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Preface

Dear reader, let me begin this document by welcoming you and thanking you in advance for
the time you will spend reading this work (or so I hope). As a soft introduction, let us begin
with a brief meta-discussion about what this document is, what it is not, and the context in
which it was written. This may not be as trivial as it seems, as the following chapters were
written with several perspectives in mind. For this reason, the document can be approached
from two different angles: as the keystone of a PhD thesis or as an introduction to hadronic

physics. Both aspects are outlined in turn below.

This Document as the Keystone of a PhD Thesis

This document represents the culmination of a PhD thesis initiated at the University of
Mons (UMONS) in September 2021. The original project, funded by the F.R.S.-FNRS, was
titled Study of Two-Gluon and Three-Gluon Glueballs within Constituent Models. Glueballs are
particles theoretically predicted in the early 1970s |1]. Despite this long-standing prediction, their
experimental identification remains a topic of debate within the scientific community, primarily
for two reasons [2|. First, theoretical predictions for glueballs are inherently challenging.
Although different resolution methods exist, they generally struggle to produce consistent
predictions beyond the energy spectrum |[3|. Second, the lowest-lying glueballs are so similar
to mesons that the actual physical states are most likely mixtures of glueballs and mesons.
This makes the analysis of experimental data highly intricate and difficult to disentangle.
Additional mesonic states, particularly within the fy- and n—meson families, have been observed
in experimental spectra, yet interpreting these states with clarity remains extremely difficult.
Significant efforts are underway at facilities such as PANDA, Crystal Barrel, WA102 and BESIII.
Although promising evidence has already emerged [4], the results continue to be subject to
debate within the community. The aforementioned project aims to help clarify this situation
within its scope by providing new theoretical predictions. Moreover, extending the description

to include three-gluon glueballs may open new experimental pathways for their detection, as
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these prove less similar to mesons than the two-gluon ones.

However, the path taken to reach this goal was not a straight one, as with many research
projects. Rather than a smooth journey, it involved many turns and unexpected detours. After
four dedicated years, it became more appropriate to broaden the scope of the thesis from a
narrow focus on glueballs to the wider topic of the three-body problem in quantum mechanics.
This shift allows for a more cohesive treatment of the various aspects explored during the
research, including those not ultimately applied to glueballs. That is why glueballs now feature
only in the subtitle of the present document. It also made it possible to create a comprehensive
text that can be approached with minimal prerequisites. This aspect is further detailed below
in this preface.

Despite this broadening, the original research question remained a central guideline throughout
the thesis. The goal of studying two-gluon, and especially three-gluon, glueballs motivated the
majority of the calculations. Some approaches proved less relevant or more challenging to apply
directly within a glueball context, while others succeeded in shedding light on these enigmatic
particles. Small boxed texts at the end of each chapter summarize the role of the preceding
chapter within the PhD project. These are entitled "This chapter in the context of a thesis”.
Without spoiling the conclusion, I can already say that most of the project’s objectives were
at least approached. This does not imply that the present work brings the study of glueballs
within constituent approaches to a close. On the contrary, the framework developed herein
opens up new possibilities for deeper analysis and future research on these intriguing states.

The thesis also unfolded within a broader research environment. It was supervised by C.
Semay in the Nuclear and Subnuclear Physics Unit at UMONS, and by V. Mathieu in the
Departament de Fisica Quantica i Astrofisica and Institut de Ciéncies del Cosmos at the
universitat de Barcelona. Many aspects of this work were, and will continue to be, used by
other members of these research teams. In particular, I would like to acknowledge L. Cimino, J.
Viseur, C. Tourbez and C.T. Willemyns who are helping to extend this research into other areas
of hadronic physics. At various points in the following discussion, I attempt to pay tribute to

their contributions by referencing their work and how it intersects with mine.

This Document as a Primer of Hadronic Physics

As mentioned earlier, beyond its purpose as a PhD dissertation, this document also aims
to be self-contained and pedagogical as it could serve as starting point for further works. It is
written with the assumption that the reader has at least a three-year undergraduate education

in physical sciences. Such a background should be sufficient for understanding the first part of
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the document, I hope this also holds true for the other two parts, despite the technical nature of
some of the topics covered. As an introduction, let us briefly review the common tread running

through each chapter.

e Chapter (1] introduces the subject by reviewing fundamental concepts from quantum
mechanics, outlining key definitions, and introducing the notations used throughout the
document. It does not aim to provide an exhaustive treatment of quantum mechanics,
as can be found in references [5, 6, [7]. Rather, it emphasises certain aspects that are
sometimes relegated to later chapters, such as the variational theorem. This chapter

illustrates the pedagogical intent of the text.

e Chapter [2| builds on the previous section by presenting a resolution method known as the
oscillator bases expansion (OBE). Consistent with the title of the document, it focuses on

three-body systems. The method is illustrated and tested on various examples.

e Chapter (3] introduces a second resolution method, the envelope theory (ET), which is
more user-friendly but also more approximate. As its computational cost is independent of
the number of particles, calculations are presented for systems of N identical particles. A
generalisation to systems containing two different kinds of particles is also proposed. This
concludes the first part of the document, devoted to non-relativistic and semi-relativistic

quantum mechanics in general.

e Chapter [4] introduces hadronic physics from several perspectives. It begins with a historical
overview of the emergence of this field, followed by discussions on hadron classification
and the quark hypothesis. The chapter concludes with a brief review of the modern theory
of the strong interaction, namely quantum chromodynamics (QCD). Rather than being
exhaustive, this chapter aims to summarize the concepts necessary for understanding the

subsequent developments.

e Chapter [p| applies the previously introduced methods and concepts to the study of hadrons,
and particularly baryons. It presents the framework of constituent approaches, which
will be used throughout the remainder of the document. The chapter frequently refers
back to concepts introduced in the previous one. Constituent models are also illustrated
through the derivation of a baryon spectrum and a discussion on the emergence of internal
diquarks. This concludes the second part of the text, which introduced hadron physics

and constituent approaches.

e Chapter [0 opens a new perspective on constituent approaches by partially reconciling them

with special relativity. It introduces the definitions and properties of the different Lorentz



covariant complete sets of states from the helicity formalism. These are then employed to

decompose two-body bound states, including those containing massless constituents.

e Chapter (7| builds on the results of the previous chapter to develop a methodology for
deriving spectra from the aforementioned Lorentz-covariant states. These calculations are
applied to two-gluon glueballs and compared with results obtained from other resolution
methods.

e Chapter [§ generalises the helicity formalism to three-body systems. It echoes Chapter []
as it also introduces definitions and properties necessary for later developments. Relevant

properties are demonstrated in complementary sections.

e Finally, Chapter [J applies the previously established methodology to three-body systems,
focusing on the study of three-gluon glueballs. The chapter concludes with a discussion
of the resulting spectrum and a comparison with results obtained using other resolution
methods.

I hope that reading this document will provide sufficient foundation for entering the intricate
field of hadronic physics. While not exhaustive, this work aims to present the main theoretical
approaches used to study hadrons in the context of effective theories. Technical resolution
methods are consistently illustrated with numerous examples. Most of the models discussed
strive to reproduce experimental data in a concise and economical manner, by identifying and
highlighting the essential physical mechanisms relevant to each system. Although the resulting
theories are phenomenological in nature, attention is given to justifying their components by
referring to more fundamental, although more complex, approaches.

Only the final two chapters depart somewhat from this editorial approach, offering a slightly
more technical discussion on three-gluon glueballs. These chapters can be seen as an introduction
to, or illustration of, more advanced topics, providing a perspective on how the tools and

descriptions developed earlier can be generalised to more complex systems.

This Document as the Conclusion of Four Years

As a final aspect beyond the academic content, this text also marks the conclusion of four
years during which I had the opportunity to meet many people and receive from many others.
I would like to take this moment to thank all of these invaluable, though sometimes indirect,

contributors. I will switch to my native language when appropriate.



el

Sur le plan professionnel, je me dois avant tout de remercier mes promoteurs, Claude et
Vincent qui ont eu la patience de m’encadrer tout du long de ces quatres années. Je ne les
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Part 1

The Three-body Problem in

Non-Relativistic Quantum Mechanics






Chapter 1
Framework: Equations and Properties

This first chapter reviews the foundation principles underlying what is commonly referred to
as the three-body problem in non-relativistic quantum mechanics. A reader already acquainted
with this theory may not encounter many new concepts in this chapter, but even for such an
audience, revisiting the essential ideas and terminologies related to this topic seems worthwhile.
Conversely, for readers with only a basic understanding of the quantum domain, this chapter
aims to introduce, as precisely and concisely as possible, the indispensable concepts necessary
to approach the rest of this document. Section summarizes the key notions of the quantum
formalism, with particular attention to systems of three particles. Following the approach found
in many textbooks [5], 6] (though not all [7]), this chapter primarily relies on the Schrodinger
equation. Section presents a less conventional perspective on this equation, leading to a
family of results collectively known as variational theorems. The chapter concludes in Section
with a non-exhaustive list of miscellaneous properties which will be referenced at various

points throughout the document.

1.1 Schrodinger Equation and the Quantum Formalism

In 1926, Erwin Schrédinger formulated an equation that became a cornerstone of the discipline
latter known as quantum mechanics. In its modern formulation, this equation is expressed as

follows,

0
i [W() = H [¥(2) (1.1)

The Schrédinger equation will serve here as a natural starting point to introduce and discuss the
fundamental concepts underlying the quantum formalism. The two primary objects to define in
(1.1) are |¥(¢)) and H. Both are addressed in the following section.
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1.1.1 Quantum States and Observables

The Schrodinger equation governs the time evolution of the system’s state, denoted in
as |U(t)). For a given system of particles, the set of all possible states is formally endowed
with the structure of a Hilbert space over the field of complex numbers, C. An Hilbert space
refers to a vector space equipped with an inner product and complete under the norm induced
by that product. In the language of physicists, introducing the structure of a vector space for
quantum states is often referred to as the superposition principle in quantum mechanics. The
inner product of two states, say |¥;) and |¥s), is a complex number denoted (¥;|Ws). This
operation allows to define, for any state |¥1), an application, denoted (¥|, corresponding to

taking the inner product with it,

(U] : H — C,

(1.2)
Ty s ([ Ds) .

Above, H denotes the aforementioned Hilbert space of all the quantum states. According to the
terminology introduced by Paul Dirac, the system’s state |¥;) is referred to as a ket, while the
corresponding operation (V| is termed a bra. Combining both terminologies gives rise to the
word braket, which refers to the notation used for the inner product. Dirac’s notation is clever

in the sense it makes very natural to apply bras on ketsE],

<‘I’1’ ("1’2» = <q’1‘\1’2> . (1-3)

Before to move on to the description of H, let us mention that, to be considered as physical, a
quantum state must satisfy a normalisation condition requiring that its modulus always equals
one. This requirement is tied to the way quantum states are interpreted, a topic addressed in a
few paragraphs.

Because equation rules the evolution of the system’s state, it logically incorporates
at some point the nature of the system’s components and, if relevant, their interaction with
one another and with the environment. These aspects are encapsulated in a linear Hermitian
operator acting on the system’s states, known as the Hamiltonian and typically denoted by H.

A given linear operator O on H is said to be Hermitian if, in an inner product, its action on

! However, this apparent easiness of use may lead to some mathematical misconceptions and /or inconsistencies
[8]. As soon as this danger increases, the user should rely on the true mathematical nature of (¥| and | )
more than on any notation trick.
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the ket is equivalent to its action on the bra,
(<‘I’1‘ 0) |‘1’2> = <‘1’1| (O |‘1’2>) : (1-4)

Above, the notation ((¥;]| Q) refers to the bra associated to the ket O|V¥;). Hermiticity can
also defined referring to Hermitian adjoint operators. Let O be a linear operator, its Hermitian

adjoint is denoted OF and satisfies
((U1]0) [Ws) = (U] (O W3)) . (1.5)

Therefore, an operator O is Hermitian as soon as O = Of. Physically, observable quantities
are represented in the formalism by Hermitian operators’] For instance, the Hamiltonian is
associated with the observable that is the total energy of the system. Observables and their
associated operators are endowed with an important operation called the commutator. For two
Hermitian operators A and B corresponding to different observables, the commutator [A, B] is

defined via the usual sum and composition of operators as follows,
A, B] = AB — BA. (1.6)

This operation can reveal important information about the relationship between observables,
sometimes unveiling underlying group structures. It also characterises the extent to which the
operators associated with two observables fail to commute. The significance of the commutator
should become even clearer in Section [LT.3l

The fundamental objects of the quantum formalism having been introduced, it is time to
briefly discuss their interpretation. As seen in the previous paragraphs, compared to classical
mechanics, the quantum formalism assigns a fundamentally different nature to states and
observables. For that matter, interpreting quantum mechanics remains a controversial topic,
deserving its own dedicated chapter. However, the scientific community agrees on a minimal
interpretation known as Born rule. This rule explains how to deduce the outcomes of a
measurement performed on a system from the state of the system, |¥(¢)), and the Hermitian
operator associated with the measured observable, O. To start with, the rule identifies states

for which a measurement of O yields a definite value f(o) € R with certainty. Such determinate

2 The relationship between classical observables and Hermitian operators is highly non-trivial. Readers
interested in an in-depth introduction to this topic are referred to [9].
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states, denoted |o; a), satisfy by definition the following equation,
Olo;a) = f(0)|o; ) . (1.7)

Concerning terminology, |o;«a) is called an eigenvector or eigenstate of O, and f(o0) is its
corresponding eigenvalue. The set of all the eigenvalues of an operator O is named its spectrum
and solving equation to determine all eigenvalue-eigenvector pairs constitutes an eigenvalue
problem. The Hermitian nature of O ensures that its spectrum is real [5, 6]. A few comments
regarding eigenstates |o; @) are worth noting. In the following, eigenstates are assumed to be

normalised.

e The label o in |o; ) serves to indicate that this state is, by definition, an eigenvector
of O with eigenvalue f(0). Such labels are typically referred to as quantum numbersﬂ.

