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Abstract

In this work, we merge two successful ab initio nuclear-structure methods, the no-core shell
model (NCSM) and the multi-reference in-medium similarity renormalization group (IM-
SRG), to define a novel many-body approach for the comprehensive description of ground
and excited states of closed- and open-shell medium-mass nuclei.

Building on the key advantages of the two methods—the decoupling of excitations at the
many-body level in the IM-SRG, and the exact diagonalization in the NCSM applicable up to
medium-light nuclei—their combination enables fully converged no-core calculations for an
unprecedented range of nuclei and observables at moderate computational cost. The efficiency
and rapid model-space convergence of the new approach make it ideally suited for ab initio
studies of ground and low-lying excited states of nuclei up to the medium-mass regime.

Interactions constructed within the framework of chiral effective field theory provide an
excellent opportunity to describe properties of nuclei from first principles, i.e., rooted in
quantum chromodynamics, they overcome the lack of predictive power of phenomenologi-
cal potentials. The hard core of these interactions causes strong short-range correlations,
which we soften by using the similarity-renormalization-group transformation that acceler-
ates the model-space convergence of many-body calculations. Three-nucleon effects, which
are mandatory for the correct description of bulk properties of nuclei, are included in our
calculations by using the normal-ordered two-body approximation, which has been shown to
be sufficient to capture the main effects of the three-nucleon interaction.

Using these interactions, we analyze energies of ground and excited states in the carbon and
oxygen isotopic chains, where conventional NCSM calculations are still feasible and provide an
important benchmark. Furthermore, we study the Hoyle state in >C—a three-alpha cluster
state that cannot be converged in standard NCSM calculations. Moreover, we explore island-
of-inversion physics in magnesium isotopes, where the shell-model magic numbers vanish and
new ones appear.

Due to our implementation of the IM-NCSM method, we are restricted to nuclei with
even mass numbers. We propose and benchmark a simple and straightforward idea for the
extension to odd nuclei within the framework of IM-NCSM using a particle-attached or

particle-removed scheme.
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Zusammenfassung

In dieser Arbeit kombinieren wir zwei in der Kernstrukturphysik erfolgreiche ab initio Viel-
teilchenmethoden, das No-Core Schalenmodell (NCSM) und die Multireferenz In-Medium
Similarity Renormalization Group (IM-SRG) Transformation. Dies erméglicht einen neuen
Zugang zur umfassenden Beschreibung von Grund- und Anregungszustdnden mittelschwerer
Kerne mit offener und geschlossener Schale.

Ausgehend von den Hauptvorteilen beider Methoden — der Entkopplung der Anregungen
auf Vielteilchenlevel in der IM-SRG und der exakten Diagonalisierung im NCSM fiir leich-
te bis mittelschwere Kerne — ermoglicht ihre Kombination vollstdndig konvergierte no-core
Rechnungen fiir einen noch nie erreichten Bereich der Kerne und Observablen mit moderatem
Rechenaufwand. Aufgrund ihrer Effizienz und rapiden Modelraumkonvergenz eignet sich die
neue Methode ideal fiir ab initio Studien von Grundzustdnden und tiefliegenden angeregten
Zustanden von Kernen bis ins mittelschwere Regime.

Wechselwirkungen aus der chiralen effektiven Feldtheorie bieten eine hervorragende Mog-
lichkeit, Eigenschaften von Kernen ausgehend von den Grundprinzipien der Physik verankert
in der Quantenchromodynamik zu beschreiben und die mangelnde Vorhersagekraft von phé-
nomenologischen Wechselwirkungen zu iiberwinden. Die starke, kurzreichweitige Abstofung
der Wechselwirkungen ruft starke, kurzreichweitige Korrelationen hervor, die wir mithilfe der
Similarity-Renormalization-Group Transformation, die die Modelraumkonvergenz der Viel-
teilchenrechnungen beschleunigt, abmildern. Dreinukleonen-Effekte, die fir die korrekte Be-
schreibung der Masseneigenschaften der Kerne zwingend erforderlich sind, werden in unseren
Rechnungen mittels der normalgeordneten Zweiteilchenapproximation behandelt, die ausrei-
chend ist, um die Hauptwirkung der Dreiteilchenbeitridge zu erfassen.

Mit diesen Wechselwirkungen analysieren wir Grund- und Anregungsenergien in Kohlen-
stoff- und Sauerstoffketten, in denen traditionelle NCSM Rechnungen noch machbar sind und
einen wichtigen Richtwert zum Vergleich bieten. Weiterhin studieren wir den Hoyle-Zustand
in 12C, einen Clusterzustand aus drei Alphateilchen, der in traditionellen NCSM Rechnungen
nicht konvergiert werden kann. Weiterhin untersuchen wir die Physik der sogenannten ,,Island

of Inversion“ in Magnesiumisotopen, bei denen die magischen Zahlen aus dem Schalenmodell

verschwinden und Neue entstehen.
Aufgrund unserer Implementation der IM-NCSM Methode sind wir auf Kerne mit gerader
Massenzahl beschrankt. Wir schlagen eine einfache Idee fiir die Erweiterung auf ungerade

Kerne mittels des ,particle-attached particle-removed“ Schemas vor und analysieren diese.
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Introduction

The goal of physics, in general, is the understanding of nature. In particular, theoretical
nuclear structure physicists aim at a consistent theoretical description of the atomic nucleus
in the low-energy regime based on the fundamental laws of nature.

The nucleus is a compound of protons and neutrons, both called nucleons. As a first
approximation, we describe the nucleus as a complex non-relativistic many-body quantum
system made of point-like fermionic nucleons. The complexity of this system is rooted,
amongst others, in the fact that the nucleons can interact with each other via the nuclear
force that is deduced from the three fundamental forces of the standard model of physics
[PS95; Ram99]. Furthermore, the nucleons themselves are not point-like particles as we treat
them, but they are composed of quarks confined in colorless baryons. However, the quarks
carry not only color charge, but also electric charge, and they can convert into each other.
Furthermore, they can interact with each other via the electromagnetic and weak force, unified
in the electroweak theory [GlaG1l; WeiG7], as well as the strong force formulated in quantum
chromodynamics (QCD) [PS95]. Consequently, the nuclear force among the nucleons is the
residual force the nucleons in the nucleus feel derived from these fundamental forces.

Tackling the quantum system built of nucleons poses two key challenges: It is neither clear
how to construct a nuclear interaction based on the fundamental theories nor how to solve
the nuclear many-body problem associated with the Schréodinger equation.

Concerning the first point, there are different philosophies since the construction of a
nuclear interaction is not unique. They can be roughly classified into phenomenological
and QCD-motivated realistic interactions. It is desirable to derive the nuclear interaction
from QCD, which contains quarks and gluons, where the latter mediates the strong force, as
fundamental degrees of freedom. Unfortunately, QCD exhibits a non-perturbative character
in the low-energy regime relevant for nuclear physics. Therefore, an effective description of
the nucleus is used, where nucleons and pions, instead of quarks and gluons, are the effective
degrees of freedom. The coupling between nucleons and pions is described consistently with
respect to the symmetries of QCD in the framework of chiral effective field theory [ME11;
EHMO09].

Once an interaction is given, it is still extremely difficult to solve the Schréodinger equation.
One of the most active areas in nuclear structure theory nowadays is the development of ab
initio many-body methods for the comprehensive description of nuclei. The term ab initio

ensures that the many-body technique is completely converged with respect to all truncations
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that have to be introduced in order to make the Schrédinger equation numerically tractable. A
special focus is put on the ground states, low-lying excitations and spectroscopic observables.
Traditionally, nuclear spectroscopy is the domain of shell-model-type approaches, both the
valence-space shell model [Cau™05] and the ab initio no-core shell model (NCSM) [Nav*07;
Bro01; BNV13]. These methods solve a large-scale eigenvalue problem of the Hamiltonian in
a truncated model space and address ground and excited states on equal footing, but they
are limited by the basis dimension [Var™09]. Because of that, these methods are typically
limited to nuclei in the p-shell.

Several other methods have been developed that tackle the many-body problem from a
different angle, among them the coupled-cluster (CC) approach [Bin'14; Bin"13; Coe8;
Wiot05; Hag™08; Hag"07] and the in-medium similarity renormalization group (IM-SRG)
[TBS11; TBS12; Her"16; Herl7]. Instead of solving the eigenvalue problem directly, these
methods use a similarity transformation of the Hamiltonian to decouple a given reference
state, representing the ground state, from all particle-hole excitations. This concept of decou-
pling is very powerful and complementary to a direct NCSM-type diagonalization. Generally,
CC and IM-SRG have different computational characteristics and a much better scaling with
particle number, but their basic formulation is limited to ground states. The complementar-
ity with NCSM suggests that a combination of both philosophies, direct diagonalization and
many-body decoupling, could be advantageous. First steps along these lines are the effective
interactions for the valence-space shell model extracted from CC and IM-SRG calculations
presented recently [Bog™14; Str16; Jan™14; Str™17; Jan™16].

In contrast to valence-space methods, we propose an ab initio no-core approach, where
convergence with respect to all model-space truncations is demonstrated explicitly. For the
calculations presented here, we use a chiral nucleon-nucleon (NN) plus three-nucleon (3N)
Hamiltonian softened via the free-space similarity-renormalization-group (SRG) transforma-
tion to accelerate model-space convergence. Since the complete inclusion of 3N interactions
in the many-body method is associated with significantly increased computational cost, we
rely on the multi-reference normal-ordered two-body approximation which has been justified
to be sufficient to capture the main effects of the 3N interaction [GCRI16].

This work is organized as follows: In part I, we summarize the basics of the (free-space)
SRG transformation, the Hartree-Fock method and the concept of normal ordering. In par-
ticular, the normal-ordering technique is crucial for the formulation of the multi-reference
IM-SRG. In part II, we extensively discuss the framework of the multi-reference IM-SRG and
briefly introduce the NCSM. Subsequently, we describe why and how we merge them into a
consistent ab initio many-body tool that we call in-medium no-core shell model (IM-NCSM).
In part III, we present results of IM-NCSM calculations for ground and excited states of
open-shell nuclei and benchmark them against large-scale NCSM calculations. We propose a
simple and straightforward extension of the IM-NCSM using a particle-attached or particle-
removed formalism to tackle odd nuclei. To test how well this extension works, we present
results for selected nitrogen isotopes. In part IV, we provide a brief summary and outlook

on remaining challenges for forthcoming investigations.
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Introduction to Part 1

In this part, we present the basic tools necessary to formulate the in-medium no-core shell
model that will be introduced in the next part.

In chapter 1, we start with the basic concepts of the (free-space) similarity-renormalization-
group (SRG) method which is a powerful technique to soften an interaction, i.e., to pre-
diagonalize its matrix representation. Furthermore, we derive the so-called operator flow
equation, which is an essential ingredient for the in-medium similarity-renormalization-group
(IM-SRG) transformation.

In chapter 2, we recap the Hartree-Fock (HF) method which is a simple approximate many-
body method. It provides a simple and efficient way to optimize a single-particle basis, which
can be used as a starting point for a more sophisticated many-body methods like IM-SRG or
no-core shell model.

Finally, in chapter 3, we discuss the concept of normal ordering and Wick’s theorem, which
are crucial to include three-body interactions in an approximate way. Since, in particular, the
whole IM-SRG framework is formulated in terms of normal-ordered operators, we illustrate
the generalized Wick’s theorem which is a mandatory technique for calculating products of
normal-ordered operators. The concept of normal ordering is always based on a given A-body
state that we call the reference state. We discuss three different classes of reference states:
the physical vacuum |0), a single Slater determinant |®), or a linear combination of Slater

determinants |¥), respectively. The latter one is the most significant case for this work.






Chapter 1

Similarity Renormalization Group

The similarity-renormalization-group (SRG) transformation is a well established method to
soften an interaction, i.e., to pre-diagonalize its matrix representation. The basic idea is to
apply a unitary transformation to the initial Hamiltonian such that its matrix representation
changes into band- or block-diagonal form in a specific basis, or in other words, to suppress
matrix elements between high- and low-lying basis states. As a consequence, the convergence
behavior of many-body calculations, such as the no-core shell model, is improved. Since a
unitary transformation does not change the eigenvalues of an operator, the solution of the
many-body problem using a unitarily transformed Hamiltonian is identical to the solution
the eigenvalue problem of the initial Hamiltonian.

Let U, be a unitary operator depending continuously on the SRG flow parameter a. Hence,

the SRG transformation on the initial Hamiltonian H is given by
H,=U HU,, (1.1)

where H , is called the SRG-transformed or SRG-evolved Hamiltonian. Taking the total
derivative of that expression with respect to SRG flow parameter « yields
dH, dU} dU

@ Hq TH—<, 1.2
do do Ua+Ua do (1.2)

Since the transformation operator U , is unitary, i.e., U, U(‘TX = 1, we obtain by differentiating
this expression with respect to
AU} LdU

@ —_U ayt.
da Y da  “

(1.3)

With the aid of this relation and the unitarity of U

form

s We can rewrite (1.2) in the following

dH
do

@ — —UL%ULHUQ - ULHUQUL%
da da

(1.4)



1. Similarity Renormalization Group

dU dU
- U~ eg +HqH U 2 1.5
o da Oé+ [0 (03 da ( )
dU dU
—(-vul—=2\g -H (-U! “) 1.6
(-l ) o~ H (- UL (16)
du,,
= [_UL da chJ' (17)

In the last step, we introduced the commutator of two operators that is defined by [A, B] :=
AB — B A for arbitrary operators A and B. The generator of the transformation is defined

as

a (1.8)

Hence, we have to solve an initial-value problem with the initial condition H ,_o = H in
order to find the SRG-evolved Hamiltonian H,. Using this definition, the operator flow
equation for the SRG-evolved Hamiltonian H , is given by

dH,

da - [nou HCY] N (1'9)
The generator of the transformation m, is anti-Hermitian, i.e., nl = —1n,, Which can be
shown as follows
dUu, dU] dUivu,) d1
T — _pl—=a _ o = - Q- — _—— =(. 1.10
Mo+ Mo ¢ da da ¢ da da (1.10)

There are many possibilities for the choice of the generator 7, for instance the Wegner gen-
erator [Weg94]. Typically, the generator is chosen as a commutator of a Hermitian operator
and the SRG-evolved Hamiltonian H ,, since this ensures anti-Hermiticity of the generator.
In this work, the generator of the SRG transformation is chosen as the commutator of the
intrinsic kinetic energy T, and the SRG-evolved Hamiltonian H, [BFP07], i.e.,

Ny = m?V[Tiana]? (1‘11)

where my is the nucleon mass, and the intrinsic kinetic energy is defined as
T,.=T-T,,. (1.12)

Here, T' and T, denote the total and the center-of-mass kinetic energy, respectively. This
generator drives the Hamiltonian towards a diagonal form in a basis of eigenstates of the
intrinsic kinetic energy, i.e., momentum eigenstates. For this specific choice of the generator,
a dimensional analysis of the units yields that the SRG flow parameter a has the dimension
of length to the power of four.

The SRG transformation of any n-body operator within an A-body system induces irre-
ducible many-body operators up to the A-body level due to the commutator structure of

the operator flow equation. Starting with a Hamiltonian H containing the intrinsic kinetic



energy T, and two- and three-nucleon interactions, Vyy and V gy, the SRG transformation

yields

ULHU, =Ul (T, + Vn + Van) U, (1.13)

= (T, + VK.

3 3 3
 (Tite + Vina + Viva)

+F (Thia + Vidia + Via) - (1.14)
The number within the bracket denotes the particle rank. Note that there is no one-body
term since we use the two-body form of the kinetic energy operator. Formally, only if all the
induced terms up to the A-body level are kept, the SRG transformation is unitary and the
spectrum of the Hamiltonian in an exact A-body calculation is preserved and independent
of the SRG flow parameter «. In practice, the SRG transformation has to be truncated at
a particle rank m < A, which formally violates the unitarity of the SRG transformation.
Hence, the SRG flow parameter a is used as a diagnostic tool to quantify the relevance of
omitted beyond-m-body terms.
Throughout this work, we stick to the NN4+3N-full Hamiltonian starting with the initial
chiral NN+3N Hamiltonian and retain all terms up to the three-body level in the SRG
transformation with a = 0.08 fm* [Rot*11], i.e.,

H, = (ThLo+ Vika) + (Thte + Vika + Vika) - (1.15)






Chapter 2

Hartree-Fock Method

In this chapter, we briefly recap the ideas of the Hartree-Fock (HF) method, which is widely
used in atomic and nuclear physics, as well as quantum chemistry. The HF method has two
scopes of application: On the one hand, it is used to approximate the ground state of the
Hamiltonian on a self-consistent mean-field level, i.e., the nucleons move independently from
each other without accounting for the correlation among the particles. On the other hand,
it provides a simple and efficient way to optimize a single-particle basis, which can be used
as a starting point for a more sophisticated many-body methods as the in-medium similarity
renormalization group or the no-core shell model to account for missing correlations. The

latter is the purpose of our usage.

Hamiltonian in Second Quantization

For the following discussion, it is convenient to formulate the Hamiltonian H in second
quantization. To that end, we introduce the creation operator for a single-particle state |p)

as aP := a; and the annihilation operator as a,, respectively. Furthermore, we use a tensor-

q7
like notation to write products of creation and annihilation operators in a compact form

al = a’a, (2.1a)
al;=a’a"aza, (2.1b)
a}ggz = aparatauasaq. (2.1c)

We refer to these operators as (basic) one-, two-, three-body operators. Note the reversed
order of the lower indices.

Finally, using these operators, we can write the Hamiltonian in second quantization as

prt
qsu

1 1
H =+ Whah+ 0 > Walt + oo > hiray, (2.2)
p pr
q qs

with the zero-body term h, one-body matrix elements Al and the antisymmetrized two- and

11



2. Hartree-Fock Method

three-body matrix elements defined as

2
Bt = (pr| (Ti o + Vieka) las) (2.3a)
3] 3 3

Bt = (prt] (Th) o+ Vi + ViR, ) lasu) (2.3)
Here, we add h and the one-body matrix elements hl) for a general treatment of the Hamil-
tonian, which are zero in our case since the Hamiltonian contains just two- and three-body
operators (1.15). Note that we suppress the SRG flow parameter « for brevity since it is
fixed to a = 0.08 fm* throughout this work.

Closed-Shell Systems

Let us first discuss the HF method for closed-shell nuclei, i.e., the nucleons fill complete (sub-)
shells. This case is well covered in the literature, and a standard treatment of this matter
can be found in [Suh07; RS80; SO96]. Since the nucleons move independently from each
other, the energetically favored configuration is where all nucleons occupy the energetically
lowest single-particle states taking into account the Pauli exclusion principle. Therefore,
we can choose a single Slater determinant |®yp), an antisymmetrized A-body product state
built of single-particle states, as first approximation to the many-body ground state of the
system under consideration. Assuming that |®yp) is normalized, we obtain the optimized

single-particle states in the HF framework by minimizing the energy functional

1
=h+>_ R (Pur|ah|Pur) + 1 > P (Oyp|all|Pur) + Z Wb (Puplalll | Pup) (2.5)
P pr prt
q qs gsu

with respect to the single-particle states serving as optimization parameters. Introducing the

one-, two- and three-body density matrix elements with respect to the HF Slater determinant

pg = <(I)HF‘ag|(I>HF> (2.6&)
b = (Pur|aly|Pur) (2.6b)
qu <(I)HF‘aqsu’(I)HF> (260)

and making use of the fact that the higher-body density matrices factorize into products of

one-body density matrices

s = PaPs — PLpy (2.7a)
bow = PhOLPY F PhpGPs + PEOYPG — Phps Py — PEPYPY — PhPLPS, (2.7b)
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which is characteristic for a single Slater determinant, we can simplify the energy functional

to
1 1
€ =h+ ) Mo+ 5 D Moupars+ 5 D Mgsubypipu: (2:8)
p pr prt
q qs qgsu

The HF single-particle states have to be determined in a self-consistent way because the
occupied states themselves generate the mean-field that the nucleons feel, which again fixes

the single-particle states in which the nucleons move.

Open-Shell Systems

Going to open-shell systems while preserving the spherical symmetry of the basis, we face the
problem that multiple configurations yield the same mean-field energy. Put differently, there
are many allowed configurations associated with the same total energy on the mean-field level
because the valence nucleons can occupy any of the states in the partially occupied shells.
The equal-filling approximation is one possible solution to this problem, where we assume
projection-number-independent fractional occupation numbers and the factorization of the
higher-body densities as formulated in (2.7). With these requirements, the energy functional
to be minimized is analogous to the original HF problem (2.8).

The most general case is given by doubly open-shell nuclei, i.e., the A7 protons and A
neutrons partially occupy states of the valence shells corresponding to an angular momentum
J and jy, respectively. Obviously, 257 4+ 1 must be strictly greater than A7. The same must
hold for the neutrons as well. We make the following ansatz for the one-body density matrix
elements in the case where all indices correspond to one of the state in the valence shell,

which is the non-trivial case

. . % if x refers to a proton valence state
py =0y x (2.9)

y AY
57T if x refers to a neutron valence state.
v

Obviously, this ansatz respects the requirement that the occupation numbers are independent

of the magnetic quantum number.
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Chapter 3

Normal Ordering and Wick’s

Theorem

Normal ordering is a powerful technique for the evaluation of expectation values of products
of operators with respect to an arbitrary A-body state. The in-medium similarity renor-
malization group that will be subject of chapter 4 is formulated in terms of the so-called
normal-ordered operators. Moreover, normal ordering with respect to non-trivial reference
states is useful to systematically derive approximations to operators beyond the two-body
rank, which are computationally and conceptually demanding to include in many-body cal-
culations.

The concept of normal ordering is built on a given A-body state that we call the reference
state. We discuss three different types of reference states: the physical vacuum |0), a single
Slater determinant |®) (single-reference case), or a linear combination of Slater determinants
|¥) (multi-reference case). The latter one is the most significant case for this work. Note
that the vacuum case is a special case of the single-reference one which in turn is a special
case of the multi-reference one.

This chapter is organized as follows: We briefly discuss the concept of normal ordering with
respect to the vacuum (section 3.1). Furthermore, we generalize this concept to a single-
reference state with the aid of the particle-hole formalism and formulate Wick’s theorem
(section 3.2). Finally, we point out the problems we are facing when considering the multi-
reference state, and formulate the extended Wick’s theorem introduced by Kutzelnigg and
Mukherjee (section 3.3). With the aid of this Wick’s theorem, we derive formulae for changing
from the so-called vacuum representation to the reference-state representation (section 3.3.3).
Based on these results we show how to derive approximations for any three-body operator
(section 3.3.4). Furthermore, we introduce the generalized Wick’s theorem, which applies to
products of normal-ordered operators (section 3.3.5). Finally, making use of the generalized
Wick’s theorem we summarize the results for commutators of normal-ordered operators in
section 3.3.6, which are the main ingredient for the multi-reference in-medium similarity

renormalization group. The detailed derivation can be found in appendix A.
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3. Normal Ordering and Wick’s Theorem

3.1. Vacuum Case

The starting point is the following definition:

Definition 3.1. A product of fermionic operators is in normal order with respect to the

vacuum |0) if all creation operators are to the left of all annihilation operators.

A product of operators fulfilling this condition is in vacuum normal order, briefly operator
in V-NO. Alternatively, we refer to this product as vacuum normal-ordered operator (V-NO
operator). Obviously, any single creation operator a? = a;,, and annihilation operator a, is
an operator in V-NO. To give more examples, the one-, two-, three-body operators from (2.1)

ay = a’a, (3.1a)
al; = a’a’aza, (3.1b)
afg;"; = apa’"atauasaq (3.1c)

are operators in V-NO, too.

For the mathematical description of the normal ordering, we define an operator N o)
that brings a product of operators into V-NO, taking into account a sign factor. Let
A, Ay, ..., A, be pairwise distinct fermionic operators each of them representing either
a creation operator a” or an annihilation operator a,. Using this requirement, we define the

normal-ordering operator N oy as follows:

Definition 3.2. The normal-ordering (super)operator Ay is defined by

N‘0>{A1A2 . A’I’L} = Sgn(’ﬂ') Aﬂ'(l)A’]T(2) LA (32)

w(n)’

where sgn() is the sign of the permutation = € S,, needed to bring the product A; A, ... A,

into normal order with respect to the vacuum. The product Aw(1)A7r(2) LA is then

m(n)

called an operator in V-NO. Here, S,, denotes the set of all permutations of (1,2,...,n).

In general, this prescription is not unique, because two different creation operators anti-
commute. The same applies to the annihilation operators. Additionally, we require that the
normal-ordering operator is linear and maps the identity operator of the antisymmetric Fock

space 1 onto itself, i.e., N‘0>{1} = 1. Linearity means

for any complex number p and any two operators C and D.

By construction, the normal-ordering operator has the following property

(]

LAY (3.4)
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3.1. Vacuum Case

which we simply call antisymmetric under transposition of any two different operators. This
is related to the property of the signum function sgn(wn’) = sgn(w)sgn(7’), and that the sign
of any transposition is negative.

We illustrate the action of the normal-ordering operator N iy by means of some simple

examples

N|0>{aqap} = —N‘0>{apaq} = —d’a (3.5)

q
Np{a,a.a’} = (—1)* a’a,a. (3.6)

These simple examples demonstrate that acting with the normal-ordering operator N oy on a
given product of operators, in general, generates a different operator compared to the initial

one, i.e.,

The question is how to transform a product of operators into normal order with respect to
the vacuum while retaining an operator identity. Put differently, what are the missing terms
on the right hand side to have an equal sign. We are looking for an operator identity that
expresses the given product as a linear combination of operators in V-NO. We refer to this
procedure as the normal-ordering transformation.

The straight-forward way is to put creation operators to the left of all annihilation operators

using the anticommutation relations, given by

{a,,a,} ={a%a’} =0 (3.8)
{a,, e} =4y, (3.9)

where the brackets denote the anticommutator defined as {A, Ay} := A A, + AyA,. By
means of the anticommutation relations, e.g., the product of a,a,a” can be transformed to

P P gP P P
a,a.a — a,a,a’ =ad’aa, +6a, — dla,. (3.10)

We observe that the first term in (3.10) can be identified with the term obtained in (3.6),
namely N |0>{aqa5a7’ }, and the two additional terms are operators in V-NO, too. Hence, the
given product is expressed as a sum of operators in V-NO. Since we used only equivalence
transformations, (3.10) is an operator identity.

The normal-ordering transformation can be very exhausting, especially if the number of
operators is large. A more systematic approach to this problem is the use of Wick’s theorem,
where the normal-ordering operator N oy Plays an important role. But before formulating the

Wick’s theorem, we generalize the concept of normal ordering to a single Slater determinant.
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3. Normal Ordering and Wick’s Theorem

3.2. Single-Reference Case

We describe how to generalize the concept of normal ordering to a single Slater determinant
based on the particle-hole formalism. Let |®) be an A-body single-reference state!, i.e., a

single Slater determinant

A
@) =[] a’|0). (3.11)
i=1
Furthermore, let the occupied single-particle states
a'|0) with i=1,2,...,4 (3.12)
and the unoccupied single-particle states
a’|0) with b> A (3.13)

form an orthonormal basis {a? |0) : p=1,2,...} of the one-body Hilbert space. Convention-
ally, we refer to the indices i, j, k,... and b,¢,d, ... as hole and particle indices, respectively.
The indices p, q,r,... can refer to both.

Acting with the operator a’ for a hole index on the reference state |®) yields
a'|®) =0 (3.14)

due to Pauli exclusion principle. Moreover, annihilating the unoccupied single-particle state

|b) from the reference state |®) vanishes
a,|®) =0 (3.15)

due to the definition of annihilation operators. Since both types of operators act like annihi-
lation operators with respect to the reference state |®), we redefine them to be quasiparticle
annihilators. Analogously, the operators a; and a® are redefined to be quasiparticle creators
relative to the reference state, since they create a hole and a particle, respectively. Based on
this reinterpretation, we can define normal ordering with respect to a single-reference state

|®) in analogy to the vacuum case.

Definition 3.3. A product of operators is in normal order with respect to a single-reference

state |®), if all quasiparticle creators are to the left of all quasiparticle annihilators.

A product of operators fulfilling this condition is in single-reference normal order, briefly an
operator in SR-NQO. Alternatively, we refer to it as single-reference normal-ordered operator
(SR-NO operator). Note in both terms, we do not exactly specify the reference state |®).

Hence, care should be taken if different reference states are involved.

!The rigorous correct terminology is single-reference single-determinant reference state.
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3.2. Single-Reference Case

For the mathematical formulation, we introduce a normal-ordering operator N |@) With
respect to the reference state |®) that is linear and antisymmetric analogously to the vacuum
case. Note that we recover the vacuum case if the reference state does not contain any
particles. For illustration purposes, we consider the action of the normal-ordering operator

N 1@y on a product of quasiparticle operators

./V"@{aiaj} = —ajai, .N’|q>>{aiab} = a'a, (3.16)
Nipy{a,a’} = —a‘ay, Noy{aya;} = —a;ay, (3.17)

A key property of the operators in SR-NO is that their expectation value with respect to the

state they are normal ordered to vanishes, i.e.,
(PN ) {A1Ay.. . A, }|®) = 0. (3.18)

This holds also for the vacuum case.

In practical calculations, we need to write a given product of operators as sum of operators
in SR-NO. As a reminder, we refer to this procedure as normal-ordering transformation. One
possible way to perform this transformation could be to make use of the anticommutation
relations for the quasiparticle operators analogously to the vacuum case. This procedure
might get cumbersome. A more sophisticated and systematic approach represents the Wick’s

theorem with respect to a given single-reference state |®) stating:

Theorem 3.1. A product of n operators A;, A,,..., A
SR-NO product and all possible normal-ordered contractions with respect to |®) [Wic50]

n can be expressed as a sum of its

all contractions
w.r.t.|®)

A contraction with respect to |®) between A; and A, is indicated by

1
A A,, (3.20)

and denotes a complex number. A normal-ordered contraction indicates normal ordering
combined with a contraction between the operators A; and A;, which has to be evaluated in

the following way

[ 1

[

where 7 is a permutation that brings the two Correspondlng operators adjacent Wlthout
changing their original order. This is because the contraction A, A 1A, is not identical to A, 2 A
as we will see later.

Theorem 3.1 is pointless without a formula for the contraction. For that purpose, we apply
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3. Normal Ordering and Wick’s Theorem

it to a product of two operators A; and A, yielding
— —
Aj Ay = Nigy{A 1Ay} + Ny {A1 Ay} = N o) { A1 Ay} + A A, (3.22)

Since the expectation value of an operator in SR-NO with respect to |®) vanishes according

to (3.18), we obtain for the contraction with respect to the reference state
—

which is equal to the expectation value of the product with respect to the reference state

itself. We define a hole contraction as the contraction between an creator and annihilator
)
a’a, = (®|ala, |P) =~] (3.24)

which is identical to a one-particle density matrix element 7 with respect to the reference
state. Furthermore, a particle contraction is given by

— _

a,al = (®|a,a? |P) =~ (3.25)

which in this case corresponds to a one-hole density matrix element 7%. All other combina-

tions vanish

abal = c;aq =0. (3.26)

Especially for a single-reference state, the one-particle and one-hole density matrix elements

can be simplified to

VE = dhng, (3.27)
A8 =001 —ng) = o8 —~L. (3.28)

Here, we introduced the particle occupation number n, which is just one or zero depending

on whether this corresponding single-particle state is occupied in |®) or not, i.e.,

1, if ¢ occupied in |P),
ng = ¢ occupied in [®) (3.29)
0, else.

The naming convention for the two non-vanishing types of contractions is rooted in the
following observation. A hole contraction has non-vanishing contributions only if both indices,
p and ¢, are hole indices (i, j, ...). Similarly, a particle contraction does not vanish only if
both indices, p and g, are particle indices (b, ¢, ...). In other words, any mixing of particle
and hole indices always leads to vanishing contractions.

In order to clarify the statement of theorem 3.1, we consider the one- and two—body op-

erators, a and aff, which are, by definition, normal ordered with respect to the vacuum.
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3.3. Multi-Reference Case

The aim is to express them as a sum of the operators in SR-NO. From (3.22) we immediately

obtain
ah = aPa, = N {al} + L. (3.30)

For the two-body operator, the application of theorem 3.1 yields

aly = ala"aza, (3.31)
=Ny {ali} + VPN sy{as} + VN oy {ab} — PN ey {ag} — 7N oy {al}
+ 787 — Y- (3.32)

3.3. Multi-Reference Case

Since the normal ordering with respect to a single-reference state is limited to closed-shell
nuclei, i.e., the nucleons fill complete (sub-) shells, it is desirable to extend the normal-
ordering concept to linear combination of Slater determinants, called multi-reference case?.
This will enable us to target open-shell systems.

In the whole section the following requirements are made: Let H,, be a finite-dimensional
subspace of the A-body Hilbert space H, and {|¢;) : i = 1,...,n} be a complete orthonormal

basis of #H,,. Furthermore, let |¥) € H,, be a normalized A-body state
n
W) =" cild), (3.33)
i=1
with complex numbers ¢; and single Slater determinants |¢;).

3.3.1. Problem and Guiding Principle

The “traditional” definition of normal ordering says that a product of operators is in normal
order with respect to a reference state, if all (quasiparticle) creation operators are to the
left of all (quasiparticle) annihilation operators. This statement is no longer useful for a
multi-reference state |¥) since there is no well-defined particle-hole picture, i.e., for all ¢ and
J # 1 there is a single-particle state |p) occupied in the i-th single Slater determinant and

unoccupied in the j-th single Slater determinant

a’|¢;) =0, (3.34)
a?16;) # 0. (3.35)
Consequently, the operator a? is a (quasiparticle) annihilation operator with respect to |¢;)

and (quasiparticle) creation operator with respect to |¢;). Hence, it is not obvious how to

define normal ordering with respect to |¥). This simple observation implies that one has

2The rigorous correct terminology is single-reference multi-determinant reference state.
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3. Normal Ordering and Wick’s Theorem

to give up the “traditional” definition of normal ordering. Therefore, the normal-ordering
transformation is defined only in the framework of a Wick-like theorem. For the generalization
of Wick’s theorem with respect to a multi-reference state |¥) two basic requirements have to

be fulfilled:

(I) If an operator X # 1 is in normal order with respect to |V), briefly an operator in
MR-NO, then the expectation value of X with respect to |¥) vanishes, i.e.,

(| X |T) = 0. (3.36)

The opposite direction of this statement is in general wrong.

(IT) For the special case that |W) consists only of a single Slater determinant, the well-known

normal-ordering framework with respect to a single-reference state must be recovered.

A generalization fulfilling both requirements was proposed and proven by Mukherjee and
Kutzelnigg [Muk97; KM97], and formulated in form of a Wick-like theorem with respect to

a multi-reference state.

3.3.2. Wick’s Theorem

For the mathematical formulation of the normal ordering with respect to a multi-reference
state |¥), we introduce a normal-ordering operator N := N/ \w) omitting the subscript from
now on. This definition is more abstract, i.e., it does not correspond to a reordering of creation
operators to the left of all annihilation operators. But the normal-ordering operator N is
required to be linear, antisymmetric and maps the identity operator 1 onto itself. The action
of the normal-ordering operator on a product of operators leads to an operator in multi-
reference normal order, briefly an operator in MR-NO. Alternatively, we say (reference-state)
normal-ordered operator if it is clear which reference state we mean.

Analogously to the single-reference case, we can perform the normal-ordering transforma-

tion with the aid of Wick’s theorem with respect to a multi-reference state |¥) stating:

Theorem 3.2. A product of n operators A, A,,..., A, can be expressed as a sum of its

MR-NO product and all possible normal-ordered contractions with respect to |V) [KMI7;
Muk97]

all contractions
w.r.t.|¥)

A contraction with respect to |¥) between A; and A, denoted by

A A, (3.38)

yields a complex number. This type of contractions, called 2-tuple contraction, is comparable

to the one introduced for the single-reference case (3.20). The new ingredient of theorem 3.2
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3.3. Multi-Reference Case

is that additional contractions between more than two operators have to be considered which

are denoted as

We refer to these types of contractions as [-tuple contractions, which are also complex number
only if all operators to be contracted are adjacent.
Normal ordering in combination with contractions is evaluated in the same way as in the

single-reference case, i.e.,

The same applies for the [-tuple contractions with [ > 2.
Finally, as a direct consequence of theorem 3.2 in combination with the property of the

normal-ordering operator (3.36), we obtain a formula how to calculate the expectation value

of a product of operators with respect to the reference state

(U|AA, ... A, |T) = Y N{4A,...4,}. (3.41)
full contractions
w.r.t. |¥)

A full contraction is understood as a product of several contractions where all operators
within the normal-ordering operator are contracted among each other. However, in order to
make use of this formula and of theorem 3.2 in general, we need to derive formulae for these

contractions.

Formulae for the Contractions

Applying theorem 3.2 to a product of two operators A; and A, leads to

Taking the expectation value with respect to the reference state |¥) and making use of

requirement (3.36), we obtain a formula for the 2-tuple contraction with respect to |¥)
We define a hole contraction as follows

afa, = (V|a’a,|¥) =~F, (3.44)
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3. Normal Ordering and Wick’s Theorem

which is identical to a one-particle density matriz element with respect to |¥), denoted as
V9. A particle contraction is given by

a,af = (V|a,al V) =7L, (3.45)
which is equal to a one-hole density matriz element with respect to |¥), denoted as 8. All
other combinations given by

a’al =a,a, =0 (3.46)

vanish since the reference state has a fixed particle number.

Since the number of possible contractions can be very large due to the I-tuple contractions
for | > 2, we summarize their main properties (see [Geb13] for more details). For this case,
the [-tuple contraction vanishes if the number of creation and annihilation operators differ

from each other, e.g.,

aPa’a, = afaga, = 0. (3.47)

This implies that we have only [-tuple contraction with even [. In contrast to the 2-tuple
contraction, the [-tuple contraction with [ > 2 is antisymmetric with respect to exchange of

any two different operators within the contraction

Combining both statements, all non-trivial [-tuple contractions with [ > 2 are given by

aPa’asa, = b — A(vhvs) = Ag (3.49a)
Fa T aya,a, = — AGIAL) — A(yEATAL) = AT (3.49D)
afiaP? .. . afra, ...ag a, = \Nobn (3.49¢)

that are equal to the corresponding irreducible n-body density matrix element AJiL2--Prn de-
scribing genuine n-particle correlations. As expected, the [-tuple contractions with [ > 2 do
vanish for a single-reference state since it does not contain correlations. Hence, we do recover
the single-reference case fulfilling the second requirement in section 3.3.1.

Here, we use the so-called index antisymmetrizer as introduced in [KKNM10] defined as

follows

P1---Pm 4T1--Tn) . o(1)-Po(m) 7”0(1) To(n)
A(h’ql gm gsl sn) T (m|n| Z Z Sgn o hqﬂ’(l) Ar(m) s7r(1) Sr(n) (350)
sym WESern UESm+n
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3.3. Multi-Reference Case

with the symmetry factor

% ifm=nandg=h
]:sym = ) (351)
1 else,

T1...Tn

o gn are assumed to be antisymmetric with respect

where both matrix elements hL!-Pm and g
to exchange among the upper and lower indices. The prefactor ensures that each unique

permutation form appears with coefficient unity, and S, 1, denotes the set of all permutations

of (1,2,...,m+ n). We give some examples for the action of the index antisymmetrizer
A(hggs) =+ higs + hogg — higy — hage (3.52)
A(hBhg) =+ hLhg — hEhy (3.53)

A(Rbgl) =+ hbgl, — hEgn, — hhgky
— hygk + highy — hughs
t t
— hyghs — hsghy, + hngé’g (3.54)
A(hPLgl) =+ hi,

_hpt r+hpt r_hpt r

gk — hitg? — Wi gh

su9q qu9s qs9u
— h¥gt — hbngt + hblgl, (3.55)
—A(gHTL). (3.56)

Its action on a product of more than two multiply-indexed objects can be easily generalized by
adjusting the symmetry factor properly. We show the simplest example where the symmetry

factor is 3!
rety rit rit rit
A(h{;hshu) =4 hghshu + hﬁhqhS + hé’huhq
rit rit rit
— hﬁhshq — hghqhu — h{]’huhs. (3.57)
Applications of the Wick’s Theorem

We introduce a compact notation for the action of the normal-ordering operator A on the

one-, two-, three- and n-body operators in V-NO

ay = N{ag} (3.58)

an; = N{al; (3.58b)

ahy, = N{aly,} (3.58¢)
aig gr = NA{ali>in b (3.584)

We refer to them as the one-, two-, three- and n-body operators in MR-NO. Since the normal-
ordering operator is antisymmetric with respect to exchange of any two different operators

comparable to (3.4), these operators are antisymmetric with respect to exchange among the
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3. Normal Ordering and Wick’s Theorem

upper and lower indices, respectively

~PL..Pi g Pn ~P1..DjDiePn ~P1..PiDj P
q1..-Gi-Qj-qn — TQAqr..qi..qj...qn = TQq1...qj...q;...qn * (359)

Note that exchanging an upper index with a lower one does not make any sense. With the
aid of theorem 3.2, we can express any n-body operator in V-NO as a sum of the one-, two-,

up to n-body operators in MR-NO yielding

ay = ah ++ (3.60a)

aé’g = ap’“ + A( pdr) + fyp’" (3.60b)
ablt = @bt + A(yPart) + A(yEral) + et (3.60c)
abl-br = ahlh 4 Z A(ygibiahint=bn) 4 bibe, (3.60d)

3.3.3. Vacuum and Reference-State Representation

We can now change from vacuum to reference-state representation and back. Suppose we
have an operator O that is a sum of general zero-, one-, two- and three-body contributions,
i.e., written in second-quantized vacuum representation (where all creators are to left of all
annihilators)
1
O=A+ Z Blal + Z Cleal + 36 Dggga,gg;;. (3.61)

prt
q qsu

Inserting relations (3.60a)—(3.60c) for the vacuum normal-ordered operators, we obtain

O =A+ Z Bral + Z BIAY + Z Cheals + Z Chevhag + Z Clivhs

prt ~ prt prt prt pr ~1 prt . prt
E : Dqsu qsu + - § : Dqsqu + Dqsu’qu Dqsupyqsu (362)
prt prt prt prt
gsu qsu qsu qsu

=A+ Z Byg + Z Cas Vas + Z Di Ve

prt
qsu

P> (B” T Z Dzttt )a;
+2 Z (CW + Z Dé’;"hi) arr

Z Pt gprt (3.63)

qsu qsu
prt
qgsu
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3.3. Multi-Reference Case

where we renamed summation indices and organized the terms according to their particle
rank in the last step. We can clearly see that the operator O is now expressed as a linear

combination of the reference-state normal ordered operators 1, af, al; and arrt:

qs gsu*
1 1
O=X+)> Yral+ 1 > Zhraky + % > wrtart (3.64)
. as o
and
1
X =A+ Z By + 4 > Chrabr Z DPtAPTL = (W]O| W) (3.65a)
a o ;’;ﬁ
1
Y7 =By +>_ Cinvs + 12 Dis (3.65b)
T Tt
ZPr =CPr +> " Dt yL (3.65¢)
t

Weir =Dl (3.65d)

we obtain the matrix elements in reference-state representation as a function of the original
matrix elements in vacuum representation. It is noteworthy that the n-body matrix element in
vacuum representation contribute to all lower particle ranks in reference-state representation.
This observation is crucial to systematically define approximations of a given operator that are
the subject of section 3.3.4. Furthermore, the zero-body part in reference-state representation
X isidentical to the expectation value of the considered operator O with respect the reference
state |¥), which can be calculated more efficiently using Slater-Condon rules [Sla29; Con30]
instead of performing the summation with the density matrix elements. Therefore, we do
not need the three-particle density matrix explicitly; the one- and two-body density matrices
can be easily computed using standard many-body technology.

Finally, for many-body approaches that do not naturally use a normal-ordered formulation,

we give the inverse transformation, i.e., from reference-state to vacuum representation

A :X - Z }/qpryg Z ZPT ’qu 4ryq’)/s Z Wgsﬁ 75;3 187(1 /YS'U, + 367(]75 773)
p 525
(3.66a)
By =Y} = Y 2 - fzwggz oL — 44277) (3.66)
Chy =280 = > Wk, (3.66¢)
t
Db, =WEL. (3.66d)

27



3. Normal Ordering and Wick’s Theorem

3.3.4. Multi-Reference Two-Body Approximation for Three-Body Operators

In practical calculations including operators beyond the two-body rank is, both, a com-
putational and conceptual challenge. Hence, an approximate but systematic treatment in
many-body methods is desired. The relations (3.65) are a proper starting point to derive
such an approximation.

