’
-1
(-1, 1, (5.6.56)
Ji
Interpreting the last diagram as a 6j symbol, we obtain
(CL)l _ :Ig{ Z Z AO @y /10) (BL)(rv)J
2 (SW)] (ro)J @y
rtosw JJ’
(5.6.57)
i ey [ LTV
N e T, ]
=) 7 {jt J2 jl}
A more compact result is obtained by defining
n\any 0\ (1) (sw)J L\ (ro)]
Py = 2 (4) g Ry (B (5.6.58)
SWro
through which the previous result can be written as
_ :f2+ (1t)j L+]/+jl+jtn I L ] ]/
(ch), = Z Z (zt)J’ ) A (5.6.59)

Expressing the 6j symbol via a 9j symbol by employing eq. (5.5.29), interchanging the two
single-particle states in the bra of y (which leads to the emergence of a phase factor) pro-
duces an expression, which contains a term that exactly matches the definition of a Pandya
transformed matrix element and, finally, we obtain
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One-Body Part, Term 4
=S _ \(12L
1 =
ch), = == ( L) , 5.6.60
( )2 2 Zt: 14 (tH)o ( )
)12/ 0 0\(pgJ (rs)J
(P = 2 (Ao ()22 (BL )y, S (5.6.61)
pqrs
One-Body Part, Term 5. Starting from
1m SM+
(C]I\‘/I)Zm; =EaM

(2) 3, X () (R (Bi) s
ms My,

2mywm,,

(5.6.62)
we are now deviating from the usual procedure and express the m-scheme matrix elements
on the right-hand side directly in terms of Pandya-transformed matrix elements

1
(c)

2 :élszf(‘z) Z Z Z Z

m]l\/}"z rtusw mrmt ]

—\(1)Ja
2 0

1T, (A0> -

m

(sr)Ja
(sr)a (vw)Js
BL)
; ( ><vw>f Z T ]B<

@0

Jrmy

Jimy JwMy JsMs
JsMs Jemy JoMy

LM,

Jrmy
i _ (5.6.63)
JB Jp
Jimy f J2ms
- JwMy  JoMy  JtMy  J2M3
Merging all diagrams yields
. (16)]a
L 2,
(C ) =812 (+2) Z Z ]A],IHJBJB( )(sr)]
reosw ju o Jefh
—\G — (vw)Js
()L8> , (B ) ’ , (5.6.64)
(vw)J; (2t)J3
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which may be simplified to the expression
— N\ NG =\ (W)
Jorse s (B
B (vw)Js (2t)Jg

t ijé rusw (s)J
_ (F)(ij
@nig

A
—_

=

==

4
&
™M
\g|
™M
2

J

(5.6.65)

The last diagram is the diagrammatic representation of a 6j symbol and we obtain the re-
sult

One-Body Part, Term 5

~S+ 10Js 1+je+ L+ t J j,
(Ch), = &% (+2) ZZHJBJB( ) () LJB{?}Z]?} . (5.666)

t JB]B
——\(t)Js — N N\ (N8 —\ (oW)]B
(VL) L, = Z(Ag) : (/18) i (BL) o (5.6.67)
eofy AN i A0 i @0

One-Body Part, Term 6.1. Starting from
L 1m _ AMs 0\ 1mirm, L \tmiomy 0\ Smswn,,
(CM 2my =12M Z Z (Ao)tthmg (BM)smsme (Ao)vmvrm, ’ (5'6'68)
rtusw m,m;mymsm,,
the spherical equation is given through

I DND YD)

rtusw mymyM m,mym,msm,,

(12)Ja
1\ (t0)Jp 0\ (W2
Z ( )m ZHJBJB () (sw)J’ anﬂ (2°) (rvh

Jr mr} gh my Jw My Jrmy
]tmt Jomy jsms ]vm’u

. (5.6.69)
LM ]wmw Jrmy
Jimy T Jamy J J
L ¥
Js M JoMy
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putting all diagrams together produces

(12)]a (to)Js 0\ (SW)x
(B , (A
r;W]AJEB] >(tr )(SW)JB ( )

A
~S
= =
=1

5.6. Spherical Equations

(rola
, (5.6.70)
the diagram may be simplified to the expression
AS (12)/s (tv)J 0\ (Wl
: Z Z ( )(tr B )(SW)]{g </‘" )(’”U)J/l
rt’USW]A]B]B]
Ja L
>
I 115, ;1

(5.6.71)
Evaluating all diagrammatic delta terms and recognizing the diagrammatic representation of
the 6j symbol within the equation above yields

&5 (2L (t0)] (sw)Jj
“ER Y (D) (B ()
rtvsw Jgjl

(tr)L

joejor ety | Lot
I, . (- t+jo+L+ ] : t Jr i
i (Y jo J3 Js

interchanging the two single-particle states in the ket of Aand taking into account the emerg-
ing phase factor gives

(5.6.72)
254 —5\ 19k (o)
::‘152 Z Z (A8>(tr)L Z (BL) tv)Jp
rtv ]B]]g sw

(sw)Jg
(sw)J} (Ag) sw)Jp

(vn)Jg
jr+] L jt jr

I, . (- t+jr+L ) ,

oy Y {JUJgJB}

defining y as the tensor product of B and A results in

(5.6.73)
5. Z (F>(12)L

(tv)Jp i+i-+L L jt jr
II e . . 5.6.74
2 (48) 2, e s {JU T4 s } (G674
Identifying the rear part of the expression above as a Pandya-transformed matrix element, we
obtain the result
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One-Body Part, Term 6.1

(12)L ;N\ (tr)L

0 L

12 ZUZH” Zf (A )(t )L (y )(vv)O ’
12y (12)y )i

(VL)(;?;)]/ - (BL)(Z]/ (’10) "

(34))7

(5.6.75)

(5.6.76)
One-Body Part, Term 6.2. Starting from

L )1m1 __ AM= Z Z ( L )lmlrmr ( O)tm,vmv ( 0)smswmw
(CM 2my,  12M BM tm2my AO SMswm,, AO
rtusw m,mymymsm,,

omyrmy

we obtain the spherical analogue from

(ch),

5

(5.6.77)

A~
-~S

==

=11

12)Jp
rtv mym ml my 4

sw Myms ]B]
my

F0Y Y Y Yy (B)

()
I, (A9),: (o ]A 12 (29)
Z JA Z J/\

(sw)a
UV)JA

3 Ja Z-’Sms JwMhy JoMy
Jemy Jw My JsMs

Jrmy

JoMy

LM

Jimy T Jamy
S

(5.6.78)

Putting the diagrams together produces

(¢, =8 3 %

(12)jp

L 0\ (tv)Ja 0\ (sW)x

_ 4 B ) j (A >(SW)]A <AO)(UV)])L
O oIl

(tr)Jg

JB
o 2 2 .
I 7o 05, 10 o

(5.6.79)
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cutting the J} line gives

~s (12)/ (tv))] (sw)J.
:: Z Z ( ) A)(s:v)j: (Ag)(::uj

A ()
R/
_ Jt %
2 172 Ji , .
HijéHJAH]A Jw Js (5.6.80)
Jr 00—
Ja
X
. 2)L N
_:S: L 0\ (tv)Ja 0\ (sw)Ja
T2 Z Z HLH]A (B )(t )0 Z (AO)(SW)JA (AO)(vr)JA
rtv Ja sw
(=Y et aieti 5 T 2T (5.6.81)
_ =St (tv)Ja +jot], 192
=0y < >(t o ) oy (VTSI (5.6.82)
rtv  Ja

The final results may now be written as

One-Body Part, Term 6.2

. (2L ()
(ch), =&y Ym, Y (BL> o (yg)(tro : (5.6.83)

pr (tr)0 (vv)0

a2/ o0yea)
(1) iy =2 (4) ey (A0) oy - (5.6.84)

5.6.3. Derivation Two-Body Part

Analogously to the one-body part, we can write all terms contributing to the two-body part
in the form

(Ciﬁ)lmlzmz = B f(1my, 2my, 3ms, 4my, LM) | (5.6.85)

3M34M4

from which we are now trying to obtain the corresponding spherical equations, i.e., equa-
tions in terms of reduced matrix elements and a spherical two-body symmetrizer without any
dependencies on the m quantum numbers left

1\ (12)] A x
(c )(34)], = Eppgy f(1L2,3,4,L]]). (5.6.86)
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Following similar steps as taken for the one-body part, the spherical two-body symmetrizer
is given through

1 L P 74
S+ 121 123
S1234)) Tg (1 + (YR ) (1 + (T T4)
(1 A ],) , (5.6.87)
whereas the spherical analogue to the function f may be written as

f(1,2,3,4,L,7,J)
= Z H]]’ (_)]/*Mj/+j2*mz+jrm1+]—M] (]4 J3 ]/ )

MLml mymsmy m4 m3 _MJ/
21 J J LT
1 2 3 4 LM 5.6.88
<—m2—m1 M]) (—M] M, My, J(1my, 2my, 3ms, 4my, LM) ( )
Jamy LM Jimy
= Z IIL, f(1my, 2mg, 3ms, 4my, LM) . (5.6.89)
Mpmy ]/ J
myms
M jymg Jamy

Two-Body Part, Term 1.1. Starting from the equation

pmp2my

Lo \lm2my 2 pqs LA 1m
( Mc)3m34m4 = Elpzam 4 AMA pm, MB)3m34m4 (5.6.90)
pmy
the spherical equation is given through
Lc\(12)  _ ~s: L L (pZ)JB
(C C)(34)]/ =12 34]]’42 Z A A B ’ (34)]§ HJJ’JBLg
P _]B_]B
LaMp
LeMe + LpMp
(5.6.91)

Employing that the tensor rank L, vanishes in this case, the diagram above completely col-
lapses producing only phasefactors, Kronecker delta functions, and hatfactors, which leads
to

L (12)] _ 'ﬁ*St L 1 1
() ‘“123411’42 (B") (34 (a%), ;. (5.6.92)
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Employing that f(y) = Y, f(x)d,,x, we may rewrite the previous equation as

L _ S L\ (px)] -1 0\1 1
(c C)(34)]f =5 34]1’42 (B") gy ' (AD), S TT;" (5.6.93)
R ——
(12)]
_( 0)<px)1

Finally, we obtain

Two-Body Part, Term 1.1

(12J _ ase + (12)]
(C) sy =Eiir ¢ 215 (BYG) (a8) gy - (5.6.94)
px
( 3)2,1,1);] =IT;; (Ag); O2x - (5.6.95)

Note that, formally, @ may be interpreted as a tensor product

. .10
~ [AO ® 60] , (5.6.96)
0
where the delta function itself is a spherical tensor operator of rank zero. The motivation
for the definition of « is that an implementation of the resulting equations is computation-
ally much more efficient as they may be expressed as regular matrix-matrix products. (see
appendix [B|for more information).

Two-Body Part, Term 1.2. Starting from

LC 1m12m2 _ '—M“' 1m1 Pmpzmp
(CMC)3m34m4 - _‘1234M( 4) Z MB pmy MA)3m34rrI4 P (5697)
pmy

as this term is similar to the previous term 2B-1.1 but with an interchange A <= B and a minus
sign, we may reuse the intermediate diagram from there by simply replacing A with B and
vice versa. As a consequence we obtain the diagram

L _ &St L La\(P2)Ja
(C C)(34)]' = Elpyy (-4) Z Z B B A A (34)]/ NTaNA
P JaJ}
LpM;g
LeMe + LaMy

'Y

(5.6.98)
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The diagram above simplifies to a diagram, which may be interpreted as a 6j symbol giving
the result

L2 _ sy 0\@02)  (pLe\l [ \L+J/+jivi, | J1 T J2
(c )(34 =Eayy ( 4)ZH] (A )(34)], (B C)p (=) e {]/ i L} , (5.6.99)
which may be further simplified as
L2/ _&ss 0\ (®2)J L\ 1 L+ ] +jy +J i J 2
(c )(34 = Eisy ( 4)ZH] (A%) (34)]/ (B )p (=)L e {]/ i L} (5.6.100)

=S+ 1 L+] +j1+jx ]1]]
=Elp34y ( 4)2 (A% 34], (BL)p oIy (-)1H {J’jp 2‘} (5.6.101)

\ J

; )
=11, 1, 2(B") zljc)J’

= &S 0\(Px) -1 L\ (12)]
=Eiuy ( 4)2 (A%) sy T T (BY) e - (5.6.102)

Finally, the optimized result may be written as

Two-Body Part, Term 1.2

=S (px)] (12)]
(CL)(34)]/ =& _34]J’( 4) ZH]’lnlz (AO)(Ig)Z) ’ (ﬁL)(;i) ’ (5.6.103)
(ﬁL)E;i))J]/ = (BL); 52,x (_)L+]/+jl+jx H} H IH] {:}1 ijl)f } ' (56104)

Note that, formally, ,B may be interpreted as a tensor product

Bh ~ [BL ® SO]L , (5.6.105)
M

where the delta function itself is a scalar spherical tensor operator. Again, The motivation

for the definition of f is that an implementation of the resulting equations is computation-

ally much more efficient as they may be expressed as regular matrix-matrix products. (see

appendix [B|for more information).

Two-Body Part, Term 2. Starting from

(G = S 3 (1=, =) (AL (RS (5300
Ptq
prq
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5.6. Spherical Equations
we are obtaining the spherical equation by evaluating the expression
(cte)

_ASs B B La 1mi2my Lg \ PMpqmg
oy =Sy 2, (1-mp-ng) Y (AMA)pmpqmq (Bih o,
pq Mcmj, my,
M5 My
mp mq
: LeMe .
Jamy Jimy
i (5.6.107)
/
Jams Jommy
Expressing the right-hand side matrix elements in terms of reduced matrix elements yields
_ &8s La\(12a (pLg\ (p9)Js
= S1234] Z (1-np-ng) Z Z (a™) 34)]A (B B)(34)JB
Pq M,
mj, m, S5
mpmq
Jamy LgMp Jpmyp
jq mg LaMy Jimy ]é JB
Jams JqMq
0 W Wt . _ o (5.6.108)
Ja — Ja jamy  LeMc o jimy
JpMyp J2mmy
Je e
Jams J2mmy
merging all diagrams into one gives
_ =St L (12)]a
=S5y D, (1= np—ng) I I, Y I, (A A)(34)]’
rq JaJ4
L\ (Pa)JB
> Wy (B) e , (5.6.109)
JsJ},
LB
the diagram simplifies to
_&Ss La\(2)Je  (pLp)\ (PPJc
= =1234]) Z (1 - ”q) HJc (A A)(34)]C (B B)(34]’
pq
Finally, we obtain

L1y oMy My,

(5.6.110)
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Two-Body Part, Term 2

Vo ass ] (ba)
(ch) ;ij = 255 Y (1-np-ng) I (AO)E;Z))] (BL)(Q’Z)J, . (5.6.111)
pPq

Two-Body Part, Term 3. Starting from

L\ 1m2m; _,_,M+ 0\ 1lmipmy L 2m2qmq
(Cr) 3mgm, = Etr3am 3> Anpm, — ngm,) (A0)3m3qmq (BM)4m4pm,, (5.6.112)
pq mpmy
_ Mt 0\ lmipmy L\ qmg2my
= Z1234M Z Z 4(npm, - Ngm,) (1‘10>qmq3m3 (BM)4m4pmp , (5.6.113)
pq mpmy

we are following the usual steps and express the matrix elements of A and B in terms of their
Pandya-transformed analogues

0\(12)J s (13)Ja 7\ (9P
(C )(34)_]/ T 12341 Z ny nq)ZHJA< )( e ZH]B]é (B >(42)J/
rq ]]/ B
jpmp Jimy
m. m
3 1y Jamy ToMp (5.6.114)

mpmg

Mm Jum
1 : 1 i
mym: ] .
r2n43 quq Jams
3m3 zmz

Merging the diagrams into one diagram yields

(13)]a (E) (gp)Js

L\ (12)J v—:;SJ_f 0
(CH) payyr = Eisary D 4np = mg) 3 T Ty (A ) )] oy
Iz " b ’

(=)&2+2i (_yrists (5.6.115)

100
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simplifying the diagram produces

R —\3)s  —\ ()]s
_ ':Si 2 _ _ [
= __‘12341]/ 4 Z H]AH]BJI:J]I( 1) Z(nq np) (Ag)( )] (B )(42)]/
Iulslh 4 PV B
__\(13)Jp
E(YL)GZ)J)_{;

(2o () 8,11

(5.6.116)
writing the diagram as a 9j symbol gives
S+ —\ 13V jo+ja+Th+2j5+]+) nJ jz/
= Ea34y 4 Z AL (Y ) @)y (=yree Js L Jg (5.6.117)
T s JsJ Ja
S+ +jgrjz+] +1 " (13)J3 jo+js+Jh+] +1 nJ ]2/
=Elpsayy 4(-) ZHJBJEJJ’ Y w2y (=) JBLJg ¢,
Jal B Js T Ja
(")
(5.6.118)
where we exploited that the previous expression contains a part that matches the definition
of the (reversed) Pandya transformation. We obtain the final result
Two-Body Part, Term 3)
L\(12J  _ ass (12)]
(C )(34)]/ —1234]] 4 (Y )

(F>(13)JA _ Z

(“42)J

(5.6.119)
<E>(PQUB '
(pg)Ja

(5.6.120)
5.6.4. Remarks

Let us complete this section with a few remarks and observations regarding the general struc-
ture of the spherical commutator equations for non-scalar operators. The right-hand side of

these equations is given in terms of sums over one and two-body matrix elements—including
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Pandya transformed matrix elements—of the first and second argument A® and B, respec-
tively, of the commutator. Accounting for the eventual non-zero tensor rank of B* leads to
much more involved equations compared to the scalar case, which is shown in [Geb17]. As
a matter of fact, these equations ar not only analytically but also computationally more in-
volved: Since the matrix elements of B- are not diagonal in the total angular momentum
anymore the computational effort increases substantially. As a consequence, we only employ
a Magnus evolution for non-scalar observables since a direct evolution is computationally not
feasible.

During the derivation of the spherical equations we were aiming for an analytic form that is
not only concise but also computationally easy to handle and efficient. Considering an im-
plementation of the commutator equations, we do not directly implement theses equations
via simple loops over single-particle indices, but the building blocks of our implementation
are matrix-matrix products—allowing an implementation that is employing basic linear alge-
brea subprograms (BLAS) [BLA17]—and the Pandya transformation. For more information
on aspects of our implementation, see appendix B
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CHAPTER 6.

In-Medium No-Core Shell Model

The IM-NCSM is a hybrid method that combines the NCSM with the IM-SRG. While both
of these methods are already very successful on their own, the IM-NCSM aims to overcome
each of their individual shortcomings while preserving their benefits. We want to emphasize
at this point that we are employing a multi-reference version of the IM-SRG: The reference
state |Yier) is multi-determinantal and higher-order irreducible density matrices are explic-
itly included. In this chapter, we cover the foundations of the IM-NCSM as well as most of
the new developments within this research project: generator improvements, the particle-
attached/particle-removed framework, studies of the N¢{ impact, alternative reference-state
constructions, and the calculation of electromagnetic observables. Note that each of these
discussions consists not only of a theoretical consideration, but also includes a numerical in-

vestigation for studying the behavior and validity of our developments.

6.1. Complementarity and Correlations

Before we go into the specific details of this novel many-body method, let us discuss the
general idea that the IM-NCSM is built upon: The separation of correlations into two types,
which are successively accounted for during the different stages of the IM-NCSM. A striking
aspect of the IM-NCSM is the complementarity of the involved inherent truncation schemes
such that each stage is able to handle different kind of correlations.

On the one hand, the NCSM is employed for the construction of a reference state |;ef), which
already governs the correlations that are stringently required for reproducing fundamental
properties and structure of an eigenstate like, e.g., the total angular momentum. The NCSM
employs an Np,x-truncation scheme which limits the unperturbed excitation energy of each
determinant contained within the model space. As a consequence, up to ApAh excitations of
the NCSM base determinant, i.e., many particles, may eventually contribute to the reference
state, which captures this first type of correlations. However, as we are usually employing

103



Chapter 6. In-Medium No-Core Shell Model

rather small values of N* due to computational limitations of the NCSM, high-lying single-

max
particle orbitals are not accounted for.

On the other hand, the IM-SRG is employed for targeting residual correlations that are neces-
sary for an accurate description of the nucleus and not captured through the reference state
|¥rer). These correlations are manifesting themselves through generalized particle-hole exci-
tations on top of the reference state, which are then absorbed into the Hamiltonian during
the IM-SRG evolution. The IM-SRG is naturally employing a single-particle energy quantum
number truncation such that it takes correlations into account that are represented by deter-
minants with high-lying single-particle state contributions—in contrast to the NCSM. How-
ever, the analytical and computational effort increases significantly when considering more
than 2p2h excitations of the reference state. This is rooted in the fact that the consideration
of higher-order excitations implies an increase of the particle rank of the irreducible density
matrices we have to take into account.