Eigenstates with different eigenvalues are known to be orthogonal |5, 6].

e The label « differentiates linearly independent eigenstates that share the same eigenvalue
o. These eigenstates are described as degenerate. If two eigenstates are degenerate, then
any linear combinations of these states is also an eigenstate of O with the same eigenvalue
[5, 6]. This property can be exploited, for instance, to orthogonalise degenerate states.

The orthogonalisation process is assumed to be carried out in what follows.

e To be physical, like any state, an eigenvector must be normalised. In general, only a
countable number of eigenvalues yield normalisable eigenstates. For continuous eigenvalues,
it is impossible for the system to access a normalisable state for which any measurement of
the observable would yield that value with certainty. However, it does not imply that the
associated eigenstates should be disregarded entirely; rather, they cannot independently
describe physical systems. In such case, the notation is somewhat misleading: although

the eigenvectors are not genuine quantum states, they are still denoted as such.

e The complete definition of observable actually requires its eigenvectors span the entire

Hilbert space. As a result, for any state |U), there exist coefficients ¢,., such thatlz_r]

) =33 cualora). (1)

3 In some cases, the eigenvalue is directly used as the quantum number (that is, f(0) = o), but in most cases,
for notational convenience, the quantum number simply indicates the eigenvalue.

4 In some cases, all or part of these sums may turn into integrals if labels o or « are continuous. Such situations
are not treated for now and will be encountered later.
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These coeflicients are obtained as the inner product of |¥) with the eigenvectors: ¢, =

(0; a|¥). This expansion is related to the concept of completeness relation for |o; a),
T) =)D Josa) (o;aT) = > Joia) (00| = 1. (1.9)

Concrete examples of completeness relations are discussed in Section [I.1.3]

Let |¥) denote a generic state, the Born rule states that the probability P (o) of obtaining a

value o upon measuring O is given by
Plo) = |{o;a|T)|*. (1.10)

In cases where |0) is non-normalisable, o belongs to a continuum, and P(o) represents the
probability density associated with a measurement of 0. Such situations will be encountered
in Section [1.1.3] The probabilistic interpretation (1.10]) leads to a compact expression for the

expectation value for the measurement of O on the state |U),

(T[O[T) =Y (¥o;a) (0;a|¥) (6:0| O |o; )

0,0 o,x

(1.11)
=3 (ol ¥) [Po = 3 Plo)o = (0).

Evaluating the expression (V]| O |¥) is sometimes referred to as evaluating O on |V). Apart
from computing expectation values, combining equations and also justifies the
normalisation condition: normalisation ensures that the total probability of all the possible
outcomes sums to one.

So far, the notions introduced have remained fully general. To explore more concrete aspects,
the next section delves deeper into the description of Hamiltonian operators. Along the way,

introducing additional observables and their corresponding operators will be necessary.

1.1.2 Hamiltonians for Three-body Systems

Being related to the energy of the system, Hamiltonian operators are often expressed in terms
of more fundamental observables, such as the positions and momenta of the particles. Since this

document is devoted to three-body systems, let us illustrate this statement within that context.
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Hamiltonian operators for three particles are typically structured as follows,

3
H =T(p1,p2.ps) + Y Vij(lri — 75]) + W(r1,r2,73) (1.12)

i<j=1

Above, 7; serves as a shorthand notation for (r;,, 7y, ri.), the three Hermitian operators corre-
sponding to the components of the i*" particle’s position. Similarly, p; represents (piz, Piy, Diz),
the components of the i particle’s momentum. Combinations of these vectors, such as |r; — 7|,
must be understood as compact notations for the corresponding combinations of the components.
Operators 7, and pj, with 4, j € {1,2,3} and a,b € {z,y, 2} are, by definition, related through

the following commutators?]
[Pias Pjb] = ihdij0ap, [Piay 0] = 0, [Pias pjs] = 0. (1.13)

From these commutators, most of the properties of r;, and p;, can be deduced and any set of
variables satisfying similar commutation relations will exhibit analogous properties. Such sets of
variables are referred to as conjugate variables.

In expression (1.12), T;, V;; and W are arbitrary functions of the operators on which they
depend®l These functions decompose the Hamiltonian into four distinct sets of terms. Terms
involving a V' function account for the possibility of pairwise particle interactions. Due to the
requirement of translational invariance, these so-called two-body interactions depend only on
the relative position between the two particles. In this work, two-body interactions are assumed
to depend solely on the modulus of this relative position. Systems in which the orientation of
the relative position affects the interaction, such as those involving tensor forces, do exist but
are not considered here. The second contribution to the potential energy involves a function
W. This generic interaction depends simultaneously on the position of three particles and
is referred to as a three-body interaction. As with two-body interactions, they are generally
assumed to be translation invariant. Genuine three-body interactions occur in many physical
systems, such as helium clusters |10], atomic nuclei |11 or hadrons |12, 13, [14, 15, [16|. However,

these interactions are generally challenging to handle. In the following, W will be assumed to

® An informed reader may recognise in these relations the fundamental Poisson bracket from Hamiltonian
mechanics. This resemblance reflects the foundational principles behind the introduction of position and
momentum operators in quantum mechanics.

6 The definition of functions of operators acting on an Hilbert space is beyond the scope of this discussion.
Interested readers are referred to 6] for further details.
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depend on the particle positions through a specific combination, denoted by p,

P = \/(T‘l — 7“2)2 + (7“1 — ’l"3)2 + (7’2 — 7"3)2. (114)

This specific structure, while less common in theoretical models, may serve as an approximation
for a more complex three-body interaction. For example, such three-body forces have been
successfully used to describe physical systems like baryons |13, (14} |15 [12] and helium clusters
[10]. Tt is also possible to include other interaction potentials, such as one-body interactions,

defined as follows,
3

> Ui(Jri = Rowl). (1.15)

i=1
Above, Ry = (mary + mare +mgrs) /M and M = my + my + mg represent the centre-of-mass
position and the total mass of the system, respectively, in a non-relativistic framework. The
inclusion of the centre-of-mass position Ry is required by translational invariance. However, one-
body interactions are less common than two- and three-body ones and are typically employed as
approximations for more sophisticated potentials. Such interactions will not be further explored
in the following.

The term involving the function 7" in , which represents the relative kinetic energy of
the system, still remains to be discussed. For non-relativistic particles with respective masses
m;, it is typically expressed as follows,

p1° p2° ps” pP?

T — 2 2 2 — : 1.16
(P1, P2, P3) = m1C” + mac” + myc” + 2m, + 2me * 2ms  2M ( )

Above, P = p; + p2 + p3 is the total momentum of the system. For further applications in
particle physics, the mass energy of each particle has been incorporated into the kinetic energy,
and contribution from the centre-of-mass motion is subtracted to ensure Galilean invariance.

For light particles, a semi-relativistic version is sometimes used in phenomenological models,

T(p) = \/m%C4 +p1c® + \/m%c‘* + pa?c® + \/m§c4 + ps2c2. (1.17)

In this case, the energy due to the centre-of-mass motion is not explicitly subtracted. To
eliminate any contamination of the energy from the global motion of the system, occurrences of
P in this expression must be manually removed, by imposing P = 0. While definition (|1.17])
provides better agreement with experimental results for relativistic particles, it should not, under
any circumstances, be interpreted as an attempt to make Schrédinger’s equation covariant.

The previous description was limited to spatial components. Beyond position variables, a
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quantum particle may also be characterised by other degrees of freedom, such as spin, isospin,
or color. For the remainder of this section, we will focus on spin. Spin was first introduced to
explain the splitting of certain energy levels in atomic spectra under the influence of magnetic
fields. Wolfgang Pauli proposed that the electron possesses a new intrinsic degree of freedom
that spans a two-dimensional vector space [17]. According to Pauli, this property, later named
spin, is responsible for the observed splitting through its interaction with the external magnetic
field. This hypothesis was subsequently validated by the Stern-Gerlach experiment and through
observations of the hyperfine structure in atomic spectra. Formally, the introduction of spin
expands the set of fundamental operators available to construct a Hamiltonian. The fundamental
spin-related operators correspond to the spin components along the three spatial directions, S;,,

Siy, and S;,. These operators satisfy the following commutation relations,

[Sia» Sjp) = ihdi; > €apeSic (1.18)

ce{z,y,z}

where 1,5 € {1,2,3}, a,b € {z,y, 2}, and €4, is the fully antisymmetric Levi-Civita symbol with
€zy» = 1. For notational convenience, the spin operators of each particle are often represented
as three-vectors S;. Up to a factor of h, commutation relations reveal that the spin
operators of each particle obey the same structure as the algebra of the group SO(3). While no
two spin components of a given particle commute, it is possible to construct an operator for
each particle that commutes with all spin components. These operators are known as the spin

Casimirs and are denoted Sf,
S? =8 =8 + 5, + S (1.19)

By either direct computation from (1.18)) or through group-theoretical considerations, one can
verify that
[S?,S4) = 0. (1.20)

The action of a spin Casimir characterises the total spin of the corresponding particle. Specifically,
a particle is said to have a total spin s if its state is an eigenstate of S? with eigenvalue h?s(s+1).
In light of the Born rule, this definition ensures that any measurement of the particle’s spin yields
its total spin value with certainty. The total spin also determines the possible eigenvalues of the
spin component operators. For a spin-s particle, there are 2s + 1 spin component eigenvalues,
ranging from —sh to sh in steps of A. In Pauli’s theory, the electron is described as having spin
1/2 which, as noted earlier, endows the particle with a two-dimensional intrinsic vector space

spanned by the two possible spin projections, +%/2 and —#/2. The fundamental nature of spin
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will be explored in greater depth in Part [ITI]
Spin operators can appear in Hamiltonians in various forms. One such form, encountered for
example in the description of the baryon spectrum, involves a two-body interaction proportional

to the inner product of the spin operators in order to form a scalar,
Vi3S = Viy(lri —r5)) Si - S; (1.21)

Above, V;; is an arbitrary function of the operator associated with the relative distance between
particle ¢ and j. More generally, spin degrees of freedom can also interact with other observables,
such as orbital angular momentum through so-called spin-orbit couplings. While such interactions
are not explored further in this document, the corresponding observable plays a fundamental
role in the following discussions and deserves a minimal introduction. For each particle, the
orbital angular momentum is again represented by three operators corresponding to its three
components. Unlike spin, orbital angular momentum operators are derived from position and

momentum operators, as per the classical definitions,
Lix = TiyDiz — TizPiy Liy = TizPix — TizPiz Lzz = TizPiy — TiyPix- (122)

These relations, which are often summed up as L; = r; X p;, can be used to demonstrate that
the orbital angular momentum operators satisfy commutation relations analogous to those of
spin operators,

[Lia, Ljs) = ihoi; Y €aneLic. (1.23)

ce{x,y,z}

As a result, spin and orbital angular momentum share the same SO(3) algebraic structure,
which justifies the common interpretation that they possess similar natures. As with spin, the
orbital angular momentum of each particles also has a Casimir operator that commutes with all

its components,
L=L;+ L, + L. (1.24)

Angular momentum components and their corresponding Casimirs play a crucial role in solving
the Schrodinger equation. As noted earlier, the former are sometimes included in Hamiltonians
through spin-orbit interactions (proportional to L; - S;), while the latter naturally emerge
when the equation is expressed in spherical coordinates. Before concluding this section, it is
worth mentioning that the above definitions describe orbital angular momenta for individual
particles. Equivalent definitions for any combination of particle positions can be derived by

replacing r; and p; in definitions (1.22)) with the appropriate conjugate variables. For example,
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the angular momentum associated with the relative position between two particles is obtained
by substituting r; — r; and (p; — p;)/2 for r; and p; in (1.22)).

Finally, other internal degrees of freedom, such as the aforementioned isospin and color, will
not be addressed in the current work. Briefly, the underlying principle is similar to that of spin:
an intrinsic vector space is introduced, on which new operators act, and interactions involving
these operators are explicitly incorporated into the Hamiltonian. For additional information,

the interested reader is referred to |18 |19].