For instance, a pure three-body operator in vacuum representation

qsu “gsu

1
VB = — N gt 3.67
36 ; a (3.67)
qsu
can be transformed into reference-state representation via (3.65) while setting A = B =
CPr =0 and DFyt = V! yielding

qsu qsu

1 1 - 1 - 1 ~
VO = DV D VEGEL + D VEIRAT, + 55 D VEaLL.  (3.68)

prt prt prt prt
gsu qsu qsu gsu

By neglecting the reference-state normal-ordered three-body contribution, we obtain the so-

called multi-reference normal-ordered two-body (MR-NO2B) approzimation

Vithoxom = g5 2 Vinbe + 7 2 Vaiaal + 1 Y Ve, (3.69)
prt prt prt
qgsu qsu qsu

This approximation has been shown to be sufficient to capture the main effects of the three-
nucleon interactions used in this work for the description of ground-state and excitation
energies of closed and open-shell nuclei [Rot"12; GCR16]. To transform this operator into

vacuum representation we can make use of the relations (3.66) while setting W2i! = 0.

3.3.5. Generalized Wick’s Theorem

Various many-body techniques like in-medium similarity renormalization group or coupled-
cluster approach are formulated in terms of the normal-ordered operators. Typically, we
face the challenge to calculate the product or commutators of reference-state normal-ordered
operators. The aim is to express this product again in terms of the normal-ordered operators.
For illustration purposes, we consider the simplest non-trivial case, where a product of two
one-body operators in MR-NO, N'{A;A,} and N'{B,B,}, is given®. By means of (3.42),

we can simplify this expression to

— A1A23132 - A1A2B132 - A1A231B2 —‘I— A1A2 BIBQ (372)

3The operators B; and B, has to be from the same set of second quantized operators as the A,;.
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3.3. Multi-Reference Case

- AlAQBlBQ
— (M{A,4,} + 4,4,) BB, - 4,4, (N{B,B,} + B|B,) + A4, B\B,. (3.73)

Furthermore, the first term can be expressed as sum of the normal-ordered operators with

the aid of theorem 3.2 yielding

AA)B B, = N{AlAzBle}
+ A A N{B,B,} - A\B;N{A;,B,} + A|B, N{A,B,}
+A,B,N{AB,} - A)B,N{A,B,} + BB, N{A A}
+ A,A, BB, — AB, A,B,+ AB, A,B, + A, A,BB,. (3.74)

Hence, in total we obtain for the product of the given normal-ordered operators

N{A, Ay} - N{B,B,}

:N{A1A2B1B2}
— A B,N{A;,B,} + A\ B,N{A,B,} + A,B,N{A,B,} - A,B,N{A,B,}

Taking a closer look, we observe that contractions including only A, and A, or only B, and
B,, called self contractions, do not appear anymore. Putting it in another way, we need only
to consider contractions containing at least one A; and at least one B, operators. These
kind of contractions are called external contractions.

This observation forms the basis of the generalized Wick’s theorem with respect to a given
reference state which generalizes this observation to any product of normal-ordered operators,

and reads as follows:

Theorem 3.3. A product of reference-state normal-ordered operators N{Ay, Ay, ..., A}
and N{By,B,,...,B,,} can be expressed as a sum of operators in reference-state normal-
ordered plus all external normal-ordered contractions [KM97; KNM10], i.e.,

N{AA,... A} N{B,B,...B,,}
=N{A/A,...A,B\B,...B,}+ > N{AA,...A BB, .B,} (376)

external
contractions

Here, external contractions always involve at least one of the A, and one of B, operators.

For illustration purposes, we consider the product of two one-body operators in SR-NO

yielding
aya, = N{apaq} -N{a"a,} (3.77)
= N{ali} — aPa N{a,} + a,a"N{al} + aPa, a,a” + aPa,a”a, (3.78)
= aby —yRay +7,ak + 5y, + A (3.79)
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3. Normal Ordering and Wick’s Theorem

We note that the expectation value of a product of normal-ordered operators with respect to
the reference state does not vanish in general, but it is equal to the fully-contracted terms,

i.e., for the above example, we obtain
(W[aDEL[ W) = AP+ N (3.80)

Based on this results for the products of normal-ordered operators, we can calculate their

commutators, e.g.,

la?,a;] =aba; — aal (3.81)
= (ap —tal +5pal o0 + ML) - (@l — jal +a2a 003 + ) (3.82)
=0+ (3 +79)@; — (3 + 198 + 77 — 475 +0 (3.83)
=0ral — obal + orP — oby) (3.84)

where the normal-ordered two-body operators cancel each others. Further examples relevant
for this work can be found in appendix A. We summarize the most important ones in the

next section.

3.3.6. Relevant Commutators

In this section, we summarize the major results from appendix A for the derivation of com-

mutators between the operators relevant for this work using theorem 3.3. Let us define the

operators
1
A= Aah, c®i= 3 Cltay (3.85a)
a as
1
BW:=>"pra;, D®:=>%"DIal .85b
Z: sa's ’ 4 ; uwauw (3 85 )

that do not necessarily have to be Hermitian or anti-Hermitian. The matrix elements of the
two-body operators CF{ and D¢ are assumed to be antisymmetric with respect to exchange

among the upper and lower indices, respectively, i.e.,

Chi = —Cpf = —C% = +CP (3.86)
Dbl = —Di? = =DV = +D7P. (3.87)

In (3.84), we have already observed that the commutator of two normal-ordered one-body
operators does not contain a two-body part anymore. We generalize this observation to a

commutator of any normal-ordered operators.

Proposition 3.1. The commutator of a normal-ordered n-body and a normal-ordered m-body
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3.3. Multi-Reference Case

operator has a maximum rank of n +m — 1, i.e.,

([&p1p2~'pn 67‘17“2~~7“m])[n+m] =0. (3.88)

q192...9n 7 7'S152...5m

Proof. We need to show that the n 4+ m-body part of the considered commutator vanishes

(laggpe )™ =@ ang ) - @ nani " (389
T AN T i o 4 (3.90)
=ap i — (e (3.91)
=0, (3.92)

where we made use of the antisymmetry with respect to exchange among the upper and lower

indices of the normal-ordered operator, respectively. O

In accordance with the previous statement, we obtain

AL, B (Z(AfBg _ Bz?Az;)) ar

P i
q
+> (APB] — BPAD )P (3.93a)
pr
q
1 T T T r T
(0. 40 =} 3 (A A+ O~ Clpt - i) )
pr t

AL

su

+ = Zc{;’”At Clr ALY (3.93b)
prt
qs

:% Z <Z(_C%TAZ _ Cg[At + CtTAP + CptAr)> ~pr

+Z ZC’”’"At Sty 4+ Loy | @b

q su

4—2 —Cl Al + Clr AP)\DT (3.93¢)
prt
qs
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3. Normal Ordering and Wick’s Theorem

For the commutator between two two-body operators, we obtain

1
2 2 tv st~
[c®, D] =1 > G saky,
dos
1 t
+ 1 Z 5 Z GZZUZ]}S u - 26u7w) a'g;
pr
1 ¢ t
32 | 2 G — i) | &
pr
1 ptvr U v st ~Dr
+ Z Z Gsqu 7u5w) aqs
pr
tv (=t t ~
+> |5 Z Gl e ve + Vv ve) | @
p rtv
¢ t t ¢ t ~
+) Z( Glwgu T Gusqw + G’JZSLJ - *G’Jsﬁ;)%/\ﬁﬁ ag
P rtv
t
+ - Z Gl A Y
prtv
gsuw
et
+ ) Gh YT
pritv
gsuw
t t
+ < Z Gl (Ve — Vi) AP
prtv
gsuw
+- Z GELn O, (3.93d)
priv
qsuw
Here, we used the abbreviation GElY = CPI DL — DPICLY . A detailed derivation of these

commutators can be found in appendix A.2. In contrast to the single-reference case, the
commutator between two operators with different particle rank, e.g., one- and two-body
operators, still contains a zero-body part, which is a peculiarity of the multi-reference case.
This can be verified easily since the zero-body part of the commutator of the one- and two-
body operators (3.93b) and (3.93c) is governed only by the irreducible two-body density

matrix, which vanishes for the single-reference case.

32



In-Medium No-Core Shell Model

33






Introduction to Part 11

One of the most dynamic areas in nuclear structure theory today is the development of ab

initio many-body methods that solve the stationary Schrodinger equation given by
H|Vy) = E, [Vy), (3.94)

where E,, denotes the eigenvalue associated to the eigenstate |¥,) of the Hamiltonian H .
These ab initio many-body methods are crucial for modern nuclear structure theory, and
provide a connection between QCD-based interactions and nuclear-structure observables.
Furthermore, they establish ideal benchmark tool for approximate methods.

Ground states, low-lying excitations and spectroscopic observables are of essential impor-
tance. Traditionally, nuclear spectroscopy is the domain of shell-model-type approaches,
both the valence-space shell model [Cau™05] and the ab initio no-core shell model (NCSM)
[Nav™07; Bro01l; BNV13]. These methods solve a large-scale eigenvalue problem of the Hamil-
tonian in a truncated model space, and address ground and excited states on equal footing,
but they are limited by the basis dimension [Var™09].

In the last decade, other methods have been formulated that face the many-body problem
with a different ansatz, among them the coupled-cluster (CC) approach and the in-medium
similarity renormalization group (IM-SRG). These methods aim a decoupling of a given ref-
erence state from its excitations via a similarity transformation. Here, the reference state
represents the ground state. This concept of decoupling is extremely powerful and comple-
mentary to a direct NCSM-type diagonalization, which solve the eigenvalue problem directly.
Generally, CC and IM-SRG have a much polynomial scaling with particle number A. Unfor-
tunately, their basic formulation is limited to ground states. Hence, their complementarity
proposes that a combination of both formalism, many-body decoupling and direct diagonal-
ization, could be advantageous. First steps along these lines are the effective interactions for
the valence-space shell model extracted from CC and IM-SRG calculations presented recently
[Bog™14; Strt16; Jant14; Str*17; Jan™16].

This part is organized as follows: We discuss the multi-reference IM-SRG in detail in
chapter 4. Furthermore, we recap the main ideas of NCSM in chapter 5. Subsequently, we
merge them into a new ab initio many-body tool, called in-medium no-core shell model (IM-
NCSM), to universally address ground and excited states of closed and open-shell nuclei up

to medium masses, presented in chapter 6.
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Chapter 4

Multi-Reference In-Medium

Similarity Renormalization Group

The multi-reference in-medium similarity renormalization group (IM-SRG) is a very powerful
and well established ab initio many-body method, especially in the medium-mass sector
[Her™16; Herl17]. It is based on the idea of a unitary transformation of the Hamiltonian,
which preserves the spectrum, that decouples a given reference state |¥) from all states that
are orthogonal to it. In its simplest version it is designed to extract ground-state observables.

This chapter is organized as follows: The basic concept of the multi-reference IM-SRG
is described in detail in section 4.1. We derive the system of multi-reference IM-SRG flow
equations in m-scheme, which are computationally very inefficient, in section 4.2. To improve
on this, we exploit symmetries of the Hamiltonian and perform total-angular-momentum
coupling (J-coupling) of these equations assuming scalar density matrices, which is given only
if the reference state has vanishing total angular momentum (section 4.3). A more detailed
explanation and a proof of this statement can be found in appendix C.3. Consequently,
this assumption limits the investigation of this work to even nuclei and scalar operators.
For a very efficient implementation of the J-coupled flow equations, we will rewrite them
as matrix products to make use of highly-optimized implementations of the Basic Linear
Algebra Subprograms (section 4.4). Based on the so-called generalized A-particle A-hole
basis analyzed in detail in section 4.5, we will motivate the construction of the generators in
section 4.6. Finally, we describe how to extract other observables beside ground-state energies
in the framework of the multi-reference IM-SRG (section 4.7). Since we are limited to scalar

operators, as aforementioned, we will focus on radii and electric monopole transitions.
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4. Multi-Reference In-Medium Similarity Renormalization Group

4.1. Basic Concepts

The starting point is a Hamiltonian that typically contains operators up to three-body rank

prt
qsu

1 1
H = h+ Y hbal+ 0> Wall + oo > hTal, (4.1)
P pr
q qs

p pr prt
where al, al; and afy,

and hggg are the zero-, one-, two- and three-body matrix elements of the Hamiltonian. In our

denote the one-, two- and three-body operators (2.1), and h, h, his

calculations, we use the free-space SRG-evolved chiral Hamiltonian (2.2) which contains the
intrinsic kinetic energy operator, nucleon-nucleon (NN) and three-nucleon (3N) interactions.
We write this Hamiltonian in reference-state representation with respect to |¥) via normal

ordering as given in (3.65)

1 5 1 -
H=E+> frah+ 1 > TrEar + % > wriakt, (4.2a)
a p oo
with
1 1
E:= (O H |U) = h+ Y g + 7 D hggs + 36 D P Vs (4.2b)
. o o
1
f7=hly + > hhiyl + 1 > hhave (4.2¢)
T rt
TPL=hPT + Y hbrAL (4.2d)
t
Wit =hbil. (4.2¢)

Here, |¥) denotes the reference state, which will be decoupled from the rest of the Hilbert
space. Remarkably, the zero-, one- and two-body parts of the Hamiltonian in reference-state
representation still contain information about the initial 3N interaction. We make use of the
MR-~NO2B approximation and omit the residual normal-ordered three-body contribution as
explained in section 3.3.4. This approximation has been shown to be sufficient to capture the
main effects of the 3N interactions used in this work for the description of ground-state and
excitation energies of closed and open-shell nuclei [Rot™12; GCR16].

In contrast to the free-space SRG introduced in chapter 1, the fundamental goal here is to
solve the many-body problem, which is an eigenvalue problem of the Hamiltonian. This is

achieved via a continuous unitary transformation [Weg94]
H(s):=UT(s)H(0)U(s), (4.3)

which is parameterized by the real-valued flow parameter s > 0, and with the initial condition

H (0):= H. The main goal is to map the reference state on an eigenstate of the transformed
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4.1. Basic Concepts

Hamiltonian with an associated energy F(oo) via the unitary transformation, i.e.,
H (o) W) = B(o0) |9). (4.4)

Consequently, the reference state is decoupled from all other states orthogonal to it or decou-
pled from all excitations on top of it. The central idea is to suppress the so-called off-diagonal
matrix elements of the Hamiltonian that couple the reference to other states orthogonal to
it. The strategy will be explained in detail in section 4.6.

The major advantage of a unitary transformation is that the spectrum of the operator
that is transformed is preserved. Additionally, the transformed operator remains Hermitian
if the initial operator is Hermitian. Taking the derivative of (4.3) with respect to the flow

parameter s, we obtain the so-called operator flow equation

dH (s)
ds

= [n(s), H(s)] (4.5)

which is mathematically a first-order operator differential equation with a dynamical anti-

Hermitian generator related to the unitary transformation via

_ dUT(s)

—U(s) = i) (4.6)

n(s):

The exact steps how to derive the operator flow equation (4.5) starting from a general unitary
transformation (4.3) can be found in chapter 1.

Since a commutator of n- and m-body operators is composed of operators up to the
(n +m — 1)-body level according to proposition 3.1, the commutator structure of the flow
equation induces three- and higher-body contributions after an infinitesimal step even if we
start with only two-body operators. After a finite evolution in the flow parameter s, the
induced contribution can include up to A-body operators. To deal with this problem, we
define states with respect to the reference state, this is where the normal-ordering procedure
comes into play because all terms beyond two-body operators are too expensive to handle. If
the reference state is a reasonable approximation of the true eigenstate of the Hamiltonian,
which is unknown, then many-body terms are less important. This fact is encoded in the
term “In-Medium” in the word IM-SRG.

Thus, we truncate n(s), H(s) and their commutator at a given particle rank k < A in
normal-ordered form, leading to the so-called multi-reference IM-SRG(k). In practical cal-
culations, we stick to the multi-reference IM-SRG(2) truncation, in which the transformed

Hamiltonian reads

H(s) = E(s)+Y_ fP(s)ab + i > TE(s)aky (4.7)
= HO(s)+ HY(s) + H(s), (4.8)

where the flow-parameter dependence is only given in the matrix elements of the Hamiltonian.
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4. Multi-Reference In-Medium Similarity Renormalization Group

Pay attention to the ambiguity that the symbol s represents an index and the flow parameter

written within the brackets. Consequently, the left-hand side of the operator flow equation is

dH(s) dE(s) dfr(s) _, 1~ dl%i(s)
_ =3 r 4.
ds ds + ds %t > ds %as (4.9)
qs

P
q

Analogously, we make the following ansatz for the generator

~ 1 T r 2
= zp:né’(S)aZJr Z;ngs( s)ak; = (s) + n®(s). (4.10)

Note that the zero-body part of the generator n—which is in general a pure imaginary number
due to anti-Hermiticity—is set to zero since any value of this quantity would not affect the
results due to the commutator structure of the flow equation. However, the matrix elements
are assumed to be real-valued throughout this work. We leave the choice of the generator n
unspecified and postpone the discussion of suitable choices to section 4.6.

In order to derive the system of multi-reference IM-SRG flow equations, we first have
to work out the commutator on the right-hand side of the operator flow equation (4.5) by
making use of Wick’s theorem and then equating the coefficients to obtain a system of coupled
first-order differential equations for the matrix elements of the Hamiltonian.

The method of equating the coefficients works as follows: Once the right-hand side has
been expressed in terms of the normal-ordered operators 1, af, afy, for instance

gs>

(n(s), H(s)] =k + Z Kbah + — Z AT (4.11a)

equating the coefficients yields the system of the multi-reference IM-SRG flow equations’

dEd(S) —r (4.11b)
S
s

P (4.11c)
drig(s) .
# = KbS. (4.11d)

In order to work out the commutator on the right-hand side of the flow equation, we split
it into several commutators using the linearity of the commutator and employ the results

summarized in (3.93)

dH (s)

=2 [n(s), H(s >]=[n () + 0 (s), HO(s) + HO(s) + HO(5)] (412)
= (), HY ()] + [0 (s). HO(s)]
+[n<2><>H<1><s>]+[n<2><s>, HO)(s)]. (4.13)

The coefficients kP s can be chosen such that they are antisymmetric with respect to exchange among the
upper and lower indices, respectively.
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4.2. m-Scheme Flow Equations

Note that H® does not contribute to the commutator since it is just a number.

4.2. m-Scheme Flow Equations

In this section, we derive the system of multi-reference IM-SRG flow equations in the so-called
m-scheme version. First, we calculate the commutators on the right-hand side of the operator
flow equation using the results of (3.93). Second, we make use of equating the coefficients
to obtain a system of coupled first-order differential equations for the matrix elements of the
Hamiltonian. Finally, we write the m-scheme flow equations in a specific single-particle basis,

namely the so-called natural orbitals that will simplify the expressions enormously.

4.2.1. Commutator of the Generator and Hamiltonian

Suppressing the flow parameter s and making use of the relations (3.93), we obtain the
commutator between the one- and two-body parts of the generator and Hamiltonian in any
possible combinations. The complete commutator of the generator and Hamiltonian is then
the sum of all sub-commutators due to linearity of the commutator.

The commutator between the one-body part of the generator and the one-body part of the

Hamiltonian yields

™, HY)] :Z (Z(n%ff;" - fan)) a

r

+ Z — Pk, (4.14)

Furthermore, for the one-body part of the generator with the two-body part of the Hamilto-

nian, we obtain

1 T A T T a
Y HO) =13 (Z( Thony — Do+ Taont + FZ@m)) aj,

pr t
qgs

+Z Z Lot (=0t + vioy) | @b

su

+ = Z —TPnt + Thonf ) AR (4.15)

prt
qs

Analogously, we get for the two-body part of the generator with the one-body part of the
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4. Multi-Reference In-Medium Similarity Renormalization Group

Hamiltonian

@, HW] :% > (Z(ms fo by fh =l fP — bl fr )) ar;

pr
qs

t

+Z an%ft Sy — s0,) | @k
q su

+5 Z nts 77qs )Apr

prt
qs

Finally, for the commutator of the two-body parts of these operators we obtain

[,’7( Z Gprtv 5tap7'v

gsuw” qPusw
priv
qsuw

1
+ Z Z 5 Z Gﬁﬁgs u - 25u7w) a’gg
pr

qs uw

1 tur ~pr
+ Z Z Z Ggutfius w U ’711267%0) a’gs
pr

as uw
. 1 Gptvr v v(st ) ~pr
4 squ ~ Yuw a’qs
pr
qs uw

+> |5 Z GEt (Vv + Yevovn) | @k
P rtv

ptro priv prtv __ ~ ptro
+ Z Z( Gswqu Gusqw unsw G
p

rtv
suw

rtv r t=v

+ § : suwauwa'Yqus
priv
qgsuw

trv v\ pr

+ E : uswvw’yu)‘qs
prtv
gsuw

prtv v _ At vN\PT

+ 2 Z Ghbas (Ve — VuYio) Ao
priv
gsuw

+0O\Y),

(4.16)

(4.17)

where terms involving three-body irreducible density matrices A(®) are neglected since they

contribute only by few keV’s to the ground-state energies? [Herl6].

priv . pr tv pr tv
Gqsuw : qs Fuw F uw"*

2Excluding the lighter nuclei, typical binding energy per nucleon is about 8 MeV.
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4.2. m-Scheme Flow Equations

4.2.2. Flow Equations

Discarding the induced three- and higher-body contributions, we obtain the so-called multi-
reference IM-SRG(2). Additionally, we neglect terms including three-body irreducible density
matrices A(®). Using the shorthand notation GF*fv = nprTtv TPt the method of equating

qsuw qs— uw

the coefficients yields the system of multi-reference IM-SRG(2) flow equations in the m-

scheme:
drg; pr pT t tr pt T
ds :+Z(_Fts qtns F np—’_rqsnt)
+Z nprft+77 nqsft _nqut)
+5 Z Gﬁ:ﬁgs u - 25t )
+ ZGZZ%S Yy — VuOuw)
=2 Gl (Vb = adi) (4.18a)
tv
dfp
o = T 2Ry — fimg)

+ Z T2t (=84, + vLoy)
+ Zn s fu Ok —ALeT)

+ = Z GEl (VA Ve + Yve V)
rtv

+3( G{:f;;u +Grte o GZZZZU - fGZZZZU)éiA’;’:U (4.18b)
rtv

7_4'2 — [Py

priv r ~t=v

+ > Gh Vg s
priv
gsuw

dIet

72: qs pr

+ @()\(3))' (4.18c)
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4. Multi-Reference In-Medium Similarity Renormalization Group

Remarkably, all terms of the two-body part from (4.18a) reappear in the zero-body part
(4.18c) just contracted with the irreducible two-body density matrix element, i.e.,
drer 1
1 Z BN = 5 (T + T )X (4.19)

p'r‘t

+5 Z nts nqs ))\pr
prt
t —
+ ) Gl TN,
priv
qsuw

prtv ~tv _ At 0N\\DPT
+ Z Ghbas (T — ViV A
prtv
qgsuw

This observation is very helpful for an efficient implementation of these equations. We leave
this reshaping of the mathematical expression (4.19) to the reader.

It is notable that the system of the multi-reference IM-SRG(2) flow equations (4.18) does
not depend on the irreducible four-body density matrix A(¥ and on non-linear powers of
the irreducible two-body density matrix A2). Even though these contractions appear in the
products of normal-ordered two-body operators, they cancel in the commutators (compare
results obtained in appendices A.1 and A.2.3).

It is convenient to transform these equations into a suitable single-particle basis, the so-

called natural orbitals, which will be discussed in the next section.
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4.2. m-Scheme Flow Equations

4.2.3. Flow Equations in Natural Orbitals

Up to now, we have not specified which single-particle basis we use, and, in principle, we can
take any single-particle basis. We will stick to the so-called natural-orbital basis, which is the
eigenbasis of the (scalar) one-particle density matrix ~W) ie., by diagonalizing this matrix
we obtain

Vo A =mnydy, (4.20)
where the arrow indicates the transformation into the eigenbasis of this one-particle density
matrix. Here, n, € [0, 1] indicates the eigenvalues of the one-particle density matrix called
the mean particle occupation numbers, which can take any value between zero and one. Note
that in the single-reference case, they can be either zero or one. Trivially, the one-hole density

matrix is diagonal in this basis as well, i.e.,
’75 = 55 — 'yé’ — = (1- np)ég = ﬁpéé’ (4.21)

with the mean hole occupation number n, =1 —ny,.
The reason for choosing the natural-orbital basis is simply because the number of sum-
mations in the system of the flow equations can be reduced significantly. For instance, the

number of summation indices appearing in term (4.18c)

dFE
q’ﬁli
A+ Z Gl nyn, iy + . .. (4.23)
prtv

is halved, which increases computational efficiency tremendously, i.e., the computational
effort can be reduced from O(N®) to O(N*), where N is the dimension of the one-body
basis.

In practical calculations all matrix elements are given in a different basis {|a)}, e.g.,
harmonic-oscillator or Hartree-Fock basis. Consequently, we have to transform the matrix

elements into the natural-orbital basis {|p)} according to

X =% Coclixg (4.24a)
af

YEr =Y cpeiorelviy. (4.24b)
oy
Bs

Here, C} denotes the transformation coefficients

p) =Y Cyla), (4.25)

07

which are diagonal in the angular momentum [, total angular momentum j,, its projection
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4. Multi-Reference In-Medium Similarity Renormalization Group

myp and the projection of the isospin my, for a scalar density matrix, i.e.,

lo S ST s,
Cy 5 53 5%” 6%: . (4.26)
While the transformation coefficients are independent of the projection quantum number
myp, they depend on the isospin projection my, and total angular momentum j,. Thus,
the transformation can only connect the radial quantum numbers of |p) and |a) with each
other. Furthermore, this transformation is unitary since it is a transformation between two

orthonormal bases, i.e.,

> Cpoh =65 (4.27)
p

Finally, using the shorthand notation introduced earlier, qu’zf}jﬂ = nggf‘fﬁu — IS b

write the system of multi-reference IM-SRG(2) flow equations in natural-orbital basis still in

we can

m-scheme as follows:

drer

Go = T 20Ty = T+ D )
+Z ntsft+77 U(t;gft _nqsft)

+ = Z Ggéz —ng — Ny)
t
Z GZJZZ M)

Z Gl (g — ) (4.28a)

tv

=+ 2 0 fy = 1)
qut 771" )
+ Z 77qt 'r nT - nt)

prtv _ _
+ = E Gtvqr NNy Ny + NNy

Tt’U

1 1
Z Gpt A Gt +§Gprtv _ 5szfm) ATV (4.28Db)

tsqu qtsw gstw
rtv

7_4_2 fpnp

priv — -
g Glapr NepTor e Ty

prtv

*Z qup“r@( @) (4.28¢)
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4.3. J-Coupled Flow Equations in Natural Orbitals

Remarkably, we observe that the two-body part has the same structure as for the single-
reference case [Her" 16; Her17]. But note that the particle occupation numbers n,, can take
any values between zero and one, whereas for the single-reference case they can either be zero
or one, as mentioned before. Hence, sums over the single-particle basis cannot be simply split
into particle and hole sums as in the single-reference case. The multi-reference specific terms
are those involving the irreducible two-body density matrix elements AJT: the last line in
the one-body part (4.28b), having three structurally different terms, and the last line in the
zero-body part (4.28¢c). The single-reference case is recovered just by setting the irreducible
two-body density matrix A to zero.

It is clear from (4.28) that the computational effort for solving the multi-reference TM-
SRG(2) flow equations is dictated by the two-body part that scales like O(N%) with the
single-particle basis size N.

For an efficient implementation, we perform a total-angular-momentum coupling of the sys-
tem of multi-reference IM-SRG flow equations to exploit rotational invariance of the Hamil-
tonian, and then rewrite them as matrix products in order to make use of extremely fast
implementations of the Basic Linear Algebra Subprograms (BLAS) [BLA17]. First, let us

start with total-angular-momentum coupling explained in the next section.

4.3. J-Coupled Flow Equations in Natural Orbitals

We introduce the essential quantities like Clebsch-Gordan coefficients, Wigner 35 and 6j
symbols for the total-angular-momentum coupling (J-coupling). Furthermore, we recap the
properties of scalar one-body and J-coupled two-body matrix elements that will be needed
for the J-coupling of the system of flow equations (4.28). Finally, we discuss the so-called

Pandya transformation, which will be very useful for the implementation of these equations.

4.3.1. Angular-Momentum-Coupling Coefficients and Pandya Transformation

The Clebsch-Gordan coefficients are defined as the overlap of the J-coupled two-body state
|(Jpiq)J M) and the two-body product state |j,m,j,mq)

(.jp Jq
mp My

They fulfill the orthogonality and completeness relations

J
M

) = (Jpmpiqmal (Jpiq) JM) . (4.29)

) . ) e
Z (jp jq ) (jp ]q ,> = 6;/61]\\2[/ (430)
mpmg \Mp Mg M) \m, mglM
Z <jp Jq J> <jp Jaq J> _ 5o gma (4.31)
3 \my mgI M/ \my, mi M Mp M
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4. Multi-Reference In-Medium Similarity Renormalization Group

and behave under exchange of the first two or second and third columns as follows:

(J’p Jq J) _ (_)J—a‘p—jq<jq Jp J) (4.32)

my mglM mg  mplM

(2 Jo] )= e (2 | ) (4.3
my,  mglM Jg \my —Ml—m,

with the multiplicity J:=2J + 1. Making use of the symmetry, we can easily derive the

following relation

Z <]p jl J)<jp j2 J>:Z(_)j1_j2<jl jp J><j2 jp J)
mpht \p milM/ \my, malM T m1 mpl M/ \mo  myl M
J?
:@653 Orma - (4.34)
J1
The Wigner 3j symbols are defined as
< JoJ2 3 ) _ (s1remms (jl J2 | Js ) (4.35)
mi M2 M3 J3 mi mal—mg/)’
where the inverse relation yields
(]1 J2 ]3) NS < JioJ2 U3 ) . (4.36)
m1 malms mi1 Mg —Mms
Furthermore, they fulfill a (modified) orthogonality relation as well, i.e.,
R . g . o
e < 0 ) ( o /) — 5,00, (4.37)
mime mi1 Mo M mi1 Mo M

) ONEE AN N (E LSRN I (0P U3 (4.38)
7Y, mi1 me M my mbh M

The Wigner 65 symbols are defined as a sum over products of four Wigner 35 symbols

(—1)Ur=m)+ (G2 =ma2)+(Js=ms)+(Ga—ma) +(J=M)+(J' = M")

o Ji J2 J o oga
-M m1 —Mmy M’

2.3

Ly
J3J4 J mimomsgmaM M’

—mi1 —MmM9
. . J . L
% J3 J2 J3 Ja (4‘39)
ms mo —M' —m3 my M
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4.3. J-Coupled Flow Equations in Natural Orbitals

and fulfill the orthogonality relation given by

o [ g2 d | [ drd2d 0
27 {js Ja J’} { 43 ja J”} N ?A{hﬂJ'}A{jgmf} (4.40)
7
where
L if J" € {lj1 —jal, [d1 = dal + 1, 1 + da}
Ajrgarry = {o | (a41)
else.

Furthermore, they obey the symmetry relation given by

J1jeJ J3jad
(a2} _ e} v
Jazjad Jrj2J

The matrix elements of a scalar one-body operator can be expressed as®

Obmy = Qb = 05655517{’5 (4.43)

qmgq

Here, the projection quantum number m,, is written explicitly and the label p does not contain

it anymore. By averaging over the projection quantum numbers, we obtain

Ob = % > oprne (4.44)

qmgq*
]P mpMmgq

Furthermore, the matrix elements of a scalar two-body operator are given as function of the

J ) <jq Js
M) \mg mys
Note that the J-coupled two-body matrix elements are not normalized because they lack a
factor (1 + 65)_1/ 2. The inverse relation yields

J-coupled matrix elements as follows

J

. Jp 7
op =S (2 ¥ M

JMm NMp My

J npr
) orr. (4.45)

7 Jp o Jr|JIN\(Ja  Js|d .
or=% ( v )( M Mo (4.46)
mpmy \Mp my| M my mgsl M
MqMyq
Assuming antisymmetric two-body matrix elements
Ofmebsme = ~Ogmosmt = —OfmTemq (4.47)

3See appendix C.1 for the exact definition of a scalar operator.
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4. Multi-Reference In-Medium Similarity Renormalization Group

the J-coupled matrix elements behaves under exchange among the upper and lower indices
like

105 = —(—)? i SO = —(=) i Son (4.43)
which is a direct consequence of (4.32) and (4.47).

The definition of the Pandya transformation of J-coupled two-body matrix elements reads

o (i
Oy = -3 7" { j; jjj/} 7ol (4.49)
J/

The inverse Pandya transformation looks quite similar

/ T S T

JO%%:—ZJZ{‘?I‘P ,} ok (4.50)
J Jsjad

since Wigner 65 symbols fulfill the orthogonality relation (4.40). Furthermore, if the initial

matrix elements are (anti-)Hermitian then the Pandya-transformed matrix elements are (anti-

)Hermitian, i.e.,
ol =170 = O =4+70%. (4.51)

This is a direct consequence of the symmetry of the Wigner 65 symbols (4.42). But in contrast

to 7032 the Pandya-transformed matrix elements in general do not fulfill the relation given
in (4.48), i.e.,

1051 # (=) 05 # () RO (452

4.3.2. Performing J-Coupling

Since the J-coupling is very technical, we do not show how to couple every individual term.
Instead, we explicitly demonstrate J-coupling for some terms and discuss all assumptions we
made to perform the J-coupling, which will limit the applicability of the formulae to even
nuclei and additionally to scalar operators, i.e., spherical tensor operators of rank zero. For
the definition of a spherical tensor operator see (C.1). A detailed derivation of all terms can
be found in appendix B. The main outcome of the derivation is summarized in section 4.3.3.

For the J-coupling, we assume that the density matrices are scalar. This can only be
guaranteed if the reference state has vanishing total angular momentum—a proof of this
statement can be found in appendix C.3. However, this is mostly true for ground states
of even-mass nuclei. This leads to mean occupation numbers that are independent of the

projection quantum number m,, , i.e.,

Np = Npm, (4.53)

Pp = T, - (4.54)
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4.3. J-Coupled Flow Equations in Natural Orbitals

Note that the Hamiltonian is scalar and the generator must be constructed as a scalar oper-
ator. So far, the system of multi-reference IM-SRG(2) equations (4.28) are in principle valid
for any operator. From now on, we assume a Hermitian operator H (unitary transformations

preserve this property)
Hi(s)= H(s) (4.55)
and let the operator n be either Hermitian or anti-Hermitian captured by the symbol ¥, i.e.,

; ) 1 if p Hermitian
n'(s) =xn(s) with x:= (4.56)
—1 if i anti-Hermitian.

This simple flexibility will enable us to derive the formulae for the commutator of an anti-
Hermitian and Hermitian operator with a Hermitian operator simultaneously. This helps us
to implement the so-called Wegner generator which is defined as the commutator between two
specific Hermitian operators, and will be subject of section 4.6.2. Hence, let us analyze the
symmetry of the commutator of a Hermitian operator H and an anti-Hermitian (Hermitian)

operator 1 yielding

n,H)" = (nH — Hn)' = xHn — xnH = x[H,n] = —x[n, H] (4.57)

which implies that the commutator between 1 and H is Hermitian (anti-Hermitian).
Having this statement in mind, the strategy for the J-coupling looks as follows. In order
to emphasize external indices, we will enumerate them with arabic numbers 1,2,... and
mi,me, ... for the projection quantum numbers. Each subterm in (4.28a)-(4.28c) will be
enumerated with Roman numerals. Furthermore, it will be written in compact form using

the following abbreviation for terms obtained by permutations

[1my > 2mg] == interchange the indices 1 with 2 and m; with mq (4.58)

[1m12mg <> 3madma] :==[1m <> 3ms] A [2mg <> 4my]. (4.59)

For instance, these abbreviations for the permutation would generate the following expressions

Apm — [Imy 4> 2mg] =Aynt — AT (4.60)
Bymiim2 — [1m12mg + 3madmy] =Byl — Byms s (4.61)

where Aém; and Bégﬁﬂj can represent long and complicated terms depending on the in-
dices 1my, 2my and so on. Using this shorthand notation it is convenient to write (4.28a)
and (4.28b) in fully symmetrized form in the following sense

XIm—Alm™ 1y < 2my) (4.62)

2mo 2mo
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3mszdmy 3mzdmy

Y1m12m2 ::<<Blm12m2 _ [1m1 RN 2m2]> — [3M3 < 4m4]>

— x[1m12mg <> 3mazdmy]. (4.63)

In this form it is obvious that these matrix elements obey the relations

1my _ 2mo
X2m2 =— XX1m1 (4.64)
1mi2mo __ 3mgzdmy
Y3m34m4 - XY1m12m2 (465)
and
Imi2mo __ 2molmy __ 1m12mso
Y3m34ﬂ’L4 — T 43mzdmg — 14my3ms > (466)

which is manifestly (anti-) Hermitian, according to (4.57). We perform J-coupling of the two-
body part (4.28a) according to (4.46). For extracting the J-coupled one-body part (4.28b)
we reshape the M-scheme equations to compare with (4.43), or—when necessary—use the
averaging procedure as formulated in (4.44). It follows immediately from the symmetry
relations of the Clebsch-Gordan coefficients (4.32) that the one- and two-body parts in the
J-coupled version take the following form
X5 =A) —x[1 & 2] (4.67)
Ty 2 :(( TBi — (=) 21 & 2]) — (=) TI[3 4]) — x[12 < 34]. (4.68)
Finally, we write the zero-body part (4.28¢c) such that it is proportional to (1 — x) to ensure
(4.57) for the zero-body part.

J-Coupling of a Specific Two-Body Term as Demonstration

Let us consider a specific two-body part defined by the first two lines of (4.28a) that we

enumerate with Roman I

dF1m12m2
3msdmy o 1mi12mo tmy Imi12mo_tmy tmi2meo  1mq Imitme  2mo
( ds ) =+ Z Z(_tht4m4 773m3 - 1_‘3m3tm,g 774m4 + F3m34m4 Nemy + 1_‘3m34m4 Mty )
I t my
1m12mao ptmy 1mi12ma pctmy tmi2mo plmg Imitme p2mo
+ Z Z(ntmt4m4 f3m3 + 773m3tmt f4m4_n3m34m4ftmt - 773m34m4 ftmt )
t my

(4.69)

Since all other terms are particular permutations of the external indices, we take two specific

terms as representative

t 2 1 t 2 1
_ (z S s gy (g m])
t me

— x[1m12mg <> 3mazdmy]. (4.70)
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4.3. J-Coupled Flow Equations in Natural Orbitals

Using the antisymmetry of the matrix elements with respect to exchange among the lower

indices, we arrive at a fully symmetrized form
1 2 1 2 1
:<(2 Z Z(Fngt347?rf4ntTTrZ1 - ﬁéﬁgﬂifmﬁl) — [1my > 2my]
t me
— [3ms < 4m4]) — x[1m12mg <> 3mgdmy]. (4.71)

The permutation [1mi2msy <+ 3ms4dmy] multiplied with factor —x guarantees (4.57). The
permutations [lm; <> 2mg] and [3mg <> 4my] take care of the symmetry with respect to
exchange among the upper and lower indices as expressed in (4.47), respectively.

The J-coupling procedure according to (4.46) yields

4’y _y (j1 Jo J><ja Ja J) L Vv (4.72)
ds [ mime M molM/ \mg my I

M ds
m3may
=S (jl J2 J)(j3 Ja J)
mymeo N1 THQM ms m4M
msamy

1
< (5 STttt — nfncie £ = s 2ma))
t mg
— [3ms « 4m4]> — x[1m12ms < 3m34m4]> (4.73)

making use of the symmetry relation of the Clebsch-Gordan coefficients (4.32) yields
(1 g2l d ) <j3 Jal|J )
B ((2 Zt: Z Z ( M) \msg mylM

myg M1M2 mp M2
« (thng 1ma tme2msa lml) _ (_)J—j1—j2[1 PN 2])

mamy
3mszdmy Neme — 13 mszdmyJ tmy

— (=)0 3 4]) — x[12 < 34]. (4.74)

Expressing the one- and two-body matrix elements in terms of the J-coupled matrix elements

as given in (4.43) and (4.45), respectively, we obtain

<<2;§m;2%, mi m2M ms m4M
ms3ma
A A AN N T N,
’ <mt m2 ]W> (m;; mal M’ 03, Ot (" Ty — "3 fy)

()R]l 2]> () 4]> S [12 ¢ 34] (4.75)
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(GEs s (2 2
mg mime J/ [/ M
g g2 | . /
. <n; o M,) op o (" Tt — T
- () e 2]> — (=) 4]) —x[12 + 34] (4.76)

which can be simplified using the orthogonality relation (4.30) to
(33 3 ottt = M - (Y e 2) @)
t J'M
— (=) T3 4]) — x[12 ¢ 34] (4.78)

(3 07Tt = i)~ ()R 2)

t

_ (_)J—j3—j4 3 4]) — x[12 < 34] (4.79)

which is finally expressed in terms of the J-coupled two-body and m-independent one-body

matrix elements.

J-Coupling of a Specific One-Body Term as Demonstration

Let us start with the first line in (4.28b) defining

dfym e
m ” ,
( } ) =D (e Famy — Lo Mimy) (4.80)
ro omp
=D e Famy = X[Lma & 2mo] (4.81)
r o mr
=D m 397 070 a — X[Ima < 2mo] (4.82)
r o omey
=56 Z my f3 — x[1ma 4 2mo). (4.83)

Hence, we can read off the projection quantum number independent part

d 1
<df>1 =Sk -xlt o2 (4.5)

J-Coupling of a Specific Zero-Body Term as Demonstration

As a final demonstration, let us consider the first line in (4.28c¢)

< > =D > B o — o)y (4.85)

pr mpme
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- X ijnr pnp
pr

which is completely determined by the p

X)D Dt e (4.86)

pr mpmy

Zn’ffpnp S sl (4.87)
(4.88)

rojection number independent matrix elements.

4.3.3. Summary of the J-Coupled Flow Equations in Natural Orbitals

In summary, we get

1

:K

2

t2 1

d’T3 20—

ds

> (T

t

+3 z“wf
—%2”{

’

dfy
ds

= [Z?ﬁfﬁ”
+%ZZi2(Jr
1

1
7
Ji

J rtv

Z Z J2 J,)71t

J tswrv

>3
J

tsrow

22 > i3

Jl J1 Jo tsrow

‘H .Jk\*—‘

_|_

>

}_.g
=10

—x[1 + 2]

—X) DGt frmy
pr

dE _
ds

.-lk\*—‘

J prtv

I

J prgs
<A<3>>.

J. 12
M34.J¢

1—Tlt

J ji j2
J' j3 ja

_ (_)J_jl—j2[l o 2]) _ (_)J_j3_j4 [3 <> 4]] —x[12 < 34]

rl t
21 —

o) Z Z J2 Tplr JFZT (Rgnyny + nynyny.)

52 J_pr Jpt
Z Z J7 g T o Tp Ty

)

_ nv)

J'—14 J'vt
vt F3§(nt - nv)

(4.89)

J,rl

M2 ft) U

JFTU J)\r'v
ST JRVW
)‘vu? F2t

0 (Pl X~ [ 1))

(4.89b)

’15 J)\p'r

(4.89¢)
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4. Multi-Reference In-Medium Similarity Renormalization Group

Given that all matrix elements are real-valued, the zero-body part vanishes completely as ex-
pected if we assume a Hermitian operator i by setting xy = 1, since the commutator is then
anti-Hermitian according to (4.57). The terms obtained by the permutations basically guar-
antee the (anti-)Hermiticity of the operator defined by the commutator, and the symmetry

with respect to exchange among the upper and lower indices in the sense of (4.48).

4.4. Implementation of the J-Coupled Flow Equations

The main goal of this section is to rewrite the system of J-coupled flow equations (4.89)
in a convenient form for an efficient implementation. The basic idea is to express these
flow equations as matrix products to accelerate the evaluation of the right-hand side by
using the Basic Linear Algebra Subprograms (BLAS) [BLA17] which are much faster than a

straightforward implementation of the summation loops appearing in the flow equations.

4.4.1. Bases, Matrix Products and Traces

First, we introduce the one-body and two-body bases used to represent the operators taking
into account their symmetries. Since the one-body operators used in this work are rotationally
invariant, i.e., diagonal in the projection quantum number m, and independent of it, we

introduce a spherical one-body basis
B = {|pmp> = |7ip(lp%) Jpmp; 3mu,) ¢ 27 + 1y < €max A my = %} (4.90)

truncated with respect to the maximum single-particle energy quantum number e,y to have
a finite basis of dimension dy:= dim(B®"). Here, 7, € {0,1,...} is the radial quantum
number?, the angular-momentum l, € {0,1,...} and spin—% quantum number are coupled
to the total angular momentum j, € { |, — %|, 1, — %| +1,..., 0, + %} with its projection
quantum number my, € { —j,, —jp +1, ..., jp}. Moreover, the z-component of the isospin—%
quantum number encodes whether this single-particle state belongs to a neutron m;, = —%
or a proton my, = —|—%.