Note that a similar picture may be applied to the MR-IM-SRG with HFB reference states, where
the reference state is obtained from a symmetry-broken mean-field calculation. However,
there is a clear difference between the IM-NCSM and the HFB-based MR-IM-SRG: While the
distinction between the two aforementioned types of correlations is clearly defined within the
context of the HFB-based MR-IM-SRG, the IM-NCSM allows for a conversion of one into the
other through a variation of N/¢{ . As a consequence, the IM-NCSM allows for an investigation
of the impact of the reference state on our numerical results.

The decoupling of the reference state from its particle-hole excitations by means of the IM-
SRG is nicely demonstrated through fig. It depicts a representation of the initial (left) and
transformed (right) Hamiltonian matrix. It is evident that the IM-SRG transformation leads to
the formation of a block-like structure, where the decoupled block in the upper left corner of
the matrix representation corresponds to the Ny« = 0 space.
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T 59
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Figure 6.1.: Depiction of the initial (left) and IM-SRG-transformed (right) Hamilton matrix for
12C. Note that the absolute value of each matrix elements is correlated with both
the area of its corresponding plot marker and the color. It is strikingly illustrated
that the IM-SRG transformation leads to the shaping of a block-diagonal structure,
where the block in the upper left corner of the transformed Hamilton matrix refers
to the Ny,ax = 0 subspace. For more information see fig.

6.2. Remarks on Hamiltonians

For all calculations throughout this work, we are employing a chiral interaction as a starting
point. In this chapter we employ, if not stated otherwise, an NN interaction by Entem and
Machleidt with a cutoff of Ay = 500 MeV together with a local 3N interaction with
a reduced cutoff of Ay = 400 MeV Nav07]. Employing a short-hand notation, this
interaction is now indicated through N*LOgp1500 + N*LOyg010cal OF, even shorter, N°LOgy +
N?LOypor. This interaction is then prediagonalized via the free-space SRG transformation at
the three-body level with a flow parameter & = 0.08 fm* [Rot+11; JNF09; Rot+14; BFP07;

Heb12].

The single-particle basis is truncated at ep,x = 12, i.e., 13 major shells are included, which is
sufficient for the mass range we are considering throughout this work.

For controlling the memory requirements of the initial three-body matrix elements, we are
employing Esmax = 14, where e; + e; + €3 < Esmax and e; refers to one of the three single-
particle principal quantum numbers of the bra (ket) [Bin+14; Bin+13a; Her+13b; Her+13a}
Rot+12]. Furthermore, the initial harmonic oscillator frequency is fixed to hQ = 24 MeV.
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Figure 6.2.: This figure graphically illustrates the IM-
IM_N CSM NCSM framework. Starting with an initial Hamilto-
nian and observables, the associated operators are trans-
formed into the single-particle natural orbital basis. The
Hamiltonian is then entering the NCSM which gives the
reference state |yr.r). Based on this reference state the
NO2B approximation of Hand Ois performed such that
all operators are truncated at the normal-ordered two-
body level and, additionally, the one and two-body den-
sity matrices A1 and A2 are constructed. Next, the
a0 v NO2B-approximated operators and irreducible density

matrices are entering the IM-SRG framework which ap-
plies a particularly constructed unitary transformation
to all operators. Those IM-SRG-transformed operators
HNozB(s) and ONOZB(S) are then used as input for a sub-
sequent NCSM calculation.

ﬁNOZB: ONOZBa
Al 2]

I':INOZB(S),

Ono28(S)

Eo, Ef, <40l ¥;)

6.3. Stages of the IM-NCSM

Let us now discuss the different stages of IM-NCSM calculations and, if necessary, address
important details. Note that the following discussion is accompanied by the illustration given

in fig.

Natural Orbitals.  The initial stage of the IM-NCSM consists of a single-particle basis
transformation that aims for optimizing the reference state. Especially the dependence on the
harmonic oscillator frequency was a problem we were facing in earlier applications of the
IM-NCSM and which is a well-known issue within the context of the IM-SRG [Her+16]]. The
frequency dependence is largely lifted by switching to the Hartree-Fock basis. For applications
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of the single-reference IM-SRG, the Hartree-Fock basis is already sufficient for the construction
of an optimized reference state. However, as we are employing the multi-reference IM-SRG the
reference state is constructed from an initial NCSM calculation. Therefore, we are employing
the natural orbital basis. Starting with an initial Hartree-Fock approximation, we obtain a
Slater determinant |®) as a first approximation for the ground state. Due to the fact that we
are usually aiming for the description of open-shell systems the original formulation of the
Hartree-Fock approximation has to be extended: We are employing the so-called equal-filling
approximation (see, e.g., [PRO8|] for more information), which employs fractional occupation
numbers such that all single-particle states within an open shell are equally (fractionally)
filled. The Hartree-Fock ground state then serves as starting point for the construction of a
second-order corrected one-body density matrix y[! derived from many-body perturbation
theory. Finally, the natural orbitals are defined as the eigenbasis of y{!l.

NCSM and NO2B. Next, we perform an NCSM calculation in a small model space, typi-
cally NS¢t = 0 or 2, for the construction of a reference state |y4¢). Employing this reference
state | fef), we perform an NO2B approximation of the initial three-body interaction. Further-

more, the one and two-body density matrices, y[l] and y[2], respectively, are constructed from

|¢ref>-

In-Medium SRG. The reference state |s.f) is then entering the IM-SRG calculation through
its associated one-body and two-body density matrices. These densities encode higher-order
correlations of our reference state and are essential for a successful description of open-shell
nuclei. Our implementation of the IM-SRG is designed such that a large portion of the N
space, to which |yr.r) belongs, gets decoupled. If not stated otherwise, we are using the Mag-
nus evolution of observables. Thus, we are, firstly, solving the ODE for the Magnus operator
Q(s). Secondly, any observable é(s) is transformed via the Baker-Campbell-Hausdorff series
employing Q(s). It is a vital aspect that the IM-SRG transformation implies a particular trans-
formation of the single-particle basis. As a consequence, the single-particle basis associated
with the IM-SRG-evolved Hamiltonian—denoted as the IM-SRG basis—is different from the

initial natural-orbital basis.

Post-NCSM & Observables. Subsequently to the IM-SRG transformation, we use the IM-
SRG-evolved Hamiltonian H (s) and observables é(s) as input of an NCSM calculation. In the
limit s — oo the NI space is decoupled and a post-diagonalization at Npay = NI yields
converged results not only for the ground state but also for the lowest lying excited eigenstates
that are structurally similar to the reference state. The IM-SRG acts as a convergence booster
for the NCSM, making the treatment of nuclei possible that are out of reach for the large-scale

IT-NCSM.

For removing eigenstates that are dominated by center-of-mass degrees of freedom from the
low-lying parts of the spectrum, we add a (transformed) center-of-mass Hamiltonian Hep(s)
and eventually solve the eigenvalue problem for ﬁtot = ﬁint + Acmﬁcm. However, an important
issue within the context of the IM-NCSM or, more generally, the NCSM with other single-
particle bases than the harmonic oscillator, is that eigenstates do not factorize into an intrinsic
and a center-of-mass part anymore and may be center-of-mass contaminated or even spurious
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eigenstates. As the IM-SRG-evolved operators are given in terms of the IM-SRG basis, we have
to confront this issue. As the factorization is only approximate we have to be careful with the
choice for Acy: It has to be large enough such that center-of-mass dominated eigenstates get
sufficiently shifted upwards and small enough such that the effect on intrinsically dominated
eigenstates is kept at a minimum. We have found in practical applications that A.y, = 0.2 fulfills
these two aforementioned requirement and is, therefore, most commonly used throughout our
applications of the IM-NCSM.

6.4. The IM-NCSM: An lllustration

This section gives an introduction of most of the protocols that are employed for a concise
presentation of numerical results. For this purpose, we performed calculations for °0 em-
ploying an N*¢f = 0 reference state. For each value of the IM-SRG flow parameter s contained
in a set {s, s1, sy, ... SN} we calculated the intrinsic Hamiltonian and center-of-mass Hamilto-
nian Hiy(s;) and Hen(s;), respectively, which where then used as input for a subsequent NCSM

calculation at several Npyax.

Evolution Plots. Figure[6.3|represents an “evolution plot” and shows the IM-SRG flow of the
ground-state energy, low-lying excited states, and the expectatlon value of the center-of-mass
Hamiltonian HCm Looking at the upper panel of fig.[6.3] we can study how the IM-SRG energy
Ey(s) = (1//ref|H (8)|Yrer> and the energy of the 07 state obtalned from an NCSM calculation at
Niax = 0,2 are evolving w.r.t the flow parameter s. Two things become evident here: Firstly,
the IM-SRG energy and the energy of the ground state at Np,x = 0 have the same value
throughout the evolution. Regarding the flow parameter s = 0, this observation should not
come as a surprise as we were choosing the reference state |1, as the ground state of the
Niax = 0 space denoted by |1ﬁ$fs"}ax=° », whichisa 0" state. However, since the energy of | 1//Nm“‘°)
and E(s) are also equal for s = 0 it follows that the reference state |;f) remains the lowest
eigenstate of the Ny, = 0 space even for the evolved Hamiltonian. Secondly, the energy gap
between the associated energies of |l//Nm""‘_0> and |¢Nmax>°> is vanishing throughout the flow
and we eventually obtain converged results at Nyax = 0, which demonstrates that |1//“_‘3X:°)
gets decoupled from all basis states |¢]¥>°). Taking a look at the middle panel of fig.|6.3] the
previous statement can even be generalized: Remarkably, it is not only the ground state that
gets decoupled from higher lying basis states, but also the Ny, convergence of excited states
gets significantly enhanced such that they are practically converged at Nyax = N = 0
for final values of s. The reason for this behavior lies in the decoupling pattern of the IM-
SRG: We are decoupling all 1p1h and 2p2h excitations of the reference, i.e., matrix elements
that mediate these couplings of the reference state |4ef) to higher lying basis |¢IN =24y are
suppressed. However, other eigenstates are also decoupled along with the reference state as
long as they are structurally similar. This demonstrates one of the crucial advantages of the
IM-NCSM framework, namely ground and excited-state properties may be accessed on equal
footing.
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6.4. The IM-NCSM: An Illustration

Figure 6.3.: Demonstration of the ef-
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As shown in Figure we are tracking the expectation value of the center-of-mass Hamil-
tonian H.p(s) of each eigenstate to distinguish intrinsically and center-of-mass dominated
eigenstates. For all eigenstates considered here we observe that the expectation value de-
creases W.r.t. Npax. This observation is in line with the assumption that the factorization into
intrinsic and center-of-mass component is restored for Ny,x — oo. However, whenever an
eigenstate exhibits a center-of-mass expectation value of more than ~20 MeV—corresponding
to approximately one harmonic oscillator excitation quantum—this state has an excited center-
of-mass component and should be discarded. The fact that all eigenstates shown here exhibit
arather small center-of-mass expectation value indicates that they are intrinsically dominated
eigenstates.

Matrix Representation. The decoupling of the whole N space is also demonstrated by
fig. It depicts a matrix representation of the Hamiltonian at s = 0 (left) and at s ~ 120
(right). Initially, the Nyax = 0 space exhibits a sizeable coupling to the Ny.x = 2 space and,
finally, this coupling is greatly reduced. Another noticeable observation is that, along with
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Chapter 6. In-Medium No-Core Shell Model

Figure 6.4.:

Hamilton matrix representation for 2°0 at N/¢{ = 0 w.r.t. a many-body basis con-
sisting of Slater determinants |#" » employing the initial Hamiltonian at s = 0 (left)
and the evolved Hamiltonian at s ~ 120 (right). The basis used for this representa-
tion is sorted such that the excitation quanta N associated with each basis state are
ascending. In this case, we are using a basis consisting of Slater determinants with
up to N = 2. Furthermore, we are only including those basis states |¢f\] =02y whose
importance measure k; is above the importance threshold of ki, = 3 x 107, There
is a linear relation between the absolute size of each matrix element and the area
of each plot marker used for its representation. However, note that we were limit-
ing the area for each matrix element to the area associated with a matrix element
with a value of 1. Otherwise, the perception of our representation would be dom-
inated by huge matrix element of the order 100 which are located on the diagonal
of the matrix. For further facilitating the interpretation of this matrix representa-
tion, the color and the area of each marker are also correlated with each other. An
interpretation of this figure can be found in the text.
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Figure 6.5.: Comparison of the N,y convergence for the the IM-NCSM at s ~ 120 (left panel)
and the regular NCSM (right panel) for 2°0. The figure depicts both ground state
energies (upper panel) and the lowest-lying excited states (lower panel). Both
methods are employing a NO2B Hamiltonian as input such that eventual discrep-
ancies are purely related to induced interactions of the IM-SRG. The IM-NCSM
calculations shown here have been performed at N*f = 0. We introduced several

max

graphical representations of theoretical uncertainties (for details see text).

the suppression of the off-diagonal couplings, also the Nyjax = 0 and Nyax = 2 blocks itself are
changing.

NCSM Model-Space Convergence. Another point of view on the effects of the IM-SRG
evolution is given through fig.[6.5 which is an “Nax-convergence plot”. It shows a comparison
of the Npax convergence of the IM-NCSM (left panels) and the regular NCSM (right panels),
for the ground-state energy (upper panels) and excited-state energies (lower panels). Note
that this figure introduces several graphical representations of theoretical uncertainties that
will be employed in these kind of figures from now on.

+ In the context of the IM-NCSM, we are using little shaded boxes directly attached to a
plot marker for indicating the associated value at s/2 as can be seen, e.g., for the second
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Chapter 6. In-Medium No-Core Shell Model

2% state at Nppax = 0.

« Shaded horizontal rectangles with a vertically centered solid line that both are covering
the full horizontal width of plot are employed for indicating a specific value and its
corresponding uncertainty, respectively. Most commonly, this kind of representation
is employed for depicting the Np,x-extrapolated value and the associated uncertainty
with regard to a specific observable.

« We are employing “usual” error bars, i.e., vertical lines with small horizontal caps for
indicating uncertainties w.r.t. the ky, extrapolation. Such an error bar can be, e.g.,
clearly seen for the ground state at Ny,x = 10 obtained from an NCSM calculation.

The improved convergence of IM-NCSM calculations is clearly demonstrated: At Nyax = 0 the
IM-NCSM vyields converged results that are compatible with NCSM calculations at Nyax = 10.
Possible differences between converged results of the IM-NCSM and the NCSM are solely
due to neglected operators beyond the NO2B rank that are induced throughout the IM-SRG
evolution. Another interesting observation can be deduced from the lower panel, where the
Nmax convergence of excited states is shown. In the NCSM the 27 state is slowly moving into
a direction that is compatible with the Ny,x-converged results given of the IM-NCSM. In the
IM-NCSM also the the 47 is practically converged at Ny = 0, however, the 25 state shows a
very slow Np.x convergence indicating that its structure is dominated by basis states beyond
the reference space.

6.5. Generator Optimizations

In this section we want to address a generator modification that is specifically tailored to
the IM-NCSM framework—and eventually resolves the issue of non-convergent IM-SRG evo-
lutions. In this context, we will discuss the general decoupling pattern we used previously
[Geb17] and alter this pattern. After discussing the construction of generator matrix elements,
we will perform a numerical investigation.

6.5.1. Generalized Particle-Hole Excitations

A central aspect for this discussion are generalized kpkh excitations w.r.t. the reference state
|Ure) denoted as {&gll_'jfg’,j} |Yref). First, we discuss the question: What makes a generalized
particle-hole excitation w.r.t. a correlated reference state special, i.e., what sets it apart from
particle-hole excitations with regard to Slater determinants? For the single-reference case
things are rather simple: Arbitrary particle-hole excitations on top of the reference state are
orthogonal to each other, which is a direct consequence of the single-reference version of the

generalized Wick’s theorem. Considering the multi-reference case, only the reference state
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| Yret) itself—by means of the very definition of multi-reference normal order—is orthogonal
to any rank-k excitation

<l//ref|{dg;g:}|¢ref> =0. (6.5.1)

In contrast to the single-reference case, two different particle-hole excitations may have an
overlap with each other as can easily be seen by the overlap between the following two 1p1h
excitations

<¢ref|{&;}{&2}|¢ref> = n1n25453 + /124 ) (6.5.2)

which is a direct consequence of the generalized Wick’s theorem for correlated reference
states. Note that under certain circumstances the basis consisting of all generalized particle-
hole excitations of the reference state is overcomplete [Geb17|], which, fortunately, is not a
problem for the IM-SRG—in stark contrast to other many-body methods, where this poses a
major challenge [Her17].

For our considerations, the two most important cases are generalized 1p1h and 2p2h excita-
tions defined as

{&p} |l//ref> zdp |¢ref> - 55”;7 |¢ref> (6.5.3)
{05} Yret) =a 8 [Yree — AR {a5:}) [Yrer)
_A ;Lpl /lpz |l//ref> A /1p1pz)|¢ref>

9192
_agllgj |‘//ref> - A(Agi &%) |l//ref> - —A(A‘ZKZ ) |¢ref> (6.5.4)

where we directly applied the inverse Wick’s theorem for rewriting the normal-ordered op-
erators acting on the reference state.

6.5.2. Decoupling pattern—Conventional

Conventionally, e.g., in the context of the MR-IM-SRG with HFB reference states [Her+13a],
the transformation is aiming at decoupling the reference state |yr.r) from its generalized
particle-hole excitations

(rel {0} |Yhet? = 0, (6.5.5)
et {829} | Yhet = 0, (6.5.6)
<l//ref|ﬁ{&gll:::gﬁ}|¢ref> S 0. (6.5.7)
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These decoupling conditions implicitly define the off-diagonal part of the Hamiltonian, re-
ferred to via H°4(s), which shall be suppressed in the limit s — oco. This traditional MR-IM-
SRG decoupling pattern is rather strict, as it aims at a full decoupling of the reference state
|ret ), which then becomes a true eigenstate of the fully evolved Hamiltonian H(co).

Usually, we are aiming for a decoupling of the reference state from all 1p1h and 2p2h ex-
citations, i.e., only the many-body states contained within the following set are taken into
consideration

Eipn = { (@} o> } . Bzpan = {{@0} 190> } (655

Therefore, let us now evaluate the decoupling conditions w.r.t. rank-1 and rank-2 excitations
of the reference state via Wick’s theorem. The results of this evaluation for a 1p1h excitation
reads [Her17;|Geb17|]

0 L Di(1,2) E<¢ref|ﬁ{&2}|‘//ref>
=nyfipf 5 + Zf’;?tf;é

+ = Z AAgy T - nl2 Al0) + O(P)) (6.5.9)
P‘I’

whereas the result for 2p2h excitations is given through

0 2 Dy(1,2,3,4) = (Yrerl H{ @12} Yrer)

=+ I’_ll flg ns n41"1§

urﬁmZﬁm— @man

+ = nlnz ZF JALT 4 5@@21“%1%

- (1- )1 - 2)nsiy Zr{’q AL+ 0O(.). (6.5.10)

Note that, for convenience, we defined the functions D; and D, giving the Hamilton matrix
element that couples the reference state and a particular particle-hole excitation. It is impor-
tant to note that we neglected all contributions of n-body irreducible density matrices beyond
two-body rank as well as higher-order, e.g., quadratic contributions of the two-body irre-
ducible density matrix. Through the emergence of higher-order contributions of irreducible
density matrix it becomes obvious that the reference state is coupled to excitations in a highly
non-trivial way.
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6.5.3. Decoupling pattern—IM-NCSM

Considering the IM-NCSM framework, we can relax the rather strict decoupling condition
described in section For that purpose, let us briefly summarize the model-space con-
struction of the NCSM. The Np.x-truncated model space M of the NCSM is spanned by all
Slater determinants with up to Nyax excitation quanta and may, therefore, be written as

M = span ({|¢)) | N < Npax}) - (6.5.11)
The model space in which the reference state lives may now be defined as M™f = M
Furthermore, it will prove useful to employ M for indicating the complement of M in
H4*. Lastly, The reference state can be written as a superposition of Slater determinants

Nref

max

Yret> = D Do e 19> (6.5.12)
N i

where c! is a real coefficient.