1.1.3 Eigenstates of Observables and Complete Sets of States

During the discussion of three-body Hamiltonians, various observables have been introduced.
Exploring the associated eigenvalue equations is particularly valuable, as the eigenstates
they define provide the fundamental building blocks for interpreting quantum states. To achieve
the most precise interpretation, one might ask whether it is possible to define a common set of
eigenstates for multiple observables simultaneously. This proves indeed possible, provided that
all the observables commute with one another. Constructing a set of common eigenstates for
the maximum number of independent observables leads to the concept of complete sets of states.
The associated completeness relations provides tools for concretely representing quantum states.
These complete sets and completeness will be introduced in this section through a few examples.

To start with, let us temporarily freeze the spatial variables and illustrate the aforementioned
concepts using spin degrees of freedom. Since spin component operators of a given particle
do not commute with one another (see equations ), it is impossible to define common
eigenstates for all these operators simultaneously. Consequently, no quantum state can be
defined where the result of measuring any spin component is certain. However, the Casimir
operators introduced in relation have been shown to commute with all spin components,
thereby enabling the construction of common eigenstates for all the S? Casimirs and for one

component of each spin, such as 5;,,

S? |s1my; soma; s3ms) = A2s;(s; + 1) [syma; soma; s3ms) (1.25a)

Si» |s1my; Soma; s3ms) = himy; [s1my; sema; s3mg) . (1.25Db)

Group theory considerations show that s; € {0,1/2,1,...} and m; € {—s;, —s;+1,...s;}. Notably,
as long as the spatial degrees of freedom remain frozen, the states |s;m;y; soma; s3ms) are uniquely
defined by relations . In other words, introducing additional labels «, as in equation ((1.7)),
is unnecessary because the current set of quantum numbers already fully specifies the state.
As with any eigenstates of observables, the states span the entire Hilbert space. These
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observations establish the set {|symi; samo; s3ms)} as a complete set of states, which satisfies a

completeness relation that, in the current case, is expressed as follows,

Z Z |s1ma; sama; s3ma) (s1my; sama; s3mz| =1 (1.26)

51,852,583 T1,M2,M3

This relation illustrates equation . In most practical cases, the summations over s; labels
can be omitted, as the three particles are assumed to have fixed total spins. This simplification
corresponds to freezing the total spin degrees of freedom while leaving only the spin projection
quantum numbers unconstrained. Property ensures that any spin state can be represented
as a linear combination of the spin eigenvectors . For instance, let us assume a system
of particles with respective spins si, so and s3, the spin state of the system being denoted
|X; s18283). This spin state can indeed be decomposed as a linear combination of the spin

eigenvectors using relation (|1.26)),

[X; s15283) = ( D [sima; soma; ssms) (81m1;82m2;83m3|> |X; s15283)
(1.27)

mi,m2,m3
= D (sumu;sama;sams|X; s15083) | s1m015 $2ms; S3m)
mi,m2,m3
In the expression, one may recognise the inner product that provides, according to Born rule, the
probability of observing the state with spin projections Am;y, hms and hmgs. Notably, providing
all these complex coefficients (s1myq; soma; s3ms|x; s15253) completely determines the spin state
of the system. This observation forms the foundation of the concept of state representation
which will be fully addressed in the next example.

Let us now turn to the description of spatial degrees of freedom, using position and momentum
operators for one spinless particle. To avoid notation ambiguities, operators will temporarily be
distinguished from their corresponding eigenvalues by placing hats over their symbols. Since all
position component operators commute with one another (see equation ([1.13))), a common set

of position eigenstates exists. These eigenstates are denoted |ry;7a;r3) and satisfy

P1|r1;re;re) =11 |ryre;Ts), (1.28a)
P2 |P1;T2im3) = Ta[riiTe;Ts) (1.28b)
T3 |r1;72;T3) = T3 |T1;T2;T3) . (1.28c¢)

Above, eigenvalues 71, 7o and 73 range continuously over R3, representing all possible positions

accessible to each of the three particles. Position eigenstates are an example of non-normalisable
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eigenstates with continuous eigenvalues. Despite that, the precise definition of position eigenstate
is fixed by imposing the following adapted orthonormalisation condition (in the Dirac sense),
(Pl vy rhlr ras re) = 6°(r) — r1) 8% (v, — 12)8% (v — 73) (1.29)
where 6°(r" — ) = 0(r), — 15)0(r;, — 7,)0(r}, — r.) is the product of three Dirac deltas. Other
normalisation conventions are, of course, possible. As in the case of spin, position eigenstates

are unequivocally defined by equations (|1.28]). These also satisfy a completeness relation,
/d37"1d37’2d37"3 |T'1; T2; 7'3> <T'1; T2; 7'3‘ = ]l (130)

This relation enables the decomposition of any state as an integral over position eigenstates.
For instance, let |¥) be the state of a three-body system. Using relation (1.30)), |¥) can be
expressed as

|T) = /d3r1d3r2d3r3 (ri;7m2; 3| V) |115 123 73) (1.31)

This decomposition is referred to as the position representation of |¥). The integration kernel
(r1;7r9;r3| W) is called the position wave function of the system and is commonly denoted by
U(ry, 72, 73). In most cases, when a state is labelled |¥), the symbol ¥ implicitly represents its
position wave function. Equation (|1.31]) illustrates a statement made at the beginning of the
section: although |r1;7rg;73) are not normalisable and therefore do not correspond to physical
states themselves, they can be used for decomposing any physical state. Regarding interpretation,
as mentioned earlier, the squared modulus | (ry;72; 73| ¥) |* provides the probability density of
measuring the three particles at positions ry, ro and r3. Once again, specifying the position
wave function completely defines the state of the system, meaning that any operation performed
on the state can be mapped onto its position wave function. For instance, the action of p;

corresponds to differentiation with respect to r;,
pi V1) = —ihV,,Vi(r1,r2,73). (1.32)

This relation between p; and differentiation can be derived directly from property (1.13) [6].

A similar discussion applies to momentum component operators. These commuting operators
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possess a set of common eigenstates, denoted |py; p2; ps), satisfying

D1 |p1;p2; Ps) = P1|P1;P2; P3) (1.33a)
D2 |P1; P2; P3) = D2 |P1; P2; P3) , (1.33b)
D3 |P1; P2; P3) = P3 [P1; P2; P3) - (1.33¢)

The eigenvalues pi, p2, and p3 again range continuously in R3, representing all possible momenta

accessible to each of the three particles. These states are conventionally normalised as follows,
(P} Ph; P4|P1s p2; p3) = 0° (P — p1)0° (P — p2)d° (Pl — Ps). (1.34)
and they satisfy the following completeness relation,

/d3T1d37‘2d37’3 |p1; P2; P3) (P1; P2; P3| = 1. (1.35)

This property enables the decomposition of any physical state into the so-called momentum

representation. For a three-body system in a state |¥), one can write

|U) = /d3p1d3p2d3p3 (P1;P2; P3|V) |P1; P2; P3) - (1.36)

where (py; pa; p3|¥) is referred to as the momentum wave-function of the state. Once again,
specifying the momentum wave function fully determines the state of the system. Since
momentum and position operators do not commute, it is impossible to define common eigenstates
for all these operators simultaneously. This limitation is directly related to the well-known
Heisenberg indeterminacy principle.

Complete sets of states for spatial degrees of freedom do not necessarily require continuous
spectra. For instance, eigenstates of confining Hamiltonian{] can always be normalised, resulting
in a discrete spectrum. Concrete examples of such Hamiltonians and spectra will be provided
in Chapter [2| but the associated representation for quantum states can already be introduced.
For the current paragraph, let us assume the existence of a discrete complete set of states.
The corresponding eigenstates are denoted |o;...0,), where o; belongs to a subset of Z and is
the quantum number associated with the eigenvalue of the observable O;. It is assumed that
specifying all the eigenvalues o;...0, uniquely determines the corresponding eigenstate without

ambiguity. As a result, these eigenstates satisfy the following othonormality and completeness

7 Hamiltonian with potentials that do not saturate at large distance.
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relations,
(0].-.04]01-:00) = G101 -Oop00; > D 101--06) (01...04] = 1. (1.37)
01 0Oq
Using completeness, any state |¥) for the system can be expressed as follows

) =) ") (0104 T) 01...04) - (1.38)

Coefficients (0;...0,|¥) represent the state |¥) in the discrete complete basis {|o;...0,)}. Decom-
posing quantum states in such a basis enables their representation as infinite column vectors. In
this formulation, linear operators acting on quantum states are expressed as infinite matrices,
which act via matrix multiplication. Let |®) denote O |W¥). In the basis {|o;...0,)}, the state

|®) is represented via its components (0;...0,|®P),

(01...04| @) = (01...0,| O|T) = ... "(01...04| O0]...0}) (0}...0,|T). (1.39)

To make the matrix structure of this equation more explicit, let us impose an ordering in the
complete labeling o;...0,. This ordering replaces the detailed set of quantum numbers with a

single natural number n and the expression becomes

(0]®) 01010) (O[O1) ---\ [(0]¥)
(@) =Y (o) (W|v) = | 1e) | = | A[O0) A[O1) - | | (1]¥)| (1.40)

n’eN

Matrices explicitly appear in the last formulation. In this representation, the coefficients
(n| O |n') are referred to as the matriz elements of O. Notice that the Hermitian character of O

implies that the matrix associated to O is equal to its conjugate transpose.

1.1.4 Symmetry and Identical Particles

Since two sections, the system considered includes three generic particles. Many-body
problems in quantum mechanics are intrinsically linked to the concept of symmetry in quantum
states, particularly in the presence of identical particles. Specifically, the quantum state of any
system must be either symmetric or antisymmetric under the exchange of any pair of identical
particles. The exchange of particles ¢ and j is represented by a linear operator denoted P;.

The exchange operators are designated as unitary operators because IP’L-IP’@ = 1 and involutions
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because P?j = 1. The symmetry and antisymmetry conditions for particles i and j in a state

|W) are expressed as follows,
P V) = |¥), P |U) = — |¥). (1.41)

This constraint arises from the fundamental indistinguishability of identical quantum particles.
The allowance for both symmetry and antisymmetry stems from the interpretation of quantum
states via the squared moduli of their coefficients. In particular, two quantum states that
differ only by a global phase factor are physically equivalent. Consequently, encoding the
indistinguishability of particles i and j in a system state |U) requires that |U) and P;; |[¥) differ
only by a global phase factor. In three spatial dimensionsﬂ the only permissible phase factors
are +1 or —1, thereby leading to symmetric and antisymmetric states, respectively.

The choice between symmetry and antisymmetry is dictated by the spin of the particles.
Particles with integer spins, known as bosons, obey symmetry conditions, whereas particles with
half-integer spins, called fermions, obey antisymmetry conditions. The connection between spin
and symmetry is a consequence of the spin-statistics theorem in quantum field theory [21], a
topic beyond the scope of this work. From a non-symmetric state, symmetric or antisymmetric
states can be constructed using operators known as symmetrisers, S, and antisymmetrisers, A.

For two particles, these operators are defined in terms of P;; as follows,
S =1 + Py, A=1-Pp. (1.42)
For three particles, the definitions extend to

S =1+ Py + Py + P1oP13P1s + Pi3Ps + PiolPys, (1.43)
A=1—-Py — Pz — P1olPi3Pio + P13Pro + ProPys. (1.44)

The application of these operators does not preserve the normalisation.
To illustrate the role of symmetry, let us again consider a system of three spinless particles in
a generic state |¥). This state is decomposed in the position representation via a position wave

function W(ry, re, r3) = (r1;7r2;73|V),

|T) = /d3r1d3r2d3r3 U(ry, 72, 73) P13 725 73) - (1.45)

8 In two-dimensional systems, intermediate phases factors can occur, leading to symmetries referred to as
anyonic [20].
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This description is valid for distinguishable particles. In the presence of three identical particles,
however, the state |¥) must be fully symmetrised. Permutation operators acting on position
eigenstates logically swap the corresponding position eigenvalues. This statement allows to

evaluate the action of the symmetriser on |¥),

S|w) = /d3r1d37’2d37“3 U(ry,r2,73) (715 m2; 78) + |25 715 78) + |7g5 725 71) (1.46)

+ |P1; 73 T2) + [Py T T2) + T2 Tai ) ).

By performing appropriate changes of variables for each of the six terms, the sum over position

eigenstates can be reorganised as sum over position wave functions,

S|U) = /d3r1d3r2d37“3 (U(r1, 72, m3) + U(ry, 71, 7m3) + U(r3, 72, 71) (1.47)

+ \IJ(’I"l, T3, 7‘2) + \IJ(’I"3, ’1"1,?"2) + \I/(T'z, 7‘3,’1"1)) |7’1, 7‘2,7"3> .