We denote the matrix representation of a given spherical one-body operator A as follows

ALAL oA
A2 A2 ... A3

o e(l,...,d1) _ 1 2 d

é'_(AZ)ZEEL---,dB_ : : :1 ’ (4.91)
AfvoAp AT

where the upper and lower indices correspond to the row and column indices, respectively.
This notation is generic and independent whether A? refers to a matrix element of the operator

A in vacuum or reference-state representation.

4To avoid confusion with the mean occupation number n,, we put a tilde ~ on top it.
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4.4. Implementation of the J-Coupled Flow Equations

Analogously, the diagonality in the coupled two-body angular momentum J and the in-
dependence of its projection M motivates the following definition for the two-body basis in

each subspace spanned by two-body states with total angular momentum J, i.e.,
TB® = {|(pr)IM) : M =0 A Agj 5y A 20+l + 20 + b < B} (4.92)

with the maximum two-body energy quantum number Enax and Ag; ;i 7 being true if and
only if the single-particle total angular momentum j, and j, can couple to the two-body total
angular momentum J. Here, we can take the specific projection quantum number M = 0
since the quantum number J is an integer because j, and j, are half-integer. The complete
two-body basis is the union of 7 B® over all possible values of J, which is finite since the
one-body basis is finite. In this basis the matrix notation of a given rotationally invariant

two-body operator C' is given by

Jol  Jod L. Jcéé]

JC? Jr2 J 2

Jvo  JprPre(lendd) 1 L 2,
Q‘— ( Ct%)qsé(h..,dé) - . : : 2 ) (4'93)

J J 7

ol g Jo;‘;

Here, the indices pr and ¢s can be seen as collective indices for the J-coupled two-body basis
running from 1 to the dimension of the J-coupled two-body basis dy := dim(/B?)).
Using this matrix notation, we can write matrix products of the two given one-body ma-

trices

(A-B)r:=3 ABy (4.94)

r

and two-body matrices

Iy Jy\Pr. J Jyt
XY, = S IXEY Y (4.95)
tv
which can be implemented in a much more efficient way using BLAS operations than straight-
forward summation loops. For matrix products, we have to make sure that both matrices
are given either in vacuum or reference-state representation, otherwise the product does not

make sense. Moreover, the trace of a given one- or two-body matrix is defined as

tr(A):=>_ AP (4.96)
tr('C)=Y" Jcm. (4.97)

Finally, for an efficient implementation of the first term in two-body part (4.89a) and second

term of the one-body part (4.89b), we embed any one-body matrix elements A% into the
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4. Multi-Reference In-Medium Similarity Renormalization Group

J-coupled two-body basis using the following prescription
J . ro_ T
(2a)gs = AGOT = AGOT AL 5.y Dade ) (4.98)

where we implicitly assume that j, and j, couple to the total angular momentum J; the
same applies for j, and j;. These embedded matrix elements are Hermitian (anti-Hermitian)
if and only if the operator A is Hermitian (anti-Hermitian). But they are not necessarily
antisymmetric with respect to exchange among the upper and lower indices in the following
sense

T(Qa)fs # (=) N Qu)gs # (=)0 Q). (4.99)

qs sq

With the aid of this definition (4.98), we can write

S ANBE =Y Al BY =Y Q)27 BY = (Y24 7B)
t tu

tu

12

i (4.100)

Even though we generate many trivial zero entries in the matrix 7 Q 4, the right-hand side
of this expression can be implemented using BLAS operations in a much more efficient way

than a straightforward implementation of the summation loops.

4.4.2. BLAS Compliant J-Coupled Flow Equations

Our starting point is the system of multi-reference IM-SRG(2) flow equations (4.89). We
will suppress the terms obtained by permutations for brevity. These terms basically guaran-
tee the symmetry of the operator defined by the commutator according to (4.57), and the
antisymmetry with respect to exchange among the upper and lower indices, respectively, as
formulated in (4.48).

Two-Body Part

By embedding the one-body matrix elements into the J-coupled two-body basis according to
(4.98), we obtain for the first term

d /T3 1 Jpt2, 1 J 12 el
ds =3 Z( Lany — “n5afy) (4.101)
I t

1 12
:(JQT].JI‘_ JQf'JU) (4.102)

2\ = = = F/u

where we used (4.100). With the following definition

TR = (1 —ng —n,)0%, (4.103)
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4.4. Implementation of the J-Coupled Flow Equations

which is a diagonal matrix in the two-body basis, we can recast the second term to

d‘]F12
( 1 34> = ZJ 2Pl (1 —ny — ny) (4.104)
S
11
=+ Z It TEL, TR (4.105)
1
=+§(J:. F. Jr)34 (4.106)

We define the two-body matrix element

Dvu — (TLU — nt)éﬁA{jvjuJ/} (4107)

wt

where we implicitly assume that j, and j; couple to J’ on the right hand side, and performing
its Pandya transformation (4.49) using relation (1) in [VMIKSS, p. 305] yields

R Z { Joded } J' pru (4.108)

]w ]u J’
Jo Jt
=+ £)ouu Z { v } Gojud'} (4.109)
Jv ]t
= 4 (nv — nt)dfvuA{jvjtJ’} (4110)
T pue— T pet (4.111)

This implies that the Pandya transformation of ' D?Y is proportional to the identity transfor-
mation in this case. Introducing the abbreviation for the product of three Pandya-transformed

matrices
—14 1_14 j==vt /o op— =\ 14
ZJ 14 J' 7Y JF32_(JQ_JQ_J£)3Q. (4.112)
we can recast the third term to
dJFil’)421> 1 A2{Jj1j2} ' 17 gt
=—52 2.7 T T T (e — o) (4.113)
( ds )y 2% T J' jg ja Y

identifying the Pandya—transformed two-body matrix element 7D, Dwu since j; and j, couple

to J' because of / F32, we get

Jj1j2 / r—vt 7/
=t3 ZZ {J, VT Dy T Ty (4.114)
v JI 71374
=t3 Z A2{lej2} "Bis (4.115)
- .. 32 .
7 J' 43 ja
= ;JB (4.116)

99



4. Multi-Reference In-Medium Similarity Renormalization Group

In the last step, we identified the inverse Pandya transformation (4.50) of 7 lfég and used an
appropriate shorthand notation for the transformed matrix elements.

One-Body Part

The first term of the one-body part is simply a matrix product

df3 , 1
<d;>1 =Y nfs=(n-f), (4.117)

r

The second term of the one-body part is analogous to first term of the two-body part

1
(“) S P (T~ T £2) (4.118)
ds )y 01T
1 R
Z?zzﬂntz("rﬁrzﬁ i3 £7) (4.119)
1 J t r
tl
=A.1222f2nt<“7%-‘]1“— JQf.Jn) : (4.120)
JU 7 ¢ - R

With the aid of the diagonal matrices

TMY =nn,0L0, (4.121)
TN =nin, oL (4.122)

we can express the third term of the one-body part as matrix products

d 1
(fg> 72 ZZ I b0 /Lo (Reliony + nenoiy) (4.123)
ds Jyu 21 T
222"2(”’“2”7” M TR Y ol N TR )
_ 1 72 J J J 1r 7 J
_25%;;!] <nr< n- M - £)2T+nr( n- N - F)Qr . (4.125)

The fourth term is simply a product of three matrices

df21 2] 1t J J
—2 =y . J ISRV 4.126
(ds )IV 8 sw ( )

J tswrv

1t
_43%;;(]2(%7'6" J£>2t' (4.127)

Analogously, the fifth term is a product of three Pandya-transformed matrices

dfl _ow ST
<d32> = Z S PRI TN (4.128)

AV4 jl J rtswv
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) ) L
=§.%ZJ:Xt:J2("n-JA~JF);- (4.129)

With the aid of the following abbreviation for a product of two matrices

PR =3 AL Tl = (P2 J2F)qs (4.130)
tu

)= D0 PN g = (PA-P)” (4.131)
tu

we can reshape the last term as follows

1
(i{j) = — 7—2(5;; Z Z Jl J2 25]1& ( 1t J2>\sw Jsz . [n o F]) (4.132)
VI

J1Js tswrv

_ 5—26321 Z Z J1 J2 25]z (Jl 1t Jo ()\F)sw _ Jl]_"%i J2(>\77)f;u) (4.133)
J1Js tsw
which can be further simplified by means of a Pandya transformation. For that purpose, let

us consider the first term of the previous expression

“*2553 > > It 25” Tge (D) (4.134)
Jng tsw
= — 57253; Z Z( Ji—Ja—j1+jw J2J2 5_% ]1 1t Ig(/\r)ew (4.135)
JT 7 gy tsw Jt
— ,725;; Z Z J1 Ja— 31+ng2J2 5]15 J1 lt Jg()\r)sw (4.136)
J1J2 tsw ]t
11 T
= — 22 255; Z Z Z J1 Ja— JH‘]wJ?J?JS J4 5]75 Jgnif J4()\1—\)zib
1 J;J4 J1J2 tsw Jt
119t J J.
X {j.w 1} {wq.” 2} (4.137)
Jtinds) (Jw it Ja

= 5753; DD D R SR Qaﬁ T2 A

Ji J3Jy J1Jo tsw

Gt Fu -
I/ /7‘ }{11‘/1 2} (4138)
1// J1J3) WJw Jt Ja

=— ,7252 Z Z )= Getdw)=itie j2 725 5 5 5~ 5]t(, 574 T 12 J4()\F) (4.130)
25 J1 J3Jy tsw ]t
1 A
= ’%555 >3 T30 000 2 I (D) (4.140)
J3Jy tsw
=— ffaﬂ 3 G080 0712 (T o0 (4.141)
tsw
1 1 N +_13 0+t 7St
= 575 DN OY U (4.142)

tsw
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Note that only the J = 0 block with positive parity, i.e., +1, is needed since the J-coupled
two-body state |(ww)JM) always has positive parity. The reason is that the parity depends
on the angular momentum [, as follows (—1)"wHe = (—1)lwtle = (—1)2w = 41, which holds

since [, is an integer. The derivation of the second term is analogous. Hence, we obtain

dfl sw oo
(SB) =38 X X RELS (il e 1) ()
VI I JypJo tsrvw
11 5 A 0—-12 0+ 73y 0+71§ 0+7SE
== Eidj; ;J ( Nt (/\F) - I'g (/\n)w@ (4.144)
- _ li(gqi Zj (o+ﬁ ot ) — 0ty . 0+4()\,7))1é (4.145)
2j1 7 w “ - - we

with °"(AT) and °" (A7) being the J = 0 block of the Pandya-transformed matrices with

positive parity of
7o) =")-’r (4.146)

T =2, (4.147)

Note that all .J blocks of these matrices are needed for the calculation of ©" (AT) and ° (An)

because of the sum over all J' in the definition of the Pandya transformation (4.49), i.e

oY
O AD)s =0 26+ D) = 25+ ZJ’ { ]1731 ]1’42]} (AT (4.148)
—12 i 71720 ,

" D)y =026y )y, = —3y 25+ ZJ' {j;jf J,} 7 ()5 (4.149)

with the parity 75 := (—1D)letla = (—1)letla,

Zero-Body Part

The first term of the zero-body part is simply a matrix product that has already been calcu-

lated in the first term of the one-body part

(C(f ) Z Jonb fymy (4.150)

—+(1—x ijnp(g-i)z. (4.151)
p

With the aid of the previously-defined diagonal matrices, the second term can be expressed

as the trace of a product of four matrices

dE
() = Z Z JEIppr JFt”npnrntnv (4.152)
ds a J prtv
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1 s —_ —
= O 0Y T P e T
J prtv

gsuw

1 N
:+Z(1_X)§ § J2 JNgsr anfu JMtlf;w JFZ;
J prtv
gsuw

1 N
——|—4(1—X)¥J2tr(JNJ77JMJF>,

where we used the definition of the trace from (4.97). The last term is simply

dEY 1 1-—x o dTh
(d3>III4.2ZZJ ds Ags

J prgs

a’r
S

=X g2, (L 5
5 ZJ:J tr<d A).

>~ =

(4.153)

(4.154)

(4.155)

(4.156)

(4.157)
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4.4.3. Summary of BLAS Compliant Flow Equations

In summary, we obtain the system of J-coupled multi-reference IM-SRG(2) flow equations in

natural orbitals rewritten in BLAS compliant form

d /T4 Lige 7 J s\
- Q,-'T-70,.
ds {<2(” == X ")34
1 12
+<Jn-JF-Jr>
8 = T /34
1
—QJB§Z>
— (=) 21 - 2]) — (=) B3 4]} — x[12 > 34] (4.158a)
dfy 1
ds—[(”'f)Q
1 72 J J J J “
+TQZZ'] ¢ QTI -7’0 Q
7t 2
1 52 Jo Jagr Jp\Y L = (T Tar I\
+ o DX (e (D), e ('R,
11 207 Iy Jp\ Y
+Z?ZZJ(Q A E)Qt
1 J t
1 s (J— gy Jm\ M
L LS (g xn)
J1 7 ¢
11 s 5
o O (S ey s o) Bl EPCRYS (4.158b)
il = = wi
dF A P
— =1=x) ) _sympln-f
ds 5 p (7 )
1 72 J J J J
+4(1—X)2J:Jtr(N n-'M-’T)
1 1-X 5, (4T
Jr4 2 ;J 1r<ds =
+ OO, (4.158¢)

For an efficient implementation, we make use of intermediate results. For instance, the second
term in the one-body part is basically a partial trace of the first sub-expression in the two-
body part. Furthermore, the Pandya-transformed matrix 7 7 calculated in the third term of
the two-body part can be used to implement the fifth and sixth term of the one-body part.
Finally, the matrix products - f and J UR J M- J I' appearing in the one-body part also occur
in the first and second term of the zerojbody part, respectively.
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As a reminder, these are the definitions used to write these equations in compact form:

T(Q ) =
(Q)pe =140%
JFqiv =(1—mn — nv)(sfﬁu
Jb:fﬂ =(ny — nt)‘svtu
JIE ::Jlﬁ J/D J/E
J' 12 . s | J1gad
B J
- ; {33 g2 J!
JMf;vfu _ﬁtﬁvéfﬁu
JNf;fU —ntnvéfﬁu
J’ (/\F) ::J/é i J’L
O ="A- "
ﬂgl ( 1)t
O ND)ae = — 01267, ZJ’ {
0+4(>‘7])34 ——5 26+ ZJ/ {
<dJF>12 47T}
ds /44 T ds

714
} B33

} ()
} T (n)3e

(4.159
(4.159b

(4.159d

)
)
(4.159¢)
)
(4.159¢)
(4.159¢)

(4.159¢)
(4.159h)

(4.1591)
(4.159))
(4.159K)

(4.1591)
(4.159m)

(4.159n)
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Finally, we give an overview of the most important symbols used here.

N, T mean particle and hole occupation numbers
A irreducible two-body density matrix element
J AL J-coupled irreducible two-body density matrix element
J f; Pandya-transformed J-coupled irreducible 2-body density matrix elem.
J A matrix representation of AT
A matrix representation of 7 )\qg
H Hamiltonian
E, f8, 178, ng;f 0-, 1-, 2-, 3-body matrix elements of H in reference-state repr.
J s J-coupled two-body matrix elements of H in reference-state repr.
7 f{;’; Pandya-transformed J-coupled two-body matrix elements of 7 e
f matrix representation of f
J IN matrix representation of It
JT JTP
IN matrix representation of “I'jg
J(Qf)gg embedded J-coupled two-body matrix elements (Qf)pr = fPog
T matrix representation of 7(Q e,
n generator of the multi-reference IM-SRG evolution
U one- and two-body matrix elements of 1 in reference-state repr.
J nhs J-coupled two-body matrix elements of 7 in reference-state repr.
J ﬁzq)g Pandya-transformed J-coupled two-body matrix elements of nhs
n matrix representation of 7}
J i matrix representation of nhs
7 ] matrix representation of 7 ﬁqg
J ()7 embedded J-coupled two-body matrix elements /(£ ) = 1h0%
TQ, matrix representation of 7 ()ve
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4.5. Generalized A-Particle A-Hole Basis

In this section, we introduce a specific many-body basis of the A-body Hilbert space, called A-
particle A-hole basis, based on a given A-body reference state (section 4.5.1). The concept of
this basis is footed in the normal-ordering technique introduced in chapter 3, and is a crucial
point for the construction of the generators for the IM-SRG evolution discussed in section 4.6.
For illustration purposes, we focus on specific basis states (sections 4.5.2 and 4.5.3). It turns
out that the A-particle A-hole basis is overcomplete. We propose an algorithm that gives
at least the right number of basis states, and demonstrate its usage on a two-body system
as a test case (section 4.5.4). But the linear independence of the states generated by this
algorithm still remains to prove, which is highly non-trivial. However, we emphasize that the

overcompleteness does not cause any problems in IM-SRG.

4.5.1. General Considerations

Suppose the reference state can be expressed as a linear combination of Slater determinants

|®,,), which are antisymmetrized A-body states, as follows
W) = cn|Pn) . (4.160)
n

Based on the reference state the single-particle basis can be classified in three disjoint sets

which are schematically depicted in figure 4.1:

e A core state corresponds to a single-particle state occupied in all Slater determinants of
the reference state. These single-particle states will be indicated by the indices 4, j, .. .,

and the corresponding set of all core indices is abbreviated by C.

e An active state is a single-particle state occupied in at least one, but not in all of
these Slater determinants. These single-particle states will be indicated by the indices
x,Y, ..., and a shorthand notation for the set of all active indices is A. Note that these

states do not exist in the single-reference case.

o A wirtual state is a single-particle state unoccupied in all of these Slater determinants.
These single-particle states will be indicated by the indices b, ¢, .. ., and the set contain-

ing all virtual indices is denoted by V.

Conventionally, the indices p, 7, g, s,...can refer to all of these types of indices. Due to Pauli
exclusion principle, creating a core state or annihilating a virtual state on top of the reference

state leads to

a'|V) =(¥|a; =0 (4.161)
a, |¥) = (V| a® = 0. (4.162)
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virtual

S| oe o< S Fawal
.| ee oo -0 @
5 = = = =
° ee oo - @
[U) = c1|P1) +  c2|P2) + c3|P3) 4+ ca|Da)

Figure 4.1.: A schematic depiction for the classification of the single-particle basis based on
a reference state |¥) containing eight identical fermions. Core states (blue solid
circles) are single-particle states occupied in all Slater determinants |®,,), whereas
the virtual states are occupied in none of them. The remaining single-particle
states, called active states, are occupied (red solid circles) and unoccupied (red
open circles) in some of them. The vertical ordering of the states has no meaning.

Consequently, the n-body density matrix element vanishes

Vo g = (Ylafhn W) =0 (4.163)

for different scenarios:
e If any index is virtual, i.e., p; € Vor ¢; € V for any i € {1,2,...,n}.

e If the number of the core, active and virtual indices in the upper and lower indices is
different, e.g., if there are exactly two and three active orbitals in the upper and lower

indices, respectively.

If one of the upper indices belongs to the core then the action of the n-body operator on the
reference state is reducible in the sense that can be expressed as a linear combination of the

action of (n — 1)-body operators

a® P2ps--Pn |\Il> :<5i aPb2P3--Pn _ §i qP2P3--Pn 4.+ (_1)11*152' aP2P3---Pn )\\I/> (4.164)

q9149243..-4n q1 79243---9n 42 74q143---4n qn —q142---n—1
1 %
_ p2p3...p
=0 Z; sgn(m)dg, a2 to g 1) (4.165)
TESY

Here, S,, denotes the set of all permutations of (1, 2, ..., n). By projecting (4.165) on the

reference state, i.e., multiplying with (¥| from the left, we can identify the one-body density
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matrix elements that has the same form in this case

i V) ...Pn i ...Pn —1i ...Pn
Vaidagsgn =Om Vaags-an — Oax Vaigaqn T -+ T (1) 0, Vaig (4.166)
1 7
_ p2p3---Pn
- (n _ 1)! 2; Sgn(ﬂ)dqwu)7‘1;(23)%(3)~--qfr(n)' <4'167)
TESH

Hence, if all upper indices correspond to the core then the density matrix element is trivially
diagonal

A = AR ai) (4168)
which looks like the single-reference case.

Based on the reference state |¥), we generate A-body states by acting with the normal-

ordered n-body operator on this reference state

W) =ag g, 1Y) (4.169)
n—1

=(abl b — PPy (W) — N Ay g (Ve G) (4.170)
j=1

which we call the generalized n-particle n-hole state or n-particle n-hole excitation.
Obviously, these n-particle n-hole excitations are antisymmetric with respect to exchange

among the upper and lower indices, respectively:
pP1...Pi--.Pj.--Pn _ pP1...pPj.--Pi.--Pn _ pP1...Pi--.Pj.--Pn
|\IIQ1--~(1i~~-ij-~~(In > - ’lI’qLNQ'L-"CIj'--qn > - |\IIQI--~qj~~-q7;-~~(In > (4~171)

for all 7,5 € {1,2,...n} with i # j because the (reference-state) normal-ordered operators
do have this property (3.59). Let us analyze the scenarios where these n-particle n-hole

excitations vanish.

Proposition 4.1. Any n-particle n-hole excitation vanishes

Vo) =0 (4.172)
e if at least one of the lower indices is a virtual indez, i.e., g € V for any k € {1,2,...,n},
e if at least one of the upper indices is a core index, i.e., pr € C for any k € {1,2,...,n}.

Since the proof of this proposition is extremely technical, we postpone it to appendix B.2.
With the aid of the reference state and generalized n-particle n-hole excitations up to particle

rank A, we can define a nucleus-specific many-body basis of the A-body Hilbert space, which
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we call the generalized A-particle A-hole basis

A

BIM-SRG:{M}U U{ U {|\Ifg;g;;;;5:>:pl,pz,...pngc,ql,qz,...,qnszV}}

n=1 P1<p2<...<pn
q1<q92<...<gqn

(4.173)
=W UL ) cp g Coa €V}
U{|‘1’Zi§§ P2 €C, q1,02 €V, p1r < p2,q1 < g2}
U{|\Iﬂ(ﬁg§ 51:‘4 ‘P1,P2,.--PA ¢C7 QhQZ,---»QAQV,
p1<p2<...<pA,q1<q2<...<qA} (4.174)

Here, we restricted the indices in order to get rid of trivial zero vectors as analyzed in
proposition 4.1 and linear dependencies (4.171), but this basis still remains overcomplete
in general. We propose an algorithm how to choose a proper number of basis states from
the overcomplete A-particle A-hole basis, and explicitly demonstrate its usage on a simple
problem in section 4.5.4. A general proof of the linear independence of the set of basis states
generated by this algorithm has yet to be provided. Luckily, it does not cause any problem
for our discussion. In multi-reference coupled cluster, for instance, this is a problematic point
and one has to calculate the many-body overlap matrix. After diagonalizing this matrix, one
can eliminate the overcompleteness by discarding all basis states related to zero eigenvalue
of the overlap matrix.

Furthermore, this basis is not orthogonal because, e.g., the generalized one-particle one-
hole states are in general not orthogonal to each other due to the irreducible two-body density

matrix element, which does not vanish for the multi-reference case:
(WHIWT) = npngdhd, + AoG # 080, (4.175)

But it remains true that the reference state |¥) is orthogonal to all other states by construction

due to normal ordering, i.e.,

(U|W) = (W[a2|T) = 0 (4.176a)
(U|WPry = (W]a@PT| W) = 0 (4.176b)
(W|WP1-PA) — (G|GPI-PA|T) = 0. (4.176c)

Thus, all states besides the reference state span a subspace of the A-body Hilbert space
orthogonal to the subspace spanned by the reference state only (see figure 4.2).
Let us analyze the n-particle n-hole excitations for the case n > A. Obviously, this case

does not contribute for the single-reference case, where the reference state is just a single
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Figure 4.2.: Schematic depiction that all n-particle n-hole excitations are orthogonal to the
reference state. Whereas the n-particle n-hole excitations are either orthogonal
to each other nor normalized.

Slater determinant. But for the multi-reference case, taking a closer look at the definition of
the n-particle n-hole excitations given in (4.169), we can clearly see that these basis states
do not vanish since they contain contribution from lower-particle rank excitations. This is
related to the existence of the active space. However, a natural question that arises is whether

they can be expressed as linear combination of i-particle i-hole excitations with 7 < A.

Proposition 4.2. Any n-particle n-hole excitation on top of the A-body reference state |¥)
with n > A can be written as linear combination of all generalized i-particle i-hole excitations
with 1 < A

(hLbny = NN T W (4.177)
i=1 T1..Tg
Sl.”Si

Thus, excitations beyond A-body rank do not mecessarily vanish, but are superposition of

lower-particle rank excitations.

Proof. First step is to show that the generalized n-particle n-hole excited state is orthogonal
to | W)

(Uwg-ir) = (Plag-§»|v) =0, (4.178)

which is guaranteed due to the construction of normal ordering. Introducing the shorthand
notation for the vacuum normal-ordered n-body operator
al? :=gP1-Pn (4.179)

q1---4n

we can convince ourselves that the full n-particle density matrix with respect to the reference
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state vanishes for n > A
A= (w]aM @) = 0 (4.180)

since we cannot annihilate more than A particles occupied in the reference state |¥). The
vacuum normal-ordered n-body operator can be expressed as a linear combination of the
reference-state normal-ordered operators (3.60d). On the one hand, since all full [-particle
density matrices for [ > A vanish, expression (3.60d) for the case n > A can be formulated

structurally as
a =@l Fyl A gt glAly (4.181)

with a properly defined function F which is a linear combination of the normal-ordered i-
body operators with n — A < i < n — 1. On the other hand, by writing all normal-ordered
operators in terms of the vacuum normal-ordered operators by a recursive treatment, we can

recast this expression to
a1l — all _ Gy Al g1l glati] gLl gl (4.182)

with a properly defined function G which is still a linear combination of the vacuum normal-
ordered j-body operators with 1 < 7 < n —1. Note, in contrast to F, the function G depends
on all particle ranks down to one. The proof is closed by applying the normal-ordered n-body

operator on the reference state |¥)

Wil =&l |w) (4.183)
=a | w)y —g(yM, . A el gl gl i) 1wy (4.184)

=0
= - gn(’y[l}) e 77[14]7 a[A]v e 7a[1]) "ll> (4185)

with a new function G, for each rank n which does not depend on operators beyond particle
rank A, since g(al?) |[¥) = 0 for all i > A and any function g. By reexpressing the vacuum
normal-ordered one- to A-body operators in terms of the reference-state normal-ordered one-

to A-body operators, we can rewrite the above expression to

with a properly defined function H, which is still a linear combination of the reference-state

normal-ordered operators up to particle rank A. This means that [¥hi-Fn) = | T[]y Tives in

T1...75
S1...8;

be expressed as a linear combination of these states, which was the statement to be proven.
O

the subspace spanned by all basis states {|¥ )} with ¢ = 1,..., A. Consequently, it can
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4.5.2. Generalized One-Particle One-Hole States

Since the definition of the generalized one-particle one-hole state, also called one-particle
one-hole excitation, given in (4.169) contains the one-body density matrix elements, let us

construct these

oF ifpeCorgelC

V=97 ifpgeA (4.187)

0 else.
Hence, the generalized one-particle one-hole excitation is given by
W) = @ |¥) = (af — ) |¥). (4.188)

Let us consider different scenarios depending on the indices. For the case where the upper

index belongs to the core, p = i, we obtain using the relations (4.165) and (4.167)
|Tg) = ag [0) — 7, |¥) = 6 [¥) — 6, |¥) =0 (4.189)

which is in accordance with proposition 4.1. The case where the upper index is a virtual one,

p = x, we have to consider two non trivial cases depending on the type of the lower index

a | o) ifgecC
[T5) =1 (af —~2) W) ifge A (4.190)
0 else.

The last case is given by an upper virtual index, p = b, yielding

ag\\Il> ifgeCUA

by = (4.191)

0 else.

All non-vanishing one-particle one-hole excitations can be classified into four different sce-
narios depicted in figure 4.3. The blue and red shaded areas correspond to core and active
orbitals, respectively. In the first scenario, we can annihilate a core state in the reference
state and create a virtual state, which is the only non-vanishing combination appearing in
the single-reference case. Analogously, we can annihilate a core or active state and create
an active or virtual state, respectively. In the latter scenario, we can even annihilate an
active and create another (or the same) active state. Additionally, we have to subtract a
multiple of the reference state to construct the one-particle one-hole excitation, which makes

this scenario special compared to the other cases.
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A

b

|7) V) |5)

7

Figure 4.3.: Depicted are the non-vanishing generalized one-particle one-hole excitations. The
blue and red shaded area correspond to core and active orbitals, respectively. In
the first case, we can annihilate a core state in the reference state and create
a virtual state which is the only circumstance appearing in the single-reference
case. All other cases are specific for the multi-reference case.

4.5.3. Generalized Two-Particle Two-Hole States

In analogy to the generalized one-particle one-hole state, let us start with the construction of
the two-body density matrix elements. If one of the upper indices belongs to the core, p = 1,
the two-body density matrix can be simplified with the aid of (4.167) to

Yas = (Plagi|®) = 57¢ — 65

Yq- (4.192)
Hence, for the general case we obtain

obog — ok, ifp,reC
6bye — 08y, ifpeCred

Ve = {00k —01aE ifpe AreC (4.193)
Vs if p,r,q,s€ A
0 else ,

where we made use of the statement in (4.163) to write down the non-trivial cases.

Let us consider the generalized two-particle two-hole state given by
(Wge) = afs |¥) = (afs —7gs) W) — A(yg [¥5)). (4.194)

for different scenarios. If one of the upper index corresponds to the core, for instance p = i,

then the generalized two-particle two-hole excitation vanishes

|Wgs) =(age =) W) — Al [P0)) (4.195)
=0,(al =70 [0) — 8ilag — ) [¥) — (74 [WT) =~ [Wg) +0 - 0) (4.196)
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—§ial (W) — 5lal W) — 61 [WT) 4 6 [W) +0—0 (4.197)

=0 (4.198)

which is in accordance with the proposition 4.1. If all upper indices belongs to the active

space, p = z and r = y, then there are two non-trivial scenarios

ag? |¥) ifgeC,sgVorqgV,scC
(Wad) = § (agy —73¥) W) — A(yg [9F)) ifg,s €A (4.199)
0 else .

If one index belongs to the active space and the other one to the virtual space, p = x and
r = b, we can simplify the two-particle two-hole excitation making use of the fact that the

one-body density vanish if the upper index corresponds to the virtual space
b b b b
[W5s) = ags [¥) + 75 [Wg) — g [¥) - (4.200)

Based on this expression we can write down all non-trivial cases

all |v) ifgeC,seC
a§g|\11>+’y§]\llg> ifgeC,se A

T52) = < @l [W) — A2 |wh) ifge AsecC (4.201)
all [U) + 42 |[Uh) — 42 |Wh) ifgeAsc A

0 else .

The last scenario assumes both upper indices to be elements of the virtual space, i.e., p = b

and r = ¢, yielding

[Wbe) = (abs —0) W) — 0 (4.202)
a|v) ifg,seCUA
:{0q5| ) 1q (4.203)
else ,

which is the only case appearing in the single-reference case keeping in mind that A is empty.

All non-vanishing two-particle two-hole excitations are depicted in figure 4.4.
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seflse

W%%%

W55 N3y U3 W52
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\I/a:b ’q;) o

A(yE|wl)

be
|35)

xb
P37

Wby = afl W) 4 Ag|l)

7

--

Uas) = et V) — A(yg YY) - nilY)

Figure 4.4.: Depicted are the non-vanishing generalized two-particle two-hole excitations.
The blue and red shaded area correspond to core and active orbitals, respectively.

76



4.5. Generalized A-Particle A-Hole Basis

4.5.4. Algorithm and Two-Body System As Case Study

In this section, we propose an algorithm that yields a proper basis dimension of the anti-
symmetrized A-body Hilbert space, which is (‘i{) with d; > A being the dimension of the
single-particle basis. Since the overcompleteness is directly related to multiple counting of

equivalent configurations, we propose an algorithm to avoid this multiple counting;:

e For a given reference state |¥), define a set of A single-particle indices as follows

D:={1,2,...,[C|,|C| +1,..., A} (4.204)
eC €A

where |C| denotes the number of core states. Additionally, we require that the Slater
determinant |®p) := |12...A) constructed with these single-particle states is non-

orthogonal to the reference state, i.e.,
(Pp|¥) # 0. (4.205)

Note that we have freedom in the choice of the A — |C| indices from the active space .A.

e Use these A single-particle indices from D in the lower n slots and the remaining ones

in the upper n slots of the n-particle n-hole excitation.
{|x1/g;g;;;;gg> L 1.2 Gn € D, PL, D2, P € (AU V)\D}. (4.206)

e The total number of all n-particle n-hole excitations generated in this way for n = 1,
2,...,min{A,d; — A} plus one—for the reference state—is identical to the dimension

of the antisymmetrized A-body Hilbert space, which is (‘2).

We give a proof of the last statement. According to the algorithm, we have (’2) physically
distinct possibilities to assign n of the first A single-particle indices to the lower slots of
the n-particle n-hole excitation. Analogously, we have (dI;A) combinations to distribute the
d; — A remaining indices on the n upper slots of the n-particle n-hole excitation. Supposing

that A = min{A, d; — A}, the total number is given by

A A
A\ (dy— A A\ (di — A
1 = 4.2
DABIE I 2
A
A di— A A+ (d— A d
-y L _ (AT AN A o
= A—k k (A—Fk)+k A
The case, dj — A = min{A,d; — A}, is similar and yields the same result.
Let us consider a simple example of a two-particle fermionic quantum system, i.e., A = 2.
We use this example to demonstrate the usage of the algorithm and to illustrate the overcom-

pleteness of the generalized A-particle A-hole basis. Suppose we have a four dimensional or-

thonormal single-particle basis {|1), |2),[3),]4)}, i.e., (i|j) = 6. Based on this single-particle
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basis we can generate a basis of the (antisymmetrized) two-body Hilbert space, consisting
of antisymmetrized two-body Slater determinants (configurations). This Hilbert space is 6

(= (3) = 5i5;) dimensional, and all configurations are

{190) = 120, 192) = 113) @) == 14) 84) 1= [20), [03) 1= [32). [0s) 1= |23) }. (4.200)

This two-body basis is obviously orthonormal, i.e., (®;|®;) = 6.. Now, let us define the

reference state as follows
W) = c|P1) + d|P2) = c|12) + d|13) (4.210)

with non-zero real-valued coefficients ¢ and d fulfilling ¢ + d*> = 1 that ensures that the
norm of the reference state is (¥|¥) = 1. Based on this reference state we can classify the

single-particle basis according to core, active and virtual states

¢ ={1} (4.211)
A={2,3} (4.212)
Y ={4} (4.213)

which is shown schematically in figure 4.5. To apply the algorithm described above, we define
the first A = 2 indices as follows

D ={1,2}. (4.214)

Alternatively, we could have used {1,3}. In both cases, the overlap (®p|¥) # 0 does not
vanish, as required. According to the algorithm, the basis states that need to be considered

are

o JU{ ety . o) e b U{ o) (4215)

which has the proper number of basis states. At this point, we emphasize that it is not clear
whether these basis states are linearly independent or not. Let us write them out explicitly
using their definitions (4.169) or the results derived in sections 4.5.2 and 4.5.3. For that

oo oo NEKIE

W) = c |®p) + d |®g)

Figure 4.5.: Classification of the single-particle basis based on the given reference state
(4.210). Filled (open) symbol correspond to occupied (unoccupied) single-particle
states. Blue, red and black colors indicate core, active and virtual states,
respectively.
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purpose, let us first calculate the one-body density matrix with the aid of (4.187)

1 0 0 0
0 ¢ ¢cd 0O
(1) — 4.216
1 0 cd d*> 0 ( )
00 0 0
Hence, we obtain for the n-particle n-hole states with n < 2
U3) = —c|23) (4.217a)
U1y = —c|24) — d[34) (4.217b)
|T3) = ¢[13) — cd |¥) = (¢ — cd?®) [13) — 2d|12) (4.217¢)
|U3) = c|14) (4.217d)
|W33) = ¢|34) + cd |U3) = c[34) + 2d[14) . (4.217¢)

As expected, some basis states are superposition of Slater determinants, non-normalized and
non-orthogonal to each other. The determinant of the overlap matrix between these n-particle

n-hole excitations from (4.215) and the configurations from (4.209) yields

(@1]W) (D1]|WF) (D1]0F) (D1]W3) (By]W3) (1|5
(D2]T)  (Do|TF) (Do TF) (Do UF) (Do|U3) (B2]TH))
det | (231Y) (D3] TF) (D3] TT) (B3|UF) (D3]W3) (D3] TF5) (4.218)
(D4]T)  (Pg|TF) (D4 TF) (Dy]WF) (Py|TF) (D4]TFY) '
(D5]T)  (B5]TF) (D5]T]) (D5|03) (B5]05) (D5]TF))
(D6|T) (D6| W) (D6|T]) (D6|T3) (B6|T3) (Pg|TF))
=cb (4.219)
— (@p|1)() 20, (4.220)

which is non-vanishing. Here, we see the impact of the additional constraint (4.205) in the
algorithm. If we do not fulfill this requirement, the overlap matrix vanishes and the set of
the states from (4.215) is obviously linearly dependent. However, the algorithm generates a
complete set basis states of the A-body Hilbert space in this case study—a general proof of
the linear independence still remains. Consequently, all other n-particle n-hole states can be

expressed as linear combination of the basis states from (4.215), e.g.,

d
[03) = d|23) = - L% (4.221)
d
[93) = c12) = *|¥) = 2|T) — — |¥3) (4.222)
d
|@3) = d[13) - d* ) = —[¥3) (4.223)
U2y = ¢ |24 2\1,4__1\1,4_£‘1,34 djqf‘* 4.224
|Wi2) = c|24) + 7 |¥]) = c|1> c2|12>+c|2>' (4.224)
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The three-particle three-hole states are superposition of these basis states as well, i.e.,

PP = (bt = Vha) [%) — A W) — Alygs [,)) (4.225)
= —A(g [TE) — AL [P,). (4.226)

Here, the first term vanishes since our reference state contains only two particles. This result
is in accordance with proposition 4.2.
To demonstrate the importance of the additional constraint (4.205) in the algorithm, let

us consider a different reference state given by
|W) =1 |13) + c2|23) + c3]24) . (4.227)

Obviously, the core and virtual space are empty in this case, i.e., the complete single-particle
states belong the active space. Without the additional constraint, |®p) := |12), which is
orthogonal to the given reference state, would be a possible choice, generating the basis
states given in (4.215). But in this case the one-particle one-hole state |¥3) = 0 vanishes,
leading to linear dependent set of basis states. This problem is solved if we choose a Slater
determinant, for instance, |®p) := |13) that is non-orthogonal to the given reference state.

The A-particle A-hole basis based on this reference is then given by

o JU{ e i o) e U { 1t (4.228)

which indeed is a basis, since the determinant of the overlap matrix (<I>p|\11>6 does not vanish.

In summary, we have proposed a smart algorithm to pick up a set of basis states from
the (overcomplete) generalized A-particle A-hole basis (4.173). This automatically yields
at least a proper basis dimension of the antisymmetrized A-body Hilbert space, but linear
independence still remains to be proved. Using a simple two-body system as case study, we

have discussed the overcompleteness and the usage of the algorithm.

80



4.6. Generators

4.6. Generators

In this section, we explain the main idea for the proper construction of generators for multi-
reference IM-SRG ground-state energy calculations, i.e., for the energetically lowest state.
Furthermore, we give an overview of the generators used in practical calculations, and briefly
analyze their decoupling properties, meaning how off-diagonal matrix elements are suppressed

for large enough value of the flow parameter.

4.6.1. Basic ldea

We recapitulate that the main goal is to solve the many-body problem of the initial Hamil-

tonian H (0) by means of a continuous unitary transformation such that
H () |¥) = E(c0) | 7). (4.229)

Then E(co) is an eigenvalue of H (co) and H (0), as well, since a unitary transformation
preserves the spectrum. In contrast to direct diagonalization methods, the main idea is to
decouple a predefined reference state |¥), which is a physically motivated approximation of
the ground state with the proper quantum numbers. This is achieved by splitting the flowing

Hamiltonian into two pieces called diagonal and off-diagonal Hamiltonian
H(s) = HY(s) + H*(s) (4.230)

with the additional aim that the off-diagonal piece has to vanish in the limit, where the flow

parameter s goes to infinity
H*(s) = 0. (4.231)

The definition of the off-diagonal Hamiltonian H°? can be specified based on the represen-
tation of the Hamiltonian in the generalized A-particle A-hole basis introduced in (4.173).
By representing the initial or flowing Hamiltonian in this basis, it becomes clear which of
the matrix elements need to be suppressed in order to decouple the reference state |¥) from

other basis states, see figure 4.6. Once the following matrix elements

0 = (W[ H (c0)|¥?) (4.232a)
0 = (W[ H (00)| W27 (4.232b)
0 = (W H (o0) W2 71) (4.232)

are suppressed by the unitary transformation, the reference state is decoupled from the gen-
eralized n-particle n-hole states with n > A as well because these excitations are linearly

dependent on the lower-particle rank excitations up to rank A according to proposition 4.2.
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¥) W) K349 ¥) [We) Ve
RN E(s) (VIH(s)|Vh) (V|H(s)|Ph)
W)
S — OO
>
|W5s)
H(s) H ()

Figure 4.6.: Schematic depiction of the Hamiltonian evolved to a specific flow parameter s
and to infinity, H (s) and H (00), respectively, represented in an A-body basis
consisting of the reference state |¥) and generalized particle-hole excitations
|Wh), [WP), ... of it. This illustrates and motivates how to define the off-diagonal
Hamiltonian in order to have the reference state become an eigenstate of the final
Hamiltonian. The desired eigenvalue of the initial and final Hamiltonian is then
identical to E(oc0) = (¥|H (00)|¥) since a unitary transformation preserves the
spectrum.

Hence, it is sufficient to suppress excitations up to particle rank A, and then the reference
state |¥) obviously becomes an eigenstate of the final Hamiltonian H (c0).
The matrix elements that should be suppressed basically define the off-diagonal piece of the

Hamiltonian written in second quantization for the multi-reference IM-SRG(2) truncation

H*(s) = Z(fod s)ab + — Z (To)7s (s)ah (4.233)

q

with one- and two-body matrix elements given in m-scheme natural orbitals

(foNg(s) = (Y| H (s)|¥0) + [p + d] (4.234a)
=apng fP(s) + ON?) + [p ¢+ ] (4.234D)
(D)o (8) = (W H () Wh7) + [pr ¢ gs] (4.234¢)
=npnrngnsIhe(s) + O 4 [pr > gs]. (4.234d)

The generalization to multi-reference IM-SRG(A) is obvious. In our implementation, we
neglect terms depending on irreducible two- and higher-body density matrix elements due
to computational efficiency. We note that the complete expressions can be deduced from
appendix A.3.1 which might be interesting for forthcoming investigations.

Once a decoupling pattern, i.e., the definition of the off-diagonal Hamiltonian, is identified,
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Figure 4.7.: We illustrate in a simplified picture the manifold of the unitarily equivalent
Hamiltonians to the initial Hamiltonian H (0). Once the decoupling pattern is
set by the off-diagonal Hamiltonian, the final Hamiltonian H (o) is fixed. There
are still many paths going from the initial Hamiltonian to the final Hamilto-
nian. Which path on this manifold we take, or in other word decoupling scheme,
depends on the choice of the generator. Wegner, White, Imaginary-Time and
Brillouin are some well-established examples for generators in the literature. Ne-
glecting truncation effects, all paths should lead to the same final Hamiltonian.
Note that the Wegner generator can have other fixed points beside the final
Hamiltonian (see section 4.6.2).

the fixed point of the evolution is given by H (o0) (see figure 4.7). There are still infinitely
many paths on the manifold of all unitary equivalent Hamiltonians going from H (0) to
H (o). Which path or, in other words, which decoupling scheme we take depends on the
choice of the generator. There are different choices for the generators which differ in how
the off-diagonal matrix elements are suppressed, numerical efficiency, and how they induce
many-body interactions in practical calculations. In multi-reference IM-SRG(A) without any
truncation, all generators yield the same final result. The commonly used generators in the
literature are the Wegner, White, Imaginary-Time and Brillouin generators, which will be
introduced in sections 4.6.2-4.6.4.