Relaxation of the Decoupling Pattern. It is not necessary that the reference state | /i)
gets decoupled from all excitations, but it is already sufficient if | gets decoupled from
basis states lying within M™, since the final NCSM calculation in the IM-NCSM framework
is always performed at Npay = NI<¥ . Therefore, we do not care whether the reference state is
coupling to other basis states within M™f or not—the diagonalization within this model space
is performed anyway. As a consequence, we may alter the decoupling pattern such that we
allow a coupling of |¢/ief) to basis states contained in M™f, which eventually implies that the

reference state may not be an eigenstate of M™f anymore.

This relaxation of the decoupling pattern may be achieved by only decoupling those particle
hole excitations in which the sum of the single-particle energy quantum numbers e of the
created and annihilated states is not equal. Formally, these 1p1h and 2p2h excitations are
then contained in either of the two sets

Elpin = {{&3} | Vet > ‘ e(p) # e(q)} < Eipin (6.5.13)

Ejpon {{&5152} | Yhet? ‘ e(p1) + e(p2) # e(q1) + e(‘]2)} < Eopn » (6.5.14)

However, the excitations contained in
E;plh = Elplh\E;plh = {{&3} | Vet ) e(p) = e(q)} > (6.5.15)
E;pzh = Ezpon \ Ejpon, = {{dgigj} | Vet ‘ e(p1) + e(pz2) = e(qu) + €(CI2)} ; (6.5.16)

are excluded and not decoupled from the reference state.
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For proving that it is sufficient to only decouple particle-hole excitations contained in ]Elplh
and ]Ezpzh, let us examine the overlap of particle-hole excitations contained within the corre-

sponding complements Eplh and E;th with an arbitrary determinant |¢]N "y. If this overlap

vanishes for N’ > NX<f it is clear that such excitations are contained within the model space
Mf and, therefore, do not have to be accounted for when setting up the decoupling pattern.
It is important to note that we will employ the spherical natural orbital basis for our following

considerations, i.e., /1% = 521 n; holds.

Let us begm with the overlap of an 1p1h excitation {aq} |Uref? € E1pin with any Slater deter-
minant |¢j

ref
max

(¢ a0} her> = <¢N’|ZZcN{aP}|¢> (6.5.17)

rewriting the normal-ordered product gives

ref
Ninax

= (¢! '|ZZ (a2~ 22) 14N> (6.5.18)

ZXZCNW jablgy > - ZZCN/V’W (6.5.19)

employing the orthonormality of Slater determinants yields

Nref

max

=Y S NN ablgNy - N Ak (6.5.20)
N i

max?>

Assuming now that {af} ) € ]Elpﬂ1 and N’ > N*! | we obtain

Nioi
AR AT A S D ARY AR A AP (6.5.21)
N i [N —
SN
N/
=Y NN lablgr > - N Al =0 (6.5.22)
i

where we used that ¢V = 0 for all N’ > N*<f

max*

Analogously, the overlap of a general 2p2h excitation with an arbitrary basis state |¢jN "y may
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be rewritten as

max

(PN {2 e =< BN |Z ZcN{ag;§§}|¢§V> (6.5.23)
=<4 |Z X et (AR - Qg ) - AGEE)) I6Y) (6.5.24)
deX

=2 2 S;S;iebw-gxgcf“ (¢ 1AGE a9

max

- Z Z N AMDLY (PN Ny =0, (6.5.25)

where we assumed in the last step that {a%} |er) € E;p2h and N’ > N holds.

max

Employing D; and D, given through eqs. and as a starting point, we now obtain
the following slightly altered decoupling conditions

0 15, (pr, po) = [Dl(Pl,Pz) if e(py) # e(p2) , (6.5.26)
0 else
0 2Dy (p1, 2. p3. Pa) = {Opl(pl’pz’p3’p4) lefl:e(pl) +elpa) # elps) + e(py) , (6.5.27)

where we defined D~1(p1, ps) and ﬁg(pl, P2, P3, pa) for convenience and later reference.

6.5.4. Construction of Generator Matrix Elements

As discussed in section [4.7| the White and imaginary-time generator matrix elements can be
constructed via

it = (1= #80) (el H{ @D Mot F(Dpyg,) (6.5.28)

’721‘2; (1 - %Zi %Zz) <¢ref|H{ agigj }|¢ref> P(Apl;bz‘h ‘b) . (6-5-29)

One ingredient for the construction of these matrix elements are Hamiltonian matrix elements
between the reference state and 1p1h or 2p2h excitations. We may either employ D; and D,
given through egs. (6.5.9) and (6.5.10) or, alternatively, we use the modified decoupling pattern
and employ D; and D, given by egs. (6.5.26) and (6.5.27). Another ingredient are differences
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between expectation values w.r.t. the reference state and excitations

AIZ = < l//ref|{&z }TI:I{ &é }|¢ref> - <¢ref|I:I| lﬁref) (6-5'30)
= - AniTY2 4 @nof! - Aynif? + (Apny - 1)Ey + O(A2)) (6.5.31)
Arzsa =< Vrel{ 832} H{ @35 H Yhet) — < Yrefl H | Yier) (6.5.32)
= (1 + %%f’i) (fll flzﬂgfl;}(%fll Y_lzrg + %n3n4l"§i = fll m;l“}i - fll n3rg) (6533)

+ fagnsng(nf] - nsf3) + (A fiznsng - 1)Ey + (9(/1[2])> . (6.5.34)

At this point we have several choices for the construction of specific generator matrix ele-
ments. Firstly, we can choose the generator type through the function 7. Secondly, we can
choose the decoupling pattern, i.e., we can either aim to decouple all 1p1h and 2p2h excita-
tions from the reference state and employ D; and D, or we can choose a simplified decoupling
pattern and use D; and D,. Finally, we may truncate the resulting expressions for a generator
matrix element at a specific order in the irreducible density matrices.

We set up the following naming scheme to identify different combinations of generator types,
decoupling patterns, and truncation schemes:

1. “White” employs the White generator type and aims for a decoupling of all 1p1h and
2p2h excitations. All terms involving A[>3] are neglected.

2. “White-NCSM” is equal to “White” but excitations that purely lie within the N'f -space

max
are left out.

3. “Imaginary-time” employs the Imaginary-time generator type and aims for a decoupling
of all 1p1h and 2p2h excitations. All terms involving Al>*+] are neglected.

4. “Imaginary-time-NCSM” is equal to “Imaginary-time” but excitations that purely lie
within the N -space are left out.

6.5.5. Numerical Applications

In fig.[6.6a] we see the IM-SRG evolution of the energies of the ground and low-lying excited
states employing the traditional White and imaginary-time generator. Obviously, the energies
seem to converge w.r.t. the flow parameter s and we do not observe any instabilities. Further-
more, both generators are giving compatible results, even though on different scales of the
flow parameter s.

However, while a large portion of the nuclear systems we were treating so far is behaving
very similar to 2°0, there are few systems that show a different behavior. A prime example
for such a differently behaving system is 1>?C whose associated IM-SRG flow of the ground
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Figure 6.6.: Evolution for 2°0 and '2C employing either the generator White (left panels) or the
imaginary-time (right panels). Different symbols indicate different N,y values for
the IM-NCSM and horizontal lines and shaded bands indicate Ny, x-extrapolated
results and uncertainties, respectively, obtained from the NCSM. In order to reduce
cluttering, only for a subset of the available data points plot markers are shown.
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state is shown in fig. Here, for both generators White and imaginary-time the ground-
state energy drops below the energy obtained from an IT-NCSM calculation and does not
seem to stabilize. Another problem is raised by the energy of the first excited state, i.e., the 2]
state: Compared with the NCSM result, which lies at about 4 MeV, the IM-NCSM lies much
too high. Furthermore, the IM-SRG energy E(s) and the energy of |¢é\.]s"}“:°> are drifting apart
throughout the evolution. This behavior is a clear indication that the reference state |;.f) is
not an eigenstate of the Ny, = 0 space anymore, i.e., |{4f) begins to couple to other basis
states [¢N=0). All in all, these observations leads us to the conclusion that the IM-SRG evolu-
tion for 12C is suffering from a significant amount of induced interactions beyond the NO2B
level. In previous publications [[Geb+16] we have tackled this problem by employing a rather
complicated protocol: We identified a flow parameter range at intermediate values for s in
which the Np,x convergence of the ground-state energy is already sufficiently enhanced, but
the induced interactions were supposedly still under control. For the imaginary-time gener-
ator such a “plateau” is observed approximately between s = 0.1 and s = 0.2. Once we move
beyond this plateau, the energy begins to drop again. For the White generator, however, there
is no plateau at all.

A solution to this problem are the modified generators White-NCSM and imaginary-time-
NCSM, whose numerical applications for '2C are shown in fig. We observe that the flow
stabilizes and the converged ground-state energy is now much closer to the NCSM result.
Additionally, the IM-NCSM energy we obtain through these modified generators is much more
consistent with the result obtained from an MR-IM-SRG calculation with a Hartree-Fock-
Bogoliubov reference state as can be seen in [[Geb+16]]. A similar picture emerges for excited
states: the flow stabilizes very early and the energies obtained from our IM-NCSM calculation
is now compatible with the NCSM results. Furthermore, we do not see the first 0" excitation
at lower energies around 7.7 MeV but at much higher energies (which we do not show here)
showing that the IM-NCSM framework does not adequately describe the Hoyle state—as to
be expected.

Thus, by relaxing the decoupling condition, i.e, allowing the reference state |4 ef) to couple
with other basis states of its own reference space, we stabilize the IM-SRG evolution and
resolve the issue of substantial amounts of induced interactions beyond the NO2B levelE] Fig-
ure shows that the evolution for 2°0 and both generators White-NCSM and imaginary-
time-NCSM is approximately the same as for White and imaginary-time depicted in fig.
This demonstrates that our modified generators do not introduce any complications.

Comparing White-NCSM and imaginary-time-NCSM with each other, both generators yield
similar results once the evolution is converged. However, White-NCSM is numerically much
more efficient and needs fewer integration steps for obtaining converged results, which re-
duces the computational effort of the IM-SRG calculation. Therefore, we will use the White-
NCSM generator by default except noted otherwise. In the rare event of a numerically unstable
IM-SRG evolution, however, we employ the more stable imaginary-time generator.

!This solution is by far much more simple than the eventual alternative, where higher irreducible density matrices
for the generator construction are included.
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Figure 6.7.: IM-SRG evolution for 2°0 and '*C employing the updated generators White-NCSM
(left panels) and imaginary-time-NCSM (right panels). Different symbols indicate
different Np.x values for the IM-NCSM and horizontal lines and shaded bands
again indicate Njax-extrapolated results and uncertainties, respectively, obtained
from the NCSM.
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6.6. Oxygen Chain and Impact of Reference Space

Let us now turn to the investigation of the impact of the size of the reference space, which is
governed by the choice for NI . Since it is not only the reference state that gets decoupled,
but also a large portion of the reference space, the parameter N' specifies the size of the
“box” in which we are forcing the part of the Hamiltonian governing the lowest eigenstates
into. In any case, the reference-space size should be large enough such that fundamental

properties and symmetries of a specific eigenstate are captured by the reference state | fier)-

The structure of the reference state has an impact at two different stages: Firstly, the initial
NO2B approximation of the three-body interaction and the normal ordering. Secondly, it en-
ters the IM-SRG through its associated one and two-body irreducible density matrices. As the
IM-SRG also employs a NO2B throughout the evolution, it will eventually suffer from induced
many-body interactions beyond the two-body rank. Through a variation of the model-space
size, i.e., NX | we are able to control which correlations are already captured at the level of

max?

the reference state and which are left for the IM-SRG to deal with.

In the limit N'*f — oo the difference between the exact result and a result obtained from the
IM-NCSM is only governed by the quality of the (initial) NO2B approximation. Assuming that

the NO2B approximation itself improves with increasing Nf this shows that we expect the

IM-NCSM framework to yield more precise results with increasing N*¢f .

Oxygen Isotopic Chain. The question that arises at this point is whether and to which

extent the reference space size N' is affecting our numerical results. We performed calcu-

lations for nuclei within the oxygen chain at several N*¢{ and compared the results to NCSM

calculations and experimental values as shown by fig.[6.8]and fig.[6.9] where the former shows
ground-state energies and the latter energies of the lowest-lying excited states. The influ-
ence of N'{ on ground-state energies depicted by fig. is manifesting itself in two different
ways. Firstly, it leads to different Ny,.x-convergence behaviors, while still converging to ap-
proximately the same value for large Ny values. Such a behavior can, e.g., be seen for the
2; state in 180, Secondly, calculations at different N*¢f lead to different results for sufficiently
large values for Njp,x—a signal for different amounts of induced interactions beyond the NO2B
rank. Take, for example, the ground-state energy of 220 shown in ﬁg. the result at Nyjx = 6

deviates between NI = 0 and N¢{ = 4 by about 1.5 MeV or 1 %. However, a comparison of

the different N'f shows that the largest deviation appears between NIf = 0 and N*¢f = 2
whereas the difference between Nt = 2 and N¢{ = 4 is negligible, which indicates that it is

sufficient to employ N = 2 for oxygen chain isotopes.

Another representation of the data contained in the previous figures is given through fig.
which exclusively addresses the effects of an increase of N**! from 0 to 2 by showing relative
changes of the corresponding results. It becomes evident that for all oxygen isotopes consid-

ered here the relative difference of calculation with N'¢{ = 0 and NX¢{ = 2, respectively, are

below 1%, where 2°0 is showing the most pronounced differences of about 0.7 %.
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and each row refers to one of the even oxygen isotopes between *O and #20. Ad-
ditionally, Np.x-extrapolated NCSM results are shown as shaded bands (within the

column depicting NCSM results). For details on experimental data see appendix
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Figure 6.9.: Similarly to ﬁg. this figure shows excitation energies of the lowest lying states.

Dominant Source of Impact. Looking at fig. we are able to inspect the source of
the N dependence, which is either the initial NO2B approximation or the IM-SRG evolu-
tion. For that purpose, we were deviating from the standard procedure and allowed the N,
employed within the NO2B approximation and the IM-SRG evolution denoted via N*t"° and
Nrebims - respectively, to be different. It becomes obvious that: An increase of NXtP® has a
slight repulsive effect, an increase of NXt™ has an attractive effect, and, comparing the abso-
lute size of both effects with each other, the impact of the N t™ parameter seems to be the
more dominant one. Note that the behavior for increasing N*:"° may be intuitively expected:
We know that the NO2B approximation has the tendency to lead to a slight overbinding of
about 1% in medium-mass systems and, assuming that the quality of this

approximation improves with NX<f | we expect less binding for higher Ni<f .

Beyond the Oxygen Chain. Up to now, we were only considering oxygen isotopes. For
completing the picture, let us consider Ne. Depicted in fig. is the evolution of the
ground and low-lying excited states energies and fig. illustrates the Np.x convergence
w.rt. different N and a comparison with experimental values. Through this exemplary

study of the fully open-shell nucleus ?’Ne, it becomes evident that the IM-NCSM framework
works equally well and has a similar characteristics for isotopes beyond the oxygen chain: The
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and E? through % = WL) for se-
lected oxygen isotopes with even mass
numbers. Note that calculations were
performed at Nipax = 2 and 4 and error

bars indicate the difference between

impact of different values for NrrneafX on results obtained
from the IM-NCSM for selected fluorine, neon, and
magnesium isotopes. Note that the results shown in
this figure are based on the chiral interaction N*LOgy N
+ N2LOsgonL (see chapter [7| for more information).
Note that, in contrast to fig. no error bars indicat-
ing uncertainties in regard to different Ny,x are shown
here.

these two values for Nyax.

Figure 6.10.: Depiction of relative N*<{ impact on IM-NCSM ground-state energies.
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Figure 6.12.: Evolution and Ny.x convergence for **Ne.

Nmax convergence is significantly enhanced such that we practically obtain converged results
for Npax = NXE . Regarding the N'¢{ dependence, it seems that there is a less pronounced
dependency. This is confirmed by fig. which shows the relative difference of results
at NIt = 0 and 2 for selected fluorine, neon, and magnesium isotopes. All values lie in the
region of 0.2% to 0.4 %, where °Ne shows the largest deviation with 0.4 %. Note that the
calculations shown in fig. employed the N*LOgyn+N2LOsg N interaction. However,
we do not expect the interaction to have a significant impact on the behavior of the IM-NCSM
under N variation and, therefore, conclusions drawn with regard to the N'f behavior
should be largely interaction independent.

Employing this interaction, fig. shows calculations for **Mg and **Mg. While for both
isotopes the ground-state energy differs noticeably from experiment—due to deficiencies of
the chiral interaction employed in this case—the excited states show only a slight dependence

on N™f and Nj,,, and are in agreement with experimental values.

IM-NCSM, NCSM, Experiment. Letusnow look a bit closer at differences between results
obtained from the IM-NCSM and the NCSM. As shown in fig.[6.8] it becomes evident that IM-
NCSM results—which are already converged at small values for Ny,.x—are compatible with
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Figure 6.13.: Ground and lowest-lying excited states of 3*Mg (left) and 3*Mg (right) from the
IM-NCSM. Calculations are based on the chiral interaction N*LOgpn+N2LOsg N1
(see chapter [7| for more information). For details on experimental data see ap-

pendix

Nmax-extrapolated NCSM results. The fact that huge Nyax are necessary for getting close to
the region of convergence again demonstrates the benefit of the IM-NCSM.

Considering differences with experimental ground-state energies, we observe an overall good
agreement, where the largest deviation can be found for O by about 4 MeV. Furthermore,
fig.[6.9]illustrates that also the low-lying excited states obtained from the IM-NCSM and NCSM
are in good agreement with each other. A comparison with experimental values remarkably
shows that the IM-NCSM yields a good prediction of the lowest-lying states, which can also

be observed in fig.

Recommendation.  Considering the choice for NI for nuclei within the oxygen chain,

we come to the conclusion that it is sufficient to use NX¢{ = 2. It is worth noting that oxygen

chain isotopes might be a special case: Employing a N = 0 reference space, the proton shell

is closed and there are no correlations contained by the associated reference state.

This assumption is further supported by investigations of fully open-shell nuclei which ex-

1 £ . . £
hibit a much smaller dependency on N, and for which we, therefore, consider N5, = 0 as

sufficient.
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6.7. Particle-Attached/Particle-Removed

In this section we are going to address the basic concepts of one of the major advance-
ments of the IM-NCSM framework that allows for a treatment of odd nuclei: the particle-
attached/particle-removed (PA/PR) extension.

6.7.1. Outline of Approach

A problem that emerges for odd mass numbers like, e.g., 2!O is that the eigenstates exhibit
half-integer total angular momenta. As a consequence, the angular momentum coupled IM-
SRG equations that rely on scalar density matrices do not apply. Note that an inclusion of
non-scalar density matrices would imply that the spherical tensor rank of operators would
not be conserved anymore leading not only to analytically but also computationally severe
implications.

The general approach of the PA/PR extension to overcome the restriction of the IM-NCSM
framework to even-A nuclei is simple: We differentiate between the odd-A target nucleus we
want to treat eventually and an even-A parent nucleus lying in the close vicinity of the target
nucleus. The reference state construction and IM-SRG evolution is carried out for the parent
nucleus, whereas the post-diagonalization is performed for the target nucleus.

Ultimately, the IM-SRG transformation aims for decoupling a specific eigenstate of the parent
nucleus—the reference state—from its excitations or, equivalently, higher-lying NCSM basis
states. This decoupling is achieved through a suppression of particular matrix elements and,
as a consequence, also excited states or even complete model spaces get decoupled in this pro-
cess. Similarly, also eigenstates of the target nucleus get partially decoupled as long as these
eigenstates are structurally similar to the reference state such that similar matrix elements are
mediating the coupling to higher-lying determinants. In this case, we also expect a significant
acceleration of the Nj,x convergence of an NCSM calculation w.r.t. the target nucleus—not
unlike the acceleration of the Nj,.x convergence we previously observed for excited states of
the parent nucleus.