The state symmetry condition translates into a symmetry condition for the position wave
function under exchanges of its variables. This justifies the common view that symmetry
acts directly on wave functions. Similar results hold for momentum representation and/or
for antisymmetry conditions. In general, for particles with spin or other intrinsic degrees of
freedom, symmetry applies to the entire system. This enables the combination of symmetries
from different components to construct a symmetric total state. For instance, an antisymmetric
spatial component can yield a symmetric total state when combined with an antisymmetric
spin component. Moreover, partially symmetric components can also be combined to achieve a
symmetric global state. For instance, partially symmetric space and spin components can be
superposed to obtain a symmetric global state.

Symmetry can be challenging to establish, but once achieved, it can significantly simplify
many calculations. Let us exemplify it with the evaluation of two-body potential matrix elements.
Let |¥) denote the state of a system of identical particles, and let V (|r; — 7;|) be a two-body
interaction acting between the particles. Due to symmetry, evaluating the corresponding matrix

element for one pair of particles is equivalent to evaluating it for any other pair,

WV (|rs = r5]) @) = (& (V[ Pig) V(75 — 75]) (£Pix [ V)

(+
TV (I — 7Py

— (0] (B V(Irs = Pt ) |9) e

—{

—{

W[ (P, V(v — ri)Pi) [¥)

|
UV (|7 = r5]) [9) .
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The plus and minus signs account for bosonic and fermionic systems, respectively. The final
equality identifies the successive actions P;,'V (|r; — ;| )Py, with V(|r,,—7;]). A similar argument
can be applied to change the label j as well. Equalities like ((1.48]) will be employed extensively

throughout this document.

1.1.5 Hamiltonian Eigenstates and the Time-Independent Schrodinger

Equation

Beyond the commonly referred Schrodinger equation (1.1]), a central equation in many

quantum mechanical applications is the time-independent Schrodinger equation,
HI|V) = FE|V). (1.49)

One may recognize this equation as the eigenvalue problem associated with the Hamiltonian
of the system. This equation holds significant importance for two main reasons. First, in
cases of time-independent interactions, such as those discussed in Section [I.1.2] solving the
time-independent equation provides the necessary information to address the time-dependent
one. If equation is fully solved, meaning that all Hamiltonian eigenvectors |W;) and their
corresponding eigenvalues F; are known, the time evolution of a system with an initial state

|W(0)) can be expressed as,

(1) =Y (Wi (0)) e H /M wy) (1.50)

7

A demonstration of this result can be found in any standard quantum mechanics textbook,
such as [5] |6]. Solving the time-dependent Schrédinger equation is perhaps the most frequently
cited motivation for solving the time-independent one. While this is undoubtedly valid, let
us broaden this perspective slightly. In many quantum mechanical problems, including those
addressed in this work, the explicit time evolution of the system is not considered. Nonetheless,
solving equation remains essential. This equation defines a critical class of states: those
resulting from energy measurements. By solving , one determines the system’s accessible
energy levels and the corresponding eigenstates. In atomic physics, determining atomic spectra
is often an end goal in itself. Similarly, in particle physics, particle states are typically defined as
energy eigenstates. Thus, solving the time-independent equation yields key information about a
particle’s properties.

Although the full Schrédinger equation retains its elegance and generality, the applications

discussed in this work focus primarily on solving the time-independent equation for the second
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reason mentioned above. In both Parts|lIfand the primary objectives will be the computation
of energy spectra for baryons and glueballs, respectively. Establishing the properties of energy
eigenstates, such as spin or parity, will also be a primary concern. Solving is a challenging
task and various resolution methods exist, each with its advantages and limitations. Two methods
will be detailed in this work: the oscillator bases expansion and the envelope theory. The former
is rooted in a family of results known as variational theorems, which will be introduced in
the next chapter. Beyond offering a practical method for obtaining approximate solutions to
, these theorems provide a different perspective on the equation, a perspective that is often

under-emphasised.

1.2 The Variational Theorems as Powerful Tools

The previous section concluded by emphasising the importance of solving the time-independent
Schrodinger equation. Analytical resolutions of this equation exist only for very specific forms
of the Hamiltonian. For N particles, one of the few (if not the only) completely exactly solvable
Hamiltonians is the non-relativistic harmonic oscillator. For illustration, the isotropic harmonic
oscillator, H,y,, is defined as follows considering N vectorial degrees-of-freedom in three spatial

dimensions, x;,
N N
Hy= 23 pi et me” Sz (1.51)
2m 3 2 I

Above, p; is the variable conjugate to x;. Anisotropic versions of where the parameters
m and w depend on the particle labels (and therefore related to systems of different particles)
can also be solved analytically [22]. The analytical spectrum of the harmonic oscillator lays the
groundwork for the approximation methods developed in Chapters [2] and [3] However, let us
defer the discussion of the N-body harmonic oscillator spectrum to the sections dedicated to it.

At this stage, it seems that tackling equation directly for general Hamiltonians is a
challenging task. Nevertheless, this can be overcome by changing the perspective and examining
the time-independent Schrédinger equation through the lens of variational theorems, to which
this section is devoted. This section is heavily inspired by the Chapter 3 of the comprehensive
book from Y. Suzuki and K. Varga |23].

1.2.1 The Rayleigh-Ritz Variational Theorem

Let us consider a generic system of any number of particles in any number of dimensions. This

system is subjected to a generic Hamiltonian H. In the following, the (normalised) eigenstates
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and eigenvalues of H will be denoted |¢;) and E;, respectively,
H|¢i) = Ei|¢s) . (1.52)

The index 7 is assumed to start at « = 0 and to increase with energy. Only the discrete part
of the spectrum is considered. Let |¥) be a normalised quantum state that the system may
occupy. The Rayleigh-Ritz variational theorem states that, regardless of the choice of |¥), the

energy expectation value is smaller when evaluated with |¢) than with |¥),
(U| H |¥) > (do| H [¢0) = Ep. (1.53)

Equality holds if |¥) = |¢g).

Proof. This proof is inspired by the one provided in reference |5] — Since H is an observable,

its spectrum spans the entire Hilbert space. Therefore, there exist coefficients ¢; such that
V) = Z Ci |pi) - (1.54)
i

Using this decomposition, evaluating the Hamiltonian on |¥) gives

(W H W) =D > cGeilos| Hlg) = |l B (1.55)

J

2

In each term of this sum, one may replace E; by the lowest eigenenergy, Ey. By doing so,

each term is underestimated,

(U|H|¥) = |e;"E; > (Z W) Ej. (1.56)

1

)

As a result, as long as |¥) is normalised, it follows that (V| H |¥) > Ej. O

Theorem provides the expected new perspective on the time-independent Schrodinger
equation. Essentially, this equation seeks the state that minimises the energy expectation value
and defines it as its lowest energy solution. This lowest energy solution is often referred to as the
ground-state, while higher energy solution are referred to as excited states. Theorem (|1.53)) can
be exploited to derive approximations for the ground-state eigenvalue. By repeatedly evaluating
H on various different states |¥), referred to as trial states, the Rayleigh-Ritz theorem provides

various upper bounds to this energy eigenvalue. Among these upper bounds, the smallest one
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(that is, the most constraining) can be used as an approximation for Ey. The approximation
becomes more accurate as the set of trial states covers a larger portion of the Hilbert space.
Most of the time, instead of evaluating the Hamiltonian state by state, parameters are added
to |U), and the expectation value is minimised with respect to these parameters. Two types
of parameters should be distinguished. Let us assume that, for any value of a given set of
parameters ay, ..., a4, a specific procedure provides a corresponding set of () orthonormal states,
denoted |p;(a1...ay)). This set can be used to construct a trial state that depends on 2Q) + ¢

real parameters,
Q

|U(ay...a4;¢1...cq)) = Z ¢ lpilar...aq)) . (1.57)

i=1
Each complex-valued ¢; parameters account for two real ones. These parameters, included
as coefficients in the linear combinations, are referred to as linear variational parameters,
while the others are called non-linear variational parameters. If the minimisation with re-
spect to non-linear variational parameters requires a true optimisation process, the optimi-
sation with respect to the linear variational parameters is easier to perform. To minimise
(V(ay...aq; ¢c1...c0)| H |V(ay...aq; c1...cq)) with respect to the ¢;, the corresponding derivates are

constrained to vanish,

(%_ (U(ay...ag; c1...cq)| H [¥(ay...aq; c1...cq)) =0, (158)
82: (U(ay...ag; c1...cq)| H|V(ay...ap; c1...cq)) = 0.

Above, ¢; and ¢ are treated as independent variables to account for the fact that each ¢; encodes

two real parameters. It can be shown that imposing these minimisation conditions together with

the normalisation constraint  , [¢;|> = 1 is equivalent to solving the following matrix eigenvalue

problem,
(pr(ar...ag)| H [p1(ar..ag)) - (pi(ar..ap)| H |pg(ai...ay)) 1 1
: - : cl=e| |, (159
(polar...ap)| H |pi(ar...ap)) - (pqlai...a))| H |pg(ai...ap)) ) \cq cQ

The many eigenvalues € that solve this equation correspond to local minima. The upper bound
that serves as an approximation for the true lowest eigenenergy is the minimal eigenvalue in
(1.59). To summarise, obtaining an approximation for the ground-state eigenvalue of a given

Hamiltonian H is generally structured in the following four-step procedure.

1. Choose a set of Q orthonormal’] trial states |p;(a;...aq)) that incorporates as many non-
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linear variational parameters as desired.

2. Compute all the matrix elements of H on {|¢;(a;...a,))} for a given set of non-linear

variational parameters.

3. Solve the eigenvalue problem (|1.59) and identify the lowest eigenvalue (note that some

algorithms only compute the lowest one).

4. Repeat steps 2 and 3 for different non-linear variational parameters until a minimum is

found. This minimum serves as an approximation for the true ground-state eigenenergy.

Although the Rayleigh-Ritz variational theorem discusses only the eigenvalue, it is also frequently
used to approximate the corresponding eigenstate. The trial state that achieves the minimum is
assumed to, at least approximately, resemble the true eigenstate, especially if the eigenenergy is

accurately reproduced.

1.2.2 The MacDonald Theorem

The Rayleigh-Ritz theorem, and especially the subsequent procedure, appears to be limited
to the study of ground-states. However, this theorem can be extended to describe excited states
as well. This extension is known as the MacDonald theorem [24]. The context is analogous
to that presented in the previous section. Let us consider a general system of any number of
particles in any number of dimensions, subjected to a general Hamiltonian H, and let {|p;)} be
a set of () orthonormal states that the system may occupy. The MacDonald theorem states
that ¢;, the i*® eigenvalue of the Hamiltonian matrix restricted to {|p;)}, is an upper bound of

E;, the i*" true eigenvalue of H,

Eo S €0, El S €1, ..y EQ S €Q (160)
where ¢g < ¢ < ... <¢eg and
<<P1| H |%01> T <901| H |90Q> Ci1 Ci1
: - : : =€ : . (1.61)
(ol H[p1) -+ (pql Hlpq) ) \ciq CiQ

9 In full generality, the orthonormality condition on |pi(ai...aq)) is not necessary. In the presence of non-
orthogonal trial states, the eigenvalue problem (1.59) becomes a generalised eigenvalue problem, which can
also be addressed. This situation will not be encountered initially.
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Proof. This proof is inspired by the one provided in reference [23] — The result is demon-
strated iteratively. Let us define V as the subspace spanned by the set of orthonormal
states {|¢;)}, and Wy as the subspace spanned by the @) first eigenstates of H. The
following lemma is first established: there always exists a state |U) in Vg such that
(V| H |¥) > Eg. We begin by defining P, the projector onto the subspace Wy. Denoting

|p;) as the eigenstates of H, one has

Q
P = Z ’(bz) <¢z‘ . (1-62>

Two cases are to be considered: either there exists a state |@) in Vg such that P |p) =0,

or for any state |p) in Vg, P |p) # 0.

e First case: If such a state |p) exists, its expansion as a linear combination of H’s
eigenstates must include only terms proportional to |pg+1), |Pg+2), etc. As a result

evaluating H on |@) gives a value higher than F¢, which in turn is higher than Eg,
(¢l H|p) > Egu1 > Eq. (1.63)

Thus, the lemma is verified for |¥) = |p).

e Second case: If the second case holds, then any two states |¢1) and |@s) in Vo must
be projected onto different functions in W (otherwise, P(|@1) — |@2)) would cancel,
contradicting the assumption). In other words, the application P that relates Vo and Wy
is injective. Since both Wg and Vg have dimension () and thanks to the Rank-nullity
theorem, the function proves immediately bijective. As a result, there must exist a state

|©) in Vg that P projects onto |¢q),
P|p) = a|®q) with a # 0. (1.64)

Thus, the expansion of |¢) as a linear combination of H’s eigenstates includes a term a |¢g),
along with other terms proportional to [1)g11), [tg+2), etc. These latter terms are grouped
into a state b |®), such that |a|> + [b]? = 1,

|7) = aldq) +0[®). (1.65)
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Evaluating H on |p) yields
(@l H|@) = la|*Eq + [b]* (2| H |®) = Eq + [b]*((®| H |®) — Eq) > Eq (1.66)

since (®| H |®) > Eg due to |®)’s definition. Therefore, the lemma also holds for [¥) = |p).