Note that we cannot guarantee that the multi-reference IM-SRG, even the untruncated
version, will necessarily extract the ground-state energy of the nucleus under consideration,
but it will converge against one eigenvalue. However, we expect that the evolution will
converge against the eigenstate that has the largest overlap with reference state, which is
difficult to prove.

Other decoupling patterns to decouple the reference state and other eigenstates are also
possible theoretically, but they have proved to be useless in practical calculations because of

strong induced many-body interaction [Her ™ 16].
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4.6.2. Wegner Generator

After this brief motivation of the general idea, let us formulate the canonical choice for the

multi-reference IM-SRG evolution proposed by Wegner [Weg94]
n(s):= [HY, H] = —[H*, H]. (4.235)

Due to the similarity to the multi-reference IM-SRG operator flow equation, which is the
commutator between 17 and H , we can make use of the formulae (4.18a) and (4.18b), keeping
the global minus sign in mind, and replace nn by H°9, i.e., n, — (de)Z and nfy — (FOd)];Z.
Note that the zero-body part can be set to zero because of the commutator structure of the
flow equation. Moreover, the matrix elements in practical calculations are real, anyway. The
J-coupled version in natural orbitals can be obtained from formulae (4.89a) and (4.89b) with
the corresponding replacement and by setting y = 1 since H°? is Hermitian.

Since = 0 is a trivial fixed point of the multi-reference IM-SRG evolution, the Wegner
generator has additional fixed points where H°d commutes with HY even though H°? is
non-zero, e.g., due to a degeneracy in the spectrum of H (s) [Her"16]. A second type of fixed
point exists when the flow parameter s goes to infinity, where H°9(s) vanishes as required.

The Wegner generator is inefficient in practical applications. The reason is that the flow
equations become extremely stiff which is related to the fact that third powers of the matrix
elements f' and I')¢ appear in the flow equations. In practical calculations, it is known that
solver for ordinary differential equations for stiff problems have higher storage and computing
time requirements than for non-stiff or weakly-stiff cases [Her™16] which is the case for the
White or Imaginary-Time generators, which will be introduced in the next section.

The SRG with the Wegner generator is a true renormalization-group transformation, i.e.,
it preferentially suppresses matrix elements of states with large energy differences (see also

the discussion about decay scales in section 4.6.5).

4.6.3. White and Imaginary-Time Generator

In second quantization consistent with the multi-reference IM-SRG(2) truncation, the gener-

ator in general has the following form
~ 1 ~
w3 Y (123
P pr
q qs

The matrix elements of the White and Imaginary-Time generator are defined with the aid of
the matrix elements of the off-diagonal Hamiltonian (4.234) [Whi02; TBS11; Her" 16]

b =F(AD)(f°Y), = [p 4 q] (4.237a)
=F(AP)(png ff + OA?)) — [p ¢+ ] (4.237b)
by =F (AP (TN — [pr < gs] (4.237¢)
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=F(AP) (RpiyngnsTPs + OA"22))) — [pr < gs] (4.237d)

with the following abbreviation

F(A)=

% for White generator
(4.238)

sgn(A)  for Imaginary-Time generator.

The generalization to three-body or higher rank is obvious. The symbol Al called Epstein-
Nesbet energy in the literature, indicates the difference between the expectation value of the
evolved Hamiltonian with respect to a generalized one-particle one-hole excitations and the

expectation value with respect to the reference state itself

AP(s) = (U| @l H (s) @b |¥) — (U] H(s) |¥) (4.239a)
= —2n2TP + 2ng f — apnl f2 + E (ipng — 1) + O(A?) (4.239b)

and analogously for the generalized two-particle two-hole excitation

Afe(s) = (Y]af H(s) ag, |¥) — (Y[ H(s) |¥) (4.239¢)
= (npnrnqns(%npnrf + annsfgi — fipnsIhS — ﬁpangg)

+ fpityngns (ip £ — ng f3) + LB (Aphyngns — 1) + (’)(A(@?))) + [pg > 7]

(4.2394)

where we suppressed the flow-parameter dependence of the matrix elements for brevity. Note
that the Epstein-Nesbet energy differences also depend on the flow parameter s. In practical
calculations, we have to truncate terms containing two- or higher-body irreducible two-body
density matrices. For completeness, we give more precise formulae including A(?) in ap-
pendix B.3. Furthermore, the energy differences are per definition symmetric with respect
to exchange among the upper or lower indices, i.e., AT = A/l = AL7. But they are neither
symmetric nor antisymmetric with respect to exchange of the upper with the lower indices,
, AP # £ATD and Al # +ALL

Flnally, we remark that we make use of the following averaging

PMpqiq ~ E PMpqing
pmpqmq %9 %9 Fpmpqmq (4240)
pJq Mpq

) N i

= ST S (‘7” Ja )(Jp Ja ) (4.241)
jp]q B3Y; mpmg \Mp Mg M) \my, mglM

:A = > JHTh (4.242)
Jpdg 7

in order to derive a J-coupled version of the matrix elements of the White and Imaginary-

Time generator.
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4.6.4. Brillouin Generator

The matrix elements of all generators introduced so far are constructed with the aid of the
off-diagonal matrix elements (4.234), which include irreducible three- and four-body density
matrices. While storage of the irreducible three-body density matrix might be feasible for
specific choices of the reference state, the inclusion of four-body densities is computationally
extremely expensive. Consequently, we have been forced to introduce truncations such that
decoupling conditions given in (4.232) can no longer be guaranteed, in general. Thus, a
different strategy is desired that avoids densities beyond the three-body rank and drives the
Hamiltonian approximately into the desired shape formulated in the decoupling conditions.

For that purpose, let us split the decoupling conditions (4.232) into two terms as follows®

0= (W[ H (c0)ah| W) = § ((¥|[H (c0), a}]|¥) + (¥|{H (c0), @} }|¥)) (4.243a)
0= (U|H (c00)als|®) = § ((W|[H (00), @] |0) + (W|{H (c0), @l }|W))  (4.243b)

We can easily show that if the decoupling conditions are fulfilled, then each term on the right-
hand side, i.e., the expectation value of the commutator and the anticommutator with respect
to the reference state, has to vanish separately due to the Hermiticity of the Hamiltonian.
The basic idea is now to suppress the expectation value of the commutator® with respect
to the reference state in a controlled manner using IM-SRG by defining the matrix elements

of the so-called Brillouin generator as [Her™ 16]

g = (V| [H,ay] |v) (4.244a)
Mye = (| [H,a] [P). (4.244b)

A trivial fixed point of the IM-SRG evolution is reached when the generator vanishes, i.e.,
ny = 0 and 7y = 0, which corresponds to the irreducible Brillouin conditions [MKO01; KM02;
KMO04]—where the name of the generator comes from. Note that this does not ensure
the decoupling conditions because of the remaining anticommutator. Since the irreducible
Brillouin conditions are equivalent to the stationarity conditions of the energy functional
E[|¥)] == (¥|H (c0)|¥) through a unitary variation, we have good reasons to expect that
the anticommutator is suppressed as well [Her™16]. There is empirical evidence for their
reduction [Her"16].

However, we get rid of higher-rank densities as desired. We can see that by calculating the

expectation value of the commutator with the aid of the formulae derived in appendix A.3.2

5This following relation AB = % ([A, B] + {A, B}) holds for any operators A and B.
5Note that the expectation value of the anticommutator cannot be used for the definition of the generator
since it is invariant under exchange of the upper and lower indices.
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yielding

1 S
= [fé’ ng+ 53 T4 Arfl} —[p+q (4.245a)

rst
T 1 T
= (5 s
t

1
+ —IPin,nyngns

4%
1
+ g(l —np — ny) Z F%)‘ZZ

tu

1
+ i(np — ng) ZF{’L@A%
tu

1
IESMEYY

tuv

—[p 7“]) —lg¢ s]} — [pr <> gs]. (4.245b)

Like the multi-reference IM-SRG(2) flow equations (4.28), these expressions only depend
linearly on irreducible two- and three-body density matrices, A?) and A®), which makes
untruncated implementations feasible as desired. Finally, we give the J-coupled version in

natural orbitals for an efficient implementation

11 .
n :{ Png + 25 DA ¥t JAf,’;} —p+q (4.246a)
P rstJ
1
J J
=\ (G
t
+ 1 TP, Aengn
4 qs pltritqtts
1
gy =) 32 TRNG
tu
1 a2 jp j’l‘ J J/—pg le{
+§(np_ns)zjl { o J/ ]‘—"U/E )\qf
tuJ’ JqJs
1 jp jr J>(.7q js J) t UM, VMg PM
+ — < Frmr me )\ U v D
4 mpmglqms mp My 0 mq Mg 0 %mt;mu i ViTly EM: QMg ST

_ (_)J—jp—jr [p RN ’l“]) _ (_)J—jq_js [q o S]] _ [p?” o qs]_ (4246b)

Note that the last term has not been simplified. In order to obtain these J-coupled expres-
sions, we made the same assumptions done for the derivation of J-coupled multi-reference
IM-SRG(2) flow equations in section 4.3. As a reminder, the assumptions are that the one-
particle density matrix as well as the irreducible two- and higher-body density matrices are
scalar, i.e., spherical tensors of rank zero. This condition is only fulfilled if the reference state

has vanishing total angular momentum (see appendix C.3).

87



4. Multi-Reference In-Medium Similarity Renormalization Group

4.6.5. Decay Scales

In this section, we derive the basic relation that motivates the construction of some gener-
ators, like the Wegner, White and Imaginary-Time. Furthermore, we study the decoupling
properties of the generators, i.e., how they suppress the off-diagonal matrix elements for
large enough values of the flow parameter s. We demonstrate how to derive the decay scales
explicitly for the White generator.

We construct HY as a Hermitian operator by choosing an orthonormal basis

{’\I/>’|\IJ1>7|\I/2>?"'} (4-247)
and defining
H(s)= B(s) |¥){¥] + > Eils) [a)(Wil (4.248a)
with Z
E(s) = (V|H (s)|¥) (4.248b)
Ei(s):= (U;|H (s)|¥;) . (4.248¢)

Note that this basis is an eigenbasis of HY by construction and |¥) denotes the reference state.
Furthermore, we emphasize that the energies E; are not the eigenvalues of the Hamiltonian H .
The states {|U1), |¥2) , ...} span a subspace of the A-body Hilbert space that is orthogonal to
the reference state, analogously to the subspace spanned by all basis states \\111}1’11;;) containing

at least a one-particle one-hole excitation. The off-diagonal piece can simply be written as
H*Y(s) =H (s) — H(s). (4.249)

For the matrix elements of the off-diagonal and diagonal Hamiltonian in this eigenbasis we

obtain
(U|HY|w;) =0 (4.250a)
(U;|HY|W;) =E;6) (4.250D)
(U|H°Y W) = (W, H*Y ;) = 0. (4.250c)

Furthermore, the anti-Hermiticity of the generator implies
(W[n|¥) = (i|n|¥;) = 0. (4.251)
Inserting the identity operator in the eigenbasis of the diagonal Hamiltonian,

1= [W)(W|+ D [0) (Wil (4.252)
k

and making use of the aforementioned expressions, we can determine the derivative of a
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non-diagonal matrix element

dH

<‘I”§|‘I’i> = (¥|[n, H]|¥;) (4.253)
=(U|n|V) (V| H|¥;) — (V[H|T) (¥|n|P;)
D (V| W) (Vi | H W) — (U] H |Ty) (Tk|n|T;)) (4.254)
%
=0 — E(V[n|¥;)
+> (U Wy) Eiof — (U H W) (Tg]n|T;))
k; —
D (W) (Vg | HOE,) — (U|HOY W) (T n| ;) (4.255)
%
=— (U|n|¥,) (E — E;)
+ 3 (T W) (U | HO W) — (B[ HOY W) (Tg || T5)). (4.256)
%

This is a basic relation for the motivation of several generators and the analysis of their decay
properties. We will explicitly demonstrate how this works for a White-type of generator. A
natural choice based on the previous equation is given by

od )
(Wl |0;) = TH [P0

E_F (4.257a)
Uy | Ho |,
(Wk|n[¥y) :W(l — k). (4.257D)
J

Here, the denominator ensures the anti-Hermiticity of the generator. Note that the definition
of the White generator from (4.237) is different from this White-type generator, but mimics its
behavior for large values of the flow parameter, which is what we are interested in. Consider

the following many-body matrix element of the derivative of the Hamiltonian

d (U|H° W) _
U —|U)\=— " V(g _F
( Ids |W;) E_ B ( )
1 1
+ S ) (U HOY W) (U, | HY W, 4.258
%%(E_Ek Ek—EZ-)< | W) (Ul \D) ( )
2F, — F;, — FE
= — (U|H|T;) + ) b — (U|HY W) (U [HOY ;) . (4.259)

7 (B — E)(Ey, — E)

Assuming that the evolved Hamiltonian is sufficiently close to an attractive fixed point for
s > sg, we can show that the second term is negligible compared to the first one. For that
purpose let us first consider the (Frobenius) norm of the off-diagonal piece, which is expected

to go to zero. Hence, we can suppress it below an arbitrarily given positive number €2 > 0:

IO * =tr((H°Y)TH®?) (4.260)
= (U[H H W) + (0| H H|W;) (4.261)
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= (U H ) (O[HW) + > (O H W) (V| H|W)

k
D (W HOY ) (B HOY W) + > (U [HOY W) (T HOY ;) (4.262)
7 ik
=0+2) [(WHOY W)+ > (0| HOTy) [ < €. (4.263)
1 ik

Since all summands are positive, each term has to smaller than €2 separately

(0| HOY W) ? < € (4.264)
(W, | HOY W) % < €2 (4.265)

Assuming that the energies F and E; are approximately constant for sufficiently large flow
parameter s > sg, we can conclude that the second term in (4.259) goes faster to zero than
the first one. This is because the second term goes like €2 while the first one goes like €!.
Thus, neglecting these terms in (4.259), we obtain a first-order differential equation for the

off-diagonal piece

dH (| HYE;) (V| H(s)|T;) 1 a4
\117\1’1: %—\I/HO \Ifl 4.2
( Ids |3) P + P (U H(s)[V;) (4.266)
=0
The solution for s > sq is given by
(W H®Y (5)| ;) ~ (U|HY (s50)|W;) - exp [—(s — s0)] . (4.267a)

Similar analysis for the other generators, Wegner and Imaginary-Time, that can be found in
[Her17], yields

(W[H ()| ;) (W[ H (50)| ;) - exp | (B — E3)2(s — 50)] (4.267b)
(W[H(5)|W;) ~ (U] H*(50)| W) - exp [~ |E = Ei(s = 50)] , (4.267c)

respectively. Thus, we see that the Wegner and Imaginary-Time generators yield proper
renormalization-group transformations, in the sense that matrix elements of states with large
energy differences to the ground state |E — EZ| decay exponentially at smaller flow parameters
s than states with small |E — E;|. The White generator, on the other hand, acts on all matrix
elements simultaneously. If we are only interested in the limit s — 0o, this should not make

a difference. For the Brillouin generator, we could not find its behavior in literature so far.
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4.7. Observables

In this section, we discuss how to extract observables beside the ground-state energy within
the framework of multi-reference IM-SRG.

4.7.1. General ldea

Suppose we have a Hermitian operator O associated to an observable. The aim is to calculate
the expectation value of this operator with respect to an eigenstate |¥;) of the Hamiltonian

H, that can be rewritten with the aid of the unitary transformation U (s) to
(TiO1W;) = (W|U (s)U' (5)O(s)U ()U ()| :) = ((5)|O(5)| Wi(s)) (4.268)
with the unitarily transformed operator
O(s)=UT(s)OU (s) (4.269)
and the transformed state
[Wy(s)) = U'(s) &) (4.270)

which is an eigenstate of the transformed Hamiltonian H (s) = U'(s)H (0)U (s). The latter

statement can be proved easily

H(s)[Wi(s)) = UT(s)H(0) U (s)U'(5) |W3) = BU () [W3) = E; |¥y(s)) (4.271)

=1
where |¥;) is an eigenstate of the initial Hamiltonian with the corresponding eigenvalue E;.
Now, the key point is that in multi-reference IM-SRG(A) evolution the reference state |¥)
becomes an eigenstate of the evolved Hamiltonian if the flow parameter s goes to infinity,

(W[O] W) = lim (¥]O(s)| ). (4.272)

Consequently, we are forced to consistently evolve the operator in order to extract observables
associated with this operator within the multi-reference IM-SRG(A) framework according to
the right-hand side of (4.268). But note that we cannot exactly control which eigenstate we
target in multi-reference IM-SRG, as aforementioned.

In practical calculations of multi-reference IM-SRG, we do not explicitly construct the
unitary transformation, instead, we use the flow-equation approach which can be formulated

for this operator as well

= [n(s),0(s)] (4.273)
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where the dynamical anti-Hermitian generator n(s), obtained from the evolution of the Hamil-
tonian, governs the unitary transformation. Thus, we have to solve the flow equation for the
operator and the Hamiltonian (4.5) simultaneously. In contrast, the Magnus formulation of
the (multi-reference) IM-SRG is an alternative way to construct the unitary transformation
directly [Bla™09; MPB15].

Finally, we give an overview of the procedure how to extract observables in numerical
calculations in multi-reference IM-SRG(2). Assuming that the operator written in second-

quantized form in vacuum representation has a maximum particle rank of two

1

O =A+) Bjaj+ ) Chlag (4.274)

[o1 [e%]
B B

with known zero, one- and two-body matrix elements A, B§ and CgJ, we transform it into
reference-state representation using the same reference state |¥) as for the Hamiltonian ac-
cording to (3.65). If the operator also contains three-body pieces, their effects can be included
using the MR-NO2B approximation as described in section 3.3.4. The matrix elements of
this operator need to be transformed to the natural-orbital basis as given in (4.24) to use the
formulae derived in this chapter. Afterwards, we work out the commutators yielding the same
results as for the Hamiltonian. The m-scheme results in natural orbitals are basically given
in (4.28) which are valid for any kind of operator. The J-scheme results in natural orbitals
from formulae (4.89) are computationally very efficient, but only valid for scalar operators,
i.e., spherical tensors of rank zero. Hence, we are limited to scalar operators, which include,
for instance, the mean-square-radius operator and the electric monopole transition operator
that will be the subject of sections 4.7.2 and 4.7.3. For non-zero rank tensors, the J-scheme

formulation must be generalized.

4.7.2. Radii

The definition of mean-square-radius operator in particle-number-conserving theories’, which

is the case here, is defined as

A 2
T = D (76) - B) (4.275)

with the absolute coordinate vector operator of the i-th particle acting non-trivially only in
the i-th subspace of the A-body Hilbert space

Fi)=19..919 7 ®1..01 (4.276)
~~
i-th place

A

“In particle-number non-conserving theories the prefactor % need to be raised to a Hermitian operator A",
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and the center-of-mass vector operator for A nucleons with the same mass

A
R:=— Z 7(4). (4.277)

With the abbreviation of the two-body relative distance vector operator between the j-th

and i-th particle
7(ij) = T(i) — 7(j), (4.278)

we obtain after some basic simplification steps for the mean-square-radius operator

1 A
o 72 (4.279)
1<j

which is a quasi two-body operator that depends on the total number of particles A. Hence,

it can be rewritten in second quantization

Z e (pr|7%(12) lqs) a?. (4.280)

Note that this operator contains zero-, one-, two-body pieces in reference-state representation.

The point-proton and point-neutron mean-square radius are defined as

1 & L e
rmzzg(r(z)—R) TI_(3) (4.281a)

B NS S
ryms.:N;(r(z)—R) I, (i) (4.281D)

where Z and N denote the number of protons (7) or neutrons (v), respectively. Furthermore,

IT_(i) and II,(7) represent the one-body projection operator on the corresponding particle

species
I (i) =1+ 7.() (4.282a)
IL,(i)= % —7.(i) (4.282b)

where 7,(7) is the z-component of isospin operator of the i-th particle.
After some simplification steps, we obtain for the point-proton and point-neutron mean-

square-radius operator

Tms

% ) (BT (i) + 5 (T, (i) + T (55)) ) = 7o (4.283a)

% (2A1—I ( )+

=2l

(I, (35) = T, (i) ) = T (4.283D)

I/mS

s
e
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with the two-body projection operator IT,4(ij):= II,(i)II4(j) and o, 8 € {m,v}. Hence,
both the point-proton and point-neutron mean-square radius are quasi two-body operators
like the mean-square-radius operator.

Using these operators, we can define several associated observables, for instance, the root-
mean-square radius—also called point mass radius—of a nucleus in an eigenstate |¥;), given

by
Rins = <\I/i|7“ms‘qji>a (4284)
and analogously for the point-proton and point-neutron root-mean-square radii

Rﬂrms = <\I/i|'r7rms|\1/i> (4285)
Rurms = (‘Iji|'r‘yms|qji>- (4286)

Note that these quantities do not carry the index i of the eigenstate |¥;), for brevity.
We obtain the charge radius of the nucleus in an eigenstate |¥;) by applying the corrections

due to the mean-square charge radii of the proton 72 and neutron r2 [Kam97]

N N
Ry = \/ Rims + 77+ 70 = \/ R2,..+0.743 fm? — ?0.116fm2, (4.287)

where we took the experimental data from [Ber™12]. The Darwin-Foldy term, which is a

relativistic correction, is neglected since it is one order of magnitude smaller than r2 and r2.

4.7.3. Electromagnetic Monopole Transition

Electromagnetic transitions are the response of a nucleus to an external electromagnetic
field, where the field is assumed to be weak such that non-linear effects can be neglected.
The strategy is to decompose the external electromagnetic field into multipoles, and the
total response of the nucleus can be viewed as the superposition of the responses due to
each multipole. Electromagnetic transition operators are classified into electric and magnetic
transitions based on the angular momentum L of the photon, being the particle dual of the
electromagnetic field, and the parity given by (—)% for electric and (—)**! for magnetic
type of transitions. Note that the distinction between electric and magnetic types might be
misleading since transitions are neither purely electric nor magnetic.

Since we are limited to scalar operators, i.e., spherical tensors of rank zero, due to our cur-
rent implementation of the IM-SRG evolution, we can only study electromagnetic monopole
transitions that cannot change the total angular momentum and parity between the initial
and final state. In contrast to electric monopole transitions, which are possible via internal
conversion where the nucleus de-excites by emitting an electron from the atomic shell [RS80],
magnetic monopole transitions are fundamentally forbidden because there are no magnetic
monopoles in nature.

Expressions for the transition operators are usually derived by first-order time-dependent
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perturbation theory and in a long wavelength limit, i.e., the wavelength of the electromagnetic
field A, is large compared to the nuclear radius 7. The validity of this approximation can
be analyzed based on the following consideration: On the one hand, the wavelength of the

electromagnetic field is related to its energy FE, via

2mhe
E,

Ay = (4.288)
with ¢ denoting the speed of light and & the Planck’s constant. On the other hand, a stable
nucleus has approximately a constant density and, therefore, the nuclear radius . can be

approximated by the following empirical formula
Touel = 1.25 fm - AY3. (4.289)

Hence, the condition Ay > ry,q leads to

2mhe

Conf CATY3 = 991.2MeV - ATV/3, (4.290)

Ey <

Thus, the larger the number of nucleons, the smaller the range of photon energies where this
condition can be justified. For systems up 40 nucleons, that is a particular interest of this
work, this condition reads as E, < 290MeV which is fulfilled for the typical spectroscopy
of low-lying states in sd-shell nuclei we are interested in.

In this subsection, we derive the formulae widely used in the literature for the electric
transition operator Qp,,, with My, being the z-component of the total angular momentum
L of the photon. The starting point is the formula for the electric multipole moment given

by [RS80]

2L + 1)!! N

LMy, ::(L(LJr)l) / ¥ p(M) 5 {T]L(qr)]YLML (9,) (4.291)
i(2L + 1) i

L (L +1) /d3 7) r(ar)Yoa, (9, ¢) (4.292)

which is not an operator type of expression. Here, ¢ denotes the momentum transfer, j; the
spherical Bessel function of order L, Y7, spherical harmonics and p is the electric charge
density. In the second term, j, c and 1 denote the electric current density, speed of light, and
the imaginary unit, respectively. Lastly, the symbol (2L + 1)!':= (2L +1)-(2L—1)-...-3-1
is the so-called double factorial.

We note that the second term is neglected in the long-wavelength limit, i.e., gr < 1, since

L+1 whereas the leading term of the first term goes like (qr)”.

the leading term goes like (gr)
This can be seen once we expand the spherical Bessel function. For that purpose, let us

expand the ordinary Bessel function for small arguments as

_ x (_)j T 2j+a
Jao(z) _jzzjo AT Tat ) (2) : (4.293)
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with I' being the Euler’s gamma function and writing out the first two summands, we get

:F(al—l— 5 (;C)a _ F(a1+ 5 (‘;)M T (4.294)
:1“(a1+1) (‘;) <1 - me +.. > (4.295)

Making use of I'(z + 1) = 2I'(2) for any real number z, we obtain

:arl(a) (g)a (1 - 4(al+1)x2 +. ) (4.296)

With these results we can expand the spherical Bessel function for a non-negative integer
Le{0,1,...}

jular) ::\/Z Tppitar) (4.207)
_ /™ 1 qr Lt R
_\/;(L+%)F(L+§) (2) (1—4(L+3)(qr) i) (4.298)

since L is integer it follows I'(L + %) - (2/3—2%

[ oL qr L+% 1 ,
_\/;(L +3)(2L — D!/7 <2> <1 - m(‘ﬂ) +. ) (4.299)
_ (qr)" 1
TQRL+1)RL- 1) (1 T 202L+3) (ar)” £ . > (4.300)

making use that (2L 4+ 1)(2L — 1)!! = (2L + 1)!!

_ (gn)* 1
=GLi i (1 - m(qr)2 +... ) (4.301)

Plugging this result into (4.291) yields

B, =S fae o) 2 [ (1 s ) Y 0.9

q“(L +1) 2L+ 1! 2(2L + 3)
(4.302)
(L+3)
_ 3 L 3 L+2
= Y, Y]
/dTP(F)?" vy (U, ) — (L + 1)L +3) /dTP (qr) vy (U, )
(4.303)
Let us consider the monopole term, i.e., L = M = 0, leading to
Eqo = /d  p(F)Yoo(0, ) /d (7) (ar)*Yoo(0, ) (4.304)
- /d3r (i) — L /d%« () r? (4.305)
Var 2\/471'
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1 ¢’ 3 2
= Ze — / d%r p(@)r 4.306
7 W p(7) (4.306)
where we made use that Yoo(,¢) = —=— and the integral over the electric charge density

Var
gives the total charge of the nucleus Ze since we have Z protons carrying the elementary

charge e.
For non-relativistic point-like nucleons, we can raise this expression to operators by intro-

ducing the electric charge density operator

A
p(') = e T .(i)§ (i — 7' (i) (4.307)
=1
with
7'(i):= 7(i) — R. (4.308)

Here, § is the delta distribution, (i) is the absolute coordinate vector operator of the i-th
particle (4.276), and R is the center-of-mass vector operator (4.277), and II_(i) denotes the
one-body projection operator on the protons (4.282a). The presence of the center-of-mass
coordinate ensures translational invariance of the electromagnetic transition operators.
Finally, inserting the electric charge density in the expression (4.306) and integrating yields

Eq = () (7) 1%)2 . (4.309)

1
—=Zel
Vam 2\/ Ar 7 Z
Since the first term of the electric monopole transition is proportional to the identity operator,
it cannot induce transitions between two different states. Furthermore, we separate the
nuclear-physics part from the kinematics of the virtual photon (which determines ¢?) and

define the electric monopole transition operator as

A
Qoo —eZH ) (7@) - R) = Z(F ~R) 1L() = e, (4.310)

=1

which is proportional to the point-proton mean-square radius (4.281a). Note that the pref-

actor 2\/15 is missing in our definition of electric monopole transition operator which is only

important if we want to compare our results to other calculations.
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Chapter 5

No-Core Shell Model and

Importance Truncation

In this chapter, we present the no-core shell model (NCSM) as a many-body method. Af-
terwards, we briefly describe the importance-truncated NCSM which is an extension of the
NCSM.

5.1. No-Core Shell Model

The NCSM is one of the most powerful and universal ab initio many-body methods that be-
longs to the class of configuration-interaction approaches [BNV13; Nav09]. All nucleons are
considered active in contrast to typical shell-model-type of approaches. NCSM is variational
for a given Hamiltonian, i.e., it provides an upper bound for all absolute energies of the exact
eigenstates.

It is built on a representation of the Schrédinger equation as a large-scale matrix eigenvalue

problem, using an expansion of the eigenstates in an orthonormal basis of A-body states |®,),
[2a) =3¢ @) (5.1)
i

with the expansion coefficient cgn).
Inserting this into to the stationary Schrodinger equation (3.94), and multiplying by (|

from the left, we obtain

S (@ H |®,) ™ = B, ", (5.2)

J

which is an eigenvalue problem for the matrix representation of the Hamiltonian Hj;: =
(@;| H |®;). Since the Hilbert space is infinite dimensional in general, we need to introduce

some truncations.

99



5. No-Core Shell Model and Importance Truncation

The basis states |®,) are antisymmetrized A-body product states, also called Slater deter-

minants or configurations

|D,) == |p1p2...pa); (5.3)

built from single-particle states |p). A typical choice of the single-particle basis is the harmonic
oscillator (HO)

Bii={Ip) = |p(lp3)ipmp 3me,) : p € {1,2,.. }} (5.4)

which is orthonormal. Here, 7, € {0,1,...} is the radial quantum number, the angular-

momentum [, € {0,1,...} and spin—% quantum number are coupled to the total angular

momentum j, € {|l, — 3|, |l — 4| + 1, ..., |, + 3} with its projection quantum number
my € {—Jp, —Jp+1, ..., jp}, and the z-component of the isospin—% quantum number encodes
whether this single-particle state belongs to a neutron my, = —% or a proton my, = —1—%.

Other single-particle bases, for instance Hartree Fock (HF) discussed in chapter 2 or natural
orbitals [CMV12], can be used as well—which are all orthonormal bases, too. In this work,
we will exploit the HO and HF single-particle bases.

The many-body basis must be truncated to render the problem numerically tractable, as

aforementioned. For that purpose, we introduce the single-particle energy quantum number?
ep = 2Ny, + ). (5.5)

Furthermore, we assign each configuration |®,) an energy quantum number by simply adding

the single-particle energy quantum numbers of all states occupied in this configuration, i.e.,

e(|®,)) = Zep. (5.6)

pEB
(ayl®,)#0)

Obviously, there is at least one configuration |®,;,) with the lowest energy quantum number

that we call base determinant
e(|Pmin)) < e(|®;)) for all 1. (5.7)

Note that the base determinant is not unique in open-shell systems. However, we can define

for a given configuration a new quantity called number of excitation quanta
N(|®;)) = e(|®;)) — e(|Pmin)) (5.8)

which is a non-negative integer. The truncation on the many-body level then may be realized

'For the single-particle basis HF and natural orbitals, this is an artificial quantity.
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Figure 5.1.: We schematically illustrate the truncations of the many-body basis for the NCSM
calculations. Starting from an energetically lowest configuration, called base
determinant, which is not unique in open-shell systems, we construct the model
space by exciting particles to unoccupied states. If one or more of the newly-
occupied states belong to energetically higher orbitals, we associate the total
number of excitation quanta N with the configuration formed this way. The
model space is truncated for a given Nya.x by including only those states with
N < Npax- A configuration with V = 0 is formed by permuting particles among
states belonging to the same orbit (left panel). Configurations with N = 2 can
be constructed for instance by either exciting one particle by two orbitals or two
particles by one orbit each (middle panel).

using Npax giving the maximum number of allowed excitation quanta
Bl .= (1®,) : N(|®,)) < N 5.9
nesm = {1®0) ¢ N(195) < Nmaxc}- (5.9)

A graphical illustration is shown in figure 5.1.

Additionally, we can reduce the number of basis states based on the symmetry of the
Hamiltonian of the nuclear system: On the one hand, since the Hamiltonian is rotationally
invariant, the nuclear energy levels are degenerate with respect to the angular momentum

projection which is an additive quantum number

My(|®;)) = > my (5.10)

PEB)
(ayl®,)#0)
and we can restrict the space to a specific M j—typically the smallest allowed value Mj; =
0 (M; = +%) for even (odd) number of particles. On the other hand, using the parity

conservation of the Hamiltonian

n(12;)) = [J(-1)" (5.11)

pEB]
(ap|®,)#0)

we also restrict the model space to basis states of either natural or unnatural parity. Here,
natural-parity states has the same parity as the parity of the uncorrelated ground state

predicted by the naive shell model, while unnatural-parity states do not. If we are only
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interested in natural (unnatural) parity eigenstates, we need only to consider configurations
with even (odd) number of excitation quanta N.

In conventional NCSM calculations, the HO basis in combination with the Ny,.«-truncation
is used. The main advantages of this choice are the computational efficiency and the exact
factorization of the eigenstates |¥,,) in intrinsic |Wy, ju.) and center-of-mass (CM) |U), om)

parts
’\Il”> - ’\Ijn,int.> ® |\Iln,cm> (5.12)

avoiding mixing CM and intrinsic excitations. To get rid of CM excitations in the spectrum,
we add a CM Hamiltonian of the form [RGP09]

1 =2 mAQZ o2 3
H =——WFP — —hQ2 1
em =57 + 5 R 2h (5.13)
with
LA
P=> pli) (5.14)
i=1
I .
R ;m), (5.15)

—2 —2
acting on the CM momentum P and CM coordinates R of A particles with the same mass

m to the intrinsic one. Hence, the total Hamiltonian in our calculations is given by
H=H,,+p/H,,, (5.16)

where the parameter 8 controls the strength of the CM part. Consequently, states with a CM
components different from the harmonic-oscillator ground state are shifted to higher energies
and removed from the part of the spectrum we are interested in.

NCSM calculations are limited by the dimension of the model space that grows factorially
with increasing the number of nucleons A, and the model-space size Npyax that needs to be
increased in order to reach convergence. Nowadays, linear dimensions of 10'° are the upper
limit of tractable matrices during the computations, such that NCSM calculations for 10 can
practically be performed only in relatively small model spaces (Npax < 8) where convergence
has not yet been reached [Var™09; Rot09]. In the next step, the importance-truncated NCSM,
in which the NCSM model space can be reduced with guidance of the multi-configuration
many-body perturbation theory, will be introduced.

We solve the eigenvalue problem of the finite matrix for a few low-lying eigenstates us-
ing the Lanczos-type algorithms [Lan50; SN69; Whi72], yielding energies and eigenvectors
that can be used to compute any secondary observable. The truncations of the many-body
space establish the crucial departure from an exact treatment of the Schrédinger equation.
Hence, in practically calculation, we have to demonstrate that the truncations do not affect

the observables of interest. This convergence is the critical condition for determining the
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uncertainties of the method and also the limiting factor in practical applications. Several
tools are being used to extend reach of the NCSM, e.g., through additional truncations of the
many-body model space [RN07; Rot09] or through a pre-diagonalization of the Hamiltonian
by a unitary transformation [Rot™11; JNF09; Oku54; SL80]. Without these extensions, the
NCSM is typically limited to *He [Rot*14; JNF11].

5.2. Importance Truncation

The importance-truncated NCSM reduces the NCSM model space to a tractable size without
losing precision of the eigenvalues and eigenstates compared to an NCSM calculation [Rot09].

The starting point is an NCSM model space
M := span <Bl(\f\é‘§‘}’;[)> (5.17)

and so-called reference states® |¥!) € M’ C M. The reference states |V, ) are approximations
of the target states, which will be calculated later, to have the correct angular momentum.
To ensure this requirement, |¥! ) are determined in NCSM-type calculation in M.

In order to quantify the importance of the basis states which are included in M, but

excluded from M/, the first perturbative correction of |¥!)

D)

|®,)gM’

/!
<¢ZL{I§"> |®,) (5.18)
is considered, where ¢; is the unperturbed energy of the basis states |®,) ¢ M’', and €, is the
expectation value with respect to |¥!) of the Hamiltonian H .

Afterwards, the coefficient
kM = _@ie’f 5’” (5.19)
is used as an a priori importance measure of the basis state |®,) ¢ M’. Only basis states
with an importance measure |/<a§n)] above a threshold ki, for at least one reference state are
retained in the model space. Hence, diagonalization of the matrix can be carried out in this
smaller space. A variation of the threshold kmin, allows an a posteriori extrapolation of Kmin
towards zero to recover the contribution of the discarded basis states.

The procedure for the importance truncation of the model space can be extended to an
iterative method: We start with a particular model space and the reference states calculated
in an NCSM-tractable model space, and reduce the model space by means of the importance
measure (5.19). By diagonalizing the Hamiltonian matrix within the importance-truncated
model space, a set of eigenstates are obtained that can be used for the next larger model

space. This procedure is iterated while making progress to larger model spaces. The reduc-

2Do not be confused with the reference state |¥) introduced in previous chapters which does not enter the
consideration in this chapter.
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5. No-Core Shell Model and Importance Truncation

tion of the model space facilitates calculations in ranges that are not manageable in NCSM.
For instance, calculations for 60 in the model space Npa.x = 10—not tractable in the frame-
work of NCSM—are computationally possible in importance-truncated NCSM because of the
tremendous reduction of the model-space size. Even calculations within a model space up
to Nmax = 22 and beyond are tractable in importance-truncated NCSM while this limit is
set by the available two-body matrix elements and not by the importance-truncated NCSM
calculation itself [Rot09].
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Chapter 6

Merging In-Medium Similarity
Renormalization Group and
No-Core Shell Model

In this chapter, we merge the multi-reference in-medium similarity renormalization group
(IM-SRG) and the no-core shell model (NCSM) introduced in the previous chapters to define
the in-medium no-core shell model (IM-NCSM). In section 6.1, we give a brief motivation
why we merge them. Furthermore, we give a prescription how to merge them discussed in
section 6.2. Finally, in section 6.3, we show the Hamiltonian matrix in a many-body basis in
order to illustrate how well the IM-NCSM works.

6.1. Motivation

We motivate combining the two many-body methods, IM-SRG and NCSM, by confronting
the advantages and limitations of each method. The complementarity of both approaches
makes it ideal for merging these techniques.

Let us start with the NCSM, which is limited to light nuclei due to the factorial growth of
the model space. It is computationally very demanding to obtain model-space convergence.
For larger systems the model-space sizes needed are beyond the reach of current computers.
In contrast to that, using the IM-SRG, we can easily access heavy nuclei due to the soft
computational scaling with particle number A of the nucleus. A very nice feature of the
IM-SRG is that the Hamiltonian is decoupled in the A-body basis, which will be explicitly
demonstrated later on.

However, the IM-SRG is not an exact ab initio method due to additional truncations
and is not variational. As explained in detail in section 4.7, it is designed for ground-state
observables only. The description of excited states and spectroscopic observables are not
straightforward. Moreover, it is limited to even nuclei due to the J-coupled implementation

for scalar operators. On the other hand, the NCSM is a (quasi)-exact method enabling easy
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6. Merging In-Medium Similarity Renormalization Group and No-Core Shell Model

access to excited states, and, therefore, spectroscopy does not incur significant additional
computational cost since we get also the eigenstates of the Hamiltonian from the diagonal-
ization. Finally, it is not limited to even nuclei as the IM-SRG.

By merging these two techniques we get a powerful method which exploits the advantages

of both techniques, and we can overcome some limitations.

6.2. In-Medium No-Core Shell Model

In this section, we describe how to merge the multi-reference IM-SRG and the NCSM to
define the IM-NCSM approach. This procedure consists of three major steps as depicted

schematically in figure 6.1:

1. We perform an NCSM calculation to obtain a reference state |¥) for the specific nu-
cleus of interest in a small model space with truncation parameter N = called the

reference-space size. We choose NI = 0 model spaces unless otherwise stated, which
are multidimensional in open-shell nuclei. The lowest eigenstate with the appropriate

quantum numbers serves as reference state.

2. We normal order the Hamiltonian with respect to the reference state |¥), which is
multi-determinantal in general, and solve the J-coupled multi-reference IM-SRG flow
equations (4.89). For each value of the flow parameter s, the flow equations yield
a normal-ordered Hamiltonian H (s). Thus, we generate a family of Hamiltonians in
which multi-particle multi-hole excitations are successively decoupled from the reference

state.

3. The IM-SRG-evolved Hamiltonians are used in NCSM calculations for a range of trun-
cation parameters Ny .x. These calculations provide ground- and excited-state energies,
as well as the respective eigenvectors. The eigenvectors can be used to evaluate other

observables that have been transformed consistently in an IM-SRG evolution.

For simplicity, we refer to this scheme as in-medium no-core shell model (IM-NCSM), be-
cause the key point is the use of an in-medium decoupled Hamiltonian in the NCSM. The
IM-NCSM scheme has a number of important advantages over simple IM-SRG or NCSM cal-
culations. The initial NCSM calculation can be performed for arbitrary open-shell systems
and we can control the complexity of the reference state |¥) via the parameter N . The
entire Nf;‘f;x space is decoupled from the rest of the model space, and remaining couplings
within that space, caused by the IM-SRG truncations, are handled by the subsequent NCSM
diagonalization. The decoupling dramatically accelerates the convergence of the subsequent
NCSM calculation, which will be demonstrated in the next section. Furthermore, we obtain
ground- and excited-state wave functions that can be used for calculating observables. Since
we have a continuous mapping between the initial and the decoupled Hamiltonian, we can
probe and quantify the effects of the truncations of the IM-SRG flow equations by varying

the flow parameter s.
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IM-NCSM

define I evolve l extract

reference state operators observables

Figure 6.1.: Schematic overview of the merging procedure of the IM-NCSM. We diagonalize
the Hamiltonian in small model space in NCSM and the ground state basically
defines the reference state which enters the evolution of the Hamiltonian and—if
requested—other operators. This step serves as a pre-diagonalization in A-body
space. Finally, we diagonalize the IM-SRG evolved Hamiltonian, obtain the
eigenstates and then extract observables.

In the interest of clarity, we compare the IM-NCSM with the so-called valence-space IM-
SRG [Str'16]. Both methods are two-stage approaches where an IM-SRG evolution is used to
adapt the Hamiltonian for a subsequent diagonalization in a truncated space. Furthermore,
they inherit advantages and problems from this second step, the valence-space shell model or
no-core shell model, respectively. Therefore, the step from IM-SRG for valence-space interac-
tion to IM-NCSM is of similar importance and impact as the step from the phenomenological
shell model to the no-core shell model in the early 1990s.

More specifically, there are several unresolved problems in the valence-space IM-SRG, which
by construction cannot occur in the IM-NCSM. For instance, the ground-state energies ob-
tained in the initial IM-SRG for valence-space interaction applications show a systematic
overbinding as the number of valence nucleons increases. This problem has been addressed
recently though a heuristic modification of the density matrix entering the normal-ordering
procedure [Str*17]. This modification is meant to circumvent a rigorous multi-determinantal
reference state for the nucleus under consideration. In the IM-NCSM, we start with a multi-
determinantal reference state from an NCSM calculation and perform a full multi-reference
IM-SRG evolution in a strict ab initio sense. Furthermore, the valence-space IM-SRG has only
been applied successfully to valence spaces covering a single major shell thus far. Attempts
to extend the valence space to multiple shells have failed due to uncontrolled behavior in
the IM-SRG evolution. Therefore, many interesting phenomena, e.g., the physics of intruder
configurations, cannot be described in the valence-space IM-SRG at present. In addition,
the presence of a core and the current issues with extending the valence space inhibits a
systematic study of the model-space convergence that is mandatory for a stringent ab initio
approach. The IM-NCSM is a no-core method using the total number of excitation quanta,
Nmax, as the only model-space truncation parameter. The convergence of all observables
with increasing Npa.x is investigated explicitly in each calculation, providing model-space

uncertainty estimates for all results.
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6.3. Decoupling of the Hamiltonian Matrix in Many-Body Basis

In order to gain an intuitive understanding of the IM-NCSM, let us consider the Hamiltonian
matrix in a many-body basis (5.9), for instance one constructed for >C. In this section, we
limit ourselves to natural parity eigenstates of the Hamiltonian in an Np.x = 4 model space,
and total angular momentum projection of M; = 0. Because of the parity conservation
of the Hamiltonian, we need to include only configurations with even number of excitation
quanta N = 0,2 and 4. Hence, the many-body basis of this subspace, schematically shown

in figure 6.2, sorted with respect to their number of excitation quanta is given by

Bisu= U ( U (|<1>§N>>)) (6.1)

Ne(0,2,4) \i€(0,1,...)