The extensions relies on the specification of a parent nucleus with Zarent protons, Nparent
neutrons, and Aparent NUcleons and a target nucleus with Aarger nucleons, Ziyrger protons, and
Niarget neutrons, where |Ziarget — Zparent| + |Ntarget = Nparent| = 1 shall hold. Particle-attachment
in regards to a specific nucleon species may now be defined as either Zirget > Zparent OF
Niarget > Nparent and particle removal refers to either Ziarget < Zparent O Niarget < Nparent-

In a nutshell, the even parent nucleus defines the system w.r.t. which any transformation or
approximation is performed: the unitary transformation into the natural orbitals, the refer-
ence state, the NO2B approximation, and the IM-SRG transformation. The final NCSM cal-
culation, however, is performed with regard to the target nucleus. Thus, the target nucleus
and its associated Ziarget, Niarget and Agarger come into play whenever an initial operator that is
plugged into the IM-NCSM framework explicitly carries information on the proton, neutron
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or total nucleon number. Therefore, let us consider the initial intrinsic Hamiltonian, which
generally consists of the kinetic energy, a NN interaction and a 3N interaction part

Hine = Tine + Vaw + Van - (6.7.1)

The kinetic energy operator can be written as [HR09)]

A A2
T =), @i-p)" (6.7.2)
i<j 2mAtarget

As, ultimately, we are aiming for calculating nuclear structure observables in an Hilbert space
H 4,y the kinetic energy part has to employ the total nucleon number of the target nucleus.
The initial NN and 3N interaction, however, do not have any explicit dependence on the nu-
cleon number and are, therefore, independent. Note that the kinetic energy is embedded into
the Hamiltonian at the very beginning of the IM-NCSM framework and, therefore, cannot be
rescaled after the transformation, but has to carry the information for which nucleus the final
NCSM calculation is performed from the start.

6.7.2. Numerical Applications—A simple Example

Let us now discuss numerical applications of the PA/PR extension. To begin with, we present
calculations targeting 'O from the parent nuclei ?°0 and #O0 in fig. Considering the
evolution depicted in fig. we observe that, firstly, the ground-state energy is rapidly
stabilizing in the flow parameter s, secondly, we obtain results that are converged at Nyax = 2
already at an early stage of the evolution, and lastly, both parent nuclei yield similar results
for large values of s. This demonstrates that calculations employing the PA/PR extension
of the IM-NCSM are behaving very similar to “regular” IM-NCSM calculations: The IM-SRG
substantially boosts the Njp,x convergence of the subsequent NCSM calculation and we obtain
converged results at small values for Nyax.

We investigate the Ny, convergence and the dependence on N of the PA/PR extension

in more detail in fig.[6.14b| For all N*¢{ and both parents the Ny, convergence patterns are

max
fairly compatible with each other—for both ground and excited states. However, similar to

previous investigations of even nuclei, we observe that there is an effect of NJ¢{ on the Nipax

convergence, especially when comparing the convergence of excitation energies at N<{ =

0 and N'f = 2 with each other. Considering the ground-state energy obtained from the
IM-NCSM, it is compatible with the Np.x-extrapolated result from the NCSM as well as the
experimental value. However, the first 1/2* state obtained from the IM-NCSM is closer to
the experimental value than to the NCSM result. Note that we only show NCSM results for

Niax = 6 for the 27 as the kp;, threshold extrapolation becomes unreliable for higher Nyax.
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Figure 6.14.: Evolution and N,y convergence for 210.
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6.7.3. Numerical Applications—Shell-Closure Effects

Now that we have studied a case where the PA/PR extension works very well, let us pro-
ceed to a more interesting case, which, at least at first glance, seems to be problematic and
raises questions about the adequateness of certain nuclei as parent nuclei. However, we will
see that there is a reason why calculations w.r.t. specific parent nuclei behave fundamentally
different than others and we will be able to establish a rule which parent and target nucleus
combinations are reasonable and which are not.

Neutron Shell Closure.  Figure shows the evolution of ground and excited-states
energies of 170 employing the two parents °O and 80, respectively. Unlike to the case for
210, we observe that the two parent nuclei lead to significantly different Ny, convergence
rates even at large values for the flow parameter s. Calculations based on 'O as parent nucleus
exhibit a much slower convergence. This is especially clear in fig. where we show IM-
NCSM calculations for several N . While calculations based on '*0 are practically converged

max*

for Npax = Néﬁfx, there is a substantial Nj,.x dependence for calculations based on 1O and large

Ninax are necessary such that both parent nuclei yield similar results for all NX<f .

The reason for this difference between the two parent nuclei lies in their shell structure. In
the context of the NCSM, the notion of a closed or open-shell nucleus refers to a one or multi-
dimensional Np,x = 0 space, respectively. Additionally, it may be further specified whether an
open-shell nucleus exhibits a closed shell w.r.t. either of the two particle species. Considering
Nt = 0 space, all three nuclei have closed proton shells, but the parent nucleus O also
has a closed neutron shell while ¥0 and 17O do not. As a consequence, the Ny,ax = 0 spaces
of 1°0 and 70 have a fundamentally different structure while the associated spaces for 30
and 'O are very similar. This difference is relevant during the IM-SRG transformation, which
aims at decoupling a specific reference state | ;) from particle-hole excitations. This decou-
pling is governed by the partitioning of the single-particle basis into a core (n = 1), active
(0 < n < 1) and virtual space (n = 0), where n refers to the corresponding occupation number.
Considering 10 and 70 at Nyx = 0, they may have the same core states, but differ w.r.t.
their active states. Thus, the decoupling patterns of these two nuclei are—already at a single-
particle level—not compatible with each other as all determinants within the N¢{ space of
70 with a dominant contribution of single-particle states belonging to the active space are
not accounted for by an IM-SRG transformation w.r.t. 160 and, therefore, not decoupled from
higher-lying determinants. Thus, we do not expect a significant Np,,x-convergence accelera-
tion when performing an IM-NCSM calculation w.r.t. the parent nucleus '°O and the target

nucleus 7O—a fact that is strikingly demonstrated by fig.

Comparing the IM-NCSM with the NCSM in fig. we observe that for both the ground
state as well as the first excited 1/2* state the two methods agree very well with each other.
Furthermore, the IM-NCSM calculations employing 20 as parent nucleus yield converged re-
sults for the ground state and the first excited state 1/2* at Np.x = 0 to 2 which again demon-
strates the greatly improved Np,x convergence. The convergence of the 3/2" state w.r.t. Npax,
however, is rather slow such that it is necessary to perform calculations at Ny.x = 4 to 6 for

131



Chapter 6. In-Medium No-Core Shell Model

8

6

s $os

2 ;—' 1124 ._—.ﬁ%“
0

o @ - & | v # > & om
0 20 40 60 60 40 20 0

(a) Similarly to ﬁg. this figure depicts the evolution of ground and excited-state energies for 170
w.r.t. the two parent nuclei 1°O (left panel) and 30 (right panel).

ref _ ref _ ref _
Nmax =0 Nmax =2 Nmax =4 NCSM Exp
= 170 —
-130.0| .
%‘ \ N —— ;\_\ e 5/2¢
2 1325 1 e
w v —re B - +
-135.0 “Zage 5121 e o TP I-.‘_-‘: 5721
1375 —
8 \\‘ \*‘h*_ 3/2¢ =" —i—\\ . .
y g e k32 _‘;\\ 32
6
S Y T
) —i—
=) 4 =
* \\
W N
-*\_\ .
2| = = 1/2f +~\ e
-—'—-..'_I e S 121 ¥ _‘_~~i. 1724 . -—1/2} 123
e e
0| N ——N——3—52 |—N—-—l——l52 |—f—--—3—52] 2020 [ /2]
0 2 4 6 2 4 6 4 6 2 4 6 8 10
Nmax Nmax Nmax Nmax

(b) Similarly to fig. this figure depicts IM-NCSM, NCSM and experimental values for 170, where
we employed the parent nuclei 1°O (triangle up) and 80 (triangle down). For details on experi-
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Figure 6.15.: Evolution and Ny, convergence for ”O.
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obtaining reliable results. Taking experimental values into our considerations, the experimen-
tally observed ground-state energy is overestimated by about 2.5 MeV and the theoretically
predicted and experimentally observed energy of the 1/2* are in good agreement with each
other. The 3/2" state, however, lies too high by about 2 MeV at Ny,.x = 6, but may still move
down at higher Np,.x due to an incomplete convergence.

Proton Shell Closure. Up to now, we were only applying the PA/PR for adding or removing
neutrons to oxygen isotopes, i.e., we stay within the oxygen chain. Figure [6.16]depicts calcu-
lations where we employed the PA/PR scheme for targeting *'F by attaching or removing a
proton from the parent nuclei 2’0 or #Ne, respectively.

The evolution depicted in fig. shows the well-known convergence pattern w.r.t. the flow
parameter s. The energies obtained from both parents are similar to each other, but they
exhibit a different Nyp,x-convergence behavior. The order of the two lowest-lying and nearly
degenerate states, a 5/2" and 1/2" state, differs between the two parent nuclei.

Considering fig. it is once more clearly demonstrated that the Npn,x convergence is
different for both parent nuclei, especially for the ground-state energies shown in the upper
panel. However, the behavior observed here is to be expected: Targeting ?'F from 2°0 is similar
to the previous case with 170 from °0, respectively, as 2°0 has a closed proton shell while 'F
does not.

The ground-state energy obtained from the IM-NCSM is about 3 MeV below the experimental
value. The two lowest-lying states obtained from the IM-NCSM are nearly degenerate and
only the calculation based on the parent nucleus 2°0 yields the experimentally observed 5/2*
as ground state, while ?*Ne predicts a 1/2* state. However, as the IM-NCSM results obtained
from calculation based on 2°0 as parent nucleus are not fully converged, also here the 1/2*
state may turn out to be the ground state. Note that also experimentally the two 5/2* and 1/2*
states are energetically very close to each other and the incorrect theoretical prediction of the
ground-state may very well be a deficiency of the interaction.

Similarly to the ground-state and the first excited state, also the second pair of states, i.e.,
the 3/2% and 9/2" states are nearly degenerate—both theoretically and experimentally— and
different orders are obtained for the two parent nuclei. However, the excitation energies of
these two states are in good agreement with the experimental values and the state that lies
experimentally slightly above the 3/2" is predicted to be a 9/2" state.

Calculations at Néﬁfx = 2 and Ny = 6 with 2°0 as parent nucleus are not shown in fig.
as several eigenstates becomes degenerate here leading to problems with the ki, threshold
extrapolation—which is eventually due to the fact that the Hamiltonian and the total angular
momentum operator do not commute within an importance-truncated model space. However,

we verified that the energies are well converged.
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(a) Similarly to fig. this figure shows the evolution of the ground and excited state energies for
the target nucleus “!F. We employed the parent nuclei 2°0 (left panel) and ?’Ne (right panel).
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(b) Similarly to ﬁg. this figure depicts IM-NCSM, NCSM and experimental results for ground and
excited state energies of the target nucleus 2! F. We employed the parent nuclei ?°O (first and second
column) and ??Ne (fourth and fifth column). For details on experimental data see appendix

Figure 6.16.: Evolution and N,y convergence for 'F.
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6.7.4. Conclusion

The PA/PR extension works very well and leads to similar effects than for the regular case in
which parent and target nucleus are equal: The Ny convergence is substantially accelerated
and we basically obtain converged results for Npax = NL. However, as we saw through
the calculations targeting 1’0 and 2'F it is not advisable to perform a particle attachment
if the parent nucleus exhibits a closed shell w.r.t. the particle species that is attached. Note
that a similar observation can be made for a particle removal for nuclei that exhibit a closed
shell w.r.t. the particle species that shall be removed. Both of these cases are problematic
since the structure of the reference state—which is an eigenstate of the parent nucleus—is
fundamentally different from the structure of the lowest lying eigenstates of the target nucleus
and, as a consequence, couplings of these eigenstates of the target nucleus to higher-lying
NCSM basis states are not suppressed through the IM-SRG transformation.

Apart from the fact that a closed-shell nucleus is not an adequate choice for a parent nucleus
within the context of the PA/PR extension, we observed that a particle removal is usually the
more robust choice. Thus, in cases of doubt the particle removal is our favored scheme.

6.8. Importance Truncation and Reference States

Let us now discuss an extension of the scheme for the construction of reference states, where
the necessity is motivated through fig. Employing a nuclear-chart-like representation, it
shows the model-space dimensions of NCSM calculations. For each isotope, specified through
its associated neutron and proton numbers, the corresponding model-space dimension D is
given through its logarithm log(D). In our current implementation the NO2B approxima-
tion is the computational bottleneck of the IM-NCSM framework. Here, the computational
effort scales drastically with the number of configurations such that we are restricted to ap-
proximately D < Dp,y = 5x 106 Considering isotopes in the sd shell and lower pf shell,
calculations with N*¢f = 0 are still feasible, however, performing calculations at NS¢ = 2 is
only possible for nuclei lying either directly on or in the vicinity of shell-closure lines. Cal-
culations far away from shell closures, however, are out of the question due to model-space
dimensions of up to 1 x 10% or even beyond. Going to N'f = 4, it becomes evident that there

max

are no sd-shell nuclei left that we could treat employing the IM-NCSM framework.

As simple and straightforward approach for extending the reach of the IM-NCSM is an im-
portance truncation within the context of the IT'NCSM (see chapter [2). The initial NCSM
calculation is replaced by an IT-NCSM calculation employing a specific value for the impor-
tance threshold kpin. As a consequence, the associated importance-truncated model space,
which contains the reference state as one of its eigenstates, has a greatly reduced dimension.
Other than that, the details of the IM-NCSM framework remain unchanged. In the following,

?Note that this is not a hard limit and there may be future improvements of our implementation that eventually
increase Dy
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Figure 6.17.: Illustration of the NCSM model-space dimension D for Ny.x = 0 (see fig.

for Npax = 0 and 2). We choose a nuclear-chart-like format such that proton
and neutron numbers vary vertically and horizontally, respectively. Model-space
dimensions are depicted for all even isotopes of hydrogen up to titan that do not
lie beyond either the proton or neutron drip line (indicated through solid black
lines). There are three ways in which we indicated the model-space dimensions:
Firstly, a number indicating log(D), where, if non-existent, D z 1 x 10°, which
lies far beyond the computational capacities of the IM-NCSM. Secondly, the area
of each plot marker linearly correlates with log(D), where the maximum area is
capped at Dpax = 5 x 10%, which corresponds to the maximally feasible dimension
of our current implementation (with reasonable computational effort). Lastly, we
employ two different colors for indicating if D < Dy« (green) or D > Dy, (red).
Furthermore, shaded gray bands indicate shell closures.
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Figure 6.18.: lllustration of NCSM model-space dimensions (see fig. for details).
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let us investigate an eigenstate of an importance-truncated model space as a reference state.
Additionally, such an importance-truncated reference state will be denoted as |¢g2“"“‘(icmin)>,
where ki, refers to the importance threshold of the corresponding importance-truncated
model space.

For investigating the properties of an importance-truncated reference state, let us consider
fig. Starting from an initial Hamiltonian including 3N interactions, we perform an initial
IT-NCSM calculations at Np.x = 4 using several values for kp;, from which we obtain individ-
ual reference states |1//gi~“‘""‘:4( Kmin))- The corresponding eigenenergies are shown by the curve
labeled “Np.x = 4”7 in the upper panel. Additionally, the results of Nyax = 2 and Nyax = 4
calculations without importance truncation are shown as horizontal lines. We observe that
the result of a full Ny,x = 4 calculation is reproduced for xp;, — 0, and that the curve is
approaching the Npax = 2 result for increasing values of k.

The bottom panel in fig.[6.19|depicts the corresponding model-space sizes: A full Niay = 4 cal-
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6.8. Importance Truncation and Reference States

culation needs roughly 1 x 10° configurations whereas the Nyay = 2 model-space dimension is
reduced by several orders of magnitude. As the model-space size varies significantly with the
choice for ki, we might ask: Can we choose a kpj, such that the importance-truncated model
space is of significantly reduced size and, simultaneously, obtain a proper approximation for
the full reference state?

For that purpose, let us proceed by looking at the steps which follow the initial IT-NCSM cal-
culation for the construction of the reference state. The operator H and its corresponding ref-
erence state |¢r]g‘f“a"z4(1<min)> are used to construct the NO2B-approximated Hamiltonian I:INOZB
together with the scalar one and two-body density matrices. We emphasize that the non-scalar
parts of the density matrices due to J # 0 contributions are discarded. As shown by the third
row of fig. the total angular momentum J of the reference state is degraded—a behav-

ior which is to be expected and well-known as the eigenstates of the importance-truncated

model space are not necessarily eigenstates of jz anymore. As a consequence, the non-scalar
admixtures to the density matrices are increasing. The effect of this projection of the density
matrices is evident from the curve labeled as “IM-SRG Energy” in the upper row of fig.
It depicts the expectation value of the NO2B-approximated Hamiltonian Hyozs, where the
expectation value is calculated by employing the projected density matrices y!?].

Lastly, there is another curve labeled “Np.x = 4” in the top panel: It depicts a subsequent
NCSM calculation at Np.x = 4 employing ﬁNOZB as input. The source for the discrepancies
between the IT-NCSM based on H and the NCSM calculation based on ﬁNOZB is two-fold:
Firstly, the reference state |¢g§“a"=4(lcmin)) does not necessarily have to be an eigenstate of
I:INOZB. Secondly, even while we are not performing an IM-SRG evolution per se, I:INOZB goes
once through the complete IM-SRG machinery implying an eventual single-particle transfor-
mation into the natural orbitalsP| Note that we verified that the dominant contribution here
is the single-particle transformation into the natural orbitals, while |4ef) being not an eigen-
state of I:INOZB is numerically negligible. Furthermore, we observe that this curve is mostly
independent of ki, which implies that the effect of ki, on the NO2B approximation is neg-
ligible.

The impact of kiin on IM-NCSM calculations is shown in the second row of fig.[6.19} It includes
a curve labeled as “Njax = 4” showing the results of IM-NCSM calculations at Nyax = 4

employing a reference state |lﬁr]:‘f“““=4(r<mm)>. Additionally, there are two horizontally lines

which depict the result of IM-NCSM calculations at Npa, = 4 employing N*f = 2 and 4

max
reference states without any importance truncation. It becomes evident that, as long as xpin

is chosen within reasonable limits k., < 0.001, the result of an IM-NCSM calculation with

an importance-truncated reference state lies in between the results for regular N = 2 4

IM-NCSM calculations. Thus, through a specific choice of ki, for an IM-NCSM calculation

at N**f we may control the amount of correlations we are additionally including with regard

to an IM-NCSM calculation at (N:¢{ - 2) while keeping the model-space sizes under control.

*Note that this kind of natural orbitals refer to the eigenbasis of the one-body density matrix constructed from
the reference state—in contrast to the natural orbitals which are constructed at the very beginning of the
IM-NCSM framework and are based on perturbation theory.
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We could, e.g., halve the model-space size of an N**{ = 4 calculation by using Ky, = 4 x 107

while still retaining the regular N = 4 result to a large extent.

We have found that ki, = 2 x 107* is a good compromise between model-space size reduction
and precision. In this context, the impact of Ky, on the IM-NCSM result and the energy of
the corresponding reference-state w.r.t. the untransformed Hamiltonian are correlated with
each other: As long as the energy of the importance-truncated and full reference state w.r.t.
the initial Hamiltonian are close to each other, also the two associated IM-NCSM calculations
lie close to each other.