To complete the proof, we note that the highest eigenvalue of a finite-dimensional eigenvalue

problem corresponds to the maximum expectation value of the corresponding operator,
eg > (V| H V) > Eg. (1.67)

This proves the last inequality in (1.60)). The other inequalities are obtained by iterating
the reasoning on the subspace Vg_; of all the states in Vg that are orthogonal to the

eigenstate associated with eg. O

Theorem ([1.60|) reveals that, once the ground-state energy is obtained, the time-independent
Schrédinger equation defines excited eigenstates by iterating the minimisation process of the
energy expectation value over the residual vector subspace. Theorem indicates that
the procedure developed in the previous section, beyond providing approximations for the
ground-state, also yields approximations for the excited eigenstates. Notice that, to obtain an
approximation for the i*" eigenvalue, at least 4 trial states must be used. As before, non-linear
variational parameters can be added to optimise the obtained upper bound. Note that the
parameters optimising a given energy level are not necessarily the same as those optimising

other energy levels.

1.2.3 Convergence of the Upper Bounds

Before concluding this discussion, let us examine a third theorem that describes the behaviour
of these approximations as the number of trial states is increased. Let us denote by €; to €g
the ) approximate eigenvalues obtained using @ trial states. Adding a (Q + 1) state to the
trial set yields ) + 1 new eigenvalues, denoted €; to €g41. MacDonald demonstrated that this
addition cannot worsen the approximations [24], meaning that

51 S €1 S EQ S €9 < .. S gQ S €Q S €Q+1. (168)

Since proving this result is more involved than the previous two theorems, the proof is omitted

here. Interested readers are referred to reference |24] for MacDonald’s original proof or to
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Figure 1.1: Illustration of the typical convergence behaviour obtained using variational theorems.
An expansion in oscillator bases with a single non-linear variational parameter a is used to
determine the ground-state energy of a system of three identical non-relativistic particles
interacting via two-body linear interactions. Masses and parameters are chosen to reproduce
energies from [25]. The optimisation of a is performed for seven oscillators (details on oscillator
bases expansions are provided in Chapter , yielding a = 1.446. The converged result is
indicated by the dashed gray line.

reference [23| for a more general and detailed derivation.

The above result illustrates the behaviour of the approximate upper bounds as the size of
the trial set increases. When a small number of trial states is used, the upper bound can be
relatively higher in energy. As more states are added, the approximation improves, gradually
converging from above toward the true eigenenergy. In the limiting case of a complete set of
trial states, diagonalisation of the infinite-dimensional Hamiltonian matrix yields the exact
eigenvalues, in agreement with the matrix representation introduced at the end of Section
[I.1.3] A typical example of convergence behaviour is shown on a ground state in Figure [I.1]
This illustrative figure is taken from Chapter [2| where an approximation method based on the
MacDonald theorem, known as the oscillator bases expansion, is explicitly discussed. Of course,
the convergence rate strongly depends on the choice of the trial set and the specific Hamiltonian
being solved. Certain trial sets are particularly well suited for specific classes of Hamiltonians,
while others offer broader applicability, though potentially with some trade-off in efficiency. The
closer the trial states resemble the true eigenstate, the faster the convergence. At the extreme,
the exact eigenstate is included in the trial set, the approximation becomes exact and reduces

to one state.
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1.3 Miscellaneous Results

The final section of this introductory chapter is devoted to various theorems from non-
relativistic quantum mechanics. These results will be primarily utilised in Chapter [3| where a
second approximation method for the time-independent Schrédinger equation, known as the
envelope theory, is developed. Despite their specific purpose in later discussions, these theorems
are of a very general nature and merit inclusion in this chapter on the fundamentals of quantum
mechanics. Notably, the first two theorems are often employed to assess the accuracy of other
approximation methods, such as those based on the previously introduced variational theorems
[23]. It illustrates that their applicability extends beyond the establishment of the envelope
theory.

Hellmann-Feynman Theorem

Let us begin with the Hellmann-Feynman theorem. Consider a generic system consisting of
an arbitrary number of particles in any number of dimensions. This system is governed by a
Hamiltonian H which depends on a parameter A\. The Hellmann-Feynman theorem provides
the following expression for the derivative of the energy eigenvalues of H(\) , denoted E()\),

with respect to A 4 9
DEO) = (6] 51 HO [o() (1.69)

Above, |¢(A)) is the normalised eigenvector associated with the eigenvalue E()).

Proof. This proof is inspired by the one provided in reference [23] — Given that |¢())) is an

eigenvector of H, its energy expectation value simply equals the corresponding eigenvalue,

EQA) = (0N H(A) [6(A)) - (1.70)

Differentiating both sides of this expression with respect to A gives

d 0 0 0
D EQ) = (6N T HN [6(N) + (5o (N H(A) [6(A) + (6N H(A) | 576(A) (1.71)

The first term on the right-hand side already matches the desired result. To complete the
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proof, the remaining two terms must be shown to cancel,

<§A<>|H<>|¢<>> (O HO) | 200
( (OO + 0o ) (L72)
d
= B S 6)I6) =

In the second and last lines, the Hermiticity of H(\) and the normalisation condition

(p(N)]o(A)) = 1 have been used, respectively. This completes the demonstration. O]

The Hellmann-Feynman theorem stands as a versatile tool. It can serve as a consistency
check for analytical solutions, an accuracy measure for approximation methods, and even as a

tool for proving other theorems. Both next results provide examples of the latter application.

Virial Theorem

The virial theorem also provides information about expectation values of energy eigenstates.
Let us consider a N-body system in an arbitrary number of spatial dimensions, governed by a

N-body Hamiltonian H generalising the structure from (1.12)),

N
H =3 Ti(|pil) + Z (Isil) +va [7i3])- (1.73)
i=1 1= 1<j
Above, the shorthand notations s; = r; — Rcm and r;; = r; — r; have been introduced.
Compared to , the global kinetic energy has been decomposed into a sum over the kinetic
energies of individual particles. This decomposition omits the centre-of-mass motion removal,
but the theorem remains valid even when this removal is included [23]. Only one- and two-body
interactions are considered. The virial theorem states that different expectation values taken on

energy eigenstates satisfy the following relation,

N

d N
¢Z1 <pzd_pl zzl ds, )+ ; Tij 5 d Vij TZJ)> (1.74)

where p;, s; and r;; denotes |p;|, |s;| and |r;;|, respectively.

” Proof. This proof is inspired by the one provided in [26] — To begin, let us introduce a
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dilatation of the position variables,
T, =, Di = Ap; (1.75)

with A > 0. This rescaling keeps the new position and momentum variables conjugate to
cach other. Of course, it also affects s; and r;;. Using the new variables, the system’s

Hamiltonian can be rewritten as

H(pi,mi) = H(Pi/ A, A7) (1.76)

This modification does not alter the spectrum of H, but it artificially introduces a parameter

into H. It allows to apply the Hellmann-Feynman Theorem,

d 9,
TREO) = (G5 H B A A7) (1.77)

where expectation values are computed for the eigenstate of H corresponding to E()).
However, since the introduction of A is purely artificial and does not affect the spectrum,
the left-hand side of ([1.77]) vanishes. Evaluating the right-hand side at A = 1 yields the

generalised virial theorem,
(3% 0 H(
O\

Bi/AAF))| =0, (1.78)

A=1

Applying this result to the Hamiltonian ((1.73)), the expectation value is distributed on each

term. Denoting |p;| = p;, |si| = s; and |r;j| = r;;, one obtains

—T(pz/k) T dizT (pi), (1.79a)
%U(/\sl) . = sidiiU(si), (1.79b)
%V()‘TU) T Tz‘j%v(ﬁj)- (1.79¢)
Combining equations (|1.73), (1.78) and (1.79)) yields the expected relation. O

The virial theorem establishes relationships between expectation values of observables for

the eigenstates of an Hamiltonian. For example, it allows to show that the eigenstates of the

harmonic oscillator (1.51)) satisfy

> L p) =3 me (- i) (1.80)
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As already mentioned, beyond their formal significance, such relations can also serve as tools to

assess the precision of approximate eigenstates.

Comparison Theorem

A third and final theorem will prove useful in further developments. Consider a generic
many-body system in an arbitrary number of dimensions and consider two different Hamiltonians
for this system, H") and H®. Suppose that each Hamiltonian decomposes into a sum of a
kinetic energy term, which depends only on momentum variables, and a potential energy term,
which depends only on position variables. That is, if H®) = TM + V) and H® =7 4 @),
and if the conditions 7™ < T® for all momenta and VM < V® for all positions hold, then
the comparison theorem states that their corresponding energy spectra, E&)} and Eg)}, satisfy
the same ordering,

By < EBD. (1.81)

Above, {a} denotes the quantum numbers of both spectra.

Proof. This proof is inspired by the one provided in [27] — To start with, consider two
Hamiltonians, H®) and H®, such that for any state |¥) the inequality

(W] (H® — HW) |¥) > 0. (1.82)
holds. Next, define the following interpolating Hamiltonian
H(a)=(1—a)HY +aH®? (1.83)

which continuously deforms H® into H® as a varies from 0 to 1. Applying the Hellmann-

Feynman theorem to H(a), one obtains

d
< Pray(a) = (H® — HgW) > 0. (1.84)
Above, Er,)(a) denotes the eigenvalues of H(a) and the expectation value is taken on the
corresponding eigenstate. The right-hand side is non-negative due to the assumption ((1.82)).
Since Eyq)(a) is an increasing function of a, it follows that
E)(0) = B!
{e}

1 _ ®
{a} < Ery(1) = E{a}' (1.85)

To complete the proof, one has to verify that the Hamiltonians given in the theorem
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statement satisfy (1.82]). By separating the kinetic and potential contributions, one obtains
(W (H® — HW) W) = (O] (T® - T7W) W) + (¥] (VE - V) |0). (1.86)

Since the potential functions satisfy V(1) < V() expressing the second expectation value
in the position representation ensures its non-negativity. Similarly, evaluating the first
expectation value in the momentum representation guarantees its non-negativity as well.
Consequently, the conditions are sufficient to establish (1.82), completing the proof. [

The comparison theorem will serve as a tool to identify bounds for approximate spectra,
particularly when using the envelope theory. This result concludes this non-exhaustive collection

of noteworthy theorems in non-relativistic quantum mechanics.

This chapter in the context of a thesis

As an introduction to the field, this chapter does not present any original research results.
Instead, it aims to establish the general framework within which the rest of the thesis is
situated. As mentioned in the preface, the text is intended to be accessible to students
beginning a Master’s program focused on fundamental interactions. This chapter revisits

key concepts that will be used throughout the document.

It also introduces a perspective less commonly found in the literature for approaching
quantum mechanics: the variational theorem, not limited to ground states as it is often the
case in introductory textbooks. Since this theorem plays a central role in the subsequent
chapters, it seemed worthwhile to recall it in details here. In my view, the variational
theorem reveals some particularly insightful aspects about how the Schrédinger equation’s

operates, and could be more widely used in both teaching and popularising physics. This

chapter provided a fitting opportunity to explore this intuition.






Chapter 2

Oscillator Bases Expansions: a Versatile
Resolution Method

Chapter [, and more precisely Section [I.I], aimed to illustrate that solving the time-
independent Schrodinger equation stands as a standard stage across various disciplines in
physics, ranging from hadronic and nuclear to atomic physics. To achieve this task, numerous
approximation methods have been developed, each possessing distinct strengths and limitations.
A family of these, known as variational methods and based on the computation of Hamiltonian
matrix elements on different trial states, has been outlined in Section The current chapter fo-
cuses on one such method, named the oscillator bases expansion (OBE). Although generalisations
for larger systems are possible, the discussion will focus on three-body systems. In that context,
the OBE uses harmonic oscillator eigenstates with one or two non-linear variational parameters
as trial functions |28]. This method enables to solve accurately a broad class of Hamiltonians,
encompassing two-body interactions as well as non-relativistic and semi-relativistic kinematics.
For that systems, the method, originally formulated only for two-body interactions, has recently
been generalised in [29] to encompass the class of three-body forces introduced in Section m
The OBE also easily manages conditions on the symmetry, the angular momentum and the
parity of the desired solution. These features make the OBE particularly effective in hadronic
physics, where semi-relativistic kinematics, well-defined angular momentum, and well-defined
parity are often required [30} 31}, 32, [33, |34].

This chapter builds upon and slightly expands the text from reference [29|. The subsequent
sections are organized as follows. Section elucidates the theoretical concepts related to the
OBE for spinless particles. Section reviews the three-body harmonic oscillator eigenstates
and their essential properties. Section recalls the Hamiltonian shape investigated in

the current work and introduces suitable coordinates to only account for the internal motion.