0 0 2 2 4 4
—(|q>g>>,|q>g>>,...,|q>g>>,|q>g>>,...,,q>g>>,|q>g>>,...), (6.2)

where the upper index of the basis states indicates the exact number of excitation quanta N
with respect to the energetically lowest configurations, and the lower index enumerates them.
The single-particle energy truncation is set to epnax = 12. As mentioned before, this basis is
orthonormal, i.e., <<I>£N)|<I>§»N/)> = 5;5%,. The number of natural parity configurations with
total angular momentum projection M; = 0 for 12C with exactly zero, two and four excitation
quanta is 51, 17674 and 1101201, respectively. In general, the Ny.x = 0 model space for
open-shell nuclei is multidimensional, here 51 for 2C, but one dimensional in closed-shell
nuclei.

Since the Npax = 4 model space is 1118926 (=51+17674+1101201) dimensional, for
a graphical illustration of the Hamiltonian matrix we have to restrict ourselves to those

configurations with the strongest coupling to the N = 0 configurations. One possible way to

337
33
$et1 1Y
i

0 2 4
12" 2% %

Figure 6.2.: Schematic illustration of the many-body basis Bl(\;%SM containing up to four exci-
tation quanta. Note that odd number of excitation quanta N are not necessary,
if we are interested only in natural parity states of '2C which is the case here.
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;") ;") ;") v ) ;) )

H(0)

Figure 6.3.: Illustration of the initial Hamiltonian in the many-body basis containing exactly
0, 2 and 4 excitations quanta (left panel), and in a many-body basis where the
N = 0 configurations, |<I>£O)> , are replaced with the Ny, = 0 eigenstates, |‘II§O)),
of the initial Hamiltonian (right panel), where the reference state is the first
basis state |¥) = |\I/éo)>. We take all N = 0 configurations and those each fifty
N = 2 and N = 4 configurations that have the largest coupling to the N = 0
configurations measured by (6.3). The absolute values are encoded in colors: the
brighter the color the larger its value, where black indicates vanishing absolute
value. Obviously, the Npax = 0 block of the initial Hamiltonian is diagonal
in the basis containing the Npy.x = 0 eigenstates. The other blocks have been
transformed as well.

quantify this coupling is

N 0 N
=3[ H[2M)). (6.3)
J

(N)

()

for each N > 0. In the left

panel of figure 6.3 we show the absolute value of the initial Hamiltonian matrix elements in

We take those fifty configurations with the largest value of ¢

this truncated many-body basis with up to four excitation quanta. The absolute values are
encoded in colors: the brighter the color the larger its value, where black indicates vanishing
absolute value.

In order to bring the reference state into the game, we replace the N = 0 configurations
by Nmax = 0 eigenstates. For that purpose, we diagonalize the initial Hamiltonian in the

Nmax = 0 model space, i.e.,
1 7 1® v = g0 9. (6.4)

)

Here II9 denotes the projection operator on the Ny .y = 0 subspace, and E,L.(O is the eigen-
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Figure 6.4.: We analyze the reference state for 2C constructed in Np,.x = 0 subspace to em-
phasize its multi-determinantal character. On the z-axis is depicted the quantity
X, from (6.7) for protons (left panel) and neutrons (right panel) separately. This
quantity is exactly one and zero for core (blue) and virtual states, respectively,
while it is something in between for active (red) ones. Since the p-shell is par-
tially occupied, the reference state is indeed multi determinantal. We used the
spectroscopic notation “(7, + 1)L;,” where 71, € {0, 1,...} is the radial quantum
number, j, the total-angular-momentum quantum number, and L € (s,p,d,...)
encodes the angular momentum quantum number [, € (0,1,2,...) of the state |p).
On the left side is additionally depicted the energy quantum number e, = 27, 41),.

value associated to the eigenstate |\IIZ(-O)> of the Hamiltonian in the Ny, = 0 subspace.

Replacing the N = 0 configurations \@EO)> from above with these NV = 0 eigenstates yields
4 0 0 2 2 4 4
B = (126 100 o J0f) 80 el el ) (6)

which is still an orthonormal basis since Hermitian operators have an orthonormal eigenbasis.
The reference state |¥) for the IM-SRG evolution is chosen as the lowest eigenstate in the

Npax = 0 subspace with the appropriate quantum numbers; let us assume
. (0)
) = w). (6.6)

We emphasize once again that the reference state is a multi-determinantal state with this

choice. To confirm this statement, we show in figure 6.4 the quantity

X, =3 (@) ? (6.7)

I3
(apl2(?)0)
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Figure 6.5.: The lower panel shows the zero-body part of the flowing Hamiltonian E(s) (black
solid line) and the lowest eigenvalue of H (s) obtained in IM-NCSM calculations
in an Npax=0 (@), 2 (W) and 4 (A) model space. The upper panels show the
flowing Hamiltonian in a truncated many-body basis for different values of s. All
calculations use a Hartree-Fock basis with epnax = 12 and A2 = 20 MeV.

where the sum runs over all configurations in which the given single-particle state |p) is occu-
pied. Obviously, this quantity is exactly one and zero for core and virtual states, respectively,
while it is something in between for active ones. The multi-determinantal character of the
reference state is manifested in partially occupied p-shell.

Not surprisingly, the Hamiltonian matrix represented in the basis (6.5) is diagonal in
Nmax = 0 subspace, the other blocks need to be transformed as well. A representation
of the initial Hamiltonian in this basis is given on the right panel of figure 6.3.

While performing the IM-SRG evolution, let us track some important characteristics of
this matrix as a function of the flow parameter s on a logarithmic scale (see lower panel
in figure 6.5). First, the expectation value of the evolved Hamiltonian with respect to the

reference state |¥), which is identical to the zero-body part of the Hamiltonian in reference-
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E(s) (W|H (s)|w”)

Figure 6.6.: Zoom into the Npya.x = 0 block of the evolved Hamiltonian matrix to a specific
value of the flow parameter s = 1.0 MeV~!. The first line of the Hamiltonian
matrix indicates those matrix elements that couple the reference state to other
Npmax = 0 eigenstates.

state representation, i.e.,
E(s) = (V|H (s)|¥), (6.8)

which is the first entry in the Hamiltonian matrix by construction. Second, the smallest
eigenvalue in Ny, = 0 subspace, which coincides with E(s) for small flow parameters since
the reference state is already an eigenstate obtained in Ny,x = 0 subspace according to (6.6).
Third, the lowest eigenvalue obtained in the Ny.x = 2 and 4 model spaces, spanned by states
up to two and four excitation quanta, respectively.

Taking a closer look at matrix elements that couple the reference state to N = 2 and 4
configurations, we can clearly see that these matrix elements are suppressed and that strength
is shifted into the Npax = 0 subspace (see upper panels in figure 6.5). Hence, for sufficiently
large flow-parameter values the lowest eigenvalue obtained in the Nyax = 0, 2 and 4 model
spaces is practically the same. However, these quantities do not stabilize as a function of
the flow parameter due to induced many-body contributions. Nevertheless, this is proof that

IM-SRG successfully decouples the reference state from states with N > 0, here 2 and 4, i.e.,

(U|H(s) |2 ~
(U|H(s) |2V ~

(2

(6.9)
(6.10)

for sufficiently large flow parameter s. Similarly, we observe that other eigenstates obtained
in the Npax = 0 subspace are also decoupled from states with N > 0, which we believe is a
useful by-product of the IM-SRG(2) truncation.

Furthermore, we observe from figure 6.5 that the expectation value of the evolved Hamil-
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tonian, E(s), and the lowest Npax = 0 eigenvalue differ from each other for large flow
parameters. To investigate this issue, let us zoom into the Npy.x = 0 subspace of the evolved
Hamiltonian at s = 1 MeV ™! (see figure 6.6). Keeping in mind that the reference state is the
first basis state by construction, we can clearly see that several of the Ny, = 0 eigenstates
of the initial Hamiltonian couple to the reference state. In other words, the initial reference
state | W) is not an eigenstate of the final Hamiltonian anymore. Therefore, F(s) loses its in-
terpretation as ground-state energy and we have to explicitly diagonalize H (s). The coupling
of the reference state to other Ny.x = 0 basis states is related to the IM-SRG(2) truncation
that neglects the induced many-body contributions.

We remark that these coupling matrix elements should be suppressed in IM-SRG(A), i.e.,
(V| H(s) ]\Ilg-o)> % 0 for j > 1. In this case, there is nice connection to the decoupling
pattern depicted in figure 4.6 stating that the reference state has to be decoupled from the
generalized n-particle n-hole states in order to have the reference state become an eigenstate of
the final Hamiltonian. We know that the generalized n-particle n-hole states with 1 < n < A
span the same subspace as the basis states from 5’ Nj\é‘gﬁ\’j{ \{|¥)} in the limit that Npyax goes
to infinity (see figure 6.7). Therefore, we can express any generalized n-particle n-hole states
with 1 < n < A as a linear combination of all states from 5’ Nj\é‘gj\’j[ \{|¥)} in the above-
mentioned limit, and vice versa. Consequently, the coupling matrix elements of the reference

state to other basis states from B’ N]\érg?\’&)\ﬂ\l&} would be suppressed in the limit that Npax

goes to infinity if and only if the conditions (4.232) are fulfilled.

\

%)

Figure 6.7.: We compare the many-body bases from (4.173) (right panel) and (6.1) (left panel)
to make the connection to the schematic decoupling pattern of figure 4.6. See
text for details.
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Introduction to Part 111

In this part, we present ground-state and excitation energies as well as radii and electric
monopole transitions obtained within the framework of the in-medium no-core shell model
(IM-NCSM) introduced in chapter 6.

We study the dependence of the IM-NCSM ground-state energies on several parameters
in chapter 7, e.g., model-space truncations, oscillator frequency, choice of the generator and
reference-space size. Afterward, we benchmark our results by comparing to other many-body
methods like the NCSM. We also consider some selected magnesium and sodium isotopes.

In chapter 8, we investigate the IM-NCSM excitation energies of the carbon and oxygen
isotopes. An interesting effect is found for the second 0T state in '>C known to be a clus-
ter state and called the Hoyle state. Moreover, we consider the excitation energies of the
magnesium and sodium isotopes to address island-of-inversion physics.

We turn back our focus on the Hoyle state in ">C and analyze radii and electric-monopole-
transition properties to the ground state in chapter 9.

For reasons of efficiency, we use a J-coupled formulation of the multi-reference in-medium
similarity renormalization group (IM-SRG) that requires a reference state with vanishing
total angular momentum, our discussions up to now are limited to nuclei with even particle
numbers. However, the theoretical framework is completely generic and a generalization
to odd-mass nuclei is possible via an implementation of the IM-SRG for non-scalar tensor
operators. We introduce the particle-attached particle-removed extension of the IM-NCSM

and show results for some selected nitrogen isotopes in chapter 10.
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Chapter 7

Ground-State Energy

In this chapter, we focus on the ground-state energies of several nuclei in the framework of
the in-medium no-core shell model (IM-NCSM).

In section 7.1, we study the dependence of IM-NCSM ground-state energies on several
parameters, like the model-space truncations, oscillator frequency, choice of the generators
and the reference-space size. Furthermore, we benchmark our results throughout the even
carbon and oxygen isotopic chain against exact results from the large-scale no-core shell
model (NCSM) in section 7.2. We also compare the ground-state energies with results ob-
tained in the multi-reference IM-SRG using spherical particle-number projected Hartree-Fock-
Bogoliubov reference states [Her13a]. Moreover, we study the island-of-inversion region in
neutron-rich sodium and magnesium isotopes (see section 7.3).

All calculations in this work use the chiral nucleon-nucleon (NN) interaction at next-
to-next-to-next-to-leading order by Entem and Machleidt with cutoff ANy = 500 MeV/c
[EMO3] and local three-nucleon (3N) interaction at next-to-next-to-leading order with Asy =
400 MeV /c [Nav07; Rot " 14]. This interaction together with the kinetic-energy operator build-
ing the Hamiltonian are softened by a free-space similarity-renormalization-group (SRG)
evolution at the three-body level to o = 0.08 fm* [Rot*11; BFP07; JNF09; Rot*14; Hebl12;
Wen13]. Details on the SRG evolution and the treatment of the 3N contributions can be found
in [Rot " 14]. We truncate the initial three-body matrix elements in the total HO energy quan-
tum number F3max = 14 in order to control the memory requirements [Rot™12; Her"13a;
Her"13b; Bin™13; Bin"14]. This Hamiltonian has been used in numerous applications with
great success [Her ™ 13a; Bin'14]. However, it is known to significantly underestimate nuclear
charge radii. This has remained a puzzle [Lap™16] and motivated researcher to develop new

interactions, e.g., N?LOg,; interaction [Eks'15].
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7.1. Parameter Dependences

In order to extract the ground-state energy of a given nucleus in an ab initio manner, we
have to explicitly demonstrate the convergence with respect to all model-space truncations.
In the framework of the IM-NCSM, these are the single-particle energy truncation e, and
the largest allowed excitation quanta Ny .x serving as a truncation on a many-body level.

Furthermore, since both single-particle bases, HO and HF, depend intrinsically on the
oscillator frequency hf2, we have to demonstrate the robustness of the ground-state energy
with respect to variation of this parameter.

Typically, we use a reference state for the multi-reference IM-SRG evolution obtained by
diagonalizing the initial Hamiltonian in a feasible model space truncated with NI . In
section 7.1.4, we check if the results are independent of the choice of NI<f .

Moreover, the multi-reference IM-SRG evolution can be performed using different gener-
ators. The specific choices determine the path on the manifold of the unitarily equivalent
Hamiltonians to the initial one during the IM-SRG evolution, as shown graphically in fig-
ure 4.7. We analyze if the results are indeed independent of the choice of the generator as

expected from theory (see section 7.1.3).

7.1.1. Model-Space Convergence
Nmax-Convergence during the IM-SRG Evolution

We start by investigating the model-space convergence of the lowest eigenvalue of the evolved
Hamiltonian for selected open-shell nuclei. In figure 7.1, the ground-state energies of '>C and
200 obtained in IM-NCSM calculations using the HF basis are shown as a function of the
flow parameter s for several values of Npya.x and a fixed value of the single-particle energy
truncation epmax = 12. Furthermore, we use the Imaginary-Time generator for the IM-SRG
evolution. For comparison, we also show the zero-body piece of the flowing Hamiltonian, i.e.,
the expectation value E(s) = (V|H (s)|¥) that should converge against an eigenvalue of the
Hamiltonian in standard applications of the IM-SRG in the limit of s — co.

Let us consider the convergence with respect to the model-space truncation Ny .y of the
subsequent NCSM calculations. For small flow parameters, we recover the results of a direct
NCSM calculation with the initial normal-ordered Hamiltonian in HF basis. The ground-state
energies exhibit extremely slow Ny,.«-convergence, which makes an extrapolation challenging.
Since the energy quantum numbers (5.5) of the HF single-particle basis do not correspond to
the HF single-particle energies, they are artificial. Thus, the Npax-truncated model space,
where these artificial energy quantum numbers enter, might not include the relevant many-
body configurations.

We conclude that the Ny ax-truncation, which has been motivated by the HO level scheme,
is incompatible with the HF single-particle basis. However, increasing the flow parameter
leads to extremely enhanced Npax-convergence of the subsequent NCSM calculation. This

even reaches a point where all model-space truncations, including Ny.x = 0, yield the same
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energy eigenvalue. In particular, this is the case for s > 0.2MeV~! and s > 0.15MeV~! for
12C and 2°0, respectively. This is related to the fact that the IM-SRG decouples the reference
state from all basis states at higher Npyax (cf. figure 6.5).

Let us focus on the role of the expectation value E(s) of the IM-SRG evolved Hamiltonian
H (s) with respect to the reference state, which is the energetically lowest eigenstate obtained
in NI = 0 model space at s = 0MeV~!. In the initial stages of the evolution, this quantity
agrees with the lowest eigenvalue of the evolved Hamiltonian. This means that the reference
state remains an eigenstate of H(s) in Npax = 0 to a good approximation. However, in
some cases, the lowest eigenvalue of the evolved Hamiltonian is below E(s) in the later stages
of the flow, i.e., the reference state is not an Ny,x = 0 eigenstate anymore. This is not
surprising since the IM-SRG transformation changes the structure of the Nyax = 0 block of
the Hamiltonian such that the reference state still couples to other Ny, = 0 eigenstates,
as already illustrated in figure 6.6. Therefore, E(s) loses its interpretation as ground-state
energy and we have to explicitly diagonalize H (s). The effect on the energies is much stronger
for the ground-state energy of '2C than for 2°0.

Let us consider the many-body contributions that are discarded due to the truncation
of the IM-SRG flow equations at the normal-ordered two-body level. Their effect can be
estimated by comparing to importance-truncated NCSM results in the HO basis that include
explicit 3N interactions, i.e., without the NO2B approximation. For 2°0, we find a deviation
of less than 2.3 MeV (2%), which is in line with previous multi-reference IM-SRG calculations
[Her®13a]. For '2C, which is a special case, the deviations are larger, slightly above 4%,
and we observe a distinctive drop for s > 0.3MeV~! after a plateau of stable and well-
converged energies, signaling a systematic growth of induced many-body contributions. Note
that the discrepancies in the energy include the discarded residual normal-ordered three-
body contribution at the initial Hamiltonian as well as the neglected induced many-body
contributions due to the IM-SRG(2) truncation that violates the unitarity of the evolution in
the A-body system. Earlier studies have shown that the truncation of the initial Hamiltonian
in NO2B approximation alone causes a deviation of approximately 1% [Rot™12; GCR16].

To extract the final ground-state energy in the framework of the IM-NCSM, we select a
maximum flow parameter sy, within the plateau for which stable convergence is observed
at sufficiently small Np.x. Additionally, we consider the energy much earlier in the evolu-
tion, i.e., at Smax/2. The range from Spmax/2 t0 Smax in the IM-SRG flow (cf. figure 7.1)
provides an uncertainty estimate for the energy at a given Npa.x. If the evolution is stable
and saturates, this uncertainty is very small. Only if the evolution fails to stabilize or the
Nmax-convergence is incomplete, the uncertainty will be non-negligible. We will use this
uncertainty quantification protocol for all observables.

We explicitly stress that the variational principle with respect to Npax applies at each
value of the flow parameter s separately. But because of the IM-SRG(2) truncation that
violates the unitarity in the A-body system, as aforementioned, we observe discrepancies
between Ny.x-converged results at different values of the flow parameters. Furthermore, we

note that 2°0 is representative for the majority of nuclei discussed here, while '?C is the most
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challenging case considered in this work.
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Figure 7.1.: We analyze the Npax-convergence of the IM-NCSM ground-state energy in 2C
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and 2°0 as a function of the flow parameter s while fixing the single-particle
energy truncation to emax = 12. The different symbols represent the ground-
state energy obtained in various model spaces: Nyax=0 (@), 2 (W), 4 (A), 6 (@),
8 (&), 10 (v) and 12 (»). The black solid line indicates the expectation value
of the evolved Hamiltonian H (s) with respect to the reference state, F(s). The
horizontal gray line represents the Nyax-extrapolated ground-state energy using
the importance-truncated NCSM with the explicit 3N interaction, i.e., without
the NO2B approximation. The vertical gray band represents the range of flow
parameters Smax/2 t0 Smax for the quantification of uncertainties (see text). We
use an HF basis and the Imaginary-Time generator. (published in [Geb™17])
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Finally, we present the IM-NCSM ground-state energies in a slightly different way to empha-

size the tremendous acceleration of the Ny .x-convergence due to the IM-SRG evolution. In

figure 7.2, the ground-state energies of >C and 2°0 are shown as a function of the model-space

size Npax for a set of values for the flow parameter s.

The Npyax-convergence is extremely slow for small values of the flow parameter s making an

Nmax-extrapolation difficult, which is related to the incompatibility of an HF single-particle

basis with the Nyax-truncation, as aforementioned. This problem does not occur in the HO

basis, but the HO basis shows a disadvantageous behavior with respect to variation of the

oscillator frequency, which will be analyzed in section 7.1.2. However, the Ny ax-convergence is

drastically enhanced with increasing value of the flow parameter, as already seen in figure 7.1.
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Figure 7.2.: We analyze the Npax-convergence of the IM-NCSM ground-state energy for

emax = 12 at different values of the flow parameter s. Increasing the flow parame-
ter leads to enhanced Npax-convergence. At s = 0 MeV ™!, the Nyayx-convergence
is extremely slow such that Npyac-extrapolation is difficult. In contrast to that,
for s = 0.2MeV~! all results including the one obtained in Np.x = 0 yield the
same value. We use an HF basis and the Imaginary-Time generator.
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emax-Convergence at different stages of the IM-SRG Evolution

So far, we have analyzed the Npax-convergence at a fixed value of the single-particle energy
truncation ey, = 12. To extract ground-state energies in the sense of an ab initio calculation,
we have to explicitly demonstrate the convergence with respect to the single-particle energy
truncation epmax as well. For that purpose, we analyze the ground-state energy as a function
of the single-particle energy truncation ey« for different values of the many-body truncation
Nmax at two different values of the flow parameter as shown in figure 7.3. We consider the
emax-convergence for the ground-state energies of the initial input Hamiltonian corresponding
to the flow parameter s = 0 MeV ! (left-hand panels). Additionally, we consider the IM-SRG
evolved Hamiltonian for the flow parameter s = 0.2 MeV~! (right-hand panels). In this case,
the IM-SRG evolution has already reached the decoupled regime, i.e., the reference state is
sufficiently decoupled from the other basis states orthogonal to it.

We observe that the ground-state energy obtained in an Ny,x = 0 model space is nearly
independent of e,y for the initial Hamiltonian. This is a clear indication that the low-
lying HF single-particle states relevant for the construction of the Ny,x = 0 model space in
12¢, i.e., the lowest s- and p-shells for protons and neutrons, are converged. This leads to
stable HF energy on a mean-field level of —49.7408 MeV, —50.5058 MeV and —50.9082 MeV
for emax = 4,6 and 12, respectively.

For the initial Hamiltonian, we observe that the ground-state energies systematically in-
crease for fixed value of Nyax > 0 as a function of epay signaling that higher-lying HO
single-particle states still contribute to the low-lying HF' single-particle states beyond the
already converged lowest s- and p-orbitals. Based on this observation, we conclude that the
many-body truncation Ny, is not well suited for the many-body basis built of HF single-
particle states, as discussed before.

However, there is no fundamental reason not to use the Ny,.-truncation for a many-body
basis composed of HF single-particle states as long as we can demonstrate the convergence
with respect to all truncations, which is the case once we perform the IM-SRG evolution. In
this case, we observe a perfectly monotonic convergence with respect to the single-particle
energy truncation ep,x. The results for all Ny . are identical for e, > 10, as already seen
in figures 7.1 and 7.2 for epmax = 12. We emphasize that this convergence is not related to
the variational principle with respect to single-particle energy truncation ey, since the HF
basis and, thus, the input Hamiltonian change for different single-particle energy truncations
€max-

Based on this analysis, we conclude that ep.x = 12 is sufficient to extract converged
ground-state energies of carbon and oxygen isotopes. Care should be taken when going to
heavier systems, where ey, = 12 might not be sufficient. In this case, the eyax-convergence

needs to be revisited.
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We analyze the ey ax-convergence of the IM-NCSM ground-state energies of the
initial Hamiltonian (left panel) obtained in different model spaces Nyax = 0,2, 4.
Additional, we consider the evolved Hamiltonian to a specific flow parameter
0.2MeV ! (right panel). The upper and lower panels correspond to 12C and 2°0
nuclei, respectively. We use an HF basis and the Imaginary-Time generator.
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7.1.2. Oscillator Frequency

So far, we have applied an HF single-particle basis. To justify this choice, we analyze the
ground-state energy of 12C as a function of the oscillator frequency A} for different model-
space truncations (€max, Nmax) at three different stages of the IM-SRG evolution in HF and
HO basis, which is depicted in figure 7.4.

The ground-state energies—and other observables—exhibit a dependence on the model-
space truncations (emax, VNmax) and, in particular, the oscillator frequency hS2, which is ex-
pected to vanish once complete model-space convergence is reached. In traditional NCSM
calculations, which employ the HO basis without ey ax-truncation, we search for regions with
the fastest Nyax-convergence and the smallest dependence on Af). For the ground-state en-
ergy in the range of the so-called optimal frequency, we observe a minimum as a function of the
oscillator frequency hQ [Rot09; Bin™13]. However, we note that the optimal frequency range
can vary for different observables and isotopes. An exact HF calculation would completely
eliminate the i)-dependence, but due to the epa.x-truncation there is a residual dependence
on the oscillator frequency, which is expected to be smaller than in HO case. Consequently,

an HF basis has an enlarged region of optimal frequency as already seen in [Her " 16].

HF Basis

Let us start with the investigations of the IM-NCSM results for ground state of >C using
an HF basis shown in the upper panels of figure 7.4. At all stages of the IM-SRG evolution,
the h{2-dependence in Ny = 0 is very weak for sufficiently large value of the single-particle
energy truncation epax > 6. This is related to the converged low-lying single-particle states
relevant for the construction of the Ny .x = 0 model spaces. But the A)-variation in Nyax =
2 space—at the initial stage of the IM-SRG evolution—does not have a minimum in this
h§2 region. In the intermediate stage the ground-state energy is lowered for all parameters
compared to the initial stage. Furthermore, e, .x-dependence becomes apparent in Npy,x = 0
leading to a spreading of the ground-state energies. In the final stage of the IM-SRG evolution
the ground-state energy is independent of the oscillator frequency hf) for sufficiently large

value of single-particle energy truncation emayx > 8 and all Ny as expected.

HO Basis

Let us turn our investigations to the h{)-dependence using the HO basis shown in the lower
panels of figure 7.4. In the initial stage, we observe that all ey, results for fixed Nyax are
identical since the epax-truncation is inactive in the HO basis in contrast to an HF basis.
More importantly, there is a minimum at A2 = 20 MeV for the ground-state energies obtained
in all Npax model space. The ground-state energy in an Npyax = 0 model space in HO basis is
above the one obtained when using the HF basis because an HF basis provides an optimized
single-particle basis (see chapter 2 for more details). This is not true anymore for the ground-
state energies obtained in an Ny, = 2 model space, which are lower in the HO case compared

to HF. This is a consequence of the already mentioned incompatibility of the Ny ax-truncation
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with HF basis. In contrast to this, the Nyax-convergence for the HO basis is much better
than for the HF case in the initial stage. In the intermediate stage, the minimum is still
at h{) = 20MeV. Moreover, we observe that the ey,x-truncation, which was inactive in the
initial stage, becomes apparent. This is because the IM-SRG evolution is different in each
model space defined by enax leading to ground-state energies obtained in Ny.x that depend
on emax. In the final stage, the energy minimum at AS) = 20 MeV disappears in this hAf)
region. This indicates an incompatibility of the IM-SRG(2) truncation with the HO basis,
in the sense that neglected many-body contribution have different signs depending on the
oscillator frequency leading to the disappearance of the minimum. Therefore, we use an HF

basis for further investigations.
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Figure 7.4.: We analyze the robustness of the IM-NCSM ground-state energy in >C with re-
spect to variation of the oscillator frequency Af for different model-space param-
eters (€max, Nmax) at three different stages of the IM-SRG evolution in HF (upper
panels) and HO (lower panels) basis. We use the Imaginary-Time generator.
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7.1.3. Impact of the Generators

We also analyze the impact of using different generators in the IM-SRG evolution on the
ground-state energy. For this analysis, we fix the single-particle energy truncation to epax = 6
in order to reduce the computational cost, but the model space is sufficiently large to capture
the main effects.

A many-body basis constructed from HF single-particle states in combination with the
Npmax-truncation breaks translational invariance, i.e., the total wavefunction does not fac-
torize into an intrinsic and center-of-mass (CM) part. To investigate this effect, we analyze
the expectation value of the CM Hamiltonian (5.13), which measures the degree of CM con-
taminations [RGP09]. According to the Hellmann-Feyman theorem [Fey39], stating that
the derivative of the expectation value of the Hamiltonian with respect to 3 is equal to the

expectation value of the Hamiltonian derived with respect to S, i.e.,

d d
45 WENE@E) = (¥03)] 5

Here, the expectation value is understood with respect an eigenstate of the Hamiltonian,

H(p)[¥(5))- (7.1)

which implicitly depends on . In our case, the derivative of the Hamiltonian (5.16) with
respect to [ is equal to the CM Hamiltonian. Since the expectation value of this Hamiltonian
should be independent of 5, states with small CM contaminations yield small expectation
values.

The evolution of the CM Hamiltonian is shown in the four lower panels of figure 7.5 for 12C.
To analyze the generators in more detail, we show the zero-body part of the Hamiltonian F(s)
and the step size as well as the total number of steps of the ordinary-differential-equation
(ODE) solver as a function of the flow parameter in figure 7.6 for 2C. We use an explicit
Runge-Kutta-Fehlberg (RKF45) algorithm with adaptive step-size control from the GNU
Scientific Library [GSL17; Gou09], which is relevant to reduce the number of ODE steps and,
thus, the computing time. Furthermore, the evolution of the CM Hamiltonian is shown in
the four lower panels of figure 7.7 for 2°0.

The ground state in both nuclei, 2C and 2?0, is experimentally found as well as predicted
by our Hamiltonian to be a 0" state. The total angular momentum of the corresponding
state in the framework of the IM-NCSM is calculated simply by taking the expectation value

of the total-angular-momentum operator with respect to the eigenstates.

Analysis of '2C

The four upper panels in figure 7.5 show the lowest eigenvalue of the evolved Hamiltonian
obtained in Npax = 0,2 and 4 model spaces for 12C and the expectation value of the IM-
SRG evolved Hamiltonian with respect to the reference state E(s). The ground-state energy
converges against the same value within the plateau region of the energy flow for all generators
except for the Brillouin one. The curve of the flow given by E(s) varies for the different

generators, and with it also the shape of the plateau. For the Brillouin generator, we can
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hardly identify a plateau region. The largest plateau region can be seen for the Wegner
generator, but it is difficult to compare the generators among each other since the units of
the IM-SRG flow parameter s differ for each generator. For the Imaginary-Time and Brillouin
generators it is MeV~!. For the Wegner generator it is MeV 2 while for the White generator
the flow parameter is dimensionless.

The Imaginary-Time and White generators show a similar behavior throughout the IM-
SRG evolution, especially for flow parameters beyond the plateau region. This might be
related to the fact that both generators have quite similar operator structure (see (4.237) for
their definitions). For the Wegner generator, we observe a pronounced plateau region in the
flow parameter, where the ground-state energy is perfectly converged with respect to Nmax-
Going to larger flow parameters, the numerical instabilities grow rapidly, manifested in the
abrupt drop in the ODE step size and large total number of ODE steps during the evolution.
This leads to completely uncontrolled behavior where even the Ny,.x-convergence is no longer
available.

Let us turn our focus to the four lower panels in figure 7.5 showing the expectation value
of the consistently IM-SRG evolved CM Hamiltonian with respect to the eigenstate of the
IM-SRG evolved Hamiltonian. The CM Hamiltonian is by construction a positive definite
operator, i.e., the expectation value of this operator with respect to any normalized state is
always positive. In the initial stage, this holds for all generators. However, the expectation
value of the CM Hamiltonian becomes negative for large values of the flow parameter. This
is due to the induced many-body contributions to the evolved CM Hamiltonian neglected
during the IM-SRG evolution. These neglected contributions can have positive as well as
negative sign.

However, the CM contaminations seem to be reduced with increasing Ny,.x except in the
flow-parameter region where the evolution is numerically unstable. This can be seen for the
Wegner and Brillouin generators for very large values of the flow parameter.

The expectation value of the evolved CM Hamiltonian obtained for all generators is below
0.6 MeV, i.e., relatively small, in the well-behaved region of the IM-SRG evolution. We
conclude that this quantity—in addition to the energies—can be taken as an indicator for
the emergence of truncation artifacts in the IM-SRG evolution.

To analyze the performance of the generators in more detail, we analyze the following

quantities as a function of the flow parameter depicted in figure 7.6 for 12C:

e As a reference, we show again the IM-NCSM ground-state energies for different gener-
ators as well as the expectation value of the flowing Hamiltonian with respect to the

reference state, F(s), obtained in different model-spaces sizes Npax.

e The second panel illustrates the squared norm of the one- and two-body part of the

off-diagonal Hamiltonian for each generator defined as

7o e (g2 0T = >

q

2
(7.2a)

(),
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2
(7.2b)

ot (et oty = 3

pr
qs

().

where the definition of the matrices f° and I'*d can be found in (4.234).

e For each of the generators, the lower two panels show the step size of the ODE solver
and the total number of evaluations of the commutator of the generator and the Hamil-

tonian, which corresponds to the right-hand side of the IM-SRG flow equation.

We remark that the latter quantities depend on several other parameters of the ODE solvers,
which we do not discuss in detail here, since we are interested in a qualitative analysis.

For the Imaginary-Time and White generators, the squared norm of the two-body part of
the off-diagonal Hamiltonian is suppressed by three orders of magnitude during to the IM-
SRG evolution, and stabilizes below 10 MeV2. In contrast to that the one-body part remains
nearly unchanged throughout the IM-SRG evolution. The Wegner generator is capable to
suppress || f°4]|2 and ||T°4||? slightly below 10 MeV? and 102 MeV?2, respectively. In untrun-
cated IM-SRG(A), the off-diagonal matrix elements are supposed to converge against zero
for these generators by construction. In practical calculations, this is not the case due to
the IM-SRG(2) truncation and neglected higher-body densities in the definitions of the off-
diagonal matrix elements (4.234), leading to incomplete generators. However, the remaining
off-diagonal matrix elements, i.e., those not suppressed in the IM-SRG evolution, have neg-
ligibly low impact on the ground-state energies beyond Npax = 0 space for sufficiently large
flow parameters as depicted in the upper panel of figure 7.6. In other words, the remaining
couplings matrix elements of the reference state to its excitations are treated through the
subsequent NCSM diagonalization, yielding ground-state energies converged with respect to
Npax, already in Nyax = 0, due to the IM-SRG evolution. This is a great success.

The Brillouin generator has to be considered differently regarding the suppression of the
off-diagonal matrix elements. In contrast to the other generators, the Brillouin generator—
even though we have not neglected irreducible three-body densities in the implementation
(4.244)—is not directly constructed to suppress the off-diagonal matrix elements'. Hence, it
not surprising that off-diagonal matrix elements cannot be suppressed, namely the squared
norm of the two-body part ||[T°4||? is even above 102 MeV2, while || f°¢||? stays almost con-
stant. However, using the Brillouin generator—analogously to the other generators—we
obtain converged ground-state energies. This is what really matters in practical calculations.

The step size h of the ODE solver changes during the IM-SRG evolution due to the adaptive
character of the ODE solver. This quantity first increases and stabilizes during the IM-SRG
evolution for Imaginary-Time and Brillouin generators. For the Wegner generator, we identify
a kink in the step size h of the ODE solver at s > 0.2 MeV 2 leading to decreased step sizes.
This effect is much more significant for the Brillouin generator, where the step size drops

down abruptly at s > 0.7MeV~! and the number of ODE steps increases extremely at the

! There is the expectation value of the anticommutator that cannot be suppressed directly with the Brillouin
generator. See section 4.6.4 for more details.
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same time. These are clear signals that numerical instabilities affect the solutions.

However, the Brillouin generator does not destroy the Ny,.x-convergence contrary to the
Wegner generator. Furthermore, the zero-body part of the evolved Hamiltonian, E(s),
throughout the IM-SRG evolution is identical to the ground-state energy obtained in the
same model space as the reference state is constructed, i.e., Npay = N2 = 0. This is a
nice feature of the Brillouin generator, which might be related to its interpretation as the
gradient of the energy with respect to the parameters of the unitary transformation at each
step of the flow [Her"16]. Unfortunately, there is not a pronounced plateau region apparent
since the eigenvalues obtained in an Np,x model spaces fall creepingly with increasing flow

parameter s.

Analysis of 2°0

In figure 7.7, we analyze the impact of the generators on the ground-state energy (upper
panels) in 2°0 and the expectation value of the consistently evolved CM Hamiltonian with
respect to the eigenstates of the IM-SRG evolved Hamiltonian (lower panels).

The ground-state energy obtained with the Imaginary-Time, White and Brillouin genera-
tors are in perfect agreement within the plateau region.

As already seen in '2C case, the expectation value of the Hamiltonian with respect to the
reference state, E(s), using the Brillouin generator is always identical to the ground-state
energy of the IM-SRG evolved Hamiltonian. For the Imaginary-Time and White generators,
we observe a small discrepancy of less than 1 MeV.

Contrary to the other generators, numerical instabilities appear in the IM-SRG evolution
using the Wegner generator before Np.¢-convergence can be reached. Again the expectation
value of the CM Hamiltonian captures this uncontrolled behavior and blows up for s >
2 x 1073 MeV 2.
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Figure 7.5.: We analyze the impact of the different generators on the IM-NCSM ground-state
energies (upper four panels) and the expectation value of the CM Hamiltonian
with respect to the eigenstate of the evolved Hamiltonian (lower four panels) for

12C obtained in the model spaces Npax=0 (@), 2 (M), 4 (A).

The horizontal

dashed line indicates the converged energy obtained with the Imaginary-Time
generator. We use an HF basis with ey, = 6.
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We analyze the impact of the different generators on the IM-NCSM ground-state
energies (upper four panels) and the expectation value of the CM Hamiltonian
with respect to the eigenstate of the evolved Hamiltonian (lower four panels) in
200 obtained in the model spaces Nyax=0 (®), 2 (W), 4 (A). The horizontal
dashed line indicates the converged energy obtained with the Imaginary-Time
generator. We use an HF basis with ey, = 6.



7.1. Parameter Dependences

7.1.4. Reference-Space Size

We construct the reference state |¥), which enters the IM-SRG evolution, by diagonalizing
the initial Hamiltonian within a small model space truncated with respect to the parameter
Nt which we call the reference-space size. Up to now, we have chosen N¢ = 0 for
the reference-space size. It is necessary to show that our results are independent of the
parameter N™ . For that purpose let us construct the reference state as the energetically
lowest eigenstate of the initial Hamiltonian obtained in model spaces for different values
of N¢f and analyze the lowest eigenvalue of the IM-SRG evolved Hamiltonian in different
model spaces Nyax = 0,2 and 4. Furthermore, we depict the expectation value E(s) of the
IM-SRG evolved Hamiltonian with respect to the given reference state.

The results are shown in figure 7.8 using the Imaginary-Time generator for 2C (upper
panels) and 2°0 (lower panels). In order to limit the computational cost, we set the single-
particle energy truncation to epax = 6.

The main observation is that the ground-state energies obtained in different model spaces
for Nmax = 0,2 and 4 are extremely robust with respect to variation of the reference-space
size N .

We observe that the expectation value of the IM-SRG evolved Hamiltonian with respect
to the reference state obtained in an N model space, F(s), tracks the corresponding

lowest eigenvalue obtained in Npy.x with the condition Ny.x = Néf;x. The reason is that
the reference state is already an eigenstate of the initial Hamiltonian obtained in the same
subspace where the subsequent diagonalization is performed. However, this statement holds

up to a value for the flow parameter s where E(s) and the corresponding lowest eigenvalue

obtained in Néfix = Nmax model space drift apart. The larger the reference-space size, the
earlier this drifting in the IM-SRG evolution appears, e.g., for N'* = 0,2 and 4, the drifting

starts for s > 0.07MeV ™!, 0.04 MeV~! and 0.02MeV !, respectively.

Note that increasing the reference-space size N leads to increased computational cost,

such that we could not perform the calculation for 2°O using an NIt = 4 reference state.

The bottleneck was our J-coupled implementation of the multi-reference normal-ordered two-

body approximation in HF basis. For instance, our code needed for NIf = 4 reference state

of 12C using emax = 6 approximately two orders of magnitude more computing time compared
to NI = 0or 2. All calculations have been done on the same local computer architecture
to guarantee comparability. Recently, we have parallelized our code using message passing
interface, which decreases the computing wall time tremendously. However, all observations
are in accordance with the '2C case up to N** = 2. Hence, there is currently no necessity

max

to perform the calculations for 2°0 with N™f = 4.

max
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Figure 7.8.: We analyze the dependence of the IM-NCSM ground-state energy obtained in
the model spaces Nyax=0 (@), 2 (W), 4 (A) for 2C (upper panels) and 2°0 (lower
panels) on the reference-space size NIl as a function of the flow parameter s
using the Imaginary-Time generator. We use an HF basis with epax = 6. The
horizontal dashed line is shown to guide the eye.

7.2. Carbon and Oxygen lIsotopes

In the previous section, we have studied in detail the dependence of IM-NCSM calculations
on several parameters. In summary, we have found that the model-space sizes with Ny.x = 4
and emax = 12 are sufficient to obtain converged ground-state energies for '?C and 2°0
nuclei. Furthermore, we conclude that an HF basis should be preferred to the HO basis,
since it is robust with respect to variations of the oscillator frequency Af). Additionally, we
have observed that the Imaginary-Time generator is the best compromise between robustness
and efficiency, while the Wegner and Brillouin generators suffer from numerical instabilities.

With this in mind, we analyze the IM-NCSM ground-state energies of even carbon and oxy-
gen isotopes using an HF single-particle basis with A2 = 20 MeV and model-space truncation
parameters Ny = 4 and epax = 12 . The results are summarized in figure 7.9 and compared
to importance-truncated NCSM calculations up to Npax = 12 including all 3N contributions,
i.e., without the use of the NO2B approximation. The latter use a simple exponential extrap-

olation with an uncertainty of up to 1 MeV for the most neutron-rich isotopes. We also show
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7.2. Carbon and Oxygen Isotopes

multi-reference IM-SRG results obtained with spherical number-projected HF-Bogoliubov
reference states [Her™13al.

Let us consider the carbon chain, where we observe relatively large deviations among the
three methods. Here, the isotope '>C appears as the most distinct case, where IM-NCSM
and multi-reference IM-SRG with HF-Bogoliubov reference states already differ by roughly
6%. In contrast to that the methods agree perfectly for *C. Going to neutron rich systems,
the relative deviation among the methods increases up to 5%. Also, the deviation to the
experimental data increases. It is known that this Hamiltonian used in this work overbinds
the ground-state energies for medium-mass nuclei. However, all many-body methods using
the same input Hamiltonian underestimate the experimental ground-state energy.

In contrast to the carbon isotopes, the results for the oxygen isotopes of all three methods
agree very well. The maximum deviations between IM-NCSM and NCSM is around 1.8% for
the heaviest isotopes. Similar deviations have been observed with valence-space interactions
obtained from the IM-SRG [Str*17]. All many-body methods correctly reproduce the neutron
dripline at 240, i.e., oxygen isotopes with more than 16 neutrons are unstable with respect

to neutron decay.
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Figure 7.9.: Ground-state energies for even carbon and oxygen isotopes obtained from the
IM-NCSM for Npax = 4 and epax = 12 with A2 = 20 MeV (M) in comparison to
importance-truncated NCSM calculations with explicit 3N interactions (®) and
the multi-reference IM-SRG with HF-Bogoliubov reference states (A) [Her ™ 13a].
Experimental values are indicated by black bars [KAE17]. The uncertainty for
the IM-NCSM results due to flow-parameter dependence is negligible on this
scale. (published in [Geb™17])
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7. Ground-State Energy

7.3. Magnesium and Sodium Isotopes

After benchmarking the IM-NCSM against the exact NCSM calculations and multi-reference
IM-SRG using HF-Bogoliubov reference states, we can now access heavier systems, where
exact diagonalizations are not available anymore. We consider some selected magnesium and
sodium isotopes as a challenging case. Why these isotopes are of interest will become clear
in section 8.3. We should keep in mind that the input Hamiltonian for heavier systems than
oxygen overbinds with respect to experiment [Bin™14].

First, let us analyze the evolution of the IM-NCSM ground-state energies of 3%3?Mg shown
in figure 7.10. The IM-SRG evolution is very robust and stabilizes for flow parameters
between 0.2MeV~! and 0.4 MeV~! for both nuclei. Our results overbind the experimental
ground-state energies by 9MeV(3.6%) and 7MeV(2.7%) for 3°Mg and 3?Mg, respectively.
Taking into account that the input Hamiltonian has been fixed to systems composed of up
to three nucleons these are impressive results.

Let us focus our discussion on the sodium isotopes, where the situation is more complicated
compared to all previous cases. The reason is that the experimental total-angular-momentum
quantum numbers of the ground states are different from zero for 26:2830Na. Consequently,
the reference state, which in our implementation of the IM-SRG evolution has to be a 0T
state, is not the ground state of the nucleus under consideration.