6.9. Evolution of Observables—Concepts

The IM-NCSM not only allows for the treatment of energies but also the full range of nuclear
structure observables. This capability is founded in the fact that we directly obtain ground
and excited states from the IM-NCSM and, therefore, the calculation of expectation values or
transition matrix elements of an arbitrary observable is straightforward. However, the unitary
transformation applied to the Hamiltonian through the IM-SRG framework is associated with
a basis transformation and, as a consequence, observables have to be consistently transformed
employing the same unitary transformation as for the Hamiltonian. For the consistent evolu-
tion of an observable (j]ﬁ there are two possible approaches within the IM-SRG framework:

1. the direct evolution of an observable through simultaneously solving the operator dif-
ferential equations for the operator and the Hamiltonian

d -~ N d - N
SHGs) = i), HG)| 5 0k(s) = [s), OKi(9)] (6.9.1

2. the Magnus evolution through a previous solution of the differential equation for Q(s)
and an evaluation of the Baker-Campbell-Hausdorff series for the observable

-y [fz(s), é@(s)]k . (6.9.2)
i=0

Two scalar operators, whose transformation employing either of these two approaches is
straightforward, are the intrinsic and center-of-mass Hamiltonian Hmt and Hcm, respectively.
Apart from these operators, we discuss the treatment of the (scalar) radius operator as well as
general electromagnetic observables associated with non-scalar operators.
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6.9.1. Theoretical Foundation of the Radius Operator

The translationally invariant (point-mass) mean-square radius is defined as

A

u 1 N -
Fins = Y (x:i-R)", (6.9.3)
i=1

where %; refers to the position operator of the i-th particle and R denotes the center-of-mass
position operator. Applying several elementary transformations to the right-hand side of this
expression gives

1 A 1 A

A A2 A2

Fns = 548 2 i 2 i (6:9.4)
Lj= <j

which only depends on relative distances #;; = x;-x;. In second quantization the mean-square
radius operator may then be written as

. 11 .2 .
fms = —5 PRCAA AT AT (6.9.5)
fi

For defining the point-proton and point-neutron mean-square radii, let us introduce the pro-
ton and neutron projectors II} and II?, respectively. The point-proton mean-square radius,
i.e., the mean-square radius, which exclusively considers the protons within the nucleus, can

be defined as

. 1 . a2
Foms = — > (%i- R)IT. (6.9.6)

Following similar steps as before, we obtain

foms = —— Z rfj (2H{?H§’ + LTI + Hgln}’) — Pns 5 (6.9.7)
i<j

which may be written in second quantization as

. 1 24 o )
rpms =m7 Z <CI1612 ‘ rlzﬂfﬂg | q3q4> ag;gi
G5
1 A .2 PN AP Aq1q2 A
T Az 7 Z (a9 ) Py (ITT; + IITY) ‘ ey Agyqs ~ Tms (6.9.8)
9192
9394
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The point-neutron mean-square radius operator 7,5 may now be easily obtained by an inter-
change II! <> II? and Z <> N within the analytical expression for 7yms. Furthermore, it can
easily be verified that the three operators 7, foms, and 7y are related through

. A, Z
Tnms = Nrms - Nrpms . (6.9.9)

It is important to note that the projections from which we obtain the individual operator struc-
tures within the expressions for 7pys and 7ms and the unitary transformation induced by the
IM-SRG transformation for obtaining 7pms(s) and 7ums(s), respectively, are not commuting with
each other. As a consequence, it is not possible to insert the IM-SRG-evolved mean-square
radius operator 7ins(s) into eq. for obtaining the evolved proton mean-square radius op-
erator oms(s). Instead, we have to construct 7,ms(0) and evolve it for obtaining ,ms(s). This
is further elucidated by taking into account that the IM-SRG generally produces an induced
one-body part for 7pms(s) which would be missing when simply employing eq. - 6.9.8) for the
calculation of 7pp(s) from 7y O)I

Employing the mean-square radius operators, we can define the point-mass, point-proton,
and point-neutron root-mean-square radii

= \/<¢1|rms|¢l prms = \'<¢i|fpms|l//i> s Rnrms = \/(l//ilf'nms|¢i> s (6-9‘10)

respectively, where |i/;) refes to an eigenstate of the Hamiltonian. The experimentally com-
monly measured charge radius is obtained through [Lu+13]

R 2 3 N 2
h = Romms + | 75 + i t (6.9.11)

which takes the charge radius of the proton r; = 0.770 fm?, the charge radius of the neutron
r,zl = -0.1161fm?, and the so-called Darwin-Foldy term 4% = 0.033 fm? into account.
b

6.9.2. Theoretical foundation of Electromagnetic Observables

Let us now introduce the basics for the treatment of electromagnetic observables. These ob-
servables probe the structure of the wave functions involved through multipole moments and
gamma decays. Furthermore, compared to, e.g., the Hamiltonian, they are sensitive to differ-
ent aspects of the wave functions and are thus an excellent test for our nuclear models. For
more information see, e.g., [Suh07; RS80]].

The electromagnetic decay process has its roots in the interaction of the nucleus with an
external electromagnetic field where this field consists of an electric E and magnetic B con-
tribution. The interaction between the nucleus and the field is mediated by the four-potential

“Strictly speaking, such an approach is possible but the projection operators themselves would have to be trans-
formed.

142



6.9. Evolution of Observables—Concepts

(¢, A)) where ¢ is the scalar potential that interacts with the nuclear charge density p and the
vector potential interacts with the nuclear current density]_'). The complete system consisting
of nucleus and field, where the field is quantized in terms of photons, interacts weakly such
that it can be treated perturbatively. The electromagnetic field can be expanded in multipoles
giving the following result for the electric and magnetic tensor operatorsﬂ

A
0r =Y erlviQ), (6.9.12)
j=1
M = HN Aol
M, " e 21: (,1 N 1g1] + gsjsj> Vj (rj Y, (@)) , (6.9.13)

where e}, I ;, and §; indicate the charge, orbital, and spin angular momentum, respectively, of
the j-th particle. The spin gyromagnetic factor g is either 5.586 (protons) or —3.826 (neutrons).
The orbital gyromagnetic factor gj is 1 (protons) or 0 (neutrons). The nuclear magneton is
defined as puy = Eh Where m,, is the proton mass [Suh07].

Electromagnetlc Transitions and Reduced Transition Probability.  Let us consider
an electromagnetic decay of an excited nucleus mediated by one of the multipole terms of
the radiation field. The initial state is an excited state of the nucleus |¢/;) and the final state
consists of a photon and another eigenstate | /¢ ) of the underlying Hamiltonian. The transition
probability of this decay is denoted as Ty; and the corresponding half life is ¢, = In(2)/Ty;.
The oAy transition probability TfUiA’l describes the decay mediated by one of the multipole
terms Ay of the electromagnetic field and is either of electric (6=E) or magnetic (c=M) nature.
Through the “golden rule” of time-dependent perturbation theory, we obtain the transition
probability

pow_ 2 Arl (E zm\w.]mw ) 195
fi T @R M(2A+ D)2 \ Ac 13 fMil (M) 1Y),

AnA
where E, is the energy of the photon and (M")u denotes the electric or magnetic multipole

2
1 > (6.9.14)

field operator, i.e.,
(M) = O, (M), = Mt} (6.9.15)

As magnetic substates are not observed experimentally, we may average over the initial sub-
states M; and sum over the final substates My and all projections y of the operator which yields
the transition probability

oA _ U/l,u
I = 2J,+1 ZA% (6.9.16)
2 A1+1 Ey 2A+1
T eh A(2A + D)2 (m) BloXs ¥ — Vy)., (6.9.17)

SThese expressions are derived by employing the long-wavelength approximation, i.e., the wavelength of the
photon is assumed to be large compared to the extension of the nucleus.
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where we have introduced the reduced transition probability

Bloks i — ) = o Ky Myl (M) s

—~ (6.9.18)

Note that there are no MO0 transitions since the magnetic multipole operator vanishes in this

case, which is the result of the fundamental absence of magnetic monopoles in nature.

Selection Rules. Classifying electromagnetic transitions according to their multipoles is
achieved by inspecting the general structure of the electric and magnetic multipole operators
for each particle. Under parity the involved terms exhibit the behavior

=t YFA—>(—1)’1Y3, 11, §—§, Vo -V. (6.9.19)
Hence, we obtain

A2 1A ~ A A+1 45 A

Qp - (_1) Qy s Mp - (_1) 1Mp . (6920)

Consequently, we obtain the parity conservation selection rule for the parities of the initial
and final state 7; and s, respectively,

L =12 for EA
i = 11 . (6.9.21)
(-1) for MA

Furthermore, there is the angular momentum selection rule which states that for a transition
associated with a multipole operator of rank A from an initial state to a final state with angular
momenta J; and J;, respectively, the triangular condition A(JrAJ;) has to be fulfilled. Note
that the transition probabilities decrease significantly with increasing rank A of the involved
operator. Therefore, the transition with the greatest probability is the one with the lowest
multipolarity which is allowed by the parity and angular momentum selection rules.

Multipole Moments. The general form of multipole moments can be written as

M(o2) = C: JuMy, = 0)(Mo ) 1: JuMy, = 0> (6.9.22)
A V.
= (_] A ]> s Joll (Mo ) 19 Sy (6.9.23)

The magnetic dipole moment i and electric quadrupole moment Q are now defined such that
they coincide with their classical analogues which yields

il [T Ve 2
3M(M1)—\/? Ton@ D CEIMIE T (6.9.24)

167 {lén ](2] T A2,

where we inserted analytical expressions for the corresponding 3j symbols. It becomes evident
from the properties of the 3j symbol that a necessary condition for non-vanishing M1 and E2

moments is J = 2 and J = 1, respectively.
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6.10. Evolution of Observables—Applications

Now that we have discussed the theoretical foundation of the, for this work, most relevant
observables, let us incorporate them into the IM-NCSM framework and compare the results
to those of the NCSM and experiment. Note that this section mainly focuses on investi-
gating methodological developments of the IM-NCSM. Especially comparisons with NCSM
are—due to its exact nature—very useful for assessing the methodological uncertainties of the
IM-NCSM. When comparing results obtained from the IM-NCSM with experimental values,
however, it should always be kept in mind that the interaction we are employing throughout
this chapter has a deficiency when it comes to the reproduction of particular observables like,
e.g., radii [Bin+14; Her+13b; Her+14; Bin+13al]. This deficiency is well-known and one of the
motivations for the construction and application of new generations of chiral interactions (see
next chapter).

Carbon-12. Let us begin with a study of '*C. Figure depicts the evolution of various ob-
servables including the charge radius R, electric and magnetic transitions B(E2) and B(M1),
respectively, and the electric quadrupole moment Q. Similarly to the well-known behavior of
ground and excited-state energies, also these new observables are changing throughout the
IM-SRG evolution until, for large values of the flow parameter s, they stabilize. Considering
the Njax convergence, however, things become slightly more complicated: Unlike the eigen-
states of the Hamiltonian, other observables like, e.g., radii and electromagnetic transitions
are not bound by the variational principle. This leads to a non-monotonic Ny, convergence,
making it difficult to obtain a reliable estimate for the observable with regard to Ny,x — oo.
This observation is closely related to the fact that some observables are corresponding to
operator structures that probe a different part of the wave function than the Hamiltonian.
This becomes evident when considering the radius and the quadrupole operator: Both probe
the long-range part of the wave function which manifests itself through a high sensitivity to
higher- N,y contributions. These small contributions of higher-Ny,x basis states to the eigen-
states obtained from the IM-NCSM arise due to residual couplings of the reference state |;ef)
to some of its particle-hole excitations i.e., a partially incomplete decoupling.

Through fig. we are able to inspect the Ny, convergence and the N*! dependence of nu-
merical results obtained from the IM-NCSM and compare to results obtained from the NCSM
and with experimental values. Compared to the NCSM, the ground-state energy obtained
from the IM-NCSM is slightly overbound. Furthermore, the ground-state energy exhibits an
N¢f dependence that is slightly more pronounced than for oxygen isotopes and for all N
the energies are converged w.r.t. Np.x. The excitation energy of the first 2* state obtained
from the IM-NCSM is above the corresponding NCSM energy by about 1 MeV, but differs
only slightly from the experimental value. The experimentally observed 0; state—known as
the Hoyle state—lying at about 7.7 MeV is not adequately described by the IM-NCSM, where

it lies much too high at about 15 MeV, i.e., beyond the limits of our plotﬂ For the charge radius

The theoretical description of this state through shell-model-like approaches is a long-standing problem, which
is eventually due to the fact that this state may be associated with an « cluster.
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Figure 6.20.: Evolution of the ground-state energy, the lowest-lying excitation energies, the
charge radius, the quadrupole moment, the B(E2) transition, and the B(M1) tran-
sition for 12C. IM-NCSM calculations have been performed at N¢f = 2.
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Figure 6.21.: Depiction of the Niay convergence of various observables for 12C employing the
IM-NCSM at N**f =0 to 4. Additionally, results obtained from the NCSM and
experimental values are shown. For details on experimental data see appendix
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we observe that the results are increasing w.r.t. N | which is a somewhat counterintuitive

behavior as the ground-state energy is decreasing w.r.t. N:¢{ and hints at the effects of cor-

relations. For each N'*f  however, the charge radii are practically converged w.r.t. Nyax. The

radius obtained at NXf = 4 is compatible with the experimentally observed value, while the
radius obtained from the NCSM is slowly increasing with Np,.x and even at Ny = 8, ie.,
the largest Ny.x available here, the radius is not fully converged. The B(E2;2] — 07) transi-
tion shows an N dependency that is very similar to the radius. Likewise, also the NCSM
exhibits a very similar behavior w.r.t. Njpax: The B(E2) transition shows no clear sign of con-
vergence and is still increasing at Niy.x = 8. However, the result obtained from the IM-NCSM
at N'f = 4 is compatible with the NCSM result. Additionally, the B(E2; 2 — 07) transition
strength obtained from the IM-NCSM is within reach of the experimentally observed value.
The quadrupole moments of the first 2* state obtained from the IM-NCSM, NCSM and exper-

iment are in agreement.

In summary, this study for 12C serves as a prime example for the advantages of the IM-NCSM
and demonstrates its capabilities: We obtain converged results at very small Np,ax, which are
consistent with NCSM calculations, even though the NCSM calculations require much higher
Nmax for getting close to convergence.

Oxygen-20. However, we found that specific nuclei show large discrepancies between the-
oretically predicted and experimentally measured electromagnetic observables. As we made
the observation that usually nuclei with closed proton shells seem to be affected here, let us
consider 2°0 in the following. Figure shows the evolution of various observables includ-
ing radii, quadrupole moments, the B(E2), and the B(M1) transition. Figure depicts the
Niax convergence and N dependence of IM-NCSM calculations as well as NCSM results
and experimental values.

Figure[6.22|demonstrates that all observables shown are stabilizing w.r.t. to the flow parameter.
By comparing the Nyax convergence of the ground and excited states in fig. with the
Nmax convergence of the B(E2; 2* — 07) transition, differences are evident: While the energies
of the 2* and 0" states are practically converged, there is still a dependence on Ny, of the
corresponding B(E2; 2* — 07) transition, where a similar pattern emerges for the quadrupole
moment Q(2%).

Figure further illustrates this observation: There are small residual contributions of |~ =)

NCSM basis states to the eigenstate |¢év.;‘ax=2> for an N/¢{ = 2 calculation. Those contribution

seem to be irrelevant for the eigenvalues of the Hamiltonian, but have an impact on other
observables probing the long-range properties of eigenstates. For the charge radius R, the
B(E2) transition, and the quadrupole moment Q there is a slight N! dependency which,

max

however, seems to saturate such that the difference between N'{ = 2 and N'¢{ = 4 is only

marginal. The charge radius and electromagnetic transition obtained from the IM-NCSM for
the largest NI lie above the corresponding values from the NCSM and the quadrupole mo-

ment lies below such that the IM-NCSM results are compatible with estimated extrapolated
NCSM results—assuming that the trend with regard to Ny.x is maintained.
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All things considered, the results obtained from the IM-NCSM are compatible with those from
the NCSM even though the NCSM results are not yet converged at the largest Nyax avail-
able and there may still be some changes at even larger Ny,.x. There is, however, a striking
disagreement between the theoretically predicted transition B(E2;2* — 0%) and the experi-
mentally measured one: The experimentally measured B(E2;2* — 07) transition amounts to
5.6(4) e*fm*, which lies beyond the range of our figure. Therefore, the theoretical and experi-
mental value are differing from each other by about a factor of 5.

We would like to remark that the observation that there is still a sizeable dependence of
electromagnetic B(E2) on NX¢{ and Ny, raises questions about the adequateness of valence-
space shell model calculations employing single-shell effective valence-space interactions de-
rived from the IM-SRG [Par+17]—since such shell model calculations are largely equivalent
to NEE = Niax = 0.

max

Further Examples. The calculations for ®He in fig. show that there is a sizable depen-
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Figure 6.23.: Depiction of the Np,, convergence of various observables for °0O employing
the IM-NCSM at Ni¢{ = 0, 2 and 4 and the NCSM. Additionally, associated
experimental values are shown. The experimental transition B(E2;2* — 0%) =
5.6(4) e’fm* is too high for showing it within the plot and still being able to in-
spect the Nj,.x behavior and perform a comparison of IM-NCSM and NCSM cal-

culations. For details on experimental data see appendix
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dence on N . This may be rooted in the fact that °He is a halo nucleus and, as a consequence,
larger Nyax are necessary such that the reference state captures the structure of the ground
state. Furthermore, the experimental ground-state energy is underestimated by about 1 MeV,
however, this behavior is commonly known within the context of shell-model-like approaches
and hints at the relevance of neglected continuum degrees of freedom [Qua+18;INO03]). Tak-
ing excitation energies into account, we observe that the first 2* lies slightly too high, and
that we predict the second excitation to be a 2* state. The B(E2;2" — 07) transition obtained
from the IM-NCSM lies, compared to the experimental value, much too low by about a factor

of 10—where the neglected continuum might again play a dominant role here.

The calculations for 20 in fig. show that also here the IM-NCSM is largely consistent
with the NCSM and properly predicts the experimental ground-state energy and the excitation
energies of the first lowest-lying states. The B(E2;2" — 0%) transitions from the IM-NCSM
and the NCSM are in agreement with each other, however, we observe a large difference with
regard to the experimental value—similarly to 2°0. In contrast to 2°0, there is a low lying 3*
state in the spectrum of 220 which allows us to calculate the B(M1;3* — 2*) transition. The
IM-NCSM and the NCSM differ from each other by about 20 %, however, the NCSM is still not

converged at Npay = 8.

Figuredepicts IM-NCSM calculations at NXf = 0 and 2 and experimental values for ?*Ne,
i.e., besides the previous study of '2C, another fully open-shell nucleus. The ground-state en-
ergy and excitation energies obtained from the IM-NCSM show a slight but negligible Nx<f
dependence, are well converged w.r.t. Nayx, and are in good agreement with experimental val-
ues. The experimental radius, however, is underestimated by about 0.3 fm. The B(E2; 2* — 0%)
transition from the IM-NCSM underestimates the experimental value by about a factor of 2—

which is much less pronounced than for 2°0. Similarly to the B(E2;2* — 0%) transition, the
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Figure 6.25.: Depiction of IM-NCSM calculations at NX<f

absolute value of the (negative) quadrupole moment is underestimated by about a factor of 2.
Taking the underestimated radius and dependence of the quadrupole operator on the radius
operator into account, it can be argued that the discrepancy observed here is an interaction

issue.

max

ref _— ref _— ref _—
Nmax - Nmax =2 Nmax =4 Exp
— ——0] 6
— He | o g,
—
= — 07
—
; e — —— i
2 —  — — 21
2 — e - 2
——;
o} — e e 0F e — - 07 —
2{-07
_2{—»0;
L 232 (S PR
5| e o
L — e 24 50F e eei2f~00
2§50 — 2Rl
0 2 4 6 2 4 6 4 6
Nmax Nmax Nmax

= 0 to 4 and experimental values for
He. For details on experimental data see appendix

152




6.10. Evolution of Observables—Applications

N N =2 Exp ) IM-NCSM NCSM exp
155.0 —
-178 22Ne —Of 220 \
s - -1575
2 -180 > o
o 2 _160.0
-182| = w )
[ 0
6 T — ~162.5 | e, 4
: i —_2 75
> 4 = ‘
= . - 02 N
W 2 2 2 —L_r = 5.0 :::j ——— 31 =;‘
0 0 o —L i e _27 —— e 2} —_— 2t
3.0 = Ww 25
E 2.9 0.0 ot of —_f
= 28
< 27 =
| e e - O T £ 4 240
5 50 —- 2{-0{ %
N
f 40 g 2
§ 30 - e 45721 g e 47 0 —_—2i0 | oo
& 20| e -
—_——x |— Y 050
-10 = E =5
E -15 =
J | 2 045
o -20 ~ &
25 0.40 w32
0 2 4 2 4 2 4 6 8
Nmax Nmax Nmax Nmax

Figure 6.26.: Left: IM-NCSM calculations at N*¢{ = 0 and 2 and experimental values for ?*Ne.

Right: IM-NCSM calculations at NX¢f = 2, NCSM calculations, and experimental values for
220, For details on experimental data see appendix

Interpretation & Conclusion.  Being concerned with electromagnetic observables and
having now studied their theoretical prediction for several different nuclei, there seems to be
a specific pattern emerging: While calculations for fully open-shell nuclei like ?C and ?*Ne
are already close to experimental values or at least close enough such that deficiencies of the
interaction might explain the observed discrepancies, calculations for nuclei with a closed
proton shell, i.e., 2°0, 220, and °He are giving B(E2) transition strengths that are much too
small with regard to their corresponding experimental onesﬂ

At the moment, the main source for these discrepancies is not entirely clear and several
sources may be possible:

1. the interaction employed here may not adequately describe electromagnetic transition;

"Regarding the halo nucleus °He, also the continuum might play a special role.
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2. free-space SRG induced electromagnetic operators of higher-particle rank may become
of importance;

3. errors due to intrinsic truncations of our many-body methods become sizeably large .

The first issue will be further addressed in chapter [7| by employing new generations of chiral
interactions. Nevertheless, we would like to remark that an increase of the B(E2) by a fac-
tor of 5, as it would be necessary for 2°0, through the employment of another interaction is
unlikely—an expectation that is confirmed by the studies of the following chapter.