33
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Sections [2.1.3| and [2.1.4] describe the incorporation of symmetries into the bases and provide

formulas for evaluating matrix elements, respectively. Section enlarges the discussion to
include the management of spin degrees-of-freedom. Section examines the accuracy and
computational complexity of the OBE. Finally, Section offers concluding remarks and the
chapter ends with some complementary sections that address subsidiary topics. Even though
Chapter (1| did not specify the unit system used, natural units (A =1 and ¢ = 1) will be assumed
throughout this chapter and the remainder of this work.

2.1 The Theory of the Oscillator Bases Expansion

As already mentioned, the OBE relies on the MacDonald theorem, introduced in Equation
(L.60). In brief, this theorem states that the i lowest eigenvalue of the Hamiltonian matrix,
when restricted to a given set of orthonormal trial states {|p;)}, provides an upper bound for
the i*® lowest eigenvalue of the full Hamiltonian. The corresponding eigenvectors also serve
as approximations for the true eigenvectors of H. Methods based on the MacDonald theorem
involve two main computational steps: evaluating the Hamiltonian matrix elements (¢;| H |¢;)
and diagonalising the resulting matrix. The accuracy of the upper bound is often refined
by incorporating non-linear variational parameters into the trial states and by repeating the
procedure for different parameter values. The most constraining upper bound, that is the lowest
one, is then selected. In the three-body OBE, the trial states |p;) are chosen as eigenstates of
the harmonic oscillator Hamiltonian and two non-linear variational parameters are included.
This section develops an efficient procedure for computing the corresponding matrix elements,

particularly for the case of three spinless particles.

2.1.1 The Harmonic Oscillator Eigenstates

Before evaluating the matrix elements, it is necessary to introduce the harmonic oscillator
eigenstates as well as some of their properties. Specifying the harmonic oscillator Hamiltonian
(1.51)) for a generic pair of three-dimensional coordinates, denoted x and y, and omitting its

parameters gives
2 2 2 2
p q T Yy
— 4+ =+ — + = 2.1
2 * 2 * 2 * 2 (2.1)

Here, p and q are the conjugate variables to & and y, respectively. These coordinates are

Hoh(p7 q, T, y) =

supposed to be dimensionless. This Hamiltonian can be solved analytically using the separation
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of variables method,

9 9 9 9
D T q Yy
Ho(p,q,z,y) = (? + 7) + (? + 7) = Hon(p,x) + Hon(q, y) (2.2)

Since both partial Hamiltonians have the same structure, they share the same spectrum. The

wave functions of the eigenstates can be found in any quantum mechanics textbooks |5} 6],

2(n!) 0~y
rle” 7 LEF2(r?),
(n+€+3/2) ( (2.3)

Qpném("’) = Rnf(r)nm(f) with Rng(r) = \/F

3
and E,py = 2n—|—€+§,

with n =0,1,... and £ =0, 1,.... Above, r and 7 denote the modulus and angular components
of the vector r, respectively. The function Yy, represents the standard spherical harmonics [35]
and L5™/? denotes the generalized Laguerre polynomials [36]. The use of spherical harmonics
ensures that ,s,(r) is an eigenstate of both the angular momentum Casimir operator and
the third projection of the angular momentum associated with . The corresponding quantum
numbers, ¢ and m, are often referred to as orbital quantum numbers. Notably, states with
different m values are degenerated. The remaining quantum number, n, characterises the radial
contribution to the energy and is thus known as the radial quantum number. The different s,
wave functions are orthonormal.

With the separation of variables, the eigenfunctions for the full Hamiltonian, denoted
@ﬁz Zznyfy(:c, y), are expressed as products of the eigenstates of the partial Hamiltonians. The

corresponding eigenvalues, denoted Eﬁx Canyt,s AT€ glven by the sum of the partial eigenvalues,

q)ﬁzéznyéy (:IC, y) = [Qpnmﬂm (w)gpnyZy (y)} L and Eﬁzéznyey - 2”1 + E:c + 2ny + Ey + 3' (24)
With this definition, the q)ﬁxexnyey wave functions are orthogonal too. As suggested by the
notation, n, and ¢, (resp. n, and £,) are interpreted as the radial and orbital quantum numbers
associated with the coordinate & (resp. y). A combination of these quantum numbers that will

frequently appear in the following discussions is (), the number of quanta associated with &,
Q =2n, + L, + 2n, + (. (2.5)

In ([2.4)), the square brackets [...];, indicate that different third projections of angular momentum
associated with the coordinates  and y are coupled to construct eigenstates of the total angular

momentum operators, namely L? = (L + L,)? and L, = (L), + (Ly).. The corresponding
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quantum numbers are denoted L and M, respectively. This recoupling is possible because the
eigenstates (2.3)) are degenerate in m. The coefficients involved in this recombination, denoted
(lymylym,|LM), are the well-known Clebsh-Gordan coefficients [35],

[Onat, (®)Pnye, ()], = Z (Camalymy|LM) ©n,tym, (T)Pn,e,m, (Y)- (2.6)

MgMy

Since Clebsh-Gordan coefficients are well-documented, their derivation and computation will not
be detailed herd] For the following discussions, it suffices to recall the standard rules for angular
momentum coupling: the quantum numbers ¢,, ¢, and L must satisfy |(, — (,| < L </, +{,.
Definition should be understood as a simple basis transformation, allowing one to switch
from the common eigenstates of Lg?, (L), Ly2 and (L), to those of L?, L, L,? and Ly2.
The latter basis is preferred because total angular momentum is an observable of interest, and
because most Hamiltonians commute with both L? and L.. In the notation [...], the total
angular momentum projection M has been omitted. This is because none of the matrix elements
considered in the following sections explicitly depend on this quantum numbef?]

The wave functions ® are the ones used as trial functions in the oscillator bases expansion

for three-body systems. Therefore, efficiently evaluating matrix elements such as

<<D7nge;n;%($,y)|0<$,y) |‘I)£xexnyey(way)> and <<D7Lz;e;nfyé;($,y)|0<297 q) |‘bﬁxzwnyey($yy)> (2.7)

is a key objective of this method. The remainder of this section discusses properties of the

harmonic oscillator eigenstates that will provide support in this regard.

Talmi’s integral technique

In general, it is possible to reduce the aforementioned matrix elements to the evaluation of

matrix elements on one-body harmonic oscillator eigenfunctions (2.3)),

(Onrerm ()] O(ar) |nem (1)) = 0060mim / r2dr Rue(r) O(ar) Ru(r). (2.8)

with a a real parameter which has been made explicit for further use. Because O only depend on

the modulus of r, angular integrals are turned into Kronecker deltas using spherical harmonics

I Clebsh-Gordan coefficients play an important role in the theory of group representations, particularly in the
decomposition of tensor product representations into irreducible representations. For further details, the
reader is referred to [37].

2 Since the quantum numbers m,, and m,, are summed over in the coupling, these are also naturally excluded
from the left-hand side notation.
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orthonormality, [35]. The remaining integral can be evaluated using the Talmi’s integral

technique |38],

n+n’+#
/rzdr Ryo(r) O(ar) Rpe(r) = Z B(n't,nt,p) I,(0,a) (2.9)
p=5
with 5
— 2p+2 —r?
1,(0,a) —F<p+3/2>/drr e " O(ar). (2.10)

In short, property explicitly expresses the Laguerre polynomials from the R,; functions,
allowing the left-hand side integral to be expanded as a sum of simpler ones, known as Talmi’s
integrals and denoted I,(O,a). A closed formula for the B(n'¢;nt;p) coefficient is provided
in [38]. Since these coefficients depend only on the quantum numbers within the set of trial
states, they can be computed once, stored and subsequently retrieved whenever needed. For

many functions O (including cases of physical interest), the integrals [,(O, a) admit analytical

expressions, eliminating the need for numerical integration (see [Complement 2.Al). In all cases,
the use of formulas (2.9) and ([2.10]) enables rapid and accurate evaluations of the matrix elements

(2.8).

Momentum matrix element

The O function in equation (2.8]) depend solely on a position variable. Consequently, the
direct application of Talmi’s integral technique is not feasible when dealing with an operator that
depends on momentum. However, as the Fourier transform of a one-body harmonic oscillator

eigenfunctions remains a one-body harmonic oscillator eigenfunctions (up to a phase factor) |39],

—/d3r P i (1) = (1) 0r0m (D), (2.11)

this technique can still be applied by switching to momentum representation. For quadratic
functions of momentum, which are particularly relevant as they are associated with non-
relativistic kinetic energy, the following relation can also be employed to simplify calculations
[40, relation 3.10],

(e (1) D i (7)) = GureSem (20 4+ €+ 3/2) 80

(2.12)
o/t 4 1/2)0m i1 + /(0 + O+ 1/2)5n,n+1>.
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Parity inversion and exchange of coordinates

Thanks to the properties of spherical harmonics 35, section 5.5.2|, one can show that a parity
inversion of the  and y coordinates in the ® tanyt, (@, y) functions simply produces additional
real phase factors,

®7ll/wfzny£y(_w7 _y) = (_1)ZI+£y (I)ﬁxfrnyfy (w7 y) (213)

The x and y coordinates can also be exchanged. Using symmetry properties of Clebsh-Gordan

coefficients [35, section 8.4.3|, one can show that

(I)ﬁxe,myey (y, ) = (=1)F 5 Cbﬁyeynxzx (z,y). (2.14)

Rotation of the coordinates

Instead of directly solving the Hamiltonian (£2.1), one may try beforehand a change of

coordinates. This Hamiltonian is symmetrical under the following coordinate transformation,

T =cosfx+sinfy (2.15)

y=—sinfx+cosfy

As a consequence, all the functions @ﬁxgwyey (Z,y) are also eigenfunctions of (2.1)) with 2n, +

L

natanyt, (& Y) can be expressed as

Uy + 2n, + £, + 3 as eigenvalue. This ensures that any ¢

a linear combination of ®% , ., (x,y) functions that share the same energy eigenvalue than

Cbﬁzﬂznyﬁy (5&7 g)a

q)ﬁzeznyey(ia@): Z <n;€;nly%§L|”x€mny€y§L>5q)£;e;n%(way) (2.16)

1 pl ot pr
nylony

where the summations on n, £, n; and {; are restricted to terms with a number of quanta
equal to 2n, + £, + 2n, + {,. This constraint ensures that the summation is finite. The coeffi-
cients denoted as (n).f,n; (;; Lngl,n,ly; L) 5 I equation are known as Brody-Moshinsky
coefficients with angle . These can be computed recursively using the formula proposed in [41].

Passage to Hyperspherical coordinates

The Hamiltonian (2.1)) can also be solved in hyperspherical coordinates [42]. The two

three-dimensional @ and y vectors are replaced by a single six-dimensional vector for which
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hyperspherical coordinates are used [43, |42]. An hyperradius is defined
PP =2+ (2.17)

as well as five hyperangles. Four among the five angles are simply chosen as the usual polar and
azimuthal angles of the & and y vectors. These will therefore respectively be denoted 8, 0, @,
and ¢,. The fifth angle, denoted «, is defined as followsEL

x = psina, y = pcosa. (2.18)

Because both = and y are positive definite, « lies in between 0 and 7/2. For notation convenience,
in the following, the set of angles (6,,6,, ., ¢y, ®) will be denoted as €. Switching to this

system of coordinates, the harmonic oscillator Hamiltonian ([2.1)) in position representation reads
1/0* 50 1 0>

Hp=—(—+°= - =A . 2.19

! 2(8p2+p3p p? Q>+2 (2.19)

Above Agq is the hyperspherical Laplacian operator in six dimensions. The full expression of this

operator is depicted in |43 42]. Its eigenfunctions, known as hyperspherical harmonics, reads

1 1
O 0) = Nz sin's o cos a P (cos20) [V (600015, 00 0))],

(K +2)(n+ Ly + L, +1)! "’ g Kty
D(n+ 4, +3/2)0(n+ ¢, +3/2) B 2

with N2 = ( (2.20)
with the corresponding eigenvalue K(K + 4). Above, P denotes a Jacobi polynomial
[36]. The expression (2.19)) is the one of a one-body harmonic oscillator Hamiltonian in a
six-dimensional space. Separating the hyperradial and hyperangular parts of the equation, the

following eigenfunctions are obtained [42],

Caly L 0oty LM . 2(N') 2
Ui (0, 1) = Rvic(p) Y& '™ (92) with Ry (p) = \/F(K e L PRI (p?), (2.21)
the associated eigenvalues being Ef\?%mzmy = 2N + K + 3. By construction, states \Iif\“,f%L have

a total orbital angular momentum L as well as individual orbital angular momenta ¢, and ¢,.
Both sets of functions W " (p, Q) and ®L

natanyt, (@ Y) are eigenstates of the harmonic

3 This definition differs from the one used in [42]. To compare our relations with the ones from this reference,
z and y have to be exchanged.
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oscillator Hamiltonian, of the total orbital angular momentum operator and of the two individual

L

angular momenta operators. Therefore, the ® (x,y) functions can be written as a linear

Nglanyly
combination of all the \Iff\“;ﬁé’L(p, Q) functions with energy eigenvalue E Congly?
oty L
(I)rLzz&vnyﬁy (z,y) = Z <nrny|NK>emey Ung (0, €) (2.22)

NK

where the summations on /N and K are restricted to terms where 2N + K = 2ng + {, + 2n, + {,,.
The coefficients (n,n,|NK), ¢, are defined by the following overlap integral,

CbyL .
(0 NE),,, = [ @ody Ui (.9 @k, . (0.) (2.23)

In the following, these coefficients will be referred as hyperspherical coefficients. A closed formula

to compute them is demonstrated in [Complement 2.B|

2.1.2 Three-body Hamiltonians and Jacobi Coordinates

The aforementioned harmonic oscillator eigenstates will be used to solve three-body Hamilto-

nians of the form (|1.12]), which is restated below for reference,

H = T(py. Py, Py) + Via(riz) + Via(ris) + Vas(ras) + WW nat it ) (2.24)

Wlth 7"1']' = ‘7‘1' — ’I"j’.