In figure 7.11, we show the energetically lowest eigenvalue of the evolved Hamiltonian for
26,28.30Na and the expectation value of the flowing Hamiltonian with respect to the reference
state E(s). For 26:28Na, we can clearly observe that these two quantities, the lowest eigenvalue
and F(s), already differ in the initial stage of the IM-SRG evolution by about 2MeV from
each other. The reason is that the initial Hamiltonian does not produce a 0% ground state in
Nref =0 for 2628Na, but our implementation of IM-SRG evolution requires a 0% reference
state, as aforementioned (see chapters 4 and 6). Fortunately, we can find an excited 0" state
in both cases, which we can use as a reference state. Hence, the lowest eigenvalue and E(s)
cannot be identical already at the beginning of the IM-SRG evolution. However, in all sodium
isotopes we do not reproduce the ground state correctly (not shown in figure 7.11). We obtain
2+ eigenstates for 262®Na and a 071 eigenstate for 3*Na, whereas the experimental values are
3%, 17 and 2% for 262839Na, respectively. This issue will be revisited when discussing the

excitation energies in section 8.3.
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We analyze the IM-NCSM ground-state energy of 3°Mg and 32Mg as a function
of the flow parameter s. The different symbols represent the ground-state energy
obtained in various model spaces: Nyax=0 (®) and 2 (m). The black solid line
indicates the expectation value of the evolved Hamiltonian H (s) with respect
to the reference state, F(s). The horizontal black dashed line illustrates the
experiment ground-state energy. The vertical gray band represents the range of
flow parameters Syax/2 t0 Smax for the quantification of uncertainties as already
discussed earlier. We use an HF basis with e = 12.
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Figure 7.11.: Depicted is the energetically lowest eigenvalue of the IM-SRG evolved Hamil-
tonian for some selected sodium isotopes as a function of the flow parameter s.
The different symbols represent the results obtained in various model spaces:
Niax=0 (®) and 2 (m). The black solid line indicates the expectation value of
the evolved Hamiltonian H (s) with respect to the reference state, E(s). The
horizontal black dashed line illustrates the experiment ground-state energy. The
vertical gray band represents the range of flow parameters Spmax/2 t0 Smax for
the quantification of uncertainties as already discussed earlier. We use an HF
basis with epax = 12.
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Chapter 8

Excitation Spectra

So far, we have considered only ground-state energies, but the in-medium no-core shell-
model (IM-NCSM) calculations produce excited states and excitation energies without need
for additional calculations.

In this chapter, we first analyze the flow-parameter dependence and the Nyax-convergence
of IM-NCSM excitation energies of 12C and 2°0, and show as a benchmark typical excitation
spectra for selected carbon and oxygen isotopes (see section 8.1). However, '2C remains
a very exciting case, where the second 0T—the so-called Hoyle state [Bur*57], which is
experimentally known to be a cluster state—shows very interesting behavior. We investigate
this state in more detail in section 8.2. Finally, we explore the island-of-inversion physics for

a few selected sodium and magnesium isotopes section 8.3.

8.1. Carbon and Oxygen Isotopes

In figure 8.1, the evolution of the excitation energies for the low-lying states of 12C and 2°0
are presented for different model-space truncations Npa.x and with a fixed, but sufficiently
large, single-particle energy truncation epax = 12. In the subsequent NCSM calculation, we
add the center-of-mass (CM) Hamiltonian (5.13), evolved consistently in the IM-SRG, to the
intrinsic Hamiltonian in order to remove spurious CM excitations from the spectrum [GL74].

We observe that the rate of convergence of the excitation energies is not improved for
most of the cases considered here. Moreover, the decoupling of the reference state from all
excitations causes the excitation energies to converge monotonically from above for sufficiently
large flow parameters. This is related to the fact that the variational principle with respect to
Npax for a fixed given Hamiltonian always applies to absolute energies of all states. Once the
ground-state energy is converged, excitation energies also become variational with respect to
Nmax. This is not the case for the initial Hamiltonian in general.

The excitation energies in 2°0 are almost independent of the flow parameter once we reach
Nmax = 4, and show a perfect convergence in the same flow-parameter range as the ground-

state energy indicated by the gray band in figure 7.1. The excitation energies in '2C also
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8. Excitation Spectra

stabilize in the same range, but they start increasing as a consequence of the pronounced drop
of the ground-state energy. The dependence of the excitation energies on the flow parameter
is weak once we reach Ny, = 4—as long as we do not exceed Sp.x estimated from the
evolution of the ground-state energy.

A remarkable exception is the first excited 07 state in 2C, which falls from roughly 14 MeV
to 8 MeV for flow parameters where the decoupling of the ground state happens. In contrast,
the excitation energies of the other states remain relatively stable. This 0" state at 14 MeV
is well known from standard NCSM calculations, and it cannot be converged in large-scale
NCSM calculations [Mar™14]. Due to this extremely slow model-space convergence in stan-
dard NCSM calculations, it is believed to represent the Hoyle state, which has been proposed
by Sir Fred Hoyle [Bur®57]. This state is crucial for the emergence of heavy elements in the
universe, and is the resonance just above the triple-alpha threshold in 2C.

Theoretical investigations made within the framework of fermionic molecular dynamics
[Che™07; Nefl2] and lattice effective field theories [Epe™11; Epe™12] successfully describe
this state as a three-alpha cluster state. The latter one suffers from the artifacts of lattice
spacing by the discretization of space and time.

However, in our calculations, the IM-SRG evolution seems to decouple multi-particle multi-
hole excitations—mneeded to describe the Hoyle state—from the reference space, such that the
Npax = 0 result is already closer to experiment than the largest possible conventional NCSM
calculations. Further investigations of this state are presented in section 8.2. We have also
evaluated other signatures of the first excited 0" state, e.g., mass and charge radii as well as
the electric monopole transition matrix element to the ground state discussed in chapter 9.

In figure 8.2, we study the excitation spectra of selected carbon and oxygen nuclei including
their Ny ax-convergence obtained in IM-NCSM and large-scale NCSM calculations. The bands
in the IM-NCSM results from the uncertainty estimate determined in the range spmax/2 to
Smax, wWhere spay is taken from the evolution of the ground-state energies. Both methods
agree perfectly for the excitation energies of states that are robust and well converged. This
shows that impact of all truncations on this quantity is small. As for 12C, we find an excited
0%t state in the IM-NCSM for '9C which lies at higher energy in the conventional NCSM.
Some higher lying states, however, show a slower Ny ax-convergence indicating an intrinsic
structure that probes pieces of the Hamiltonian that are not completely decoupled. This

might be an interesting aspect for further optimizations of the IM-SRG generators.
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Figure 8.1.: Evolution of the excitation energies in >C and 2°0. Depicted are the low-lying
eigenvalues of H (s) obtained in IM-NCSM calculations for Nyax = 0 (@, dotted
line), 2 (M, dashed line), 4 (A, solid line). All calculations use an HF basis
with epax = 12 and A = 20MeV. The gray band represents the range of flow
parameters for the uncertainty analysis. (published in [Geb™17])
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Figure 8.2.: Excitation spectra for selected isotopes obtained from the IM-NCSM (left-hand
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columns) and the importance-truncated NCSM (right-hand columns) in compar-
ison to experiment (center columns) [NND17]. The bands indicate the residual
flow-parameter dependence in the range from Spax/2 t0 Smax with bars marking
the latter. The importance-truncated NCSM results are obtained with explicit
3N interactions using the HO basis with 22 = 16 MeV. (published in [Geb™17])



8.2. Analysis of the Hoyle State in 2C

8.2. Analysis of the Hoyle State in '2C

In the previous section, we have observed that the second 07 state in 2C behaves differently
as a function of the flow parameter compared to other low-lying states. As a reminder, this
state drops down from approximately 14 MeV to 8 MeV during the IM-SRG evolution. This
state is known to be the Hoyle state experimentally and is very problematic to converge in
standard NCSM calculations [Mar™14].

In this section, we present a detailed analysis of this state. First, we confirm that the
absolute and excitation energies of this state are not CM contaminated. This is done by
testing the robustness of these quantities with respect to variation of the parameter § that
controls the strength of CM Hamiltonian in the total Hamiltonian for the solution of the
eigenvalue problem. Furthermore, we investigate the impact of the generators on this state.
Finally, we explore the variation of the excitation energies as well as the absolute energy with
the reference-space size Nref

max*

Center-of-Mass Contamination

In exact theories, the total many-body state |¥) of the nucleus factorizes into an intrinsic part
|Wint) and a CM part |Wey,) describing the dynamics of the CM. This decoupling ensures that
any intrinsic state of the nucleus is translationally invariant, as dictated by the symmetries of
the Hamiltonian [RGP09]. Consequently, all intrinsic observables must be free of spuriousities
caused by the CM component of the system.

In general, the exact factorization of the total many-body state as formulated in (5.12) is
not fulfilled in truncated many-body calculations. The traditional NCSM, where we combine
the HO single-particle basis with the Npax-truncation, ensures this factorization [NKB0O0].
However, this is not the case for an HF basis. In order to quantify the CM contamination,
we simultaneously evolve the intrinsic Hamiltonian H; . (s) as well as the CM Hamiltonian
H ., (s) (5.13) while only the intrinsic Hamiltonian enters the construction of the generator.

Diagonalizing the total Hamiltonian given by
H (s; ) = Hip(s) + SH 1 (5), (8.1)
we obtain the eigenstates and eigenvalues
H (s;8) [¥(s; 8)) = Eiot(s: 8) [¥(s; ) - (8.2)
The intrinsic energy is defined by
Eine(s; ) = Erot(s; 8) — B(V(5; B)|H o (5)[¥ (55 8)) - (8.3)

which should be independent of the parameter § if the condition (5.12) is fulfilled.
In order to test the second 07 state in 12C for CM contamination, we analyze the following

quantities obtained in various Np.x model spaces at three different stages of the IM-SRG
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8. Excitation Spectra

evolution as a function of 8 shown in figure 8.3:
e its absolute (intrinsic) energy E, which is equivalent to Ein(s; 3),
e its excitation energy E*,

e the expectation value of the consistently evolved CM Hamiltonian with respect to the

em) = (W(s; B) [ H e (5) ¥ (55 5)),

second 0T eigenstate of the total Hamiltonian, (H

e the difference of the intrinsic energies obtained with and without the CM Hamiltonian
introduced in [RGP09], i.e.,

AEy, = Eint(s; ﬁ) - Eint(*s; 0) (84)

Let us analyze the results in the initial stage of the IM-SRG evolution depicted in the left-
hand columns of figure 8.3. We observe that the absolute as well as the excitation energy
of the second 0T state obtained in Np.x = 0 and 2 are completely independent of 3. In
contrast to that, the Ny = 4 results show a modest dependence on [ signaling spuriousity
for small parameters § < 0.1, which is eliminated by increasing 8. The same can also be seen
for the expectation value of the CM Hamiltonian. Here, even the Ny .x = 2 results have CM
contaminations which also go to zero for sufficiently large values of 3. Contrary to that, the
quantity AFEj,¢ jumps from 0 MeV to 5 MeV in Npy.x = 4 model space and stays relatively
constant, while the results obtained in Ny.x = 0 and 2 are not affected much.

However, performing the IM-SRG evolution drives A FEjy to less than 200 keV for all values
of Npax and B > 0.1 showing that the CM contamination is negligibly small (cf. right panels
of figure 8.3). This confirms our observation for the expectation value of the CM Hamiltonian
which is driven to zero. Moreover, it is in line with our interpretation that we can suppress
CM contaminations by adding a consistently evolved HO Hamiltonian to the intrinsic one.

For further investigations, we recommend to set the parameter 5 = 1.0. All calculations
including the ground-state energies up to this point have been performed with this recom-

mended value for 5.
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Figure 8.3.: We analyze the absolute and excitation energies of the second 0T state, expec-

tation values of the CM Hamiltonian with respect to this state and AFE;,; from
(8.4) obtained in the model spaces Nmax=0 (@), 2 (W), 4 (A) at three different
stages of the IM-SRG evolution as a function of the parameter 5. For more
details see text. We use an HF basis with epn.x = 6 and i) = 20 MeV.
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Impact of the Choice of the Generator

Now that we have shown that the second 07 state in '2C is free of CM contaminations, we
investigate if there is a dependence on the generators.

We analyze the impact of the generators on the excitation energy of the second 01 state
in '2C in figure 8.4. The Imaginary-Time and White generators show the same behavior, the
excitation energy of the second 07 state drops to 8 MeV. Going to larger values of the flow
parameter increases the excitation energy. This is related to the fact that the ground-state
energy decreases in energy after the plateau at the end of the IM-SRG evolution due to
neglected induced many-body contributions, which become significant.

In contrast to that, the Wegner and Brillouin generators show a completely different be-
havior. They push the excitation energy to higher values. These results for the Wegner and
Brillouin generators should be handled with caution, since the ground-state energy is not
under control for 12C as already seen in figure 7.5. Numerical instabilities for Wegner and
induced-many body contribution for Brillouin complicate extracting converged ground-state
energies before reaching stable results as discussed in section 7.1.3.

Let us turn our investigations to the absolute energy of the second 0" state and the
expectation value of the CM Hamiltonian with respect to that state depicted in the four
upper and lower panels of figure 8.5, respectively. Similarly to the excitation energies, the
absolute energies obtained with the Imaginary-Time and White generators are consistent and
stabilize at approximately —83 MeV, while the other two generators behave differently.

For the Wegner generator, the energies obtained in Np,x = 4 model space show a min-
imum around s ~ 4 x 107*MeV~—2. This might be an indication that induced many-body
contributions become apparent before the ground-state energy is stable. Hence, these results
should be treated cautiously. However, the energies stabilize around —72 MeV which is higher
compared to the results obtained with the Imaginary-Time and White generators. Using the
Brillouin generator, the absolute energies of the second 0 state are not even converged with
respect to Npax, signaling that this state is not decoupled from other states. Consequently,
these results should be considered with caution as well.

The expectation value of the CM Hamiltonian with respect to this second 0T state is
relatively small indicating that our results do not suffer from CM contamination. As for
ground-state energies, care should be taken if we go to large values of the flow parameter
using the Wegner or Brillouin generator, where numerical instabilities become significant in
the IM-SRG evolution.
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Figure 8.4.: We analyze the impact of the generators on the excitation energy of the second
0T state in '?C obtained in the model spaces with Ny.x=0 (@), 2 (m), 4 (A).
We use an HF basis with ey, = 6 and h$) = 20 MeV.
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Figure 8.5.: We analyze the impact of the generators on the absolute energy (upper panels)
and (H_,,) (lower panels) of the second 0T state in '>C obtained in the model
spaces With Nyax=0 (@), 2 (), 4 (A). We use an HF basis with ey, = 6.
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8.2. Analysis of the Hoyle State in '2C

Variation of the Reference-Space Size

The reference state |¥) used for the IM-SRG evolution is the ground state of the initial
Hamiltonian obtained in a model space with small N2 . In section 7.1.4, we have already
confirmed that the IM-NCSM ground-state energies are independent of the choice of the
reference-space size Néfafx. Now, it is interesting to study whether this parameter has an
impact on the absolute energy of the second 0" state.

In figure 8.6, we analyze the absolute energy of the second 0% state in '2C on the reference-
space size N™ . These calculations were performed using the Imaginary-Time generator with
a fixed single-particle energy truncation ep.x = 6 and oscillator frequency h€2 = 20 MeV.
Furthermore, we add a consistently evolved CM Hamiltonian with 8 = 1.0 to get rid of
spuriousities.

We can clearly see that the absolute IM-NCSM energies of the second 0" state are in-
dependent of the reference-space size N:¢! . This result is compatible with the observation
made for the ground-state energy in figure 7.8.

In chapter 9, we continue investigating this state by calculating its electric monopole tran-
sition to the ground state, which are more sensitive to the structure of nuclei compared to

energies. Additionally, we consider the mass and charge radii of this state.
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Figure 8.6.: We analyze the absolute energy of the second 0% state in '2C on the model-
space truncation parameter NI of the reference state which is the ground
state. These calculations were performed using the Imaginary-Time generator
with a fixed single-particle energy truncation ep,x = 6 and oscillator frequency
h{2 = 20 MeV. Furthermore, we add a consistently evolved CM Hamiltonian with

B = 1.0 to get rid of spuriousities.
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8. Excitation Spectra

8.3. Island of Inversion: Magnesium and Sodium Isotopes

Introduction and Motivation

The well-known nuclear magic numbers are a very important and powerful concept in nuclear
structure. They are derived from the nuclear shell model, which is the foundation for the
appearance of energy gaps in the single-particle spectrum. They coincide with large energy
gaps in the single-particle energy spectra near the Fermi energy, i.e., the single-particle states
are fully occupied with protons or neutrons up to an energy just below these energy gaps.
However, investigations showed that the magic numbers are not fixed throughout the nuclear
chart [Sch11]. There are regions in the nuclear chart, called “island of inversion”, where the
shell-model magic numbers can vanish and new ones can appear.

We give some examples from the literature related to this nuclear phenomenon: The ev-
idence for a new magic number N = 34 has been confirmed in **Ca [Ste'13]. Another
prominent example is the appearance of the magic shell gap in the neutron-rich oxygen iso-
topes at N = 16 (20) [Hof"08; Kan*09]. Finally, the magic number N = 20 disappears in
very neutron rich neon, sodium and magnesium isotopes [Wim™ 10]. We focus on the sodium
and magnesium isotopes.

In figure 8.7, the nuclear chart is depicted where the valley of stable nuclei (black squares)
and those predicted to lie inside the driplines (open blue symbols) can be seen. Outside the
driplines nuclei become unstable to proton or neutron decay. The red shaded area depicts the
region where the shell-model magic numbers (2, 8, 20, 28, ...) are broken. The nuclei 3%3*Mg
and 31733Na lie within this island-of-inversion region. Since we are limited to even nuclei, we
decided to investigate the neutron-rich 3*Mg in our framework to explore island-of-inversion
physics. To see the transition when going from ’standard’ to ’island-of-inversion’ nuclei we
consider also 3°Mg. Additionally, we study the 26:?830Na, isotopes.

Finally, let us complete our motivation for the island-of-inversion physics by considering
the number of publications between 1970 and 2010 shown in figure 8.8. These numbers show
the enormous interest that increased dramatically since the mid 90’s. However, until today,
for studying the structure of exotic nuclei, which is the case for very neutron-rich nuclei,
one often needs to modify conventional nuclear models to account for intruder physics for
instance [Zhol7]. Therefore, it is of great interest to tackle those nuclei within an ab initio

framework. The latter is exactly what we can do now after establishing the IM-NCSM.
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Figure 8.7.: Depicted is the nuclear chart: valley of stable nuclei (black squares) and those
predicted to lie inside the proton and neutron drip lines (open blue symbols)
The red shaded area depicts the region where the shell-model magic numbers are
broken. This region is called island of inversion. (figure taken from [Brol0])
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Figure 8.8.: Shown is the number of publications between 1970 and 2010 related to island-of-
inversion physics. The interest on this subject increased dramatically since mid
90’s. (figure taken from [Schl11])
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8. Excitation Spectra

As a reminder, we have already investigated the ground-state energies of the nuclei, 3032Mg
and 26:2830Na, within the framework of IM-NCSM in section 7.3. For both magnesium iso-
topes, we can reproduce the ground-state energies with a reasonable accuracy. In particular,
the quantum numbers of the ground states have been predicted by the input Hamiltonian in
agreement with experiment. In contrast to this, the total angular quantum numbers of the

ground states in the considered sodium isotopes could not be reproduced.

Magnesium Isotopes

The excitation energies of the low-lying states in 3°32Mg as a function of the flow parameter
are shown in figure 8.9. The experimental data are depicted in the right-hand panels. The
states whose quantum numbers have not been identified uniquely so far are shown as gray
horizontal bars.

We analyze the total angular momentum for the ground state predicted by the input
Hamiltonian to be a 07 state which is in agreement with experiment.

The energy splitting between the first and second 41 states in 3*Mg is too high, whereas
these states are degenerated experimentally. Moreover, the level ordering is not correct, e.g.,
the second 2T is above the first 47 which should be reversed actually.

We turn our discussion to 32Mg, where the situation looks quite different. The whole
spectrum is compressed to lower energies compared to **Mg. To be more quantitative, we
consider the excitation energy of the first eigenstate—that is the first 27 state—which is
a good indicator since it provides a very strong signature of shell evolution [CCO8]. In
experimental excitation energy decreases from 1.48 MeV to 0.89 MeV when going from Mg
to 32Mg, which is in line with our results obtaining 1.24 MeV for 3°Mg and 0.86 MeV for 32Mg.
Keeping in mind that 3?Mg is magic nuclei, this effect is the opposite of what is expected
for approaching a magic number. This reflects the fact that 32Mg is an island-of-inversion
nucleus.

Furthermore, the 2+ and 47 states are in very good agreement with experiment, e.g., the
47 state is approximately 350keV too low in energy compared to experiment while the 27
state is on top of the experimental value.

An interesting fact is that there are no other states below 5.6 MeV for 32Mg predicted by
the input Hamiltonian, but experimentally there is a bunch of states whose quantum numbers
have not been determined uniquely. In particular, the experimentally observed second 0%
has not been predicted by our Hamiltonian. The same holds for 3°Mg. For both isotopes,
the reference state is the lowest eigenstate of the initial Hamiltonian obtained in N¢ =0
space. Consequently, we may miss intruder physics which is crucial to describe this missing
state adequately. It is an open question whether a reference state from N™f = 2 space could

max

solve this problem.
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Figure 8.9.: The left panels show the IM-NCSM excitation energies of low-lying states in
selected sodium isotopes as a function of the flow parameter obtained in the
model spaces Npmax = 0 (@, dotted line) and 2 (M, dashed line). In both cases,
the reference state is the lowest eigenstate of the initial Hamiltonian obtained in
Nr¢f = 0 space. Additionally, the experimental data are depicted in the right
panels. The vertical gray band represents the range of flow parameters where the
ground-state energy is already converged. The states whose quantum numbers
are unknown are depicted in gray horizontal bars. We use an HF basis with

Cmax = 12.
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8. Excitation Spectra

Sodium Isotopes

The left panels of figure 8.10 show the IM-NCSM excitation energies of the low-lying states
with respect to the experimentally known ground states in selected sodium isotopes as a
function of the flow parameter obtained in different model spaces Npax. We emphasize that
the excitation energies are depicted with respect to the state identified as the ground state
in experiment. These are the 3%,17 and 2% states for Na, 2Na and 3°Na, respectively.
The experimental data are depicted in the right-hand columns. The states whose quantum
numbers have not been identified are depicted in gray horizontal bars.

The excitation energies are less than 1 MeV which makes a reliable determination of the
excitation energies basically impossible since the CM contamination quantified via the expec-
tation value of the consistently evolved CM Hamiltonian is at the same order, in particular,
0.5 MeV which is significant here. In contrast to that, for the magnesium isotopes the CM
contamination was negligible. We observe an enhanced dynamic, e.g., level crossings, in the
IM-SRG evolution of the excitation energies in 263°Na. As aforementioned, we do not repro-
duce the ground states in any of the considered isotopes, i.e., there is always another lower
lying state than the experimentally identified ground state. In *Na, we do at least observe
all states that have been seen experimentally, but in a different order. For 3°Na, there is
a 0T state below the true ground state that does not exist in experiment. We note that

experimental data for 2Na are very rare.

Conclusion

We have made first pilot studies to address island-of-inversion physics in magnesium and
sodium isotopes within the IM-NCSM framework.

For the magnesium isotopes, we are able to reproduce the ground-state energies and low-
lying 27 state in a good agreement with experiment. Based on the decreased excitation energy
of 2% state in 3>Mg compared to 2*Mg, we could confirm the island-of-inversion character
of the isotope 3?Mg observed experimentally. A remaining challenge is the second 0% state
that cannot be seen in our calculations. This might be related to intruder physics, which is
crucial to describe this state adequately. It is interesting to study whether a reference state
from N = 2 space captures the intruder physics missing in our reference state.

The sodium isotopes considered here have extremely compressed spectra complicating an
adequate description. The accuracy level needed to make accurate predictions for these sys-
tems go beyond our current capability. There are uncertainties originating from the Hamil-
tonian and the many-body techniques due to truncations. The excitation energies depend
highly on the flow parameter signaling a difficult structure of these systems. Even the total

angular momentum of the ground states have not been reproduced.
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Figure 8.10.: The left panels show the IM-NCSM excitation energies of low-lying states with
respect to the experimentally known ground state in selected sodium isotopes
as a function of the flow parameter obtained in the model spaces Nyax = 0 (@,
dotted line) and 2 (M, dashed line). The experimental data are depicted in the
right panels. The states whose quantum numbers are unknown are depicted in
gray horizontal bars. We use an HF basis with ey, = 12.
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Chapter 9

Radii and Electric Monopole
Transitions for the Hoyle State in

12C

Let us turn our focus to the second 07 state in '2C, the Hoyle state. To extract more
information on this state, we perform calculations for charge and mass radii as well as the
monopole transition matrix elements from this state to the ground state in the framework of
IM-NCSM, including a consistent multi-reference IM-SRG evolution of the relevant operators.
We refer the reader to (4.284) and (4.287) for the exact expressions for charge and mass radii,
respectively. The electric monopole transition matrix element is given by the transition matrix
element of the operator defined in (4.310) with respect to the states of interest, i.e., in this

case the Hoyle and the ground state
[M(E0; 05 — 0f)]:= [ (0] |Qoo|03) |- (9.1)

We remind that the electric monopole transition operator is Hermitian and scalar, i.e., it is
a spherical tensor of rank zero.

The prime observables to identify the Hoyle state are radii and electric monopole transi-
tions. Due to its triple-alpha structure, this state has a large spatial extent. From experiment
we know that the charge radius of the Hoyle state is about 0.4 fm larger than the ground state
[Dan™09]—even though it is controversial how to assign a radius to a resonance state. The
electric monopole transition matrix element to the ground state is less controversial, which
is around 5.5 efm? [Ajz90]. Recent lattice effective field theory calculations at leading order
obtain a radius which is about 0.2 fm larger than the ground state, and an electric monopole
matrix element of around 3(1) e fm? [Epe’ 12]. Calculations in fermionic molecular dynamics
yield a radius about 1.0 fm larger than the ground state and an electric monopole transition
matrix element of 6.53 ¢ fm? [Che' 07].

The IM-NCSM results are summarized in figure 9.1. We show the dependence of the
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9. Radii and Electric Monopole Transitions for the Hoyle State in 12C

excitation energy of the second 0% state, the point mass and the charge radii of both 0T
states, as well as the electric monopole transition matrix element between them as a function
of the flow parameter. The gray band indicates the range of flow parameters before truncation
artifacts appear in the ground-state energy (cf. discussion on the ground-state energy in
chapter 7).

The dependence of these observables on the flow parameter is astonishing. The mass
R.ms and charge R, radii of the second 07 state start to increase quickly once the excitation
energy starts to decrease. Similarly, the electric monopole transition matrix element increases
rapidly. Before reaching the flow parameters where truncation artifacts appear, the radii have
increased by 0.1 fm and the monopole transition matrix element by a factor of 2.5. Obviously,
the IM-SRG decoupling efficiently maps the physics ingredients relevant for the description of
the Hoyle state into a tiny Npax = 0 space. Increasing the model space confirms the correct
trend to enhanced mass and charge radii of the Hoyle state.

Unfortunately, we are currently unable to provide stable and converged results for these
observables, since the IM-SRG truncation effects set in before these observables become
independent of the flow parameter. The systematics indicate that radii and transition matrix
elements would continue to increase with increasing flow parameter. We have confirmed that
similar pictures emerge for the excitation energy with other choices for the single-particle
basis as well as the Imaginary-Time and White generators. For the Wegner and Brillouin
generators, we have problems with numerical instabilities as discussed in section 8.2. In order
to make an accurate prediction for the properties of the Hoyle state, we need to improve on
the truncation of the IM-SRG flow equations.

Nonetheless, the present calculations already indicate that the IM-NCSM has the potential
to quantitatively describe the Hoyle state. They provide a strong motivation to continue the
investigation of this and related states in the IM-NCSM and to develop efficient corrections

for the omitted many-body terms in the flow equations.
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Figure 9.1.: Depicted is the excitation energy of the 0 state and the mass Rys and charge
R, radii of the first two 0 states. The dashed black line indicates the experi-
mental excitation energy of the Hoyle state. The lowest panel shows the electric
monopole transition matrix element |M(E0;05 — 07)|. All results have been
obtained from an Npyax = 0 (circle), 2 (square) and 4 (triangular) diagonalization

using an N2t = 0 reference state. We use an HF basis with epay = 12.
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Chapter 10

Particle-Attached Particle-Removed
Extension of IM-NCSM

In this chapter, we introduce a simple and straightforward formalism to extend the IM-NCSM
to odd nuclei, i.e., nuclei that have a odd total number of particles A. Firstly, we describe the
idea and general strategy of the particle-attached particle-removed extension of IM-NCSM
abbreviated as pp-IM-NCSM. Afterwards, we benchmark the pp-IM-NCSM calculations in
some selected even nitrogen isotopes that can be also addressed in the ’standard’ IM-NCSM
framework serving as a reference point. Finally, we show results for the ground-state as well

as excitation energies for those isotopes.

General Strategy

Let us recall where the limitation of the IM-NCSM framework to even nuclei originates
from. For reasons of efficiency, we use a J-coupled formulation of the multi-reference IM-
SRG that assumes a reference state with vanishing total angular momentum, as discussed
in chapter 4. We stick to this type of reference states, which imply a restriction of the IM-
NCSM calculations to even particle numbers A. However, we emphasize that the theoretical
framework is completely general and we would only need a more general implementation of
the IM-SRG evolution for non-scalar tensors, which is a tough task.

The question is how we can overcome the restriction to even nuclei with less effort. One
simple and straightforward answer results from the following idea. Since the IM-SRG evolu-
tion is a unitary transformation, the IM-SRG evolved Hamiltonian for a given nucleus, the
parent nucleus, can be used to target any other nucleus, the target nucleus. Note that the
unitarity is violated in practical calculations due to omitted many-body contribution which
must be quantified in some way.

We refer to this extension as the pp-IM-NCSM whose strategy is schematically shown in
figure 10.1. We generate a family of IM-SRG evolved Hamiltonians using a reference state

of a specific even parent nucleus and, subsequently, target nuclei that differ only by few
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10. Particle-Attached Particle-Removed Extension of IM-NCSM

nucleons from this parent nucleus. Thus, we perform an NCSM calculation for the target
nucleus using the IM-SRG evolved Hamiltonians of the parent nucleus to extract ground-
state and excitation energies of the target nucleus. A great advantage compared to the
coupled-cluster approach is that the IM-SRG evolved Hamiltonians are Hermitian such that
they can be fed directly into subsequent many-body methods like NCSM. The philosophy we
pursue here is comparable to the particle-attached or particle-removed equations-of-motion
coupled-cluster approach [Jan™11; PGWO09] or the equation-of-motion extension of the IM-
SRG [PMB17; Par*17]. Nevertheless, our framework is extremely simple from a conceptional

and computational point of view.

Particle-Attached Particle-Removed

IM-NCSM

define - evolve - extract

reference state operators observables
for parent nucleus for parent nucleus for target nuclei

Figure 10.1.: Schematic overview of the particle-attached particle-removed extension of the
IM-NCSM. We diagonalize the Hamiltonian using NCSM for the parent nu-
cleus, and its ground state defines the reference state which enters the IM-SRG
evolution of the Hamiltonian in the parent nucleus. This step is a unitarity
transformation in an A-body system. Hence, we can diagonalize the IM-SRG
evolved Hamiltonian in the target nuclei of interest, and can extract observables.

Benchmarking Ground-State Energies of Even Nitrogen

To benchmark the pp-IM-NCSM formalism, we target odd-odd nuclei that can be also tar-
geted directly in the IM-NCSM since these nuclei have even number of total particle number
A. Furthermore, let us restrict ourselves to neighboring isobars as parent nuclei to avoid
complication with the choice of the particle number A in the kinetic-energy operator, which
has a direct dependence on A.

Since we have already demonstrated that the IM-NCSM calculations for the carbon and
oxygen isotopes are robust and well converged (see section 7.2), let us target the ground-state
as well as excitation energies of the nitrogen isotopes '6:1820N starting from the neighboring
isobars 16:18:20C and 16:18:200 shown schematically in figure 10.2. For example, to target N
we perform the IM-SRG evolution using the ground-states of the nuclei 1C as well as 160 as
reference states obtained in NI = 0 model spaces to generate a family of IM-SRG evolved
Hamiltonians. These calculations correspond to a proton-attached neutron-removed and a

neutron-attached proton-removed formalism in case of 'C and 60, respectively. Since the
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Figure 10.2.: Schematic overview how we tackle the target nitrogen isotopes starting from the
carbon and oxygen isobars in the framework of the pp~IM-NCSM. In the cases
of the carbon (green arrow) and oxygen (blue arrow) isobars as parent nuclei,
we have the proton-attached neutron-removed and neutron-attached proton-
removed formalism, respectively. Note that we can directly address '6:1820N
isotopes in the IM-NCSM framework without the extension, while these results
serve as a reference point to benchmark pp-IM-NCSM.

nitrogen isotopes 191%:29N have odd number of protons and neutrons Z = 7and N = 9,11, 13,
respectively, we can additionally target them directly in the framework of IM-NCSM which
serves as a reference point for our results.

In figure 10.3, the lowest eigenvalues of the IM-SRG evolved Hamiltonian are depicted for
16,18,20N yusing isobaric carbon and oxygen as well as nitrogen as parent nuclei. The notation
written in the upper right corner of the each sub-figure, e.g., 'C — 6N, means that we
tackle the target nucleus '®N using '°C as parent nucleus. For all calculations we use an HF
basis with ep.x = 6 for convenience and A2 = 20 MeV.

In the initial stage of the IM-SRG evolution, i.e., s < 107* MeV !, the ground-state energies
of the target nuclei in a fixed model space Np.x are independent of the choice of the parent
nuclei. This implies that we can even use reference states where a proton is replaced by a
neutron or vice versa, and the results for the target nuclei remain unchanged. This goes
beyond the observation made for the robustness of the multi-reference normal-ordered two-
body approximation with respect to variation of the parameter Nrrr‘fafx as demonstrated in
[GCR16].

Performing the IM-SRG evolution, we obtain perfectly Nyax-converged IM-NCSM ground-
state energies (middle panels) using the corresponding nitrogen nuclei as parent nuclei which
is the standard way how we extract ground-state energies in the IM-NCSM framework. Even
the zero-body part of the Hamiltonian in reference-state representation (black line) which is

identical to the expectation value of the Hamiltonian with respect to the reference state, E(s),
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10. Particle-Attached Particle-Removed Extension of IM-NCSM

is very robust even though the reference state is not the energetically lowest eigenstate of the
initial Hamiltonian. This is the second excited eigenstate for 1N, and the forth eigenstates
for N and 2°N, that are 0~ states in all cases. This is also the reason why the zero-body
part of the Hamiltonian in reference-state representation, E(s), slightly deviates from the
lowest eigenvalues obtained in Nyayx = 0 model space for '82°N even throughout the IM-SRG
evolution, but especially for small flow parameter.

The neutron-attached proton-removed IM-NCSM ground-state energies using the corre-
sponding carbon isobars as parent nuclei do agree perfectly with the results obtained with
the 'standard’ way. In contrast to that, the proton-attached and neutron removed IM-NCSM
ground-state energies, i.e., using the IM-SRG evolved Hamiltonian in the corresponding oxy-
gen parent nucleus, do not produce Nyax-converged results even though the IM-NCSM results
stabilize for large enough value of the flow parameter s. This might be related to fact that
the oxygen isotopes have a pronounced proton shell closure, which is inappropriate for the

decoupling pattern of the nitrogen isotopes.
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Figure 10.3.: The lowest eigenvalue the IM-SRG evolved Hamiltonian for '6:1820N within the
particle-attached particle-removed IM-NCSM obtained in various model spaces
Npax=0 (@), 2 (m), 4 (o). The parent nuclei are the carbon (left panels) and
oxygen (right panels) isobars. In the case where the parent and target nuclei

are identical, we additionally show the zero-body part of the Hamiltonian F(s)
(middle panels). We use an HF basis with epax = 6 and AQ = 20 MeV.
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10. Particle-Attached Particle-Removed Extension of IM-NCSM

Benchmarking Excitation Spectra in Even Nitrogen

We benchmark the excitation energies of the even nitrogen isotopes. In figure 10.4, we show
the excitation energies of '61820N using carbon (left-hand panels) and oxygen (right-hand
panels) isobars and the target nuclei itself (middle panels) as parent nuclei. Let us emphasize
that ground and excited states are obtained on equal footing. The bands indicate the residual
flow-parameter dependence in the range from Smax/2 t0 Smax With bars, indicated by gray
band in figure 10.3. The flow parameter is chosen in the region where the ground-state
energy is relatively stable with respect to the flow parameter sy, = 0.5MeV ! for all cases.
Additionally, we analyze the total angular momentum of the states.

First, let us focus on the ground states, which are correctly reproduced in comparison to
experiment in all considered nitrogen isotopes for all parent nuclei—at least if the model
space Npax is sufficiently large. The total angular momentum of the ground state of 6N
using 0N itself as parent nucleus obtained in Nyayx = 0 and 2—which is 1~—is not in agree-
ment with the results using 'C and 190 as parent nuclei predicting both a 2~ ground state.
But once we go to a larger model space, e.g., Nyax = 4, the 27 state drops down in excita-
tion energy such that it becomes the ground state. These results are also consistent to the
available experimental data in [NND17] measuring 2~ and 1~ for '®N and '8N, respectively.
Unfortunately, there is no experimental data available for 2°N. In this case, we predict a 2~
ground state independent of the choice of the parent nucleus.

Let us turn our focus on the low-lying excited states. On the one hand, all states are
reproduced consistently to each other independent of the choice of the parent nucleus. On
the other hand, extracting the value of the excitation energies is extremely difficult due to
induced many-body contributions and the scale of the excitation energies that is currently
beyond our accuracy.

Remarkably, the carbon isobars as parents nuclei produce quite stable and Ny,ax-converged
results. In contrast to that the results obtained with the oxygen show large flow-parameter

18,20N. This is not really surprising since the ground-state

dependence for the target nuclei
energies are not converged yet with respect to Npax as already seen in figure 10.3.

The excitation spectra for N and ®N obtained with the various parent nuclei are in
quite good agreement regarding the level ordering if the model space is large enough, but the

energy splitting between the states is not consistent.

168



2.01_ 60,165 | 6N, 16N 1 160 _, 16 ]

— — s | 1 1
o 1 + -
=10} T T I
L 1 1 O* 4

051 T 0T ]

i 3 i 374 37

00 T T 27

ISC — ISN 18N — 18N 180 — 18N

!
[k

-
0.0 | 1" 1 It 1™ 7
| 00 20N | 20y L, 20N | 200 _, 20N |
1.5F T T .
[ m—— — 2] I 3 ]
s | s e pem -1 i

% 1.0 0 _/_———_ 0 27
| e o] pw BB o
0.5F € -\—\— 4 i
i I - ]
L 4 4 ]_ -
0.0 _ ! ! ! . __ ! ! ! “ __ ! ! ! 2 _

0 2 4 0 2 4 0 2 4
Nmax Nmax Nmax

Figure 10.4.: Depicted are the low-lying excitation spectra of 191820N target using carbon
(left) and oxygen (right) isobars, as well as the nucleus itself (middle panels) as
parent nuclei. The bands indicate the residual flow-parameter dependence in
the range from Spax/2 t0 Smax with bars where we set spax = 0.5 MeV~! in all
cases. We use an HF basis with epnax = 6 and A = 20 MeV.
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Summary and Outlook

In this work, we have established the in-medium no-core shell model (IM-NCSM) for nuclear-
structure calculations. This method merges the multi-reference in-medium similarity renor-
malization group (IM-SRG) and the no-core shell model (NCSM) in a consistent manner.
The basic idea is to transform the Hamiltonian via the IM-SRG to decouple a given reference
state obtained from an initial NCSM calculation from its excitations. This Hamiltonian is
then used in subsequent NCSM calculations.

In a first step, we have analyzed the sensitivity of the IM-NCSM ground-state energies on
several parameters such as the model-space truncations, oscillator frequency, choice of the
generators as well as the reference-space size. We have explicitly demonstrated that relatively
small model spaces are sufficient in the subsequent NCSM calculations to extract converged
ground-state energies. The convergence acceleration in these calculations is attributed to the
IM-SRG evolution that decouples the reference state from its excitations. We have analyzed
a Hartree-Fock (HF) and the harmonic-oscillator (HO) single-particle bases. An HF basis
reduces the dependence of the IM-NCSM ground-state energies on the oscillator frequency
dramatically, as expected. In contrast to this, the HO basis seems to be incompatible with the
IM-SRG(2) truncations leading to disappearance of the minimum in the energies as a function
of the oscillator frequency. Moreover, we have examined the impact of the generators. The
Imaginary-Time and White generators show similar behavior during the IM-SRG evolution,
which can be related to their similar operator structure. For the Wegner generator, numerical
instabilities can appear complicating reliable extraction of converged ground-state energies.
Analogously, for the Brillouin generator we can hardly identify a plateau region for the
flow parameters, which is related to the creeping induced many-body contributions. The
dependence on the reference-space size has been found to be negligibly low such that the
smallest value is sufficient.

Based on this analysis, we have fixed the parameters to systematically analyze ground-
state energies in carbon and oxygen chains. We have compared our results against large-
scale NCSM calculations and multi-reference IM-SRG calculations using spherical number-
projected HF-Bogoliubov reference states. For the oxygen isotopes, we have obtained perfect
agreement among the three methods. Furthermore, the neutron dripline in the oxygen iso-
topes has been reproduced consistently to experiment. In contrast to that, we have observed
relatively large deviations in the carbon isotopes. The largest deviation at the level of 10 %

has been found for 12C, which is the most distinct case.
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After benchmarking and establishing the IM-NCSM framework, we have explored ground-
state energies of magnesium and sodium isotopes, where exact diagonalizations are not avail-
able anymore. Our results for 3%32Mg overbind by less than 4% relative to experiment.
Furthermore, the total-angular-momentum quantum numbers of the ground states could be
reproduced correctly, while it is not the case for the sodium isotopes. By considering the
excitation spectra of the sodium isotopes, we have observed that the accuracy requirements
needed to describe these systems adequately are beyond our current reach. Inaccuracies in
our calculations are rooted both in the many-body methods and the input Hamiltonian itself,
which make reliable determination difficult.

We have studied excitation energies for the low-lying states of 12C and 2°0, where the rate
of convergence is not enhanced in general, but the excitation energies converge monotonically
since the ground-state energies are converged. An interesting effect has been found for the
second 07 state in 2C, known to be a cluster state and called the Hoyle state, that cannot
be converged in standard NCSM calculations. A remarkable outcome of this work is that
the excitation energy of this state drops during the IM-SRG evolution from about 14 MeV to
8 MeV in good agreement to experiment, while the other excitation energies remain stable.
We have calculated key signatures of this state, e.g., mass and charge radii as well as the
electric monopole transition to the ground state. The present calculations already indicate
that the IM-NCSM has the potential to quantitatively describe the Hoyle state. They provide
a strong motivation to continue the investigation of this and related states in the IM-NCSM
and to develop efficient corrections for the omitted many-body terms in the flow equations.

To explore island-of-inversion physics, we have investigated the magnesium isotope 32Mg
which is known to lie inside the island-of-inversion region. The ground-state energy has been
reproduced with a reasonable accuracy with respect to experiment, and its total angular
momentum is consistent to experiment, too. Furthermore, the low-lying states have been
reproduced correctly whereas the excited 07 state, that has been seen in experiment, could
not be reproduced in our calculations. An outstanding issue is whether this state can be seen
when we use a reference state containing information about higher-lying orbitals. In this way,
we could include intruder physics which might help to solve this problem.

The results for the sodium isotopes imply that the input Hamiltonian is not adequate to
describe these systems accurately. It might be interesting to investigate these sodium isotopes
using other interactions. One is provided by the Low Energy Nuclear Physics International
Collaboration (LENPIC) [Bin " 16] enabling an order-by-order analysis of effective-field-theory
uncertainties. Another interesting choice is given by the next-to-next-to-leading order satu-
rated (N?LOgy,;) interactions [Fks'15] that contain heavier systems in the fitting procedure.

However, the analysis regarding the island of inversion must be done systematically, which
has not been done in this work. Our investigations included only ground and excitation
energies, it is also of great interest to calculate and analyze other observables related to island-
of-inversion physics, e.g., dipole or quadrupole electromagnetic transitions. This requires the
IM-SRG evolution of non-scalar operators.