Considering the second possible source, we have found that free-space SRG induced operators
for these kind of observables are of minor importance [Sch+14;/Sch+15]]. This is also consistent
with the naive picture that the free-space SRG removes the “hard-core”, i.e., acts on the short-
range part while preserving the physics of the long-range part of the wavefunction. The
underlying operator Q? of the B(E2) transition exhibits a long-range character such that we
may not expect a significant impact of the free-space SRG. However, we would like to note
that this simple picture for assessing the effects of the free-space SRG on the Q? operator
may oversimplify things too much, as this operator also consists of tensor components the
free-space SRG may have a sizeable impact after all.

Lastly, there is the possibility that the IM-SRG evolution of the Q% operator induces a substan-
tial amount of three or higher-body operators. As we are consistently truncating all our oper-
ators at the NO2B level throughout the evolution, these induced contributions are neglected
which—assuming that these induced contributions are of major importance—could explain the
large discrepancies with regard to experimental values. However, even if the transformation
of electromagnetic observables is suffering from a massive amount of induced interaction
whose inclusion would bring us closer to the experiment, there is still the question why the
results obtained from the NCSM are also differing that much from the experiment even for
relatively large values for Npax. Put differently, the possible explanation that the IM-SRG in-
duces a substantial amount of three or higher-body parts goes hand in hand with the fact that,
even at relatively high Nj.y, the eigenstates obtained from a regular NCSM calculation are not
adequately describing electromagnetic observables.

6.10.1. Hierarchy Inversion

Similarly to other observables like, e.g., the Hamiltonian, also the non-scalar operators as-
sociated with electromagnetic observables are truncated at the NO2B level. An important
question that always has to be kept in mind is to which extent the IM-SRG induces contribu-
tions beyond the NO2B level. It is the NO2B approximation which separates the IM-NCSM
from an exact treatment—which would have to be carried out in A-body space—and, there-
fore, the amount of induced contributions directly governs the uncertainty of the calculated
observables.
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In the context of the transformation of electromagnetic observables, the corresponding un-
transformed, i.e., initial operators )2]%4(0) are usually consisting of a one-body part only The
IM-SRG transforms this initial one-body operator such that for s > 0 we naturally obtain
a non-zero two-body contribution together with a transformed one-body part. The interre-
lation between the one and two-body and the manner in which they are feeding into each
other during the solution of the operator differential equation for X L (s) is highly non-trivial
as can be seen by inspecting the commutator evaluation equations (see chapter [5). For ex-
amining the relative contribution of the transformed one-body and two-body operators to a
specific observable of interest, we calculate these observables in two different ways. On the
one hand, we applied the regular approach: Starting from an initial one-body operator, we
obtain a transformed one and two-body part from the IM-SRG, which is then passed on to
the subsequent NCSM calculation. On the other hand, only the transformed one-body part
is taken into account for the subsequent NCSM calculation while the transformed two-body
part is neglected. Comparing both results, we are able to assess the impact of the transformed
two-body part on observables.

Oxygen-20. Figure shows this analysis for the B(E2;2" — 0%) transition and the
quadrupole moment Q(2*) in 2°0. Regarding the B(E2) transitions an unsettling observation
can be made: The contribution of the one-body part to the B(E2) transition is completely
removed and entirely shifted into the induced two-body part—a behavior that we are referring
to as hierarchy inversion. As the complete operator structure is shifting from the one-body
to the two-body part this hierarchy inversion raises the question about the importance of
induced but neglected three-body terms. Furthermore, it might explain the rather significant
discrepancies of the B(E2) transition obtained from the IM-NCSM with experimental values.
At this point one might wonder why the relative contribution of the transformed one-body
of the B(E2) transition is suppressed to such an extent. The answer to this question is simple:
Throughout the IM-SRG evolution the Hamiltonian is transformed such that its eigenstates are
forced into an “N¢f -sized box”, i.e., in a basis consisting of NCSM basis states the eigenstates
are purely built from basis states contained within {|¢N) | N < NIf 1. Due to a deficiency of
the IM-SRG generator each eigenstate is, in fact, only consisting of basis states {|¢N >} with
one specific N with N < N . However, usually the eigenstates are transformed such that
they end up being contained within the Ny,x = 0 space which is also illustrated by fig.
The one-body part of QZ, however, is only sensitive to protonsﬂ and, therefore, only “sees” the
closed proton shells of the Ny« = 0 eigenstates of 2°0 based on which it may not contribute
anything to the B(E2) anymore. As the observable B(E2; 2* — 07) is supposed to be invariant
under the unitary transformation imposed by the IM-SRG, the entire physics has to be shifted
into the two-body part of Qz_ This may also be illustrated as follows: Initially, the B(E2)
transition obtains its value through eigenstates, which consists of NCSM basis states up to
large Npax. The IM-SRG, however, transforms the Hamiltonian such that its eigenstates are

8Throughout this consideration we neglect the two-body part induced by the free-space SRG as well as the
two-body part arising due to a center-of-mass subtraction.

°The transformed one-body part may contain induced neutron-neutron matrix elements, however, these are
numerically not observed.
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Figure 6.27.: Starting with an initial quadrupole operator QZ consisting only of a one-body

part, the IM-SRG evolution of this operator produces an evolved one and two-
body part. This figure depicts the transition B(E2;2* — 2%) and the quadrupole
moment Q(2%) we obtain from an IM-NCSM calculation when only the evolved
one-body part (open symbols) or both the evolved one and two-body (solid sym-
bols) are taken into account within the final NCSM calculation. In both cases,
however, the one and two-body part are kept throughout the MR-IM-SRG evolu-
tion. The calculations shown here were performed for 20 at N¢f = 0 to 4.

156



6.10. Evolution of Observables—Applications

Nisax =0 Nitix = Nivix =

> 2 12 = -

4 f”‘” @ e '9"@’” >
% 3 ® Nmax=0
z 2 B Nmax=2
* ‘ Nmax=4
t1

0O #4980 o 0w O L o o o o U
—6 2o 240t o
E
v 4
g2
Q

0

6 .

2t 21 2t

£
A
o 2

0

0 100 200 O 100 200 O 100 200
S S S

Figure 6.28.: Similarly to fig. this figure shows calculations for C.

built up from basis states with Np,x = 0 only and—as the observable has to be invariant—the
transformation of the operator QF,(0) is seeking to conserve the transition matrix element

WO OL0) [0S (h(s)] OL(s) 19/ () - (6.10.1)

However, this is only possible through inducing two-body operators—or even higher particle
ranks—acting in an Np,x = 0 space.

Carbon-12. Figureis similar to ﬁg.only that it shows a study for '2C. Obviously, we
have a reduction of the importance of the one-body part, i.e., a partial shift of contributions
into the induced two-body part, but this shift is much less pronounced than for 2°0. The
contribution of the one-body part is not vanishing throughout the evolution but stabilizes at
a value that corresponds to about half of its initial contribution at s = 0.

At first glance, this might seem surprising especially when compared to 2°0, but can be ex-
plained by considering the structure of the Ny = 0 space for 2C: Looking only at protons,
it consists of all basis states in which 2 protons are filling up the 1s shell and 4 protons are
partially occupying the 1p shell, i.e, the 1p shell is open in this case. As the 1p shell itself
consists of 1py; and 1ps/, single-particle states the contribution of the one-body part is not
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forced to be zero even for eigenstates that purely live within the Np.x = 0 space. The same
picture applies for the quadrupole moment: The relative contribution of the one-body part is
approximately halved but not completely removed as it is the case for 2°0.

6.10.2. Observables and Particle-Attached/Particle-Removed

The calculation of observables within the context of the IM-NCSM may also be combined with
particle-attached/particle-removed extension.

Figure depicts the fully open-shell nucleus 2'F. While energetic observables are only dif-
fering slightly from experimental values, the B(E2;5/2" — 1/27) obtained from the IM-NCSM
is about a factor of 2 too low. The magnetic dipole moment i of the 5/2* state, however, differs
only slightly from the experimental value.

Figure shows IM-NCSM calculations and experimental values for 1?0 and *'O. The cal-
culations for O show that the ground-state energy is overestimated by about 2 MeV and the
two lowest-lying nearly degenerate 3/2" and 5/2" states are reversed compared to experiment.
Surprisingly, the B(E2; 1/2* — 5/2*) transition is much closer to experiment compared to 20,
however, they are still differing by about a factor of 2. The B(M1;5/2* — 3/2*) transition is
also in reach of the experimental value, even though it still seems to increase w.r.t. Npjax. The
theoretically predicted magnetic dipole moment u for the 3/2* state lies within the experi-
mental error range and also y(5/2%) is close to the experimental value. Compared to °0, 210
exhibits a very similar behavior: The ground-state energy is slightly overbound, the excited
states are compatible with their experimental counterpart—where the second excitation is pre-
dicted to be a 3/2* state—and the observed discrepancy for the B(E2; 1/2* — 5/2) transition
is by far less pronounced than for 2°0.

Why is the situation so much different for ?O and *!O than for 2°0 and ?*0O? It might be the
case that the excitations involved in the B(E2) transitions are of a different nature within the
even and the odd oxygen isotopes. This different nature is also hinted at by the large gap
between the experimental transitions in those even and odd nuclei.

On the one hand, the relevant excitations in °0O and 20O might have larger contributions
of highly collective multi-particle multi-hole excitations beyond the N reference space.
Due to different operator structures, these collective contributions might have no substantial
impact on energetic observables, but may critically govern the B(E2) transition. If this is true,
then it follows that the IM-SRG transformation—which aims to decouple simple two-particle
two-hole excitations—is forced to induce operators beyond the NO2B rank and, therefore,
relevant physical information that is essential for an adequate description of electromagnetic
transitions is cut away. A possible solution for this problem is to choose a larger N*¢ such
that correlations due to multi-particle multi-hole excitations are already captured at the level
of the reference state. This might also yield an explanation why O and 2!O do not suffer

from the same amount of induced operators and discrepancies w.r.t. experimental values: The
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Nzt chosen here might already be sufficient such that the residual correlations are purely

associated with simple one-particle one-hole and two-particle two-hole excitations.

However, even if we chose an even larger NX¢! | we are limited by the current implementation
of the generator construction and the underlying decoupling pattern. In particular, our current
decoupling pattern suffers from a partial decoupling of determinants with different excitation
quanta N from each other—even for N < N | As a consequence, the eigenstates are even-
tually dominated by determinants with a specific number of excitation quanta only—which
is usually N = 0—as can be seen in fig. Therefore, we have to modify our decoupling
pattern such that, e.g., an N = 2 calculation meets our naive expectations: A decoupling of

N = 0and N = 2 determinants from N > 2 determinants, but leaving the coupling of N = 0
and N = 2 determinants with each other intact.

Note that such a modification is part of future developments and is unfortunately not part of
this work anymore. However, we would like to note that there are already several ideas how
to optimize the decoupling pattern.
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Figure 6.30.: IM-NCSM calculations at N*! = 2 and experimental values for O (left) and
10 (right), where 2°0 and %0 were employed as parent nuclei, respectively. For

details on experimental data see appendix
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CHAPTER 7.

In-Medium No-Core Shell
Model—Applications and Outlook

Throughout the previous chapters we have thoroughly discussed the concept of the IM-NCSM
as well as methodical improvements and comparisons with exact methods like the NCSM.

This chapter is mainly focused on applications of the IM-NCSM. We will study various observ-
ables in the oxygen and fluorine chain employing the N*LOgy+N?*LO4o . interaction. How-
ever, this interaction exhibits several deficiencies, namely, the underestimation of radii, the
overbinding the oxygen chain, and an inconsistency regarding the determination of the low-
energy constant cp in the three-body sector, which has only recently been discovered [GON19;
Mar+18]]. As a consequence, we will study the properties and characteristics of new gener-
ations of chiral interactions and the impact of some of its parameters on nuclear structure
observables—some of which are surprising. Finally, we will employ such a new chiral inter-
action and explore its properties in the oxygen and neon chain.

7.1. Oxygen and Fluorine Chain

Oxygen Chain. Employing the N>LOgy+N?LOyq 1, interaction at & = 0.08 fm*, we study
ground-states energies obtained from the IM-NCSM and the NCSM for oxygen isotopes from
140 up to 2°0 in fig. The NCSM calculations have been performed employing either a full
or an NO2B-approximated 3N interaction.

By comparing the NCSM calculations employing a full 3N interaction with those employing
an NO2B-approximated 3N interaction, it becomes evident that for medium-mass nuclei the
NOZ2B approximation leads to an overbinding of about 1 - 2%, which is consistent with pre-
vious findings [GCR16; Rot+12]]. As both the IM-NCSM and the NCSM(NO2B) calculations
are starting from the same NO2B-approximated initial Hamiltonian, we may assess the error

161



Chapter 7. In-Medium No-Core Shell Model—Applications and Outlook

HEl experiment
-100 *‘ BN NCSM(Full-3N)
I NCSM(NO2B)
BN |IM-NCSM
-110
x V¥V PR
A PA
-120

-130 v —

- (=

-160 + ®

-170 i ~- + 4

140 lSO 160 170 180 190 200 210 ZZO 230 240 250 260

E [MeV]

Figure 7.1.: Ground-state energies for oxygen chain isotopes. On the one hand, error bars
with regard to NCSM calculations (either with full or NO2B-approximated 3N in-
teractions) indicate Njpax — oo extrapolation uncertainties. On the other hand,
error bars for IM-NCSM calculations, which were performed at Nrfafx = 2, in-
dicate the difference between two subsequent NCSM calculations performed at
Nmax = 2,4—which eventually is smaller than the plot marker itself. We employed
the N3LOgy+N?LOygo 1, interaction at & = 0.08 fm*. For details on experimental
data see appendix[C}

introduced by the IM-NCSM, which solely originates from induced many-body pieces beyond
the NO2B rank during the IM-SRG evolution. We observe that the IM-NCSM results lie slightly
below the NCSM(NO2B) results but still within, or at least very close to, the corresponding
error bars. Thus, the IM-NCSM introduces an additional error at the level of approximately
1% for ground-state energies. Furthermore, we can examine the dependence of the PA/PR ex-
tension on the parent nucleus for the IM-NCSM results for odd isotopes, where two different
plot markers are employed for the specification of the specific parent nucleus. Obviously, this
choice has practically no impact for the odd oxygen isotopes shown here. Lastly, we may
compare our theoretical results to experimental values, showing that the general trend of the
experimental ground-state energies is very well reproduced. Also the position of the neutron
drip line is correctly predicted—with 2*O being the last stable neutron-rich isotope within the
oxygen chain.

Note that fig.[7.1|introduces a new kind of theoretical uncertainty estimation: In these kind of
plots, error bars of IM-NCSM calculation solely indicate differences between the largest two
Niax spaces. Uncertainties of experimental values, however, are shown as shaded bands.
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Figure 7.2.: Charge radii for oxygen chain isotopes from the IM-NCSM. Error bars indicate
the difference between two subsequent NCSM calculations performed at Nyax =
2,4—which eventually is smaller than the plot marker itself. We employed the
N3LOgm+N?LOy0 ., interaction at a = 0.08 fm*. IM-NCSM calculations have been
performed at N¢{ = 2. For details on experimental data see appendix

Figure[7.2]depicts charge radii obtained from IM-NCSM calculations for oxygen chain isotopes
and compares them to experimental values. Evidently, radii are underestimated by about
0.2 fm. Also the experimentally large increase of almost 0.1 fm from 7O to 80 is practically
not reproduced. This is a deficiency of the chiral interaction we are employing and is also
observed in other many-body methods.

Having discussed scalar ground-state observables of oxygen chain isotopes, let us now con-
sider excitation energies, electromagnetic transitions and moments. Figure [7.3| depicts IM-
NCSM calculations for various observables for the oxygen isotopes 17O to 220 and also shows
corresponding experimental values.

Considering excitation spectra, the IM-NCSM reproduces the experimentally observed order
of states and the excitation energies are mostly in good agreement. The B(E2) transitions
for the odd isotopes °O and ?!O lie—compared to the other nuclei shown here—close to the
experimental values. However, for all even isotopes and 7O we observe large discrepancies
and, as already mentioned, we assume that these differences are rooted in deficiencies of the
interaction employed here and the limitations of the IM-NCSM model space. The assumption
that the B(E2) transitions for 1?0 and 'O are, compared to the other nuclei shown here, of dif-
ferent nature is also hinted at by the fact that the absolute values for their transitions is rather
small. The quadrupole moments Q(5/2*) of 170 and Q(2") of 80 differ from the experimental
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Figure 7.3.: IM-NCSM calculation for oxygen isotopes from O to ?20. Calculations were per-
formed at N'¢{ = 2 and error bars indicate the difference between Ny = 4 and
Nmax = 2. Bars and shaded areas indicate experimental values and errors, re-
spectively. Note that the sign of the dipole moments p(4*) in *O and p(5/2%) in
Y0 and of the quadrupole moment Q(5/2*) in O are experimentally unknown
and theoretically predicted. We employed the N*LOgy+N?LOygo 1. interaction at

a = 0.08 fm*. For details on experimental data see appendix
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Figure 7.4.: IM-NCSM calculations at N'¢{ = 0 and Nj.x = 2 for the ground-state energies of
various fluorine chain isotopes. Error bars indicate the difference between Npax =
2 and Ny = 0. We employed the N3LOgy+N?LOyg 1 interaction at o = 0.08 fm*.

For details on experimental data see appendix

value by about 50 %, while Q(5/2%) of 130 differs by about a factor of 10. However, both, the
experimental and theoretical value are very small. The magnetic dipole moments x for 17O to
200 agree surprisingly well with experimental values.

Fluorine chain. Letus now proceed with fully open-shell nuclei. Figure[7.4]depicts ground-
state energies obtained from the IM-NCSM as well as experimental values for the isotopes
throughout the fluorine chain. The uncertainties of the IM-NCSM calculations are more pro-
nounced than for the oxygen isotopes discussed previously and the experimental values lie
either within or very close to the error range of IM-NCSM results. Thus, also for these mostly
fully open-shell nuclei w.r.t. both protons and neutrons the IM-NCSM results for the ground-
state energies are in good agreement with experimental values. Note that fig. does not
include the isotopes 2°F and *°F since the associated IM-SRG evolutions become very stiff and
we are not able to obtain converged results—in contrast to calculations based on other chiral
interactions.

Furthermore, fig. [7.5|shows the excitation energies of the first excited states for fluorine iso-
topes. Compared to the rather simple behavior of the oxygen isotopes, things are more com-
plicated here: Experimentally, the excitation energies are rather small and the theoretically
obtained absolute values or even the order of the ground and excited state are not always in
accord with experiment. While the excitation energies show a sizeable dependence on Ny,
for some isotopes, for others it is practically converged at Ny, = 0. Except for >*F and *°F, the
IM-NCSM and the experiment are largely agreeing with each other and eventually only the
order of states is reversed. For *°F, however, only the quantum numbers of the ground state
are correctly predicted and for 2*F the 3* shows a sizeable dependence on Ny, and probably
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crosses the 1™ and 0" state for higher Ny such that the IM-NCSM and experiment would
agree.

7.2. New Generations of Chiral Interactions

The dependence of observables on the interaction is illustrated in fig. which depicts IM-
NCSM calculations for 2O employing three different chiral interactions Firstly, we em-
ployed the N>LOgp+N?LOyq0 . interaction at a = 0.08 fm*, which includes the NN interaction
by Entem and Machleidt [EMO3[] with a cutoff Axy = 500 MeV and an 3N interaction with
local regulator and reduced cutoff A;n = 400 MeV [Nav07; Rot+12]]. Secondly, we used the
N3LOgpm+N2LOsg N1 interaction at a = 0.12 fm*, which is an update of the N*LOgy+N*LO400
interaction, but employs a non-local regulator for the 3N interaction, Asxy = 500 MeV, and
a corrected cp value [GQN19; Mar+18]. Thirdly, we use the N2LOsar+N2LOsar interaction
[Eks+15] by Ekstrom et al., which uses NN and 3N interactions at N°LO, non-local regulators,
cutoffs Ann = Asn = 450 MeV, and includes many-body observables for the determination of
its low-energy constants—in contrast to all other interactions employed throughout this work
that only employ few-body data.

Considering the first two interactions, the ground-state energy and the excitation energies
are in good agreement with experiment. Furthermore, we predict the third state as a 3/2*
state. The B(E2) transitions differ drastically between the two first interactions by almost a
factor of 2, where the result for the B(E2;1/2* — 5/27) transition obtained from the interac-
tion N3LOgp+N2LOsgo N1 agrees well with the corresponding experimental value. The B(M1)
transitions, however, differ only slightly between these two interactions. Looking at the third
interaction N2LOsaT+N?LOsar, a different picture emerges: The binding energy is substan-
tially overestimated and the excitation energies lie much too high compared to experimental
values. While the B(E2) transitions are mostly similar between the second and third interac-
tion, the B(M1; 3/2* — 1/2%) transition is much lower compared to the other two interactions.
Due to the fact that already the excitation energies obtained from the N?LOgar+N?*LOsat in-
teraction differ significantly from experimental values, questions about the trustworthiness
of the other results are raised.