As a reminder, variables r; and p, denote the position and momentum of the i-th particle in
the system, respectively. Compared to (1.12)), general two-body potentials V;; and a three-body
interaction W of the type announced in Section are considered but one-body interactions
have been omitted, these being less common. For the kinetic part of H, both non-relativistic
and semi-relativistic kinematics can be considered.

To isolate the centre-of-mass motion in the Hamiltonian requires to change of coor-
dinates. For many-body systems, Jacobi coordinates are often used. [28] 44]. In the case of
three non-relativistic particles, these replace the three individual positions by the centre-of-
mass position, the relative position between particle 1 and 2 and the relative position between
particle 3 and the centre-of-mass of particles 1 and 2. More precisely, for the current purpose,

dimensionless Jacobi coordinates scaled with two variational parameters, denoted a and b, are
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used,

miTy + MaTs miTy + MoTo + M3T3
ax = 11— To, by = ———— — 13, R=

2.25
= A T (225)

where mqy stands for m; + ms. These dimensionless Jacobi coordinates were first introduced in

nuclear physics [44], and have since been applied to hadronic physics as well [28]. Oscillator

bases with a single scale parameter have also been employed in nuclear physics for systems of 2,

3, 4, and even N particles [40]. The momenta conjugate to x, y and R are respectively given by
P _ map; —mup, q _ ms(py + Py) — m1aps

P _ Mepy — Mupy q9_ P= . 2.2
- -~ : ) i : P+ Dy + Dy (2.26)

The interpretation of Jacobi coordinates in terms of centre-of-mass positions also applies for
identical relativistic particles. However, in a relativistic treatment of systems with unequal
masses, defining the centre-of-mass position requires knowing each particle’s energy, making this
task more complex. Nevertheless, although the interpretation of Jacobi coordinates no longer
strictly holds in this context, the use of & and y coordinates to describe the internal motion
remains valid. In both classical and relativistic mechanics, the condition P = 0 ensures that
eigenenergies are not affected by a possible global translational motion of the system. The only
drawbacks of using Jacobi coordinates in relativistic contexts are potentially poorer convergence
rates and inadequate resulting eigenstatesﬂ The Hamiltonian ([2.24)) can explicitly be written in

these Jacobi coordinates. The non-relativistic kinetic energies becomes

p2 2 a2m1m2 b2m3m12

Tow(p.q) = 5— + 2 with ji = and  pg =

= , 2.27
2p  2pq mis M ( )

the semi-relativistic one becomes

2 2 5
miq p myq P /q
Tr(p7q):\/(m—1125+g> +m%+\/(m—;3—g) +m3 + §+m§. (2.28)

Above, the centre-of-mass motion has been manually cancelled by setting P = 0. Finally, the

arguments of both two-body and three-body interactions are modified,
) 2
ma2

4 The latter issue can be mitigated by employing the point-form formalism |45]

Via(lax|) + Vi3 (‘—by — ﬂasc

mio

) : (2.29)
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2 2 _
Wlgfa2 |1+ M my x? + 2b%y? 4 2ab M2 7 o y . (2.30)
m2, miz

2.1.3 Setup of the bases

As the centre of mass motion has been removed in H, both the variables R and P do not
enter in any parts of the Hamiltonian, thereby reducing the number of degrees of freedom to
two. The remaining « and y coordinates can be used as a pair of three-dimensional coordinates
on which harmonic oscillator eigenstates from Section [2.1.1] can depend. These functions will
now be used to construct a concrete set of trial states whose features are in accordance with the

system under consideration and the expectations of the user.

Orbital angular momentum and parity

First, in most problems, a solution with a given total orbital angular momentum is expected.
To ensure that the provided approximation satisfies this requirement, the set of ® functions is
restricted to the ones whose L quantum number is in agreement with the expected total orbital
angular momentum. Similarly, for some applications, a parity eigenstate is also expected. As
the parity transformation, denoted II, inverts the positions of each particles, its action on Jacobi
coordinates is given by II' 2 II = —z and IIf yII = —y. Therefore, the action of the parity
operator on the trial functions can directly be deduced from relation ([2.13]),

Hq)ﬁzemnyey (x,y) = q)queznyey(—my —y) = (‘UZZHy‘pﬁzezny@(% Y). (2.31)
The & functions are already parity eigenstates and the corresponding eigenvalue is given by the
parity of ¢, + ¢,. Filling the set of trial states with even (resp. odd) sum of ¢, and ¢, ensure

that the provided approximation will be a positive (resp. negative) parity eigenstate.

Symmetry under exchange of particles

As introduced in Section [I.1.4] in presence of identical particles, symmetries under the
exchange of pairs of particles have to be introduced. The state of a system containing two
identical particles must be either symmetric (for bosons) or anti-symmetric (for fermions) under
their permutation. Let us choose particle 1 and 2 as the two identical particle and denote P

the operator that encodes their permutation. Acting on the Jacobi coordinates, this operator



2.1. THE THEORY OF THE OSCILLATOR BASES EXPANSION 43

reverses  and lets y unchanged,
IP)];2 xr Plg = -, PJ{2 y ]P)lg =Y. (232)

As a consequence, the action of Py on a ® function can directly be obtained from a property

similar to (2.13)),

P12‘I’£,ce$nyey(ma y) = ‘I)ﬁxexnyey(—ma y) = (—1)£xcb£mewnyey(m,y)- (2.33)
A @ function is already an eigenstate of P15 and the corresponding eigenvalue is given by the
parity of its £, quantum number. In conclusion, in presence of two identical particles, the set of
trial states must be filled with ® functions of same ¢, parity (odd in presence of fermions and
even in presence of bosons).

In presence of three identical particles, the situation is a bit more complicated. The state of
the system must now be completely (anti)symmetric under any exchange of particles. Hopefully,
because any permutation of three particles can be expressed in terms of two transpositions, it is
sufficient to (anti)symmetrise on the exchange of particles 1 and 2 and of particles 2 and 3. For
the first one, the task has already been done in the previous paragraph: a correct P15 symmetry
is ensured by considering only states of a given £, parity. The rest of the calculations considers
this selection as carried out. The (anti)symmetrisation must now be performed on the exchange

of particles 2 and 3, denoted Py3. The action of this operator on Jacobi coordinates is given by

x b 3a Yy
Pl, Py = — + —v, PlyPoy = —a — =. 2.34
23T F23 = 5 ay 23 Y 23 m 5 ( )
With such a coordinate transformation, the & functions will not be eigenstates of this operator.
To obtain (anti)symmetric functions, one has to compute the matrix elements of the Py3 operator

and to subsequently diagonalise it,

@fzizgn{yz; (z,y)| P23 ’@ﬁzeznyey(wa y)) = @5;@%%(% y)@ﬁzzznyzy(w,a y'))
a y (2.35)
= >

with &’ = % + gy and y' = ib
It has been shown in [28] that the eigenstates of Py3 contain a finite number of ® states only if
b = v/3a/2. Otherwise, the symmetry of the trial states can only be approximated. This leads
to a trade-off between introducing a second non-linear variational parameter and preserving
the symmetry to the trial states. Reference |28] concluded that prioritising symmetry is the
preferable choic. Assuming b = v/3a/2, becomes a rotation of coordinates as in ([2.15|)
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and the Py3 matrix elements can be evaluated combining property (2.16)) and the orthonormality

of the oscillator eigenstates,

(O g (@ ) Pas |98 (@,3)) = 00 (~ 1) (0! 00 L nalomy 3 L) (2.36)

y'xtx

/6"

By definition, the Brody-Moshinsky coefficient in this relation is zero if both number of quanta
differs. As announced, if b = v/3a/2, Py3 mixes together a finite number of states, the ones with
the same total orbital angular momentum, the same parity and the same number of quanta.
Therefore, to exactly get symmetrized states, it is sufficient to built the Py3 matrix up to an
arbitrary number of quanta and to diagonalise it. The set of trial states can then be filled with
all the obtained eigenvectors whose eigenvalue corresponds to the expected symmetry (namely
+1 for three-boson systems and —1 for three-fermion systems). As a consequence, for three
identical particles, the set ® functions cannot be truncated randomly: all the ® functions until

a given number of quanta are necessarily involved in the calculations.

Convenient truncation for the bases

Except for systems of three identical particles, it seems that the set of oscillator eigenstates can
be truncated everywhere. However, because property will be used during the evaluation
of matrix elements, a given ® function will be decomposed as a linear combination of all the ®
functions that have the same number of quanta. Therefore, it is more convenient to include
from the beginning all these functions in the calculations. So, even for systems of three different
particles, the recommended sets of trial states contain all the ® functions until a given number
of quanta, denoted Q.. The higher Q.. i, the more accurate the approximation produced

by the set is but the larger the Hamiltonian matrix is.

Examples of trial sets

To illustrate the concepts discussed in this section, let us explicitly construct a few trial sets.
First, consider a system made up three different particles for which a solution with total angular
momentum L = 1 and negative parity is expected. Only states with a number of quanta less
than three are included, setting Q.x = 3. Within this set, trial states are ordered in ascending

number of quanta,

{(I)(l)loo(w7 y)? CI)(1]001 (CB, y)v @1100(33, y)? q)(l)llo(m’ y)? CI)%OOl(ma y)v (I)(l)ou(w’ y)’

) ) (2.37)
(I)0201(337 y)> CI)0102(5’37 y)}

5 Let us also mention that the constraint b = v/3a/2 restores the OBE to its original form |31, 30].
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States with even numbers of quanta are forbidden by the parity constraint, while states that do
not satisty ¢, — ¢,| <1 < {, + ¢, are excluded due to the angular momentum constraint.

As a second example, consider a system of two identical bosons and a different one. Here, a
state with angular momentum L = 0 and positive parity is expected, and the break condition is

set to Qmax = 4. This yields the following set of trial states,

{q)oooo(w Y), q)1000(5c Y), (1)0010(33 Y), CI)2000<93 Y), ‘I)o020(5"3 Y), (I)uno(w Y), (1)0202(5'3 y)}. (2.38)

States with odd numbers of quanta are excluded by the parity constraint, those with ¢, # ¢,
are ruled out by the angular momentum constraint, and finally, those with odd ¢, are forbidden
by the symmetry constraint.

As a final example, consider a system of three identical bosons with expected angular
momentum L = 0 and positive parity. For such a system, the trial set consists of eigenstates of
Py3. With Qn.x = 4, the resulting trial set is

BV0(x, ) + Po10(x,y) V5 V5 3
{000z, y), 22 el ,—— P00 (@, y) + —— Phogo (T, ) + 1/ = Ploro(, y),
V2 4 4 8
Wpoo(.9) + Bo(@,9) [ >
2 4 = ' q)(1)010(33a y) + 3 ‘1)8202(33» y)} (2~39)

Since states in this trial set are combinations of those from ([2.38)), the conditions on angular
momentum and parity are preserved. Furthermore, all included states are symmetric under any

particle exchange.

2.1.4 Calculation of Matrix Elements

The set of trial states being chosen, the matrix elements of the Hamiltonian have now to be
evaluated. This goal will be completed thanks to the properties enumerated in section [2.1.1]

Kinetic energies, two-body interactions and three-body interactions are considered separately.

Non-relativistic kinetic energy

Non-relativistic kinetics (2.27) are considered first. The following matrix elements have to be

evaluated,

2 2
p q
O g @) (£ 4 ) 0 (0

="y Py 2l
1 1 /
2,u (@ ;e; e (z, )| p*| nzelnyey(%y» + ﬂ <¢£§ce;nfye’y(way)| q |q)£zeznyzy(33ay)>-
P q

(2.40)
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As both terms can be evaluated similarly, let us focus on the first one. To start with, ® functions
are expressed using relations and . Because the p? operator only acts on the = part
of the ® function, the orthonormalisation of the ¢ function can be used to get rid of the y
dependence. In addition, considering that p? is a scalar operatoxﬂ Clebsh-Gordan coefficients

can be removed using results from [35] section 8.1.1],

@ﬁ;e;n;z; (z,y)|p? |¢£zzznyzy(wa Y)) = 01 L0nsn, 00,000, (Dnre,0()| P? [rpe,0(x)) . (2.41)

Relation ([2.12)) can then be used to evaluate the residual matrix element. Collating with the
analogous result for the g2 term, the following analytical expression for the kinetic energy matrix

energy is obtained,

@ @l (B L) jor, @)
ng e nt e (L5 Y 5 5 nalanyly \T> Y

Hq

) 5 (2.42)
= 5LfL5e;zz5%éy( ;2y Bp)gn, + 5 (K")”L”y)
with
(Kol = 5o (200 4+ o+ 3/2)0, + /0l + G 172)00 410,
z T 2m1m2
+ \/ng:(ng: +/0, + 1/2)5n;nz+1>7
N (2.43)
(Kq>n’yny - m <<2ny + ﬁy + 3/2)6”%”?/ T \/ny(ny * €y + 1/2)(5n;+1 "

/(0 by 1/2)0gn ).