We have introduced and tested a simple and straightforward way how to extend the IM-
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NCSM to odd-mass nuclei using the particle-attached particle-removed formalism. The reason
for this limitation is that we used a J-coupled formulation of the multi-reference IM-SRG for
reasons of efficiency, which assumes a reference state with vanishing total angular momentum.
This implies a restriction of the IM-NCSM calculations to even particle numbers. As a
benchmark, we targeted the odd-odd nitrogen isotopes using carbon and oxygen isobars as
parent nuclei. These nitrogen isotopes are ideal since we could additionally target them
directly in the framework of IM-NCSM. The ground-state energies of the nitrogen isotopes
agree well when using the carbon and nitrogen nuclei as parent nuclei, which is not the case
for the oxygen isotopes. A possible reason might be the strong proton shell closure in the
oxygen isotopes, which is inappropriate for the decoupling of the ground states of the nitrogen
isotopes.

It would be also very interesting to tackle a given nuclei using an isotope as parent nuclei
that correspond to particle-attached or particle-removed only procedure, i.e., targeting °C
using C or 16C. Alternatively, we could extend the applicability of IM-NCSM to odd nuclei
by allowing a reference state that does not have a vanishing total angular momentum. For
that purpose, the whole framework including the angular-momentum-coupling of the IM-
SRG flow equations needs to be revisited. This requires the implementation of the IM-SRG
evolution for non-scalar operators. Alternatively, we can use the existing formulation and
implementation by decomposing the density matrices into spherical tensors and neglecting
all non-scalar parts (see appendix C more details).

Finally, a parallelization of the IM-SRG code via message passing interface is recommended
to increase the applicability of the IM-NCSM, especially for the evolution of non-scalar op-
erators using non-scalar density operators in order to investigate electromagnetic transitions

in open-shell nuclei.
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Appendix A

Normal Ordering—Derivations

A.1. Products of Normal-Ordered Operators

Throughout this section, we derive the expressions for products of normal-ordered operators
with the aid of the theorem 3.3, called generalized Wick’s theorem. The results obtained
here will be needed in appendix A.2 for calculating the commutator between those operators
which are relevant for the multi-reference in-medium similarity renormalization group method

discussed in chapter 4. We make use of the following relations:

Vg =0 —f +9f =5 (A1)
YoVs — VoVs =055 — V404 (A.2)
T = Ve =050% = 6L — hes (4.3)

Yoo T VosTio =(TeTe = ATV + (Va¥s = Veve) T + Nt (A.4)

and the antisymmetry with respect to exchange among the upper and lower indices of the

normal-ordered two-body operator and of the irreducible two-body density matrix element,

respectively,
ay, =—agh = —ak, = +ay (A.5)
A== Mh = =M, =+ (A.6)

and the Hermiticity of the irreducible two-body density matrix element
s =i (A.7)

Product of 1B and 1B

The product of two normal-ordered one-body operator yields

ala) =

q@s = g5 — 7158q + V@5 + 157 + Ags- (A.8)
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A. Normal Ordering—Derivations

Product of 2B and 1B

According to the generalized Wick’s theorem for this case only terms containing 3-, 2-, 1-

and 0-body operators can appear, denoted in the upper square brackets:

alial, = (ajay)” + (ahal)” + (ahal)" + (@la

qs“u qs “u qs

with

~prt

~pr ~t\[3
ma) ™ =an,

(aqs a,

_—7 ~ 2 e 4~ - -
(@rral)? =star 4+ star — pal — yrakt
7~ 1 _ - _ -
@ral)M = 4+ (3iyn + A)ak — (iR + AL )ar

+ (Firk + Ab)as — (Vi + M) ak

_ )\rtap _ )\pt~7‘ Y ~t )\p’r&t

~t)[0]

u

sq'u qgs~’u us-'q qu-’s
~pr ~t (0] __~t\pr ~typr _ . p\Tt _ T \DPt prt
(a’qs a’u) ‘_’Yq)\us + ’Ys)‘qu ’Yu)\sq ’Yu)‘qs + )\qsu'

Finally, we get

~pr~t __ ~pri
a’qsau =+ a’qsu

+ALGE + ALal, — Abaln — ynabt
+ (FLAn + NL)EE — (38 + APa
+ (TR + MLYEL — (FLn + AL Yar

_\rtzp _ \pt=r _ \pr=t _ \prxt
)‘sqa’u )‘qs U /\us q )‘quas

TN+ VN, = AT, = N + N

qsu

Product of 1B and 2B

Analogously, we can write this product as

agg — (&t ap’r‘)[?’} + (at ap?”)[Q} 4 (at arr

u“qs

ugs

)[1] + (a a

=t ~pr 0]
us)

with

i ~pm[3] . =~

(@.arn) =at

—t ~ 2 o~ e - -

(@.arn) P =Aralr 4 qrart — yhar, — ylak

-t ~ 1 _ - _ -

@@ =+ (yAn + NL)ak — (4148 + M2L)ar
+ (VAR + AP an — (v 4 M) ak
—Abah — APtal — APral — gl

~t ~pr [0] _ t)\pr _ t)\pr 7p)\rt 7r)\pt Atpr

(a’ua’qs) - ’Yq us Vs qu+7u sq+’7u qs+ ugs*
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A.1. Products of Normal-Ordered Operators

Finally, we get

+APal, + ypakt — yhak, — yab,
+ (Yo, + Aonak — (viak + A2 )ay
+ (YeAh + NYas — (Vv + M) ak

_\rt=p pt~7" pr=t pr~t
)‘sqa’u )‘qs u /\us q )‘qu s

— LN, = BT+ ARNTE + FNEL o+ N (A.20)
Product of 2B and 2B

It is useful to separate the terms in subterms according to the particle rank

apratv _(apratv )[4] + (&pr&tv )[3] 4 (apratv )[2] + (apratv )[1] + (&pratv )[0] (A.21)

qs “uw qs Puw qs “uw qs uw qs Puw qs “uw

The four-body piece is simply

(apratv )[4] aprtv (A.22)

qs uw qsuw?

the three-body piece is given by

pr ~=tv (3] A ~ pru ~ prv ~prt ~prt
(aqs a’uw) =+ ’anusw + ’Ysa'quw + ’Ys aqwu + lyq Aysy
p=rtv p =rtv ptv T ~ptv

ua'sqw ’Ywasuq ’Yu qsw — Y@ qus* (A23)

The two-body piece will be separated into further subterms

(aprdtv )[2] — (dpratv )[271] 4 (&pratv )[27II] 4 (apr&tv )[27111] (A.24)

qs Puw qs “uw qs “uw qs Puw

o ~tv £\ [2)]
@rat,)>"

Ve — e + A)aky,
Vvt = Vot + Aoy ) @iy (A.25)
Vodg + M)y + (Vi7g + A )ak,
VAs + N, + (Vh e + AR, ) ag,

D

Q

+
+

21T
@rrate,)>" = +
+
+
_|_

(7
(7u
(e
(7u
(
(
-
=
=
=

VarTs + Now) @y + (075 + A, )al’”

Vu’yq >‘m)apt ('Yw'Yq /\qu)a’ﬁﬁ

Voye 4+ Xevyal, — (VoA + A )al

WAy + NG, — (VEAe + M) agy,

YoYs + A”)apt (Vo Vs + Nowy) @b

Yalg T Nw) 8y — (Vg + M) @, (A.26)
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A. Normal Ordering—Derivations

(@heats,) " = — \n, @y — Nkl — N, at — Mial,
— Nin g = Nt Gl — N — N
— Nyl — Nk, — N, — NkaL,
— NGl — Nk, — Ninalt — Nl (A.27)

Analogously, the one-body piece will be separated into

Jp— 1 D~ 1,1 —pr ~ 1,11 D~ 1,111
@rrat)M =+ @rat,) " + @rrat,) " + @erat,)tM

o =to A LIV oty £ [LV
+ (agaly,) "+ @)Y, (A.28)
where the subterm TV and V do not contribute to [C?), D] in appendix A.2.3

~pr ~tv AL —tv r o~ r —t~v
@rats )" =y A (v ak) + 4 A(YLaY) (A.29)

with two-hole and two-particle density matrix elements af;; and 2" | respectively. The other

terms are

— ~ [1,11] | _ _ _ _ -
(@a,) " = HVEN AN — T Nl — TN a,
—T5 Mg — VoNsu T Tg Now + VA
—VONDL, — AENDY 4+ AN, + AN )a,

s\qw

TN A+ LN — AUNRL — HENY )y,

q‘su s\qu

YA BT — TN — N,

u’sw

)a
—NANgw ~ VoA gu T Voo Ngu T VA qu) @
)

(

(

(

(

(

( qu

(—7u Ao — YA+ YN A,
(Fa X + Vh A = Yo X — THAG)
(

(

(

(

(

(

(

(

a

(A.30)

u\quw

TN, 4 FIND D + (FAD, + AU, )

q Muw

— (Vb + g M) G — (X + AN, @

+ (WAL + WG 8a, + (AL + 70 XG5) s,
ToAsg T YNgs )8y — (YA +7uAG)
Vg Nty T8 M), + (TAT + Vo)
)

VgNeh T VAT @y — (Tg A + 7A@

s\qu

Qa

i ~

v
w
v
w
t
w

+ (Vs + b a g
)a

.
q
YaAms + VwAus) 8 — (Vi Ag + Vi Ag

s

a (A.31)

+ (Yo ey + Ve Ny) @2
)

~pr ~tv [LIV] w_ _\rtv =p __ yrtv =p _ \ptv =r _ yput =T
(aqs Ay ) T )‘sqw a, Asuqaw /\qsw a,, /\qsu a,,

_\prv =t _ y\prv zt _ yprt v __ \prt =v
Auswaq Aquwas )‘wsua’q )‘qwua’s (A32)

~pr ~tv [LV]  __ \tvp =7 _ ytvp =p rtv =p ptv =7
(aqs a’uw) T )‘uwsaq Aquas + )‘suwa’q + )‘quwas

_\prt zv _ yprust prv =t prt ~v
Aqswa’u Aqsuaw + )‘qswa’u + /\qsua’w' (A33)
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A.2. Commutators of Normal-Ordered Operators

The zero-body piece is separated in

~Dr ~ 0 ~Dr ~ 0,1 ~Dr ~ 0,11 ~Dr ~ 0,111
(agal,) =+ @paty,) ™ + @nat,) """ + @ga,) "
DT ~ 0,IV ~pr ~ 0,V DT ~ 0,VI
+ (aga,) " + @pat,) " + @pat,) " (A.34)

where the subterms ITI, TV and VI do not contribute to the commutator of [C?), D®)]. The

subterms read

(@2natn,) ™ =+ YELALTY + VRAVAT — AT — YT (A35)
(@matn,) ™ = BTN VLTINS, AT + AN

= W Aa Nt = VNG — Vs Mg = NN

— YTg Now = VeV Mgu — Y Tg Mts — Ve Vs Mg

= TV s = VeTg Mos = Va¥s Mg — Vo TsNug

+ 778 N + g Vs A+ ViV AGs + VaVh A (A.36)
(@nats,) " = N, + AT

— N AT = NN, — NN, — XA,

+ )xf;;)\% + )\?ZU/\ZZ + AZ’;UA{T; (A.37)
(@nats,) ") = — NI — NN — NN, — NN,

— NN = NN = NN, — AL (A.38)
(@nats,) " =+ AN AN+ VN, + TN,

— VN = YNk, — VNGl — VAT (A.39)
(@pat,) " =N (A.40)

A.2. Commutators of Normal-Ordered Operators

A.2.1. Without Contraction

Commutator of 1B and 1B

[ag, a.| :agag — agag (A.41)
=aha; — [pq < s (A.42)
= @l — P+ AaD + AP + N
— (@ — vpal + 7ray + At + N (A.43)
=0+ (7] +V5)@E — (32 + D)@} + 1275 — 4478 +0 (A.44)
=8al — oPal, + orAP — ob! (A.45)
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A. Normal Ordering—Derivations

Commutator of 2B and 1B

Defining

(lazr, &))" = (@arat)" — (@ az)

we can write

~pr ~t1 _=pr=t _ =t ~pr
[a’qs7au] *aqsa’u a‘ua’qs

~pr ~ 2 —~pr o~ 1 ~pr o~ 0
—(laz, L) + ([azr,at)!™ + (azr, @)

We obtain
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([arr,al])? = + FLab, +7taty —hal, — ,ak!
~ (i, + g vl — e
=(3L + VL)@ + (L + AL)am, — (V8 + ARGl — (v + 5@k,
=0qdil, + 8.l — ohag, — &4k,
([a#n,at)) Y = + (3tyn + AT)al — (3 + M2
+ (3% + Np)@5 = (g7 + A @k

_\rtzp _ \pt=r _ \pr=t _ yprxt
)‘sqau )‘qsa'u >‘us q )‘quas

— (+ G+ A - (4
+ (07 M@k — (g + Agu)at

_yrtzpp _ \pt=r _ \pr=t _ yprxt
)‘sqau )‘qsau /\us q )‘qua’s

~T

=+ (o7 — VW) @G — (Ve — 7vh)ag

+ (T — g7 as — (g — 767 ak

=+ (0 — 7e0u)a@h — (578 — veoh)ay

+ (g7 — 700) @5 — (570 — 7467,)@k
(@ al])™ = + AN + N — AN — A+ ML
— (=g Mls — VAL ARNLG + UL + A)

=(Tg + 1) Mis + (Fs + )N — (V8 + AN — (v + TN
—SLALT 4 GENDT — SEATE — ST AL

q"\us s\qu u’\gs*

(A.46)

(A.49)

(A.50)
(A51)

(A.52)

(A.53)

(A.54)

(A.55)
(A.56)
(A.57)



A.2. Commutators of Normal-Ordered Operators

Finally, we obtain

@by, a,] =+ o,al, + otaky, — dhal, — oak,
+ (8o — 1500)ah — (657% — 750k ay,
+ (078 — vg0h)as — (57 — 7g00) @k
+ SENPT 4 GEAPT  SPATE g7 \PL

qMus s\qu u”\sq u”gs*

Commutator of 1B and 2B

Making use of the antisymmetry of the commutator, we find

~t ~pr] _ ~pr ~t

[aw a’qs] - [a’qsv au]
_ _ st=pr _ st~=pr D ~ir T ~pt
= (5qaus 5Saqu + (5uaq8 + 5uaqs

— (6% — o) @k + (0 — vLoh)al,
— (Oial —Akomal + (04, — 7o) ak
— OENPT — SENPT 4 §PATE 4 5T AP

qMus s"\qu u”’\sq u”’\gs*

Commutator of 2B and 2B

In principle, this commutator can be derived using the result obtained above

( [dpr atv ] )[Z]

[&pr dtv ] = qs’ Quw

qs’ Cuw

-

~
I
o

@xat,)" — [prgs & touw),

I
.Mw

~
Il
o

but we won’t write it out completely because of the large number of terms.

A.2.2. Partially Contracted

Let’s define the operators

AW =% Argr
P
q

BW:=%"pra;

T
S

c® =Y crar

qs —gs
pr

qs
D(Q) — Dt’u &t’u
2

uw uw

uw

(A.58)

(A.59)

(A.60)

(A.61)

(A.62)

(A.63)

(A.64)

(A.65)

that do not necessarily have to be Hermitian or anti-Hermitian. Matrix elements of the

two-body operators C¥l and DT are assumed to be antisymmetric with respect to exchange
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A. Normal Ordering—Derivations

among the upper and lower indices,

pro_
Cos =

pro_
Dy; =

respectively, i.e.

—CI? = —CTr = +C1P
_DP — _Hpr — Tp
Dqs - Dsq - +Dsq

Commutator of 1B and 1B—Partially Contracted

(1) ~7‘ ZAp ~r

- Z AD(ST @D — 8P@L + 67 — )
P

=S ara - A+ A - A
p

q q

Commutator of 1B and 2B—Partially Contracted

(lag. ) =

q “su

(la. an])" = -

q “su

—n ~rt17\[0
(laz,az))” =

ZAp rt
= — Z Aga

ZAP ~7‘t ZAP(

— ovart, — shall + shalt + otah
(80 — AhoL)as + (6hvy — Ahor)ar
— (8077 — AROTVEL, + (82, — ~LOL)al,

— 6PN, — OB NG + Su A + G ALD

q'us q”\su

qsu qsu

ZAP( obay, — ohaly + opakt + o,k )

rt U~ rt
qu + Aq sq

+ 57 (APEzL + APaR)
p

Tm0g)ag + (6 — Vhog)ds

-%@%—ﬁ%ﬁbﬂ&ﬁ—ﬁ%ﬁ@

(Z Aq f)/q t ’Yu

S
(2(1: Avg — m)
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( Ay — Z&%)
( Arg — Zz‘h%)

(A.68)

(A.69)

(A.70)

(A.74)

(A.75)

(A.76)
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ZAP ] ZAP( SN, — DL + AL + SN ) (A.77)
=- Z (AgNgu T+ AGAL) + D J(APNE + APA) (A.78)
q p
Finally, we obtain
(AW, al] =" Abla), ] (A.79)
P
= D (Agdy, + Agaly) + > _(Aval, + A7al)
q p
(Z " - m) a; + (Z Ay — ZA%g) a
q q p
(S S (S - St
q q
Z( SAnt + A;L;Agg + D (ARNE + ADNE). (A.80)
p

Commutator of 2B and 1B—Partially Contracted

Let us consider now the commutator between a two-body operator that is a linear combination

of normal-ordered two-body operators, and a normal-ordered one-body operator as follows

[c®),ay)] ZOW (s, @]

(A.81)

=+ ZCP’” (lalz.a.])" ZCW gz ).

E: pr ~pr ~t
C qs7 u

(A.82)
The two-body piece is
or =t1y[2] 1
Z crr(lags. ay))™ =1 > on (,ats + otal, — otay, - oak,)
a
1
_ pr pr= ~t ¢
=1 ; Ci,ab’. + Z Cy @by, — zr: Cls G5 — Zp: chial,
s qs qs
1
:Z Z Cil;?“aﬁg 4 Z Cg:agz _ Z Cur tr Z Cru rt
pr pr e
1 ~
:5 Z Cg" ﬁT Z Cur tr
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the one-body piece reads

pr ~ DT ~t
ZC (@7 @]

+ (Oih —lobyal — (5yvy —

( ZCPT 63’Yu u
ZC”’ Givn — 7s0n)ah

Z Cls (0570 — 750,,) @y

qs

Zcp’”( (8L, — Lo

— (80F — ALoh)ay

i)

ZC”” (6570 — 7s0r,)ay

pr
qs

(A.84)

e - Vaa)  (ass)

(A.86)

where we made use of the antisymmetry in the upper and lower indices, respectively, of the

matrix elements CFY. The zero-body piece is

Z o (lag.al)” = Lo (AT + GExm — oBATE — ALY )

q"\us s\qu
pr
qs

_ p?“ r
=7 Z TAPT 4

pr
S

4 Z qur)‘zg
pr
q

pT pbr
Z N

Pry\pT up \pt __
Z th )‘qu Z Cqs )‘sq
pr
q

u’tsq

ur yrit pu \ pt
2 CaiNg = 2 CiNg:
P
qs qs
pu \pt
> g N
P P
qs qs

qs 7'qs

1 T U
=72 ;cg{xgu—z:cp AP

1 T\ pr u ) qt
=3 Z (coram, — camxa).
q
Putting everything together yields
- 1 -
[c®.al] =53 (clyal, -
pT
Z Che (0 —

qs

1 -
+§;(C§tv
q
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Cuq atq )

pr —pr

VLo, ak

~ o).

prpr

(A.87)

(A.88)

(A.89)

(A.90)

(A.91)

(A.92)
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Commutator of 2B and 2B—Partially Contracted

We skip this case for two reasons: On the one hand, this case is extremely expensive and not
directly needed in this work. On the other hand, for the calculation of [C’(z), D(Q)] which
is the relevant case for this work (discussed in appendix A.2.3), we can rely on the result of
~pr st

a.’ that has already been elaborated in appendix A.1.

qs Puw

A.2.3. Fully Contracted

Note that the commutators [C(Q), A(l)], [A(l), C’(Q)] and [C(Q), D(2)]—we refer to them as
fully-contracted commutators since there is no external index left anymore—can be derived
using the partially-contracted formulae obtained in appendix A.2.2. But for the method of
equating the coefficients of the two-body part needed for the flow equation in (4.11) it is not
recommended to rename particular indices among each other fixed by the left-hand side of
the flow equation.

To be more concrete: Assuming the indices p,r, ¢ and s are the ones fixed by the left-hand
side of the flow equation, it useful not to exchange these indices among each other, e.g., p
with 7, ¢, s and the same for the index ¢ which should not be renamed to p,r, s.

Otherwise, after the equating the coefficients, we might loose the symmetry of the operator
defined by the considered commutator. This symmetry can be restored manually but it can
be extremely costly. Not to do it manually, we prefer to go back to the commutators obtained
in appendix A.2.1 and derive the following expressions from there on as done for the partially-
contracted ones. This remark does not apply to the commutator of [A(l), B(l)] since it does
not contain a two-body part. Furthermore, for the equating the coefficients the commutators
need to be written in a convenient and suitable form, e.g., with a prefactor of % in front of
the two-body piece.

Putting it another way, the expressions, to which we have to apply the method of equating

the coefficients, has the following form

pr
qs

1 ! -
1 ; chaby = Z dvaly, (A.93)
qs

where the coefficient by is antisymmetric with respect to exchange among the upper and
lower indices, respectively, which is not the case for the coefficient df;. The key point is
that the normal-ordered operators are antisymmetric with respect to exchange among the
upper and lower indices, respectively, which we need to take into account for the equating

the coefficients. For that purpose, we rewrite the right-hand term in a complicated way

1
=1 E (dbsals + dibad + dibarh + digaly) (A.94)
pr
qs
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and make use of the antisymmetry of the normal-ordered operator leading to

_ % S (a7 + drp — dre — ) any. (A.95)
pr

Hence, the method of equating the coefficients yields cfy = dfg + dif — dif — dfj, which
preserves the symmetry of the coefficients /. In this example, the coefficients ¢ and dbg
represent the two-body parts of the left- and right-hand side of operator flow equation (4.5),

respectively.

Commutator of 1B and 1B—Fully Contracted

Using the results obtained above, and simplifying the term yields

(A0, BW] = ZAZB;“ @b, @] (A.96)
P

=" ary (67ar — o%ay + op07 — oty (A.97)
pr

-3 (4zByosap — AyBroLan) + > (4zBy — A7 BY) 52 (A.98)

qs
- (S (- ) ) o
p T

+3° (ArBy — A7BE) A2 (A.99)
pr

Commutator of 2B and 1B—Fully Contracted

Our goal is the calculation of the commutator

[Cc? AV = }jcmAt abr, &) (A.100)
prt
qsu

T pro = 2

-1 ZcpAt ar,a.))”
prt
qsu

by o (ay, al)”
prt
qgsu

Z crr Al (farr, @], (A.101)
prt
gsu

Consider the two-body piece. By renaming the summation indices, we get

1
§ o AL ([arr,al]) = > CRALGLE, + otal, — ohal, — o,ah) (A.102)
prt prt
qsu qsu
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=- > (CPrAL 4+ CPLAL — CLL AP — CPEAT)SE | @by (A.103)
pr t
1 r ” ‘s T T
=1 pz (zt:(c{; Al + CIT AL — CLLAY — CPLA )) ab,.  (A.104)
The one-body piece is given by
P cma(ag.a))! =) S epal (@ - Al - 6 - ke
prt prt
gsu qsu
t tory ~
+ (6inh — bomyal — (v — 6u)a§> (A.105)
- 4ZCWAt (8t — ior,)ab (A.106)
e
—Z z:Cp“A]t (0%, —ior) | ab. (A.107)
q su
Simplifying the zero-body piece yields
i cmayay.ai)”
prt q
qsu
Z CoT AL (SIALL + SEAD: — SENTY — 67 AR ) (A.108)
Tt
zz;su
- Z ( CPT AL SENET 4 P AL SENET — P ALSEAT! — CTPA;(sgAg';) (A.109)
5!3
T AT ST\ DT T At St \DT T At Tt T At rt
Z( CPrALSIN, + (—)2CLT ALGENE — CRTALSEAT, — (=)?CITALGENE)  (A110)
Tt
gsu
ch;“At (520 — analy) (A.111)
2’55
Z CELAL — ClADYSL NPT (A.112)
5:5
72 (CI AL — Cl AP AP (A.113)

prt
qs
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Finally, we obtain

[0(2),A(1)] _= Z (Z(C{ZAZ + C(I;:Ai — C;ZAP CptAr)> apr
pr t
qs

+30 | S oA e | 3

1 r T T
+3 > (CITAL — CliADAE. (A.114)
prt
gs
Commutator of 1B and 2B—Fully Contracted
By means of the antisymmetry of the commutator, we can make use of the previous result
yielding
AV c@] = - [c?, AW] (A.115)

:i 3 (Z(_c{g‘Atq — CPI AL+ ClnAY + CptAT)> aw

gs

r S| S |

su

+ = Z CHAL + CLi AV (A.116)
prt
qs

Commutator of 2B and 2B—Fully Contracted

Here, we use a different technique:

e, Z Cht Do (a5, iy (A.117)
5’:52,
Z CriDy, (ahaly, — a.,ah) (A.118)
o
~i5 > (CHDl, — ClL Dy, (A119
_ - 1 pr tv tv ypr pr =tv [7]
_l—ZO 16 PT‘tv (C D Cuqus)(a’qsauw) (A120)
4 .
=3 |56 3 cot(apa,)” (A.121)
1=0 prtv

qsuw
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with the following definition

GQrrtv . CP""DW _ Dggcg‘;u (A122)

qsuw

Obviously, the multiply-indexed object G{]’;Z‘{U has the following properties

pritv _ rptv __ __opritv . oyprot . opriv
Gqsuw - Gqsuw - quuw - Gqsuw - Gqswu (A123)
Gl = —Gubys (A.124)

Note that the four-body piece vanishes according to proposition 3.1.

Hence, consider the three-body piece

3 1
16 3 cmaan) ™ = 3 Gt (+ Al + e+ A, + Tl

qsuw qs 29

prtv prtv
qsuw qsuw
¢ £ ¢ ~pt
R~ bal, - aLa - vap
(A.125)
- Z GZ;Z%é;a’u’ZfL’U (A.126)
prtv
gsuw
The two-body piece is given by
(2.0
Z aurte (arraty,)” =+ 16 Z Gl (@hsdng,)
priv priv
gsuw qsuw
2,11
= G aal,) "
prtv
gsuw
1 ¢ tv \[2,1]]
16 > Gh(@biag,) . (A.127)
dos
The first subterm yields
¢ ~tv (2]
Z Glsunw (G5 Ty, )
5;55)
16 3 cmmin((+ Gl - Ay + Na,
priv
gsuw
+ (Vi — i+ A)a “’) (A.128)

193



A. Normal Ordering—Derivations

194

Z GO (AL —

prtv
gsuw

tvp’/‘
=Y G,

prtv
qsuw

A123 1
prtv tv pr tvpr
= Y Ot + N+ Y G (2

priv
gsuw

Ad24 1
prtv
Z Gqus u’)/w

priv
gsuw

prtv ~t =
-2 Z Gqus YuY

prtv
gsuw

- 2 : prtv =t <
Gqus YuY
prtv
gsuw

- 2 : prtv
Gqus
prtv
qgsuw

Aa231 1 "
priv
Z Glnwgs (O,

qs

ooV + M) Bl
_ At AP )\tv ~pr
Y Yu T uw)a’qs

v tv \=pr
u’)/w + )‘uw)a‘qs
priv
gsuw

1
+ i) — 76 D Gliugs (27070 + M) @l

priv
gsuw

1
— W8+ 76 2 Gl Qui — Ay )AL

pritv
gsuw =0

— YY) Bl

6u’7w - 5U )O’Zg

- 25u7w) agg

(A.129)

(A.130)

(A.131)

(A.132)

(A.133)

(A.134)

(A.135)
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The second subterms is given by

1 2,11
7 priv (=pr=tv (2,11]
16 Gqsuw (a'qs auw)
t
gouw

1 _ ~ - ~
5 3 Gt (B NG+ G + N
prtv
gsuw

+ (YR 4 M) agy, + (Y07 + AR, )ag,
+ (Vs + AL aby, + (s + Ao aby,
+ (W7 + Ak, + (o + Agw)als
— (VB + Mw)ak, — (Vb + Ab)ag,,
— (VBAY + M), — (VR + A ags,

— (38 + X al, — (s + M%) ag,

~ LG + A, — (17 NRak ),

after some simplification steps, we obtain

1 -
=2 | oG L — o) | ab
pr tv
qs uw

1 o~
+ 2 | O G L - is) | an
gs

tv
uw

(A.136)

(A.137)

It is not recommended to rename the indices ¢ and s among each other, as aforementioned,

because they are indices fixed by the left-hand side of the flow equation per convention for
equating the coefficients. Otherwise, the operator defined by [C(z), D(Q)} would not have the

right symmetry. These notes are relevant for equating the coefficients of the flow equations.
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The following term vanishes:

1
E Z Gprt'u (dpr&tv )[Z’IH]

gsuw \-"qs “uw
prtv
gsuw
_i Gprtv o )\tv ~pr __ )\tv ~pr __ )\tv ~pr __ )\tv ~pr
- 16 qsuw sw a‘qu us a‘qw qwa'us uq Qs
prtv
qsuw

_\rv mzpt 1t =pv _ \pv =1t _ \pt =TV
Auwaqs )‘wuaqs )‘uwaqs )‘wuaqs

_\rvztp _ yrt=pv _ ypu=tr _ \ptxTU
)‘sq L2 )‘sqa’uw Aqs Qo )‘qs Qo

_yprstv _ yprxtv _ y\pr ztv _ ypr=tv
Awsauq )‘usaqw )‘qwaus /\quasw

=0.

The first subterm of the one-body piece can be simplified to

)

1 SN I (| _ ~ i~
16 O Grnaga,) M =1 Y an (SRaGuan + AGia))

prtv prtv
qsuw gsuw
_i .4 Gprtv ~tv.r =p + pr ~t=v
_16 qsuw ’qu’Ywau Vuw’YSGq
priv
gsuw

1 _ _ 1 tx
=1 2 GhgAkvLal + 5 > Gottovnatal

prtv prtv
qsuw qsuw
1
_ - 2 : prtv (tv . 7T tv=r\=p
_4 Gusqw <7u57w + ’Yusp)/w)a’q
prtv
gsuw

(A.138)

(A.139)

(A.140)

(A.141)

(A.142)

(A.143)

A4l tov - )~
LY G (G - 300 + (Gt =D )&

prtv
gsuw

1
- priv ytv ST =p
+4 E GlsquusOway
priv

qsuw

1 . -
=7 2 Gl (27572’ Yoo + 27075 %Z) ah
prtv
gsuw

1
- § : ptrv yrv st =p
+ 4 Gwsqu)‘ws(sua’q
priv
qsuw

rtv
suw

1 —t — — ~
=" | 5 20 Gl (i + vinian) | a
p
q

rtv
suw

1
+ Y| T et | af.
p
q
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The second subterm of the one-body piece yields

1 111
. priv (=pr=tv (1,11]
16 Gqsuw (a'qs auw)
t
gouw

1 _ _ -
15 & Gt (N + AN - 7

prtv
gsuw

+ (=g —

+ (=75 M

+ (+72 A7,

1
+1g 2 G ((+a0 +

prtv
qsuw

(N~
+ (=72,
+ (+7 N

1 1
16 16 3 GIALALEL + 1o

16~16’Z

prtv
gsuw

_ 2 : prtv (<t t\\7TV =D
- Gusqw (’Yu + F)/u))‘swaq
prtv
qgsuw

_E: E: priv gt yrv ~D
- Gusqw5u>‘sw aq'
p rtv
q suw

+ ’7;)‘513 - 7q su

D )\Ti) o ,y

U

+ VA qu

Voou + Vg Neu 7

— AT 4+ 7

AN+ A
AL+ LM+ AL

~ Yo Ngu =

prtv
gsuw

v>\rt -

q‘sw

T \PV _
A

(A.147)

(A.148)

(A.149)

(A.150)
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The third subterm of the one-body piece is given by

p'rtv afra ~ v (1]
Z Gqsuw qs uw)

( )\vp 4 v)\tp)

(FeXid + Ve N, )ag

+ (AL + Y Gs)a,

uqs

— (BATY AL NEVEL — (AEATE TP, )

( )\rp_’_,yt)\pr) v

Vg su s\qu

— (AT, TN )@ — (AL + NG,

prtv
qgsuw
priv vr ~v\tr \=p
Z Gqsuw ( A Vs Auw)
pritv
gsuw
~tyour NCAVZER Y1
- (/7q>‘wu + 7q Auw)a’s -
D \TV T \PU\ &
( u)‘sq + )‘qs)a’
prtv VTP NCAVIA
Z Gqsuw ( ’Yq Asw + Vs )‘qw)
prtv
gsuw
Vs qu
Py vt D\ tv r
+ (’Yu)‘ws + ’YwAus)
_ ( r)\vt 4 r)\tv)~p
YutMws us a’q
ptrv tv =p
Z Gqsuw ’Ys =+ ’ys))‘uwa‘q + 1a
priv
gsuw
ptrv srytv =p prtv
5 Z Gqsuw(ss )‘uwaq +5 Z unsw
priv prtv
gsuw qsuw

_2 : 2 : prtv gt \rv

- unsw(su)\sw
P rtv
Suw

ag+ |-
P

=25

qusw - u’ "sw
rtv rtv
suw suw
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qsu

( r/\vt +"YwAtU) a?

(A vzzAfz;)a;)

Z Gprtv _—7" ))\tv ar

qusw uw -'q
pritv

gsuw

rytv =p

53Auwaq

ptrv st yrv ~D
§ :GqsuwduAsw a’q
rtv

sSuw

- Z Gprtv 5t P\ Z Gptrv 515 A7 | gP.

gsuwu’t sw q

(A.151)

(A.152)

(A.153)

(A.154)

(A.155)
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The fourth subterm of the one-body piece does not contribute to the commutator, namely

1 LIV
prtv (=pr=tv (1,1V]
E Gqsuw (a'qs auw)
t
gouw

:%6 Z Gprt'u (_ )\rtv &p o )\rtv &p _ Aptv ar - )\pvt dr

gsuw squw 'y suq -rw qgsw “u qgsu—'w
prtv
gsuw
_\prv =t yprv zt _ yprt v _ yprt =v
)‘uswaq )‘quwa’s )‘wsuaq )‘qwuas (A156)
_i .4 Gprtv )\Ttv ~D i .4 Gprtv )\rtv ~D (A 157)
_16 usqw suwa'q 16 usqw suwaq .
prtv prtv
gsuw qsuw
=0. (A.158)

The last term of the one-body piece vanishes as well

% Z Gprtv (apratv )[LV}

gsuw \*’gs uw
prtv
gsuw

:i Z Gprtv (_ )\tvp (~L7‘ _ )\tvp ap 4 )\rtv ap 4 )\ptv ar
16

qsuw uws 'q uwq’'s suw “q quw™’'s
priv
gsuw

- L - A, Ll + al) (A.159)
1 1
=o A4 D GRLAGLEL — 14 D GRIALaY (A.160)
doa oty
=0. (A.161)

Let us consider the zero-body piece where the first subterms can be simplified to

1 ~pr =tv | [0.]]
16 2 Ginaga,)

prtv
gsuw
1 L o L L
16 PR A ( + VYA + VA — VoVe e — YoveVeTe ) (A.162)
A
1 L
=164 DGR ALY (A.163)
F
1 L
=7 2 Gl i g% (A.164)

prtv
gsuw

199



A. Normal Ordering—Derivations

The second subterm of the zero-body piece reads

1 —or <t +[0,11]
= 3 Gt (alaln,)

prtv
gsuw

1 ~/ ~/ -, —
=16 2 Gl ( FARFENDY VLAY 4 DAY 4 ALY

prtv

gsuw
= VedeNow = Vo Ts Ngw = Vs Mg — VaTghids
— WA = VAN — Vg Nl — VYA
— TN = VAN — BN, = BTN )

1 o —u—

+ g 2 G+ WL + M+ AN+ AN ) (A.165)
prtv

gsuw

_ 2 : ptrv .t —v\ypr
- unswf}/w’}/u)‘qs
prtv
qgsuw

1 i
+3 ; Glrvngs (T — Ya Vi) A (A.166)
gsuw

The third subterm of the zero-body piece vanishes

gsuw\*gs “uw

1 ~pr ~tv +[0,110]
o Gprtv (apratv ) )
i6 2

qsuw

1
:E Z Gprtv <_|_ )\pt ATV + \pv )\rt o )\Pt ATV )\pv)\rt — \P )\tr - )\tp )\W)

qsuw qu”\sw quw”\su quw”'su qu”sw ws M uq us M wq
pritv
qsuw
+ LS g (e gt o i e (A.167)
1(3 qsuw qs’ uw Sw’”uq quw’ us *
prtv

gsuw

1
=63 G A

prtv
gsuw
1 1
1 O Ol NN+ 12 -2 D GRS NN, (A.168)
i ni
1 1
=5 > Ghuswuw s + 75 2 ClwgsNuw s (A.169)
i o
1 1
=5 > 2(Ghiss — Gigu)MinAis + 75 2 3(Glings — Glstan) N ¥s (A.170)
deo dens
=0. (A.171)
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The same is true for the fourth term of the zero-body piece

gsuw \%gs “uw

1 o <t [0,IV]
o Gprtv (ap'ratv ) ’
6 2

gsuw

:Tlfi Z Gprtv (_ Atp )\’I"U o )\tv )\rp o )\pt )\m" o Apr/\vt

qsuw uw”’'sq uq” sw qsMwu quMws

prtv
gsuw

wu’'sq wq”\su qs Muw quwMus

— 2P )\rt o Avt AP _ )\pv)\tr — NP )\tv)

qsuw wsuq qsuw qusw

1
— _ g Z (Gvrtp 4 Gprtv + Gptrv + Gprtv ))‘tul;u)‘gg

prtv
qsuw

after some simplification steps, we obtain
=0.
The fifth subterm of the zero-body piece can be written as

1 0,V
priv (=pr=tv [ ) ]
E Z Gqsuw(a’qsa’uw)
-t
g

1 _ _ _ _
15 3 Gt (TN + TN+ T+ TN,
prtv
gsuw

w” ' qus U qws U swq w” sugq

AT )\ptv _ ,yr)\pvt _ ,Yp)\rvt _ ,yp )\Tt’l})

1 _
TR DR HACHER R
priv
gsuw

:i Z Gprtv 51}Apt7‘

gsuw®”s ‘quw*
prtv
qsuw

The sixth subterm of the zero-body piece vanishes

1 —pr~tv NOVI] 1
i > anaya,) " =0 S G,

prtv prtv
gsuw gsuw
_i Z E(Gprtv )\prt’u + Gprtv )\prtv )
_16 9 gsuw ‘gsuw gsuw " *\gsuw
prtv
gsuw
Aé24i Z E(Gprtv )\prtv _ Gtvpr )\prtv )
16 9 gsuw \gsuw uwqs”\gsuw
priv
gsuw
_i Z E(Gprtv )\prtv o Gtvpr Atvpr )
716 9 gsuw \gsuw uwqsMuwqs
-t
g
=0.

(A.172)

(A.173)

(A.174)

(A.175)

(A.176)

(A.177)

(A.178)

(A.179)

(A.180)

(A.181)

(A.182)
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A.3. Expectation Values

In this section, we derive expectation values of products of reference-state normal-ordered
operators with respect to a given many-body state |¥) which is the reference state used for
the normal ordering. We introduce a shorthand notation for the expectation of an operator

X with respect to the reference state
(X)) = (V| X|T). (A.183)

A.3.1. Expectation Values of Products—Partially Contracted

(AWap)y = >~ Ar(atar) = > Aj(asan)™ = > AL(vA0 + Ah) (A.184)
(AVay = S Aatar) S (A185)
= Z Al (= AT — AEABT 4+ FEATE 4+ AP 4 AT (A.186)
— Zj:A;(—mgAz; + 29PN+ AP (A.187)
(CPal) = i; CPL (29N — 298 NT, + AP ) (A.188)

q
(CPaly,) = 1 Y O (1t
T ADRAT + AL AN, — gD,
— AN+ OTRINEL, + 24 A
+ 4)\22)\2’0 — 4)\7;;)\25 + )\f;;)\ﬁ:u

— AP ATY — 2ALNTE — 2XPLALT — 2\PT A

uw'sq uq”tsw qs M wu quMws
+ 295 M+ 275Nt — 2Vi0Ngus — 2Vu s
+ )‘Zﬁﬁv) (A.189)

A.3.2. Expectation Values of Commutators—Partially Contracted

(A, &) =3 Anaz) - 3 aglag) + At - Y Aqn; (A190)

q

=D AR - Ay (A-191)
p q
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A.3. Expectation Values

([AW,a7l]) = Z(ASA” +AUNL) + Z(Am% + APATD)

q°qu q°°5q

(¢! ZC” (laf. &) [0]—22(0"’“w ChiNg)

pr
q

([c®),al,]) = Zcp’“ VEALALTY — VAR

q.s

P> O (03 = AETINL — (L7 = TN+
O = TN = (7~ 2T )

+ 5 2o (O = AN = R — 2t
qs
1
45 o (g, = T+ 2L — L)

qs

A.3.3. Expectation Values of Commutators—Fully Contracted

([AM, BO)) =3~ (ArBy — A7BY) 42
pr
q

([C, ANy =2 (O AL — Cln AN,
prt
qs

1 T T T
([A, CP]) =53 (—CE AG + AN,

prt

([c®, DY) Z Gt BT ALY

pritv
qsuw

ptru ~V\pr

+ E :unswaw’Yqus
priv
qsuw

t t
+ - Z GBIl (VEA% — Vv )AL
prtv
gsuw

prtv v pt’/‘
+ - Z Gqsuw5s quw

priv
gsuw

(A.192)

(A.193)

(A.194)

(A.195)

(A.196)

(A.197)

(A.198)
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Appendix B

Multi-Reference In-Medium
SRG—Derivations

B.1. J-Coupling of the Flow Equations in Natural Orbitals

B.1.1. J-Coupling of the Two-Body Terms

Let us start with two-body part. Since the first term has already been considered in sec-
tion 4.3.2, we start with the second term.

The third line of (4.28a) defines the second term, and can be written in a compact and

fully symmetrized form

1m12
dFSz;ZL:;z _1 G1m12m2tmtvmv 1 B.1
d _52 Z tmtvmv3m34m4( — Nt — TLU) ( . )
@ 11 tv Mmymoy
1
=3 SN pzmapineie (1 — ny — ny) — x[1ma2mg <> 3madms] (B.2)
tv Mmymey
1 1
:<<2 57 2 D Mo Doty (1= 1 = m0) = [1ma 2m2]>
tv Mmy
— [3mg < 4m4]> — x[1m12ma <> 3mzdmy]. (B.3)

Performing J-coupling yields
d J ri2 1 , .
SIS (3D 3D SD LTS+ TIETErN
da - 8

J'M! J M MM
. . ,
J1 o J2 J
X »
mi Mms M

ms3ma

J><j3 Ja J)(jl Jo
M) \msg mylM/) \my mo

gs o Ja "N i
8 (mg my M”) (=) 1 2]>
_ (_)J_j3_j4 [3 > 4]) — x[12 + 34] (B.4)
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C((F3 T2 T = =) = ()L 2)
_ (_)J_j3_j4[3 o 4]) — x[12 < 34]. (B.5)

The remaining lines of (4.28a) define the last term

dF1m12m2
3msdmy o Imitmivmy,2meo Imitmivmy,2me
T Z Z G3m30mvtm1;4m4 - G4m4vmvtm1;3m3 (nt - nv) (BG)
da
IIT tv Mmemy
. Imitme vmg,2me Imitmye _vmy,2meo
_Z Z <n3m3vmvrtmt4m4 _F3m3vmv77tmt4m4
tv memy

Imitms omey2me Imitme _vmqy2me
- n4m4’um,, Ft’rn,fSTrLg + F4m4vmv77tmt3m3 (nt - nv) (B7)

_ _Imitme pomy2me
( - Z Z ’/4m4vmvthtSmg (nt - nv) - [3m3 A 4m4])

tv Mmgmy

— x[1m12mg <> 3msdmy] (B.8)

1
~((~3X X wmim i e — ) = (mn ¢ 2ma) )
tv MMy

— [3m3 < 4m4]> — x[1m12mg <> 3mszdmy] (B.9)

interchanging lower indices yields

1
(- 25 X whmim Ty - n) — [tm o 2ms))
tv MMy

— [3ms < 4m4]> — x[1Im12mg <> 3mgdmy]. (B.10)

The J-coupling then yields

1mi2 . ) . .