This study of !0 demonstrates that the specific choice for the chiral interaction has a sub-
stantial impact on observables. Therefore, we will explore other, newer generations of chiral
interactions in the following, which eventually lead to a better agreement with experimental
values.

!Note that the calculations presented here were performed in the context of a collaboration with experimentalists
that measured electromagnetic transitions among the lowest-lying states in >!O. A publication is currently in
preparation.
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Figure 7.6.: IM-NCSM calculations at N**{ = 2 for

max

cleus. For details on experimental data see appendix

210 employing several chiral interaction
(see text for details). Calculations were performed employing 2?0 as parent nu-
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Figure 7.7.: IM-NCSM calculations at NJ{ = 2 and Ny = 2 for several carbon, oxygen,
and calcium isotopes. We employed a local and a non-local regulator and three
different values for the free-space SRG flow parameter a. Experimental values are

indicated through black bars (for details see appendix .

7.2.1. Regulator Effects: Local vs. Non-Local Regulators

For avoiding infinities, interaction terms V obtained from xXEFT have to be regularized, i.e.,
high momenta have to be cut off, which is consistent with yEFT being only valid for momenta
Q « Ay = 1GeV ME11]. While various regularization schemes are available, they fall
in either of two classes or anything in between: local and non-local. For more information
see, e.g., [EM03; EMN17; [EKM15; ME11} [EM09]

Figure[7.7)shows a comparison of IM-NCSM calculations employing local and non-local three-
body regulators for the two interactions N>LOgy+N?LOs0o 1, and N>LOgy+N2LOso N1, respec-
tively. Both of these interactions are updates of the commonly used N*LOgp+N2LOyq . inter-
action with a cutoff of Asny = 500 MeV and a corrected cp value.

There is a significant difference between the local and non-local regularization scheme. While
the non-locally regularized interaction yields binding energies that are consistent with exper-
imental values, the locally regularized interaction gives too much binding—in oxygen iso-
topes up to 50 MeV, in calcium more than 400 MeV. Except for the heavier calcium isotopes,
the dependence on « is negligible. Looking at charge radii, a similar picture emerges: The
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Figure 7.8.: Ground-state energies and radii obtained from the single-reference IM-SRG for
10 and “°Ca employing several chiral interactions. All interaction were soft-
ened through a free-space SRG transformation up to a = 0.04fm* (open sym-
bols) and @ = 0.08 fm* (solid symbols). Furthermore, we employed a circle, a
square, and a diamond-shaped symbol for indicating ¢p = -1.0, -2.0 and -3.0
(N?LOgmn+N?LOsooNL); ¢p = 1.0, 2.0 and 3.0 (N*LOgyn+N>LOsoonL); ¢p = 2.0, 3.0
and 4.0 (N*LOgpn+N>*LOsgonL); and ¢p = 2.0, 3.0 and 4.0 (N*LOgyn+N>*LOygs0NL),
respectively. Experimental values are indicated through horizontal and vertical
lines (for details see appendix .

N3LOgm+N2LOs0 N interaction over or underestimates the charge radius in 2C and '°0, re-
spectively, by about 0.1 fm, whereas the difference in calcium gets larger. However, the dis-
crepancies of the local interaction with the experimental values are much larger.

In summary, we observe that the regularization scheme has a sizeable impact on observables.
As a consequence, it might be necessary to reevaluate regulator effects in future investigations.
For the time being, however, we decided to employ non-local regulators for our following
calculations.

7.2.2. Study of Energy-Radius Correlations

Next, we conducted a survey, where we investigated ground-state energies and radii for °0
and *°Ca as shown in fig. Besides the already discussed interactions N*LOgy+N?LOgg0 1.
and N2LOsa1+N?LOsar, this figure also shows results for the family of interactions referred to
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via N”2LOgmN+N"LOs500/450 N, Which employ an NN interaction [EMN17] by Entem, Mach-
leidt, and Nosyk (EMN) together with a non-local 3N interaction [Heb+15]]. As these interac-
tions are available for several chiral orders v, and 153 for the NN and 3N interaction, respec-
tively, we may investigate the convergence of the chiral expansion. Note that the notation
N*LOgMn+N?**LOs00 N indicates that selected 3N terms from N*LO are included.

Note that all interactions have been free-space SRG transformed up to either a = 0.04 fm* or
a = 0.08 fm*. Furthermore, we employed three different values for cp for each interaction by
EMN for investigating the dependence of observables on c¢p, where cp is obtained from a fit
to the *He binding energy (the employed values for cp are given in the caption of fig. .

The “old” N®LOgp+N2LOygo 1. interaction yields results that lie farthest away from the intersec-
tion of the experimental ground-state energy and charge radius. Even though the interaction
N2LOsaT+N2LOsar vields results that are closer to experimental values, especially through an
improved prediction of radii, some interactions from EMN vyield even better results—and in-
clude only few-body data for the determination of the LECs. Note that the N?LOsar+N?LOgsat
interaction is originally designed to match the charge radius and binding energy of 1°O, where
the LECs are determined via a coupled cluster singles and doubles (CCSD) calculation employ-
ing bare interactions. In contrast, we are are employing free-space SRG evolved interactions
since bare interactions usually imply larger uncertainties due to an increased role of inher-
ent truncations—raising questions about the trustworthiness of CCSD calculations with bare
interactions after all. Furthermore, we made the observation that spectra obtained from the
N2LOsaT+N2LOsart interaction do not agree very well with experimental data, which can also

be seen in fig.

Considering the family of interactions from EMN, we observe that there is not only a sizeable
dependence on the chiral order, but also on cp and Asy for both 10O and *°Ca. While the local
interaction yields radii that are much too small, all non-local interaction give much larger radii.
Looking at all non-local interactions, energies and radii seem to be approximately linearly
correlated, however, the estimated line describing the correlation still lies too low, i.e., radii
are still too small. Future investigations have to sort out the dependence on ¢p and Asy such
that, eventually, an interaction that minimizes the difference to experimental values may be
constructed.

For the time being, however, we decided to employ the N*LOgyn+N**LOsg N interaction
with ¢p = 3.0 for our following studies. This interaction contains NN and 3N interactions
at the highest order currently available and, compared to the N3LOgy+N?LOyq 1 interaction,
yields better radii in both 1°O and *°Ca and better binding energies in “’Ca.

We would like to note at this point that there is another family of interactions under develop-
ment within the LENPIC collaboration. For the construction of these interactions, semi-local
regulators are employed and one of the goals is to study the convergence of the chiral ex-
pansion and to quantify theoretical uncertainties due to truncations of the chiral expansion
[Bin+16; Bin+18; Epe+19]. However, in this work none of these interactions are employed.
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Figure 7.9.: Ground-state energies and charge radii from the IM-NCSM at N, ref 9 and Nypax

max
4 for oxygen isotopes employing the N*LOgyn+N>*LOsoo N1 interaction at «

0.08 fm*. For details on experimental data see appendix

7.3. Oxygen Chain—Revisited

Let us now reconsider oxygen isotopes by employing the N*LOgyn+N>*LOsqon1. interaction
at a = 0.08 fm*. Figureshows ground-state energies and charge radii for all isotopes of the
oxygen chain up to 0.

Similarly to applications employing the N*LOgy+N2?LOggo 1. interaction, also here the ground-
state energies are in good agreement with experimental data and the neutron drip line is
correctly predicted at 24OEI

Looking at charge radii, we observe a similar pattern as in fig.|7.2] however, the radii obtained
with the N*LOgyn+N3>*LOsgo Nt interaction are increased by about 0.1 fm—reducing the dis-
crepancies with experiment. However, also calculations employing this newer interaction do
not show the experimentally observed increase of the charge radius from 7O to '80.

Nevertheless, the obtained radii are significantly larger and closer to experimental values,
while—which is somewhat surprising—the ground-state energies are approximately invariant.
Therefore, future investigations and developments of new generations of chiral interactions
might eventually resolve the issue of too small radii.

“The correct prediction of the neutron drip line is insofar noteworthy as we also employed interactions that
were in good agreement with experimental values up to approximately 2’0, but for heavier nuclei than that
we observed a rapid decrease of the binding energy.
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Figure 7.10.: Excitation energies, B(E2) transitions, and quadrupole moments for oxygen chain
isotopes obtained from the IM-NCSM at N'¢{ = 2 and Ny. = 4 employing the
N*LOgMn+N3**LOs00 N1 interaction at o = 0.08 fm*. Error bars indicate differences

between Ny.x = 2 and 4. For details on experimental data see appendix

Let us now move on to the discussion of spectra, transitions and moments of oxygen iso-
topes as depicted in fig. Comparing the results shown here with fig. a similar pic-
ture is drawn. There are slight discrepancies between theoretical and experimental values for
the excitation energies, however, the order of states and their quantum numbers are in good
agreement. Looking at B(E2) transitions, we observe that, similarly to the N*LOgy+N?LOyq01
interaction, also this interaction yields results for O and ?!O that are close to the experimen-
tally observed values, however, for the other nuclei presented here there are again significant
discrepancies. Naturally, also the quadrupole moments still not agree with experimental val-
ues.

A detailed comparison of B(E2) transitions obtained from either the N*LOgyn+N**LOs00 N1
or the N3LOEM+N2LO400)L interaction is shown in fig. Evidently, the B(E2) transition
depend only slightly on the interaction and most results are approximately lying within the
error bars of each other.

Thus, there are still open questions regarding the source for the rather large discrepancies
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Figure 7.11.: This figure depicts a direct comparison of B(E2) transitions for oxygen chain iso-
topes employing either the N*LOgyn+N>*LOsgo N1, interaction (left symbols) or
the N®LOgy+N2LO40 . interaction (right symbols). Both interactions have been
free-space SRG transformed up to @ = 0.08 fm* and IM-NCSM calculations have
been performed at N = 2 and Nyay = 4. Error bars indicate differences be-
tween Npax = 2 and 4.

between theoretically predicted and experimentally measured B(E2) transition strenghts for
oxygen isotopes. Future investigations have to address these question and investigate if these
differences are rooted within the interaction, the inherent truncations of the IM-NCSM, or

both.

7.4. Neutron-Rich Fluorine Isotopes

We performed IM-NCSM calculations for the two neutron-rich fluorine isotopes ?F and *°F
as shown in Figure Both nuclei are in the direct vicinity of the neutron drip line and
recently gained interest from experimentalists.

The calculations for 3°F show that the theoretically predicted ground state is a 2~ state lying
at about -177 MeV, where we would like to note that the interaction that we were employing
in this case has the tendency to underestimate the binding energy in neutron rich systems.
The first two excitations are a 6~ and a 4~ state, which are nearly degenerate at Nyx = 6, and
lie at about 0.5 MeV—but show an inverse trend w.r.t. Npax. The next two states, however, are
energetically clearly separated. Even though the N,y convergence is not as enhanced as for
the oxygen isotopes, there are only slight changes from Npjax = 4 to Nyjax = 6.

Figure also shows results for °F obtained from IM-NCSM calculations employing **Ne
as parent nucleus. We predict a 5/2" ground-state lying at about -178.5 MeV. The first two
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Figure 7.12.: IM-NCSM calculation at NI = 2 for 2°F employing **Ne as parent nucleus (left)

and calculation for *°F (right). We were employing the N*LOgp+N2LOsgo N1, in-
teraction at & = 0.12 fm*.
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excitations are a 1/2] and a 3/2] state, which both are reasonably well converged at the largest
Nmax available. For higher-lying excitations, however, things get interesting: There is a whole
bunch of energetically close states that is coming down from high excitation energies. Com-
pared to the three lowest-lying states, their energies still show a pronounced dependence on
Nmax and s. The lowest-lying states in this bunch of states are a 5/2; state, followed by two
nearly degenerate 9/27 and 3/2; states. As the 5/2; state is nearly degenerate with the 3/27
state and still moves to lower energies w.r.t. Nyax and s, it is likely that it turns out as the
second excitation by moving past the 3/2] state. However, we can not give a definite answer
on the order of the excited states as these high-lying states are not fully converged.

We would like to remark that the behavior of those high-lying states resembles the behavior
of spurious eigenstates. However, we performed calculations at several values for A, and
verified that—even though they show a larger dependence on A, than the first two excited
states—those higher-lying eigenstates are no spurious center-of-mass excitations.

7.5. Neon Chain

Let us now move on to the fully open-shell nuclei of the neon chain, whose ground-state

energies and charge radii are shown in fig.

Overall, the ground-state energies agree well with experimental values and reproduce the
general trend for the binding energies. A prediction of the neutron drip line is difficult, as also
experimentally the binding energies are almost constant between **Ne and **Ne, whereas
there are small variations of the results obtained from the IM-NCSM. However, starting from
3Ne, we see a significant decrease of the binding energy.

Looking at the charge radii shown in fig. we observe the by now well-known pattern
that theoretically obtained charge radii underestimate experimental values. The largest dis-
crepancy is found for ?°Ne, where the difference amounts to approximately 0.2 fm. Taking
error bars into accoun the discrepancy for 2*Ne to Ne is much lower and in the region of
0.05fm to 0.1 fm.

Interestingly, we observe that the experimental radius for *Ne lies within a local minimum—
hinting at sub-shell closure effects of the 1ds5/; neutron shell. Furthermore, the IM-NCSM
calculations for *Ne to ?Ne are showing a slower Np,x convergence than the other neon iso-
topes. Both of these observations are consistent with previous findings that also oxygen chain
isotopes—which have a closed proton shell—are showing a slowed down Np,,x convergence
for Nrf = 0.

max

Excited states, B(E2) transitions, and quadrupole moments for 20Ne up to 34Ne are shown
in fig. All in all, the spectra obtained from the IM-NCSM are compatible with the ex-
perimentally observed ones with regard to both excitation energies and quantum numbers.

*While the error bars are depicting a symmetric error, the radius is usually increasing w.r.t. Nyx.
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Figure 7.13.: Ground-state energies and charge radii obtained from the IM-NCSM at NX¢f =
0 and Npax = 2 for ?Ne up to **Ne. We employed the N*LOgyn+N**LOs00 N1
interaction at @ = 0.08 fm*. IM-NCSM error bars indicate differences between

Nmax = 0 and 2. For details on experimental data see appendix

Surprisingly, the B(E2) transition strengths are in much better agreement with experiment
than for oxygen isotopes. The largest discrepancies are observed for 2°Ne, *!Ne, and #Ne,
where the difference amounts to a factor of 2 to 3—which is still much smaller than the huge
differences we found for the even oxygen isotopes. Furthermore, it is noteworthy that the or-
der of the transitions in ?Ne is correct: While both the B(E2; 2* — 0*) and the B(E2; 4" — 2%)
transition are too small, also experimentally the latter is bigger than the former. For the
more neutron-rich neon isotopes >*Ne and °Ne, we obtain IM-NCSM results that are very
close to the corresponding experimental values. Going even further, however, we see that the
B(E2; 2" — 0%) for ®Ne differs by about a factor of 2. Regarding quadrupole moments, there
is only experimental data for -22Ne available, where we obtain IM-NCSM results that differ
by about a factor of 2.

In summary, there are still differences between theoretical and experimental values regarding
electromagnetic transitions and moments, however, those difference are less pronounced than
in previous studies of oxygen isotopes and may very well be resolved by an optimization of
the interaction. Regarding the different behavior of neon isotopes compared to oxygen iso-
topes, we believe that the open proton shell found in neon isotopes partially accounts for this
different behavior. The IM-NCSM suffers much less from inherent truncations and deficien-
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Figure 7.14.:

Excited states, B(E2) transitions, and quadrupole moments obtained from the IM-
NCSM at N**f = 0 and Niax = 2 for 2’Ne up to **Ne. IM-NCSM error bars indicate
differences between Ny = 0 and 2. We employed the N*LOgpn+N>*LOsgo N1
interaction at & = 0.08 fm*. For details on experimental data see appendix
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7.5. Neon Chain

cies in fully open-shell nuclei as the reference state |t captures the main structure of the
relevant eigenstates already at N*¢{ = 0. In contrast, it might be essential in oxygen isotopes

to perform calculations at N*f = 2, ie., include Ny = 2 determinants in the expansion
of eigenstates, for adequately describing electromagnetic observables and, as a consequence,
oxygen isotopes are much more sensitive to eventual deficiencies of the IM-SRG decoupling

pattern.

Thus, one of the main goals of future investigations towards extensions of the IM-NCSM is
the optimization of decoupling patters and generators such that we may eventually isolate the
source for the observed discrepancies w.r.t. electromagnetic transitions and overcome it.
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CHAPTER 8.

Summary and Outlook

Throughout this work, we discussed the foundations, extension, and applications of the IM-
NCSM, which is a combination of two succesful ab initio many methods: the IM-SRG and the
NCSM.

On the one hand, the NCSM is an exact configuration interaction approach. It represents and
diagonalizes the Hamiltonian w.r.t. a truncated many-body model space and gives direct access
to ground and excited-state observables. However, due to the growth of the basis dimension
it is limited to the description of p-shell nuclei—or lower sd-shell nuclei if an importance-
truncation scheme is applied.

On the other hand, the IM-SRG is a medium-mass method that performs an unitary transfor-
mation of observables. This transformation is designed such that a reference state—usually
chosen as the ground-state of the A-body system under consideration—is decoupled from
particle-hole excitations. In this work, we employ the multi-reference IM-SRG that uses corre-
lated reference states and, therefore, makes open-shell nuclei accessible. As the IM-SRG trans-
formation is not carried out in A-body space, but all operators are truncated at the normal-
ordered two-body rank, the transformation is not exactly unitary. It is solely this truncation
that separates the IM-SRG from being an exact method and introduces an uncertainty.

The IM-NCSM consists of an initial NCSM calculation for the determination of the reference
state. Based on this reference state, the IM-SRG performs a unitary transformation of ob-
servables, which is constructed such that the reference state gets decoupled. Subsequently,
the IM-SRG-transformed observables enter a final NCSM calculation, whose convergence is
substantially improved compared to a regular NCSM calculation—demonstrating the power
of the IM-SRG decoupling scheme. As a consequence, the IM-NCSM may treat nuclei that
are out of reach for traditional NCSM calculations. An essential aspect of the IM-NCSM is the
complementarity of the two ab initio many-body methods it is built upon: Each stage employs
its inherent truncations scheme and may capture different kinds of correlations such that, in
total, a large portion of correlations is accounted for.
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The initial formulation of the IM-NCSM had several restrictions that we eliminated in this
work. One problem concerns the total angular momentum of the reference state, which is
required to vanish due to the spherical formulation of the IM-SRG equations. The particle-
attached/particle-removed extension overcomes this restriction and makes odd nuclei acces-
sible by differentiating between a “parent” and a “target” nucleus. The parent nucleus defines
the reference state that is decoupled from particle-hole excitations via the IM-SRG, while the
target nucleus specifies the many-body system w.r.t. which the final NCSM calculation is per-
formed. Similarly to the regular IM-NCSM approach, the NCSM calculation for the target
nucleus greatly benefits from the IM-SRG transformation of observables, i.e., the convergence
is substantially enhanced.

Furthermore, the spherical formulation of the IM-SRG equations—which is mandatory from
a computational point of view—did not account for non-scalar operators and, therefore, the
consistent transformation of electromagnetic observables was not possible. For overcoming
this limitation, we derived analytical expressions for the spherical IM-SRG equations in which
the spherical tensor rank of the observable may be chosen freely. In practical applications,
however, directly solving the ordinary differential equations for non-scalar observables is not
feasible due to a significantly increased computational effort. Fortunately, we can make use
of the Magnus formulation of the IM-SRG that had been implemented at the beginning of this
research project. Broadly speaking, the Magnus formulation determines the generator for the
IM-SRG transformation and the computational effort for the subsequent transformation of
observables is greatly reduced.

Considering numerical applications, we employ the IM-NCSM for the calculation of ground-
state energies, excitation energies, radii, magnetic dipole moments, electric quadrupole mo-
ments, B(M1) transitions, and B(E2) transitions, where we study various medium-mass nu-
clei up to calcium isotopes. These calculations are already converged at very small model-
space sizes—showing the great advantage of the IM-NCSM—and the results are compatible
with large-scale NCSM calculations. While ground-state and excitation energies are mostly
in agreement with the experiment for nuclei up to neon isotopes, radii are usually too small—
a well-known deficiency of currently employed chiral interactions. In the context of elec-
tromagnetic observables the emerging picture is more diverse: Numerical applications for,
e.g., 12C show that B(E2) transition strengths, and quadrupole moments are largely in agree-
ment with the experiment, however, there are also cases where B(E2) transition strengths and
quadrupole moments suffer from large discrepancies with experimental values. On the one
hand, the observed discrepancies might be an issue of the interaction and, in fact, we see
a sizeable dependence of electromagnetic observables on the interaction. Employing newer
generations of chiral interactions might, therefore, eventually lead to a better agreement with
experimental values. On the other hand, there might be a substantial amount of induced
many-body pieces beyond the NO2B rank, which is eventually rooted in deficiencies of the
IM-SRG generator. In future applications, we will investigate whether a generator optimiza-
tion resolves this issue and, thus, leads to a better agreement of the IM-NCSM with the exper-
iment.
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In this work, we were only looking at B(E2) and B(M1) transitions strengths. However, we laid
the groundwork to employ the IM-NCSM for studying other non-scalar observables like, e.g.,
B(E1) and Gamow-Teller transitions in future applications. An ongoing project deals with the
estimation of induced many-body contributions beyond the normal-ordered three-body rank,
which are neglected throughout the IM-SRG evolution. The Magnus formulation of the IM-
SRG offers an opportunity to approximate these effects of induced three-body contributions.
As a consequence, we would be able to give a quantitative assessment of the uncertainty of
IM-NCSM calculations.

In summary, the IM-NCSM is now capable of addressing the full range of nuclear structure
observables—including spectroscopic and electromagnetic observables—in fully open-shell
nuclei and future developments will mostly treat optimizations of this framework. Further-
more, we obtain results that are largely compatible with NCSM calculations—at a fraction of
the computational cost. The new possibility to calculate electromagnetic observables from
the IM-NCSM is ideal for validating theoretical models and opens up new opportunities for
fruitful collaborations with experimentalists. Assuming that the reference state captures the
most relevant correlations already at small model-space sizes, the IM-NCSM is ready to be
utilized for exploring the complete medium-mass range of the nuclear chart. Therefore, the
IM-NCSM offers an ab initio framework that can be used to study, e.g., the structure of nuclei
in the vicinity of the neutron drip line and island-of-inversion physics. Finally, the IM-NCSM
will be a valuable tool for investigating new generations of chiral interactions and eventually
may contribute to establish a new era of high-precision theoretical nuclear physics.
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APPENDIX A.

Effective Valence-Space Interactions from
the In-Medium SRG

Formally, the valence-space shell model (VSSM) [KB66}; Cau+05;|Cor+14]] belongs to the class
of configuration interaction approaches as already discussed in chapter[2in the context of the
NCSM. However, in contrast to the NCSM the shell-model usually employs another truncation
of its model space such that not all nucleons are active degrees of freedom. Pictorially, there is
a “frozen core” of single-particle states that are all contributing equally to all many-body basis
states contained within the model space. On top of this frozen core, there are a few nucleons
that may move freely within a so-called valence space and which eventually account for the
degrees of freedom of the basis states within the model space of the VSSM.

While, traditionally, effective valence-space interactions are constructed phenomenologically
[KB66; |Cau+05; |Cor+09]], the IM-SRG opens up the possibility to construct such interactions
within an ab-initio framework and has already been successfully employed for the construc-
tion of single-shell valence space interactions [TBS12; Bog+14; Str+16;|Str+17]]. In the follow-
ing, we will outline the principles of the construction of effective valence-space interactions.

Model Space of the Valence-Space Shell Model. The VSSM partitions the (truncated) set
of single-particle basis states into a core (C), valence (V) and excluded (Q) space. Additionally,
let us define the so-called particle space P as the union of V and Q

C-= {Cl,Cg...} , V= {01,’02...} s Q = {ql,qZ...} s ]P=VUQ= {pl,pz...} . (AOl)

Note that we use specific labels ¢, v, g and p for referring to certain subsets throughout this
chapter.

For the construction of the model space, the notion of a “core” is essential: It is a Slater deter-
minant |®) = |c; ... ca,» whose A occupied single-particle states define the core space. Fur-
thermore, those core states are also occupied in all other many-body basis states contained in
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the model space M which can then be formally written as
M= span( (@970 @) : vy, 0y, 04, € V) ) . (A.0.2)

Evidently, the many-body basis of M consists of all Slater determinants in which—on top
of the A, core-space states—exactly A, valence space states are occupied. Consequently, the
model space M is a subspace of the antisymmetric A-body Hilbert space H with A = A.+ A,
particles. The complement of M in HZ is notated via

M=HA\M. (A.0.3)

IM-SRG Decoupling Pattern. For employing the IM-SRG framework for the construction
of effective valence-space interactions that can be used as input for the VSSM, we first have
to set up the corresponding decoupling pattern that the IM-SRG is aiming for during the
transformation of operators.

The idea for the construction of effective valence-space interactions via the IM-SRG frame-
work can be described as follows: We are aiming at unitarily transforming an initial Hamil-
tonian H (0) such that H (00) does not couple the model space M with its complement M.
Assuming that such a decoupling succeeds, a representation of H(c0) in M contains a sub-
set of the exact eigenstates and eigenvalues. Formally, this decoupling condition can now be
formulated as

YIHPY =0, V|y)eM, [JeM. (A.0.4)

Similarly to previous considerations, this decoupling scheme—formulated with regard to a
decoupling of elements of an A-body model space—has to be translated into a decoupling
pattern that is compatible with the formulation of the IM-SRG. That is why we have to identify
the one and two-body matrix elements which are involved in the coupling of M and M with
each other and include them in the off-diagonal Hamiltonian that we wish to suppress.

For that purpose, let us assume that all operators are in reference-state representation w.r.t.
to the core state |®) and contain up to two-body pieces

~ . 1 .
H(s) = By + Y. fo{@l}e, + 1 D TP (@b}, . (A.0.5)
74 pars
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As a consequence, we only have to consider those states in |/) € M that may be associ-
ated with 1p1h or 2p2h excitations w.r.t. any element |/)» € M. This is due to the fact that
a two-body Hamiltonian cannot connect higher-order excitations. It is easy to verify that
the following set E contains all excitation operators E that eventually have to be taken into
account

N N N A/Avq Aqq/A///A/ A/Aqq/

E = {af, a;, a;’, Aoy > Qs Aoy s Aoy’ 5 Aoy, add, aw,} ) (A.0.6)
It contains all excitation operators that, once acting on an element |/) € M, produce an
element [i/» € M. The original decoupling condition given through eq. (A.0.4) can now be

reformulated to

(D|a HEG"~%.|®y =0, VE€EE, Vo,...,v4, €V. (A.0.7)

V1...VAy

Employing once more that we are dealing with a two-body Hamiltonian, we can even further
simplify our decoupling condition to

(D|a,, , HEQU#|®) 2 0, VEEE, Vo, 0 € V. (A.0.8)

As the core |®) is a single Slater determinant we can employ the single-reference version
of the generalized Wick’s theorem for evaluating <®|a,, ., HE|®) yielding fully-contracted

terms of a,_,, HE only. We performed this rather tedious task programatically, where we
evaluated

R0y, E) = (@U 2| HE[@ ) (A.0.9)

A(|@%%) E) = (@U%|H|DU%) — (D™ ETHE|@Y %) (A.0.10)

for all possible E € E and with the definition |PU12) = g”1%2 |®). Note that the evaluation of
h"d( |pUrez) E ) sometimes yields not one single matrix elements but superpositions of several
types of one and two-body matrix elements. In such cases, we are requiring each matrix
element to vanish individually.

« Class I: single excitation from h-space into p-space

hed(1@7%2y, af) = -T2 -T2 + 5, (A.0.11)

A(|@™*),ak) = f& ~f} - (A.0.12)

+ Class II: single excitation from v-space into q-space

RA(1@Y%y,aY) = -T2 + f2 (A.0.13)

’Ulq

A([@%%2),a7) = ~f9 + f2 (A.0.14)
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o Class III: double excitation from v-space into q-space

R (l@v™y,ale) =To (A.0.15)
A(@™),a0%) = —f& — f& + fo 4 f2 . (A.0.16)

 Class IV: double excitation from h-space into p-space

hod( |(I>Ulv2>, &2152) = 1";11?2 , (A.0.17)
A([@%%)y, abit2) = fo +f&  fo [ - (A.0.18)

« Class V: double excitation from h-space into p-space and v-space into p-space

RO (@™ %), afbe) =T (A.0.19)
A([@%™2)y, alf) = f& + fo2 - fh - f1 . (A.0.20)

The generator matrix elements may now be constructed by applying definition For ex-
ample, a White generator matrix element belonging to the class V may be constructed through

1-*;2;1

vCr 102

nZa = . (A.0.21)
nr T S % - fh IR

We would like to remark that we did not include any two-body matrix elements within our

expression for A, i.e., we were constructing a Meller-Plesset-like generator.

Applications and Limitations.  In the recent past, effective valence-space interactions
derived from the IM-SRG have been applied in the context of nuclear structure theory [TBS12;
Bog+14; |Str+16}; |Str+17]]. However, all of these applications aim for the construction of an
single-shell valence-space interaction such that, e.g, the valence space for a calculation of 30
based on an °O core only consists of single-particle states within the sd-shell. In contrast, a
multi-shell valence-space interaction would employ the sdpf-shell as valence space, i.e, two
major shells. It is a vital aspect of any ab initio methods to explore the impact of its inherent
truncations schemes. In the context of the VSSM and effective valence-space interactions from
the IM-SRG, one of the inherent truncations is governed by the size of the valence space and
it is important to assess the impact of an increase of this valence space in both directions since
the exact result is only recovered in the limit of a vanishing core and a vanishing excluded
space.

In a collaborative effort we tried to generalize the construction of effective interactions to
multi-shell valence-space interactions, where the numerical results of our studies and appli-
cations of the VSSM are presented in [Stul8, p. 76]. However, we found out that an increase of
the valence space to two major shells is not possible and already at the level of the IM-SRG the
evolution of the Hamiltonian is not stable and eventually we suffer from a substantial amount
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of induced many-body contributions beyond the NO2B rank. This instability is manifesting
itself via a massive increase of the off-diagonal matrix elements belonging to class V, which
hints at effects of intruder states—a long-standing problem in the context of VSSM. While we
tried many approaches to solve this problem, to this day it remains unsolved.

This deficiency contributes to our preference of the IM-NCSM, i.e., a multi-reference approach.
In contrast to VSSM calculations based on interactions derived from the IM-SRG, the IM-
NCSM allows for an investigation of the impact of the model space by varying Npna.x and
N¢f | which gives us an estimate of the uncertainties of this method. Furthermore, the NO2B
approximation within the IM-NCSM framework, which employs multi-reference normal or-
dering, might be preferable since the normal-ordering is performed w.r.t. a particular target
nucleus—in contrast to the targeted normal ordering in the context of effective interactions

for the VSSM [Str+17].
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APPENDIX B.

Details on the Implementation of the
In-Medium SRG

The necessary steps that have to be taken for the consistent transformation of observables via
the IM-SRG may be summarized as follows:

1.

9.

10.

read matrix elements of operators w.r.t vacuum normal order and a specific single-
particle basis;

read density matrices y[ and y[?;
construct the natural orbitals from the one-body density matrix;

perform a representation change from vacuum to reference-state representation;

. perform transformation into natural orbitals;

. solve the ODE for )(s) and transform observables subsequently via the BCH series;

solve the ODE for the Hamiltonian directly and eventually evolve observables simulta-
neously;

. evaluate occurring commutators efficiently;

perform representation change from reference-state to vacuum representation;

save the matrix elements of the transformed operators to hard disk.

Throughout this chapter, we are going to briefly address the most important details of our
implementation of the IM-SRG, i.e., some selected items of the previous enumeration will be
adressed.
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B.1. Spherical Equations for Representation Change

The equation for changing the representation from vacuum to reference state representation
and vice versa given in egs. (3.4.3) to (3.4.5) and eqs. (3.4.7) to ( are m-scheme equations,
i.e.,, they explicitly resolve the pr0]ect10n quantum numbers. Slmllarly to the transformation
of the m-scheme commutator equations to spherical equations in chapter|5} also the equations
for the representation change may be transformed such that they are expressed in terms of
reduced matrix elements only. Note that the derivation was performed by employing the
graphical technique of angular momentum coupling as presented in section[5.4 We can write
the two operators in vacuum and reference-state representation as

Rii = Z RE)! w0 3 (RE) (B.L.1)
pqu

Vi = Z Vi) +7Z (V)P (B.1.2)
pqu

where we assumed that L # 0 and, therefore, the zero-body part naturally vanishes. The
spherical matrix elements of RE, may now be expressed in terms of spherical matrix elements
of VL

)L
(RYY! = ( ZH ne (VF) pq) , (B.13)
rr)0
(pg)] (0
(RL)(rg) r = (VL)(rf)y : (B.1.9)

The inverse relations may be written as

(V) = ( ZH e (R )pq) , (B.1.5)

(rr)o

(pq)J (
(VL)(i:j)]/ _ (RL)(I:;’)], . (B.1.6)

B.2. Numerical Solution of ODEs

ODE for Observables. = The ODE system for the Hamiltonian H can be schematically
written as

d - > - N
35718) = Falhs). 1(s)) . (B.2.1)
N

where E(s) and 7(s) denote the entirety of all matrix elements of the Hamiltonian and the gen-
erator, respectively. In practical applications this ODE system, which reaches dimensions of
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B.3. Commutator Equations and Matrix Products

up to 6 x 107, is solved numerically by employing an ODE solver from the GNU scientific li-
brary (GSL) together with the explicit Runge-Kutta-Fehlberg (RKF45) algorithm. The stepsize
h is adaptive, i.e., controlled dynamically such that at each ODE integration step it is ensured
that the numerical error is below a certain error threshold, where an absolute error threshold
of €ups = 1 x 1073 is used. The initial stepsize h—chosen in such a way that the numerical er-
ror during the first integration is not exceeding the threshold—is strongly depending on the
specific generator and ranges from 1x 107® to 1 x 107!, Generally, the ODE system is inte-
grated until some kind of convergence criterion is fulfilled. Considering the single-reference
IM-SRG as an example, such a convergence criterion may be constructed from second-order
perturbation theory.

ODE for Magnus operator. Similarly to the ODE for observables, the ODE for the Magnus
operator can be schematically written as

%Q(s) = F(Q(s), 1(s)) . (B.2.2)
As (s) always corresponds to a unitary transformation, unitarity is always formally con-
served and, eventually, this leads to the fact that we could even solve the ODE for Q(s) via
a simple Euler method at a fixed stepsize leading to reduced computational memory require-
ments. However, for the solution of the ODE for Q(s) we are employing—similarly to the IM-
SRG(2)—an ODE solver from GSL and the RKF45 algorithm with automatically adjusted step-
sizes. Having specified a numerical error threshold, the automatic stepsize control readjusts
the stepsize at each integration step of the ODE accordingly, where the absolute and relative
errors are €,ps = € = 1 x 10>, We are choosing this approach as the memory requirement
of this implementation of the Magnus expansions is not too high and may, therefore, benefit
from the enhanced stepsize control. Note that the generator 7(s) depends on H(s) such that
H (s) has to be calculated at each integration step of the ODE for Q(s). For reducing the mem-
ory requirements of our implementation, we are applying the BCH series for the calculation
of H(s) at each integration step. However, in future applications one might as well prefer to
simultaneously evolve H(s) with {(s)—implying an increase of memory requirements but also
a decrease of computing time.

B.3. Commutator Equations and Matrix Products

The evaluation of the right-hand side of the ODE for observables as well as for the Magnus
operator requires the repeated evaluation of commutators and, as a matter of fact, the evalua-
tion of commutators is the computationally most expensive part. The evaluation of commuta-
tors is carried out through calculating the spherical commutator equations. However, instead
of directly implementing the spherical commutator equations derived in chapter [5|via simple
loops, we employ a computationally more efficient approach by expressing the right-hand side
of these equations in terms of linear algebra operations, i.e., matrix-matrix and matrix-vector
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products. This allows an implementation that relies on Basic Linear Algebra Subprograms
(BLAS), which are highly optimized library functions [BLA17].

One-Body Matrix.  Regarding the one-body part, there is no need to exploit additional
symmetries since the computational effort is basically determined by terms involving the two-
body part. As a consequence, we are usually employing the single-particle index set

B = {P | €p = emax} ) (B31>
for representing one-body operators as matrices.

Two-Body Matrices. Regarding two-body matrix elements, we construct sets of collective
two-particle indices

M . I+l
IB%B T= {(p, q) ) A(jpjgJ) and (=) =T and my, + my, = MT} , (B.3.2)
such that each two-particle index contained in a particular index set IBgigI Mz may be associated
with a two-particle state that is coupled to a total angular momentum J, has parity P and
isospin projection Mr.
X ﬂij\?&;) containing two-body matrix elements, where
rows and columns of such a matrix refer to two-particle indices contained exclusively in IB?;MT

Then, we may construct matrices (

' M .
and ]BgB T, respectively.

Due to the symmetry properties of the operator X, there are certain restrictions on which two

. ’,HI,M/ . . .
index sets IB%LMT and IBgB T lead to non-zero matrices. Assuming that the operator X is a
spherical tensor operator of rank Ly, has parity IIx, and is a spherical tensor in isospin space
of rank 7y, these restrictions read

J-J|=<Lx, O =Tx, [Mr-Mz|=r1x. (B.3.3)

JIIMr

As a consequence, there are only very specific non-zero matrices X A, that have to be taken

into account.

The advantage of such an approach becomes obvious by considering the expression

\(12)] 0\(12J 0\ (g

(c )<34>J’ - Z]: (4 )<pq>1 (B )(34)1’ ’ (B.3.4)
which, assuming that all operators are iso-scalars and have positive parity, may be translated
to

JOMy 4 JUMr JIIMr

QJ'HMT = Ay B> (B.3.5)
where the expression on the right-hand side refers to a matrix-matrix product. In fact, most
of the terms that are occurring in the context of the commutator equations can be expressed
in terms of such matrix-matrix products.
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B.3. Commutator Equations and Matrix Products

Note that Pandya-transformed matrix elements may also be represented as matrices, however,
a slightly different definition of the collective two-particle index has to be employed in this
case since, e.g., Pandya transformed matrix elements of iso-scalars conserve the difference of
the single-particle isospin projection quantum numbers—instead of the sum.

For more information on the subject of an efficient implementation of the spherical IM-SRG
equations see [[Geb17], where the scalar multi-reference case is treated.
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APPENDIX C.

Experimental Data

Ground-state energies are taken from [Wan+12; Wan+17] and charge radii are taken from
[AM13]). For converting charge radii and point-proton radii into each other, eq. may
be employed. Electric quadrupole and magnetic dipole moments are taken from [Sto05]]. Ex-
perimental B(M1) transition strengths are taken from [Til+95; [Fir15|] Experimental B(E2) tran-
sition strengths for various helium, carbon, oxygen, fluorine, and neon isotopes are taken from
[Pri+16; TWC93; [Til+95; Ram+87; (Thi+00; Fir15; Fir07]] Values for B(E2) transitions are also
listed in table In the literature, these transitions are sometimes given in Weisskopf units
(W.u.) and have to be converted to SI units for our purposes (see [Suh07, p. 131]). If not con-
tained within the aforementioned references, excitation energies are taken from [NND19].

nucleus | ¥; " B(E2) [e*fm?] nucleus | ¥; "z B(E2) [e*fm?]
SHe |07 |27 |54(7) Ne |27 |07 | 6546(322)
2Cc o7 |27 |39.7(33) ONe | 47 | 2] | 70.94(644)
70 1/27 | 5/27 | 7.60(8) 2INe | 5/27 | 3/27 | 83.63(688)
Bo |27 |07 | 9.30(25) 2Ne | 7/2% | 3/27 | 32.00(275)
Bo |47 |27 |3.33017) 2INe | 7/27 | 5/27 | 37.85(1376)
Bo |25 |07 | 3.64(56) 2Ne |27 | 0F | 46.72(65)
0 1/27 | 5/27 | 1.75(36) “Ne |47 |27 | 64.08(146)
20 o7 |27 | 282 BNe | 1/27 | 5/27 | 2.91(19)
210 | 1/27 | 5/27 | 0.71(7) Ne |27 |07 | 27.96(657)
20 |07 |27 | 21(8) ®Ne |07 |27 | 141(18)
21p 1/27 | 5/27 | 54 ®Ne | 07 |27 | 132(23)

Table C.1.: Experimental B(E2; /; — ) transition strengths for various helium, carbon, oxy-

gen, fluorine, and neon isotopes.
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