(d‘ﬁ“}ﬁ) _ Z (dfgrm”;&i) <]1 J2 J><]3 Ja

da I mame da o M1 m2 M/ \ms my
m3may

Averaging over the M quantum number does not change the term and we get

-y ¥ 1 (AU <j1 J2 J)<j3 ja
j2 do 111 M/ \m3 my

M mima2 mi1 meo
1 1 s v2
B (( a 5 Z Z Z Z ﬁnvziénnzrgz:;th (nt - nv)

A‘L) (B.11)

A’Z ) (B.12)

m3maq
M M1m2 ty mpmy
m3myq

><<j1 J2 J>(j3 Ja
mq mQM ms Mgy

— (=) 73 4]) — X[12 ¢+ 34] (B.13)

J
M

) - (o )
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(TS T 5 b

M M2ty mimey JyJo M1 Mo

msmay
X<jl Jt Jl)(jv Ja Jl)(jv J2 J2><j3 Jt J2)
mi1 mylMy/) \my, mglMi/) \m, molMs/ \ms myl Mo
; il : LT o
" <J1 J2 ) (.73 J4 ) (o) o 2]>
m1 meolM/) \ms mylM
() 4]> C (12 ¢ 34, (B.14)

Using (16) in [VMKSS, p. 339] and inserting the inverse Pandya transformation (4.50) yields

J iy o
_(<_ZZ Z J5J6{jlj4 5}{j ].t 6}J57711;§J6F3§(“t—%)

o Jids Jads? JujtJ1) 32 J2
N Y o
X JEIRIES s geda p = (=)7L & 2])
j4 ']1 jv
— (=) B3 4]) — x[12 < 34] (B.15)
J1JaJs JuJt Je Js—14 JgT50t
=~ ’Z SO B o Mot~ L'sa(ne — ny)
tv Jy o Jsde ;71 Jojedr) gz gz J2
J 71 J2 o
< PR i p = (FY R0 2)
.]l ]1 ./z
— (=) B3 4]) — x[12 < 34]. (B.16)

The sum over J; and Jy can be simplified using relation (25) on p. 467 in [VMIKS8S8]

J ) 1 7.—=vt
(< PIDIR /%{ e }ani?"ﬁfgé(nt—nv) (B.17)

m T T j3 ja

— (=) 2]) — (=) B3 4]> — x[12 « 34] (B.18)
(ppaf) e

C ()i 2]) () 4]) S [12 6 34] (B.19)
~((-3 DY { j;fj} T T (g — o)

()Rl 2]) ()3 4]) ~ 12 6 34). (B.20)
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B.1.2. J-Coupling of the One-Body Terms

For the J-coupling of the one-body terms we will proceed as follows: We write each term

1

,0ma- Consequently, the remaining term is the

in a way that is proportional to the factor (55:
m-independent matrix element that we are looking for. Only for a specific term we will make
use of the averaging procedure.

The first term has already been considered in section 4.3.2. The second and third lines in

(4.28b) can be combined to

dfym
<m2 =0T T (g — )+ Y mgmd i fi (n, —my)  (B.21)
11

ds rt Mrmg rt Mmrmg
_ Imirmy, _tmg Imyirmy ptme
- Z Z (Fngtmt nrmr - 772m2tmt frmr (nt - n’f’) (B22)
rt mymy

=22 > (Timmmtme = mimdd fime ) ne = x[1my <> 2mg] — (B.23)

rt mymg
Jroo | IN (G J2 |\
=X S (it = ) I GO A 2

JM Tt memg my  milM/) \my malM

— x[Im1 > 2mo] (B.24)
(4.34) 1 _; A
=Vl SO T (YT = i £1) me — x[lma < 2mo), (B.25)

J1 J rt

where the projection-quantum-number independent part is given by

dfs 1 . ) )
(dj> ) Z Z I (th2177fa — iy ff) — x[1 + 2]. (B.26)
o Ji g rt

The expression in the fourth line of (4.28b) can be summarized to

dfym 1
m2 o Imirmetmivmey (= — _
ds _5 Z Z GtmtvaZmz’rmr (ntn’vnr + ntnvnr) (B27)
111 rtv MrMieMey
_1 Z Z lmﬁmrthtva Flmlrmr tmivms, (— — _ )
"9 Nemevmey L 2marmy = 1 tmevmy 2marm,. ) Ty + Ny Ny
rtv MerMiMey

(B.28)

1
=5 Z Z pemrme pimeom (p.pn 4 ongngine) — x[1mg <> 2ma] (B.29)

tmivmey — 2marm,
J ) ( j2 Jr|d ) - _
’ ’ NNy My + NENYN
M/ \mo myIM (Rt o)

rtv MerMmiMmey
1 J 1r Jptv (.71 Jr
-5 Ny 1o
2 %;; ! : mi My
(4.39)1 1

= 5}—2(2; o Z Z J? Ik IT (gnyn, + neneig) — x[1my < 2mg],  (B.31)
J1 J rtv
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yielding

dfl 1 A _ _
dfy == E E J2 Ik ITW (Rynyn, + ningny) — (1 < 2). (B.32)
ds )i 21T %

The last line in (4.28b) contains three structurally different terms that are specific for the

multi-reference case. The term IV is defined as the first subterm

dfymt 1 .
_Jeam2 — G mitmermyvm, \Trvmy B.33
ds v 4 t;v mym ;m . SM s WMy 2Matmye 7 S s WMy ( )
1
— Imitm TV My \ T VI
_Z Z Z nsmsw";wFingtm:)‘sm:wmz - [77 A F] (B34)
TSWTrY MM gMy My My
1
_ Imytm TNV My \ T UMy,
_Z § : z : nsm;wmtwr2m;tmtv)‘smswmw - X[lml A 2m2] (B35)

tSWrY MM sMayMyrMy

ST T (7

JM tswrv my mi1 My

J
M

J . .
) (‘]2 It ) — x[1my <> 2my]
M) \mg my

(B.36)
39)1 1 .
R L onam S Y 2t T A, = Xl < 2m), (B.37)
J1 J tswrv
where the m-independent part can be read off
dfi 11 .
(3) 2T 3 P e (B.35)
5 v JU T tswro
The second subterm in last line of (4.28b) can be simplified to
df21'rrrrLL21 . Imirmetmivmy yrmevmey
? = Z Z GtmtsmSngwmw )‘smswmw (B'39)
Vv TESWUV Myt M g Mgy My
= Do e Do Ao, = [0 4 T (B.40)

TTSWU MMM My My

— _ Z Z nlmlrmrksmswmwrvmutmt _ X[lml o ng] (B.41)

smstme UMMy 2Mo WMy,
TESWV MpMEM g Mgy My

XYY Y

rtswv MrMiMsMuwMy J4J5Jg MaMsMeg

x(jl Jr J4)<js Jt J4)(js Jw J5)
my1 my My ms  mgl My Mg Myl Ms
Js

i T .
" <]v Jr|Js ) (Jv Jt 6) <32 Jw ) —\[lmy ¢ 2ms]  (B.42)
my Myl Ms my  mil Mg mo My Mg
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D DENED DEEED DEND DEED DI /2 A A ¥

TtSWY MrMtMsMuwMy JyJsJe MgMsMe J1J2J3
Judrdal| JJsdwds | ) JvitJe
}{ il pgg
JsgtJr) v irJ2 ) J2Jw J3

J4 Js gt Ja Js  Jw J5
My ms my —My ms My —Ms
—x[

[lm) < 2m2]. (B.43)

For this case, we make use of the averaging procedure as formulated in (4.44) to extract the

m-~independent part

dfs -
<ds> = Y o

jl mims2

(T XSS Y RRRLE T

TESWU MrMtMsMawMy JyJ5Jg MyMs Mg J1J2J3

]1]r<]4} {]S]wJE)}{jv.?tJt‘)} j42j52jg

JsJeJ1) \gvirJ2) (G2 Jw J3

! 4><js i J4><js oo J5>
1 My My ms my —My ms My —Ms

: 3 . I . » J
Js5 Juv  Jt 6 J2J 6 ) [l 2]
my My 5 my My _MG ma My _Mﬁ

(B.44)

=+ 725552 Z Z Z Z Z Jl J2 ]2 J1 1t Jz)\sa; Jsfggy

m1 rtswv MrMtMsMuw My Jy Js5Jg MaMsMe J1J2J3

J1 Jr J. s Jw J5 Jv Jt Ji RV E:
y {J.u. 4} {J: J o}{J Jt 6}J42J§Jg
JsJtJi) LdvirJ2) U1 jw s
' Jy Js gt Ja Js  Jw I
my m, —My ms my —DMy Ms My —Ms
T R e ; i A
Ju 5 Jv Jt 6 J1 Jw 6 _ X[l N 2]
My My *Af5 '

m, my —Mg

3 -

d
(.
gt

mi1 My *Af(}

(B.45)
With the aid of proposition B.1, which will be proved later on, we obtain
1
7255; Z Z Ny t JzAsr J3F2t J? 5&@5% —x[1+ 2] (B.46)
rtswv Jy JaJ3

1 o

= . ]2y LT ITHY — x[1 4 2). (B.47)
]1 J rtswv

210



B.1. J-Coupling of the Flow Equations in Natural Orbitals

In the last step, we used the following identity that can be proved with the aid of some
relations from [VMIKS8S]:

Proposition B.1.

)SEED S YD f%f;fgfzjgfg{jw}{J’sws} {jvm}

mi1 MrMiMsMwMy JyJsJg MyMs Mg js jt Jl j” jT J2 jl j’u} J3

" i Jr Js gt Ja Js  Jw s
m1 my —My ms my —My ms My —Ms

" Jo Jr Js Jo Jt Js J1 Jw  Js
my m, —DMs my my —Mg mi My —Mg
59 oy o
= JPOR 02 A G iy A G YA G} (B.48)

Proof. Since all relations necessary to prove this identity are taken from [VMKS8], we note

the page, equation number above the equal sign (=) to shorten the notation.

AAAAAA T T T
Z Z Z Z J12J22J§JZJ52J(? {].1 J'r 4} {]'sj.w 5} {Jv ?t 6}
M1 MMM sMwMy JyJsJg My Ms Mg Js Jt Jl Jv Jr JQ J1 Jw J3
% 7 1 ]r J 4 ]s 77‘ J 4 75 jw J. 5
mi1 my —My ms my —My ms My —Ms
. . 7 . . I . 3 T
% Jv  Jr 5 Jv  Jt 6 J1 o Jw 6 (B.49)
m, m, —Ms m, my —Mg mi my, —Mg

A T
U S S S S RRRBRRER{I S el ik |

MMMy Jy Js5Je Ms Mg J7 My ]sjt J1 jv jr J2 jl jw J3

" J5 Jr Jes g Jr g J1isJr | | g1 dr Ja
—Ms —M; Mg —my Mz my ) \Js5J6Jw ) \JeJsJ7

« jv jr J5 jv jt J6
my My —M5 MMy Mg —M6

x (= )irtdetdstiwtJatJstJo+ Jrt Mrtme+Ms+1 (B.50)

AAAAAAA Y (it (i

- S Y S 3 RRRRRER I e [

mememy JyJsJe Ms Mg Jr My JsgtJi) Lvird2) Ut Jw J3
X( Js T Js )( gi Jv g ){jljsﬁ}{jljrh}
—Ms —M; Ms —my M7 m, Js Je jw ) Jeds J7

« Jo  Jr Js Jo gt Js
m, m, —Ms m, my —Mg

% (_)jrr“‘!‘jt+js+jw+J4+J5+J6+J7+]\/[7+m'r‘+M5+1 (B_51)
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454 (6) = N =N 52 42 52 52 29 59 4 Jdrda| JJsw s | | Jv it Je
PEERSY Y ZZJ?J%J%J@JZJ@J&{, }{ }{

mimy JyJsJe Mg J7 JsJth JvJr J2 J1Jw J3
y ( gi do Je ){jrjtJ7}{j1jsJ7}{jler4}
my my, —Msg Je J5 v ) \Js5JeJw) degsJr

» < Jo gt Je >(_)jr+js+jw+j1+J4+Js (B.52)
my, my —Ms

=Y Y SN RRBERRR {jler4}{jsijs} {jvjt.k}

memy JuJsJg Mg J7 js jt Jl jv jr JQ jl jw J3

X(jt Jo  Jo ){jrjtﬁ}{jljsﬁ}{jlwz;}
me my —Ms ) \Je s ju) s Jodw) i ds J7

by J i
X(.J, Jt 6 )(_)gr+ys+yw+31+J4+Js (B.53)

m, my —Mg

o ) (ing) (i
=S szgjlzjgjgﬁjg{ﬁj 4} {J j 5}{] i 6}

JadsJg Mg Jr jS.jt Jl j”Uj?" ']2 jljw J3

% {jr Jt J.7 } { J1Js ‘].7 } {j.l t7:T J4} (—)dr s tdwtintJat Tttt Jo (B.54)
Jo J5Jv ) \Js J6 jw) JeJs J7

AAAAAA B
-y ZZJ$J%J3J§J2J§{“ }{J J } {y P }

JudsJe Mg Jr jsjt J1 jvjr J2 jljw J3

» {jr Jt J.7 } { J1Js Jf } {j.l J:r J4} (st tdub Ja ds et ot do (B.55)
Jo J5dv) 5 J6Jw ) \JtJs J7

e Y (i aY (i
p46:3(8)ZZZJ72J12J22J§J§{J. 1 7} {]s]w 5}{]1)]1& 6}

JsJe Mg Jn JeirJv) Lgvdrd2 ) 01 Jw J3

Je J5 jv ) | J5 J6 Jw

AAAAA s J1 J" Js Jw J5 v Jt J.
=Y SN 2R {J 7 } {“ }{" 5 }

JsJe Mg J7 jt jr Jl Jv ]r JQ jl jw J3

% {jr Jt J7} {-71-78 J_7 } (= )irtistiwtintIstiotiotJot it e (B.57)
Jo J5Jv) | J5 J6 Jw

466 (18) 5o 29 29 4 g Jasadr | ) Jegeg | ) Jedean | ) Juie s
P2 ZZZJ?J%J%J§(—)J1+’2{ }{ }{ }{ (B.58)

Je¢ Mg Jr jt jT Jl J6 jw j’u J? }s 71 jl jw J3

o iy Jo i Iy iy
:ZZZJ72J12J22J§(_)J1+JQ{] VAl 7}{ Qthl}{ Qthl}{] Jt 6} (B.59)

Je Mg J7 jtjr Jl J6jwjv J?jsjr jljw J3

T LT S o
% {]T]t 7} {]1 Js 7} (_)]r“r]s+]w+]1+=]5+]t+]v+-]6+-]1+J7 (B.56)

p-463 (7) 59 5 J J2 ji J1 JuJt Je
2SS R A A | A0 e (560
Js Mg 6 Jw Jv J1 Jw J3

o J2 jit 1 Jv Jjt Je
_ J2J2(—)J1+J26J1A oy A i { 7 } { o (B.61)
%: %; o e J()‘ Jw Jv J1 Jw JS
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PAG3 (7) 590\ Ji4-Jp 51 5
J3 (=) TP 0L 07 A A Gege T A Gudu A ) (B.62)
Ji s Jo
=3 072 A G iy Ao Y A g} (B.63)
O
The last two subterms in the last line of (4.28b) can be combined to
1
<df277:1121> _ = Z Z (Glmltmtrmrvmv _ Glmlrmrtmtvmv ) )\Tmrvmv (B 64)
ds - 2Mmo SMstmi WMoy, 2motme SMs WMy SM WMy .
VI tsrvw MEM s M Mgy My
=YX (kg i [y e T))
tsrvw ML s My Mgy Mgy
— X[lm1 « 2mo] (B.65)

SR P YD VD MDD G A AN

J1J2J3 M1 Mo M3z tSTUW MM Mg T My
JQ) (Jf jw JQ)
]\/[2 my My A[Q

o <J'1 Jt J1)<j2 Js Jl)(jr Ju

m1 mulMy/) \mg mgI M/ \m, my

. 1 3 T

Y (]’ Jv *)(7 Ju 3) _[ne r]) —[lmy © 2mg].  (B.66)
My Myl Mg/ \mg My,

Ms
Using proposition B.2 where its proof has been outsourced, we obtain

:_535555;7; > <J1J2 7 7255' Mgt 2T AL, — [ r])

J1JaJ3 tsrvw

— x[Im1 > 2mo] (B.67)

= 5725;;5;:;; >y <j§J25j;jzagt Tt PTG A — [ r])

J1J2 J3 tsrovw

— x[1m1 <> 2mo] (B.68)
- _ 57(55; m; Z Z <J1 J2 25jt J1 lt JQFT'U Jg)\rv [77 o F])
J1Js tsrvw
— x[1m1 < 2ma). (B.69)

Hence, the m-independent is given by the following expression

(dfgl> _ =~ Z Z Jl J2 25% (J1 1t JQPTU Jz)\sw . [77 o P]) _ X[l o 2]. (Bj())
VI

ds -71 JpJo tsrvw

The crucial simplification step has been relocated to the following proposition:
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Proposition B.2.

J1 Jt J1>(j2 Js
Z Z ( M/ \mo mg

M1 Mo Mz MMMy My My my mye

Jl)(,j’r jv
M/ \m, my

JQ)
My

X<jt Jw J2)<jr Jv J3>(js Jw J3>
my My Mo/ \m,. myI Mg/ \mg Mgl Mg
. 1
S LU (B.T1)
Ji Ji
Proof.
Z Z ( ] > <]2 > (]r Ju | J2 )
My Mo Mz MmsmemyMay ma My Myl Mo
<.7t )(Jr )(]s jw JB) (B 72)
My My A[g My M3 )
(4.30) Jo sMo 1 Ji\ [ J2
SR o> W<m . )( )
My Mo Ms Mimsmay, ¢l My ma
< ]t > ( ]s ) (B73)
Mg My
Jo My (1 J2
ORI L )( i)
M1 Mo Ms MtmsMay 1 ma Mg 1
x (‘% o ) Js ) (B.74)
Mg My
(4 34) J: Jt sm ( >< >
J257 5 ot (B.75)
]\z/f;mgs ey 2 s ms Ml
i T is | J
_Z Z J2 55;720516%12 ( Jt | J1 ) (JZ J: 1 ) (B.76)
My mms my  mylMy/ \mg  mgl M
(4 34) 1
jﬂi oy 36 25? (B.77)
1
O
B.1.3. J-Coupling of the Zero-Body Terms
As a reminder, we note that the irreducible two-body density matrix is Hermitian, i.e.
N =N (B.78)
() =1> X cmmmimmnm, (©.79)

prtv Mp MMMy
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PMprMr ptmevm PMpTMyr tmev _ _
n § : E : (ntmtvmv 1_‘pmprmvr - thtvmv Npr )npnTntnU (BSO)
prtv MpMr MMy
E PMpT My ~tmivm —
Z ntmtvmv 1_‘pmprmv npnrntnv (B81)

priv MpMmermemy

Z Z Z Z Z J’?tu thvnpnrntnv

prtv mpmememy JM J' M’
X(]p Jr J)(]t Jv J,)<jt Jv J)(]p Jr
my  mye M) \my  my| M ") \my mylM my My

Z Z Z J T J/Ftv npnrntnv(SJ/éM/ (B83)

prtv JM J' M’

Z Z JE I JF“’ T Ty (B.84)
J prtv

J/
B.82
w) )

dE AT em”
() 1 Z D A i (B.85)
w4,
MgMms
*Z Sl gy (B.86)
J pras
d”’ ree d d FW)
- 4+ L) Ty (B.87)
Sy 2( i)
Renaming the indices in the second term yields
fl ,szz qu)\pr_dJ giJ/\qs (B.88)
4 ot a ds pre '
Making use of (4.57) and the Hermiticity of the irreducible density matrix (B.78) yields
1 d JF pr d J Tpr
:Z - Z Z J2 ( qs J)\p’l’ y—2 % qs J)\EL‘) (B89)
J prgs
1
e Dy i 5 (B.90

J prgs
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B.2. Properties of n-Particle n-Hole Excitations

In this section, we give the proof for the statement of proposition 4.1. As a reminder, the
statement reads as follows:

Any n-particle n-hole excitation vanishes

[Wegn) =0 (B.91)
e if at least one of the lower indices is a virtual index, i.e., g € V for any k € {1,2,...,n},
e if at least one of the upper indices is a core index, i.e., pp € C for any k € {1,2,...,n}.

Proof. The first statement is based on the fact that all density matrix elements vanish (4.163)
and the (vacuum normal-ordered) n-body operator annihilates the reference state (4.162) if
one of the lower indices is a virtual index.

Before proving the second statement let us go through the basics of summing over the
permutation set S,,. For any function g depending on the composition of two permutations,

7w and o, we know that the sum over one of the permutation can be written as

> glom) =Y g(n) (B.92)

ﬂ'ESn 7T€Sn

since the sum still runs over all elements of the permutation set S,,. This implies immediately

Yo > glom)=nl Y g(m) (B.93)

TES, 0ES, TESH

due to the fact that S,, contains n! different elements. Let us generalize this type of summa-

tions if the inner sum includes additional k£ different constraints of the following form

oY glem=m—kY g (B.94)
TES

gESn WESn
on(ly)=n(l1)
on(lg)=n(l3)

on(ly)=n(ly)

with 1 < k < n and pairwise different indices I3, la, ..., € {1,2,...,n}. Finally, we can split
the sum over the permutation in different ways. Once the permutation set S,, is expressed
as a union of two disjoint subsets, i.e., S, = QU T, the sum over the permutation splits as

follows

> g(m) = glm)+ > g(n). (B.95)

TESH TEQ weT

Two examples of this type are

Y o9m= > gm+ > g (B.96)

TESy TESK TESn
7(1)=1 7(1)#1
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B.2. Properties of n-Particle n-Hole Excitations

Yoo =2 9 (B.97)

TESng() =1 :(%)S:nl

since the permutation set S, can be expressed as a disjoint union S, = {7 € S,|n(1) =
n

1} U{r € Sp|n(1) #1} and S, = U{ﬂ' € Sylr(l) = 1}.
=1
Now let us turn to the proof of the second statement that if one of the upper indices is a

core index the n-particle n-hole excitations vanish. This statment will be proved inductively.
The basis step for n = 1 follows immediately from (4.165) and (4.168)

Wh) = al |¥) — L W) =6, | W) — 5, |¥) = 0. (B.98)

Let us consider the induction step where we assume the induction hypothesis, saying that
the j-particle j-hole excitations for j < n — 1 vanish if one of the upper indices is a core,
is true. The goal is then to show that the n-particle n-hole excitations vanish based on the

induction hypothesis. Without loss of generality, let us assume that
p1 €C (B.99)

otherwise make use of the property (4.171) to bring the core index at the first place. Let us

write the following expression in terms of sum over permutations using the definition of the

index antisymmetrizer (3.50) and the basic formulae for the sum over permutations’

Alyg WG an)) =

Prt Dyt Prl(n
q2..-9n 2 Z Z Sgn 7T7T '7q,r(1()1) |‘I'Q7r g) qTr(n() )> (B.lOO)

( n- TeS, eSSy

splitting the sum over 7’ into two disjoint summation according to (B.96)

pTr pTr, ..'pﬂ'/ n
i 2 (X sl 1)
TES 7\;/€Sn
7/ (1)=1

Prt Prl(n
+ > sgn(rn’ )’qu))\\llqﬁ(é??..q,r(ng’)) (B.101)
o

where the second term vanishes due to the induction hypothesis, yielding
pﬂ-/(l) pﬂ/(2)...pw/(n>
(n— 1 (n—1)2 Z Z sgn(m7’ Vary 1Yaraytnny ) (B.102)

TESH 7T 'eSn
' (1)=1

!The symmetry factor from (3.50) is one in this case.
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where the sum over 7/ gives just a factor (n — 1)! because the summand is symmetric under

transposition of the last n — 1 indices due to the sign of the permutation of 7’ and (4.171)

D Z; sgu(m)ap! | [Whrn ). (B.103)
(S

Now, let us consider the n-particle n-hole excitation

RIS
n—1
= (afigzte =i |9) = 3 AGRETR WRLED) (B.104)
j=1

writing the j = 1 summand of the second term explicitly

pL(qP2P3--P P2p3...p
n—1) ggj sgn(m 5q71r(1) A o n sy Vo2 dna)- qw(n)) w)
i
n—1 . .
— A(YP[WEZ ) — N A (veigea) WG ). (B.105)
i=2

Substituting (B.103) for the first term on the second line and summarizing

p Pp2p3..--Pn P2p3...Pn Pp2..-pn
(n—1)! > sen(m )92 <( B yinytnny ~ Tanoin(sy - anny) | V)~ W) q”(">>)

TES
n—1
= > Alvaeg] 1Ya ), (B.106)
=2

where the first term can be rewritten with the aid of (4.170) to

D1 p2...pj Pj+1---Pn
n—1) Z sgn 7)oy W < Z A(Var(2)-0x07) |\I’qw<j+1>~~%<n)>)>

TESH

n—1 . .
— > AOmed VEHe) (B.107)

j=2
n—1

Pp2...pj Pj+1---Pn
= Z ( ' Z Sgn 551(1> (’Yq:@) Jq‘/r(]) ‘\I/qu?]{kl)qﬂ-(n)>)
]:2 ’ TESH
— A(Yqigaq} I‘ngiif.'.'gS)))- (B.108)

We will bring these two terms in the same shape while neglecting the sum over j because
they will cancel each other for each j. Considering only the first term without the sum over

j and introducing two constraints on the permutations since the index antisymmetrizer does
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B.2. Properties of n-Particle n-Hole Excitations

not act on the lower and upper index of Kronecker’s delta we obtain

T I, Ay W )
_ 1
T (DG - Dl — )2
< 3N ST sen(onn)ogl ) van ) ) [wer Oy (B.109)

TES, w'eSn oESn
l(1)=1 om(1)=n(1)

where the sum over ¢ including one constraint yields a factor (n — 1)! according to (B.94)

— pr’(l) Pr!(2)-Pr' (j) | P (G+1) P! ()
((]_1 )2 Z Z sgn( 7”7 q’/r(l) Yar(2)---Ir(5) |\Ijq7f(j+1)"'Q7r(n) ) - (B.110)
71'6871 TI; ESn
(H)=

Let us simplify the second term in (B.108) without the sum over j

P1P2--Dj |, Pj+1-P
A(vqfqﬁ qj] ‘\I’qjﬁ q:>)

— PW/(1)PW/(2> Pl (5) Prl (1) Pr! (n)
T (Gl n— )2 2 2 8T N manar0) [ WarGhn ) (B.111)
TES, ™ ESy

Splitting the summation over 7’ into disjoint subsets of permutations (B.97) yields

— P! ()Pr(2) P! () |\ ;P! (G+1) P! (n)
NICENE ) Z > 98T ) Varnyey - an) [ Par i)
€Sy I=1 =’es
" "0 =1

pr'u)pw'@) Pl (5) P’ G+D P (n)
(!(n — j)! 2 Z Z Z sgn(r’ )Var )2y tn(y | Can(isn)tmin) 1 (B.112)
TESy lI=j+1 n'eSn
' (1)=1
where the last term vanishes due to the induction hypothesis and the sum over [ in the first
term gives a factor j since the summand is symmetric under transposition of the first j upper
indices
_ Pw’(l)l’w’@) Pl () |y G+ P (n)
T (Gl (n -2 > 2 ()0 e YanG i ) (B.113)
TES, w'ESK
7l (1)=1
Rewriting the j-particle density matrix element with one upper core index via (4.167) gives
a factor G 11), and introducing (n — j) constraints not to permute the indices on the (n — j)-

particle (n — j)-hole excitation yields

_ J
(7' (n =)0 = 1)!
<3 Y 3 sgn (o )5LT W APH @) PaG) P )P (o) (B.114)
g qo“/r(l),yqo'ﬂ'@) Aor(5) 9on(j+1)-don(n)/ > :
TESH 7r/’e$n oESn
7/ (1)=1

om(j+1)=n(j+1)

aw(n)‘:w(n)
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where the sum over o gives just a factor j! = (n — (n — j))! according to (B.94)

JJ! Pw’(l) Pl (2)Pr! (5) | gy P! (G+1) P! (n)

:(j!(n NG —1)! Z Z sgn(r7’) Ogr(ty Van(2)an(s) In(r ) —nn) ) -

TES, ™ Esn
7/ (1)=

Simplifying the prefactor, we have

— pw’(l) P! (2)Pr! (j) P! (+1) P! (n)
((]_1 n— )2 Z Z sg(T7) 00,1y Vancay ety |Lanren) -nim) )
TES 7‘;6571,
1=

which cancels the first term in (B.110) for each j.
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B.3. Epstein-Nesbet Energy Differences

B.3. Epstein-Nesbet Energy Differences

Al=(V|a?Hal |V) — (V| H |V) (B.117)

1 9 0~ 9~ 9~
= | Y TH(V|ataria |v) + Y Jp (vl ajahas ) + B ((V]atay |v) ~ 1) (B.118)
Pq Pq

(V| @a2al |w) =ning — A3 (B.119)
> (v &?&S&% |U) =+ nynina fi — finana fy

—27112]0{)/\ —|—2n22f§)\

— g Z FENL + 7 Z 5)\55 (B.120)

1 _
Z Z Fgg <\If| apqa2 ‘\I/> — F12n1n1n2n2

pq
TS

+ naono Z Fr2>‘r1 +niny Z Fpl)\p2

+ ning Z qu/\pq + 2n1n2 Z FpQ/\pQ

pq
—iny > (TP + rgﬁwﬁ) (B.121)
pgr
Azf= <‘I’| aj,Hagi |V) — (V| H |0) (B.122)

Zr aw%ww+2ﬂwwwawwE«m%%m—0

(B.123)
1
<\I/‘ a34ai1)31 ‘\I/> + §ﬁ1ﬁ2n3n4 — ﬁ1n3A%3 — ﬁ1n4)\%§
1_ _ 1
+ 5711712)\%3 + 5713714)\%%
+ [13 — 24] (B.124)
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222

> 7 (lajahast |v)
rq

= + finongna(fn fi — naf3)

— Ngfigna s fa + Nanang s f1
+ ﬁlﬁgﬁg)\%ifg - 'r_l2'r_l2n3>‘%if22
+ ﬁ1n4n4)\§§ff - n3n4n4>\%§ff
— 2Mangna A fF + 21 g na AL f2

2 Z (NPT + X385 + A3 AY)
+ 2nangny Z <)\13 SR )\12 2 s )\14 4)

— 2ngn4ns ()\14f4 + i3 3)
+ 2n1nong ()‘gifz% + )\%}1 4)
+ n1n2n4 Z )\ 3fq - n2n3n4 Z )\ 1f5

+[13 < 24] (B.125)
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1

4

> P (| atsariag |¥)

rq
T8

1 1
_ — - 12 34 = 14 = 13
= ( + n1n2n3n4(§n1n2F12 + —ngnalg; — nynglyy — ningl'ys)

2

= = 13124 = = 14114 = = 14123 = = 13113

1 1
S o = o 334712 121734
+ §n1n1n2n2/\34F12 + §n3n3n4n4)\12F34

= = 14124 = = 31141
— 2”2”2”3”4)\13F23 — 2n1n2n4n4A32F42

— 127142 — 21141 = = = 1121 = = = 23112
+ 21%21%31%41%4)\131_‘43 + 2n1n4n4n3)\23f43 + 2n1n2n2n4)\§4F24 + 2n1n1n2n4)\4§F14

+ 2n1n9nsny Z )\égrgé + 2ningngny Z Aéﬁrié
P T

— 2ningnang 3 AT + 2mimingng 3 AT
T p

+ 2miigngng AT — 2iiiunions Y ABTS
T p

+ 2n9nongng Z )&glﬂgg — 2Ngan3ngng Z )‘%grgj
p p

— 2n1N9nony Z )\%},FS + 2n1ngngany Z Agirii
T '

+ 2n1nongng Z )\igl—\ié — 2n1ngngny Z )\?SF%
p p

— 2n1Nonong Z )\411;4«1—‘72"% + 2n1ngngny Z A%ﬁrgg
' '

— 2n1ngnang Z AorTpd = 2niioniong Z Ajgrgg
T

p
+ 2n1nongng Z (/\:1351_‘5? + )\%‘fr‘?%)
pr

1_ _

+ 5 nansng D OATTRS 4+ > AN

pq s

+ 2n1nongny Z /\411]27‘11#21 + Z /\gfff??f%
P ™

[ 42 — 2p14
+ ni1ngonons Z )‘4ZF2Z + N1ngngng Z A2§F4§
qr ps

= = 24124 3q13g P21p2 23123
+ ningngng Z )‘rsrrs + Z >\T‘4FT‘4 + Z )‘151—‘15 + Z )‘rsrrs
TS qr DS TS
= = p3ppd | - = 1g2g
+ ninongng Z )\S3F4S + Nonongng Z AITFM
ps qr
_ Ipppd - — — 3qT2
— fgngnang Y AETRS — nafigngng > AyT5d
ps qr

— 7_117_1277,377,4 ( Z /\fZPIT)Z + Z )Jﬁ?l“ff)) + [13 <~ 24]

pgr pgr

(B.126)
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Appendix C

Spherical-Tensor Decomposition

The main goal of this chapter is to decompose the density operators into spherical tensor
components, i.e, to express them as a linear combination of spherical tensor operators. The

next section gives a brief introduction to spherical tensor operators.

C.1. Spherical Tensor Operators

An operator T'x = (T kg)Qe(—K,—~K+1,...,Kk) 18 called a spherical tensor operator of rank K if

all components of this operator fulfill the following conditions

[J..Tgql = QT kg (C.1)
(T4, Tl = e (K, Q)T g g+1 (C.2)

with
(K, Q)= /(K £Q + 1)(K F Q). (C.3)

and J, and J, denote the z-component and ladder operator associated with total-angular-
momentum vector operator J.

In second quantization, we can write the z-component and ladder operator

J,=h Z mpajompapmp (C4)
pmyp

Ji =h Z C:F (jp7 mp)a';mpap,mp¥l' (05)
pmyp

As an example let us consider the fermionic particle creation and annihilation operators.

Proposition C.1. The fermionic particle creation a;EmT and (modified) annihilation oper-

ators @, = (—)j”“‘mTaTﬁmT are spherical tensors of rank j.. Note that the annihilation

operator a,.,, without the prefactor is not.
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C. Spherical-Tensor Decomposition

Proof. We need to verfiy the relations (C.1) and (C.2) for both operators. Let us start with
the creation operator, where the commutator with the z-component of the total-angular-

momentum vector operator yields

[Jz7 a’lmr] =h Z mp [a;mpa’pmpv aimr] (06)
pmp

=h Z mp(0 + apm oromr) (C.7)
pmp

=hm,al,, (C.8)

and with the ladder operator

[']i7 a’imr] =h Z C:F (jp7 mp) [O’meap,mp$lﬂ a:r"mr] (CQ)
pmyp
=h Z C:F Jp’ mp)(o + apmp 14 mp:i:l) (ClO)
pmyp
=G (jromr £1) af i (C11)
.r - r + 1 + 1 'r + T + 1
_ha:[mrj:l x {\/(] (m )10+ (m ) (C.12)
Ve 4 (my = 1) + 1) (G — (m, — 1))

=hCs(jryme £ 1)al,, 4. (C.13)

Analogously, we obtain for the (modified) annihilation operator
Tmr h Z m ]T+mr mea’pmp’ ar,—mr] (C'14)

pmp
—th —)drtme( 5”5%’}” Ay, +0) (C.15)
pmyp
— — h(—m) (=Y a, (C.16)
=+ hm,@,,, . (C.17)
Finally, the commutator with the ladder operator yields
sy, ] =Y G p ) ()7 [0, 1 Oy, (C.18)
pmyp
=Ny G (s mp) (=) (=880, a1 +0) (C.19)
pmp
=G (s =) (P Ve, ) (C-20)
.7“ — \T iy + 1 'r + (- T
=@, 11 % {\/(‘7. o)+ DU ) (C.21)
V0 + (=me) + 1)(Gr — (=ms))

_hCi(]T7m7’) rm,n:l:l (022)
which proves the above statement. O
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C.2. Wigner-Eckart Theorem

Finaly, we can construct an (irreducible) spherical tensor of rank K from two (irreducible)
spherical tensors of rank K7 and K using the definition of the Clebsch-Gordan coefficient
[VMKSS, p. 63]:

K, KoK
[TK1®TK2]KQ = Z ( Q)TKIQITK2Q2' (023)

Q1Q2 Q1 @2

C.2. Wigner-Eckart Theorem

The Wigner—Eckart theorem says that any matrix element for the ()-th component of a
spherical tensor operator with rank K falls apart into a product of a geometrical factor,
given by a Clebsch-Gordan coefficient, and a ’physical’ factor, i.e., it reads in the convention
given in [VMKS&S] as follows

. BT, 175 K|j . 2
@imITold/im) == (7 0|7 ) @il (c.24)
__2K+"—m’i j/ .7 K . /-1
= (0 0| JeiTery e

where the 'physical’ factor is indicated by the reduced matriz element

(65T k|4'5") (C.26)

that is independent of the projection quantum numbers m,m’ and Q. Here, ¢ denotes all
quantum numbers of the corresponding state except for j and m.

A spherical tensor operator Ty = (T'yy) of rank zero is a called a scalar operator since
it commutes with all components of the angular-momentum operator. The Wigner-Eckart

theorem for a scalar operator yields
. . Tiiom, .. .
(¢gm|Too|¢'5'm’) = 55;’5m/(¢j’T0|¢/]) (C.27)

implying that the matrix elements of a scalar operator are diagonal in j and m, and inde-

pendent of the projection quantum numbers m and m’.

C.3. Spherical Density Operators
Let us start with a generalized definition of the (transition) one-body density matriz elements

pmyp

VB (im, jm) = (U, jmlal,, @, |V, jm’) (C.28)
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C. Spherical-Tensor Decomposition

with respect to given many-body states |¥, jm) with fixed total angular quantum number j,

but considering all possible orientations of the projection quantum number
m € {—j,—j+1,...,5} (C.29)

In order to express the one-body density operator, which will be defined based on the gen-
eralized (transition) one-body density matrix elements, as a linear combination of spherical
tensor operators which will become clear later on. However, these states are eigenstates of
the squared and z-component total angular momentum with a fixed quantum number j,

respectively, i.e.,

=2 . . .
W, gm) =hj(j +1) [V, jm) (C.30)
J, |V, jm) =hm |V, jm) . (C.31)

With the aid of the one-body density matrix elements, we can define a corresponding operator

in second quantization which we call one-body density operator

M (jm, jm’) ZZ%}W, jm, jm’)abmr (C.32)
q mq
_ZZ v jm‘ pmlJ qmq|\IJ jm> pmp qmq (C33>
= Z Z (\Il,jm\[a}; ® EQ]KQ\\I/,jm’> [a;ﬂ ® aq]KQ (0.34)
P KQ
q
C.25 1/3 | K
( )ZZ 2K +j— mK(J _Jm‘_Q>(\1;’]Ha;f)®aq]K|\IJ,])[a;J@aq]KQ

7 KQ
(C.35)

This motivates the following definition of an operator called spherical one-body density oper-

ator of rank K
[ .1 2K +j—m!
W=y S0 2 ) (.36)

which vanishes for K > 25 because of the Clebsch-Gordan coefficient. Note that we have
some freedom in the definition of this operator. It still remains to show that this definition
indeed yields a spherical tensor operator of rank K. Let us first rewrite the above definition

to

A, G) = %jfgw,jua; a,)x|v,j) la} © @]k (C.37)
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The commutators with the z-component of the total-angular-momentum operator yields

7. Ao ()] = %jkw,jncz;@aqh«lw,j)[ o} ©3,)xq] (C.38)
_Z \Ij ~7| AK“I’,])FLQ[GL ®aq]KQ (C.39)
=hQ 7m<j) (C.40)

where we used that [aZT7 ® Eq] K is already a spherical tensor operator of rank K. Analogously,

we obtain
7] =% 5;%@,.7-@; ©a,¥,5) [T . [0} 07, xq) (C.41)
—Z = (U lla} © @]k, )¢ (K, Q)la) © @i g (C.42)
:hCﬂ:(K Q) Vg () (C.43)

which implies that the spherical one-body density operator is indeed a spherical tensor of
rank K.

For practical calculations, we have to express the m-scheme matrix elements for the Q-
th component of the spherical one-body density operator with rank K as a function of the

one-body density matrix elements

, 1 (i i K o
emabyigUlama) == 30 (<) () _m\_Q) (pmyly M (jm. jm')lgmg) - (C-44)
_1 2K+A—m’ ] J K mp . /

= S (0 | S (€.45)

The special case where the many-body state |¥, jm) has vanishing total angular momentum

J =0, yields

(pmy |y (0)amg) = %68~ (00, 00) (C.46)

implying that the one-body density operator is a scalar operator, as expected. Finally, the
scalar part of the spherical one-body density operator, i.e., K = 0, for any value of the total

angular momentum j is given by
(pmp 0 (9)lamg) = nyqmq jm, jm) (C.47)

which justifies the prefactor =; in definition (C.36).

b
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C. Spherical-Tensor Decomposition

Finally, by writing down the inverse relation of (C.36)

i—m/ ] j K .
i, mt) <2 P2 [T )bt (.43)

we can clearly see that the one-body density operator is decomposed in spherical tensor
operators, i.e., it is expressed as a linear combination of a spherical tensor operators which
was the goal of the chapter. Analogously, we can do the spherical-tensor decomposition for
the two-body density operator which we are going to discuss next.

The (transition) two-body density matriz elements with respect to the states |¥, jm)

PMpTMy

fquqsmS (Jm7jm/) <\Il Jm’apmp rmra’qmq smS’\I/ ]m> (049)

define the (transition) two-body density operator

YA (jm, jm’) Z > Apmerme(jm, jm') abmer (C.50)
pr mpmp
qs mgms

72 Z \I} Jm’apmp rmra’smS qmq’\II ]m> mea’:[mrasmsaqmq (C51)

pr mpmp
gs mgms

*ZZZ (T, jml([a} @ afl;, ® [@l @ @}] 1] kol¥, jm')

rKQ 1

x [la} @ al];, ® [al @ @f] 1]xq (C.52)

o Chlo)
- 2K+] m’ -
EZ;I%‘% K\m' —ml-Q

x (\IJ’]H[G,; ® a’l]ch ® [ﬁl ®62]J2]K|‘1J7j)

x [[a} ® al];, ® [a@l @ @] n]kq- (C.53)

This motivates the following definition of the spherical two-body density operator

Vo) = 122()2K+j_m/(j/ j’K

)%ﬂom,jm') (C.54)
22 m —ml-Q

which is indeed a spherical tensor operator of rank K.

Likewise, we can generalize this definition to the spherical n-body density operator

[n] 1 \2K+j—m! J J | K [n] .
Tigiyimsg S (02 |5 )t G (©5)
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C.3. Spherical Density Operators

Here, we defined the n-body density operator

1
) (im im)) =

P1Mpqy ...PnMpy /. . P1Mpq .. PnMpy
E E /ylllmqlw(htmqn (jm7]m) a"]lmql'“qnm(]n (056)
P1---Pn Mpq---Mpy
q1---qn Mqq---Mqp

with the n-body density matrixz elements of the state |¥, jm)

PnMpy, /- . . . .
ng;qnfllmqnmq’; (jm, jm’) == <\Il,jm|a;r,1mp1 .. 'a;nmpna(Inmqn By, | U, jm'). (C.57)
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Glossary

Notations
x generic operator
z generic vector
z generic vector operator
X generic matrix
|0) physical vacuum
|D) single-reference state
| W) multi-reference state
N normal-ordering operator with respect to |0)
N o) normal-ordering operator with respect to |®)
N normal-ordering operator with respect to |¥)
b b n-particle density matrix element
ApE b n-hole density matrix element
A B2 irreducible n-body density matrix element
a? creation operator
a, annihilation operator
albs vacuum normal-ordered operator
age reference-state normal-ordered operator
(A, B] commutator of A and B
{A,B} anticommutator of A and B
. g
(‘71 & ) Clebsch-Gordan coefficient
m1 molM

. . J
( S ) Wigner 3j-symbol
mi; mo M

{‘].1 ‘].2 ‘]3} Wigner 6j-symbol
J4 75 J6
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C. Spherical-Tensor Decomposition

Acronyms

QCD
NN
3N
HF
HO
M

cC

SRG

NCSM
IM-SRG
IM-NCSM
pp-IM-NCSM

V-NO
SR-NO
MR-NO
MR-NO2B

ODE
RKF
BLAS

LENPIC
NQLOsat
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quantum chromodynamics
nucleon nucleon

three nucleon

Hartree Fock

harmonic oscillator

center of mass

coupled cluster
similarity renormalization group

no-core shell model

(multi-reference) in-medium similarity renormalization group

in-medium no-core shell model
particle-attached particle-removed IM-NCSM

vacuum normal ordered
single-reference normal ordered
multi-reference normal ordered

multi-reference normal-ordered two-body

ordinary differential equation
Runge Kutta Fehlberg

Basic Linear Algebra Subprograms

Low Energy Nuclear Physics International Collaboration

next-to-next-to-leading order saturated
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