The K, and K, matrices being independent of the a and b variational parameters, they can
be computed once for all at the beginning of the optimisation. Let us also mention that if the
three particles are identical and b = v/3a/2, due to symmetry properties of the trial states, both
terms from proves to be equal, thereby simplifying calculations.

Two-body potential matrix elements

The two-body potentials divide in three terms, one for each pair of particles. The one related
to particle 1 and 2 only depends on the x coordinate. Using the same arguments than for
relation ([2.41]) in the treatment of the non-relativistic kinetic energy, the y coordinate and the

6 An operator is called scalar if it commutes with all the angular momentum operators. Especially, when a
scalar operator acts on an angular momentum eigenstate, the resulting state retains this property.
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Clebsh-Gordan coefficients can be eliminated

@7[1/// ' ! /<w,y V a|x (pﬁ n Yy
(@, e, (T )| Vaiz(al2]) @ e, (@ Y) (2.44)

— 5118y, Oty (Priiz0(@)| Via(al@]) [0 1,0(2))

The remaining matrix element can be evaluated using the Talmi’s integral technology developed
in Section 2. 1.1

Both other two-body interactions depend explicitly on the & and y coordinates, thereby
making their evaluation less straightforward. Next developments focus on the V53 matrix

elements,

Ll ml
(@0 o e (T, Y)] Vas <‘by b

) L, (2.9)). (2.45)

To evaluate these matrix elements, the & and y coordinates can be rotated as in relation ([2.15).
An angle (3 is defined so that

cos(B1) = 22, sin() = La. (2.46)
B! g
with v, = \/b2m3, + a?m?. New & and ¢ coordinates are obtained by rotating —x and y with
angle —f,
5= (- My, =" (M),

mi2

The angle and the rotation have been chosen so that the argument of the V53 function is colinear
with the y coordinate. The inverse change of coordinates rotates & and y with angle 5, to
recover —x and y. Using relations (2.13)) and (2.16]), the ® functions can be rewritten in terms

of & and y,

q)rszexnyey (®,y) = (-1~ Z (Ve Aoy Ay; Lnglomyly; L)ﬁl (I)ic)\ﬁuyAy (@, 7). (2.48)

Ve AzVyAy

When inserted in (2.45)), equation ([2.48)) gives

) L, (@)

= (—1)%-&-% Z Z <1// NN - L’|n/ Oy L,>B1 <Vx>\asyy)\y; L]nxﬁxnyéy; L>51 (

xxVy My xtxtyty
Vg AzVyAy Ve ALV Ay

/ m
<‘I)£;e;n;,efy(may)| Vas ('by — —aw

mi2

2.49)

L ~ -~ Mo~ L ~ =
<q)1/;)\;u?;)\’y(w7y)’ Vas (m_u |y|) |(I)VIAZVyAy($> 9))
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which can be simplified using the same arguments than for Vi, and for the non-relativistic

kinetic energy,

L/ ml
<q>n;£;n'ye'y(m7 )| Vas <‘by - m_maw

) L, (@)

= Oy (—1)eth Z (vadovy Ay L lom, Oy L) o (vadavyAy; Linglonyby; L)

A1 (2.50)

ux)\xuy)\yl/é)\;
<(151/’)\’0(y)‘ L23 ( n ‘y‘) ‘¢V A 0<y)> :
vy Mo yAy

This formula, together with the Talmi’s integral technique, allows for an efficient evaluation of V53

matrix elements. However, because [3; explicitly depends on the a and b variational parameters,

Brody-Moshinsky coefficients will have to be recomputed at each step of the optimisation.
The Vi3 matrix element can be evaluated using the same technique than for V53. First, a 3y

angle is introduced so that

cos(fz) = Mz, sin(f3,) = —a. (2.51)
72 Y2
with 7o = \/b?m?2, + a®m3. New & and ¢ coordinates are defined by rotating —y and x with

angle — (5. The & coordinate appears to be proportional to the argument of V3 while relations

(2.13)), (2.14) and (2.16]) are used to rewrite the states in terms of the new coordinates. Finally,
simplifying the remaining matrix elements, a relation similar to (2.50) is obtainedﬂ

L/ m2
@n’zzgn{yz;(ma )| Vis (‘—by - m_waw

) L, (2.9))

_ 5L,L(_1)€x+€;c Z <V;)\;VyAy; L/’TL, g/ nl El . Ll)BQ <V$A:vyyAy; L|ny€yn$€z7 L>/52 (252)

yty'tata
Vg AgVy Ay VL],

~ Y2~ ~

(ol Vis (22181 (@)
mi2

Again, (5 depends on a and b, forcing to recompute Brody-Moshinsky coefficients at each

step of the optimisation. However, in presence of at least two identical particles (chosen as

1 and 2), relation ([1.48) can be used to show that Va3 and Vi3 matrix elements are equal.

Therefore, the evaluation of one of these two matrix elements and the associated calculation of

" The formula proposed in [28| differs a bit from the one presented here. The equivalence of the two formula
can be shown using symmetry properties of Brody-Moshinsky coefficients.
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Brody-Moshinsky coefficient can be avoided,
(Vaz + Vig) = 2 (Vag) . (2.53)

The same accounts for three identical particles: the three two-body potential matrix elements

are shown to be equal and the single calculation of Vi, is sufficient,
(Vig + Vaz + Viz) = 3(Vig) . (2.54)

Semi-relativistic matrix elements

The semi-relativistic matrix elements can be computed by switching to momentum rep-
resentation. Making use of relation (2.11]), the evaluation of these matrix elements reduces

to

@ﬁg;e;n;e; (z,y)| T,(p, q) |@£$z$nyey (z,y))

/ / ’ ! ’ * (255)
= PPl () et 2 / d’pd’q (q’ﬁgegn;eg (P, q)) T.(p, @) % 4,00, (P, Q)

The integral in the right-hand side is extremely similar to the ones evaluated for two-body
matrix elements. The T, function divides also in three terms. The third one only depends on

the g variable and can then be evaluated similarly to the Vi5 matrix element,

2

1/2
2n! +00 +2n! +-0) N\ 2ng+Ly+2n y ! *(q
32 Hla2mytly () 2natlet2ny /d3pd3q ((bﬁ%%% (p, q)) (b_2 +m§) q’ﬁmemnyey (p,q)

2

1/2
= (i)Qny+£”(—i)zny+2y5L'L5n;nx5e;em/d3q (an;e;o(Q))* (Z—Q +m§) Pryt,0(q)- (2.56)

The front phase proves real as long as a given parity is implemented. The residual integral has

the structure that Talmi’s integral technique is able to evaluate (see [Complement 2.A| for an

analytical formula). The two other terms can be evaluated following the same procedure than

for the V53 and Vi3 two-body matrix elements. Let us consider the following term at first,

) 1/2
/ * m q P
/dgp d’q <®£g€;n;e; (P Q)) <<_1— + —) + mf) (I)szzeznyéy (P, q). (2.57)

mio b a

New p and q coordinates are defined by rotating p and —q with angle —3;. On the one hand,

the p coordinate turns out to be proportional to the linear combination of p and g that occurs
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in the matrix element,

- m . abm
p=m (—1 1, 1—9> with 7 = C I (2.58)
mi2 b @ Vb2m3, + a?m?

On the other hand the ® functions can be rewritten in terms of the new coordinates making
use of relations (2.13]) and (2.16). Combining these results, eliminating the Clebsh-Gordan
coefficients and proceeding to integration on q, the aforementioned matrix element can be

evaluated by computingﬁ

9 1/2
’ * mi; q b
/d3p d’q (‘I)ﬁfze;n;% (p, Q)> ((m_mg + E) + m%) (I)ﬁzzznyey (p,q)

= (—1)%*% Z Z <V;)\;V{J}\;;L’|n;€;n;€;;[/>ﬁl (VeAevyAy; Linglonyby; L) o (2.59)

! ! ! \/
[ ZNA vy )\y Ve AzVyAy

~2 1/2
O, O\, /dgﬁ (6u2,0(P))" (% ‘f’m%) Pv.2.0(D)-
i

Once again the remaining integral can be evaluated using Talmi’s integral technology. Finally,

same tricks are used to compute the third matrix element,

9 1/2
, ((maq p
/ d’pd’q ((I)ﬁ;g;nfy% (P, Q)> <<—23 - —) + m%) @y t,mye, (P: ) (2.60)

New coordinates are defined by rotating p and q with angle — 5 and, using the same arguments,

the six-dimensional integral is reduced to®

) 1/2
’ * ma q p
/d3p d’q (‘bﬁgge;ng]@y (P, Q)> ((m—ug — 5) + m%) ‘Pﬁzeznyey (p,q)

- E E (y;)\;l/;)\;; L'[n’x&n;%; L/>Bg (Ve AayNy; Linglon,ly; L>62 (2.61)
VLNV, Ve day Ay
-

1/2
- ~\* [ P -
O, ON, A, / A*p (v 0(P)) (—2 + m%) Gupr.0(P)

Ub)

with 79 = abmia/+/b*m3, + a?m3 and where the remaining integrals can still be evaluated with

Talmi’s technique. In presence of two identical particles, thanks to symmetry properties of

8 The result in |28| slightly differs from the one presented here because, in this reference, parity conservation
has been used to simplify the phases.
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the states, this matrix element proves to be equal to the previous one, allowing to avoid its
evaluation. In presence of three identical particles, the three matrix elements proves to be equal
and only formula (2.56) is needed. Provided that a given parity is implemented, all matrix

elements of T' prove real.

Three-body potential matrix elements

Due to the x -y term in , three-body potential matrix elements seem harder to evaluate
than the two-body ones. In general, handling such an expression, which depends on the angle
between two coordinates, requires a multipole expansion. However in presence of at least two
identical particles (chosen as 1 and 2), this term disappears thanks to the vanishing my — my

coefficient,

mis mio

2 2 _
\/a2 (1 T L —l;m2> x? + 2b%y? + 2ab (w) x -y = /2b%y2 + 3/2a2x>. (2.62)

Under this assumption, the matrix elements can be evaluated naively, using directly the

expressions (2.3)) and (2.4) for the ® functions,

@ﬁ;;z;.n;,e;, (z,y)] W<\/2b2y2 + 3/2@2332) |‘I)£xzxnyey(1’, Y))

(2.63)
= 0ure, 0011, /IQdJJ y*dy R pr () Ruyer (y)W(\/2b2y2 + 3/2(121‘2) Ry, () Roye, (y).

Properties of Clebsh-Gordan coefficients [35] section 8.1.1] and spherical harmonics orthonormal-
ity relation [35] sections 5.1.4] have been used to get rid of the angular dependence. Within this
approach, matrix elements are given by two-dimensional integrals, resulting in a considerably
higher numerical cost than for the evaluation of matrix elements for two-body potentials.
However, if in addition the constraint on a and b for three identical particles is imposed, the

argument of W proves to be proportional to the hyperradius defined in (2.17]),

W<\/2b2y2 + 3/2a2m2> — W<\/3/_2ap> . (2.64)

It is worth noting that this relation requires that m; = my and b = V3a /2 but not that my = ms.
Therefore, the following developments can also be used for systems of two identical particles

provided that the second non-linear variational parameter is gave up. The matrix elements of a
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function that only depends on the hyperradius can easily be evaluated using property ([2.22)),

@ﬁée;n;e; (z,y)|W < \4 3/2ap> ‘(I)ﬁzeznyey (z,y))

e, L Loly
= Y (R IN'K,,, (nany|NK),, (O (o )W (V/3]2a0) 105 (0, )

N'K'NK
(2.65)
Expressions of ¥ functions are given in (2.21)). In the remaining matrix elements, five of the
six integrals are simplified using the orthogonality of hyperspherical harmonics [43, relation

(3.24)] and Clebsh-Gordan properties |35, section 8.1.1]. The remaining integrals reads (volume
element in hyperspherical coordinates is given in (2.95]))

e L by
(Wiirke (0. QW (V/3/2ap) 9552 (0, )

2.66
- (SL/L(S%(I(S%%(SK/K/dpp5RN/K(p)W<\/%ap> Rnk(p). (2.66)
This relation is extremely similar to relation and can be evaluated using the same strategy,
resulting in a modified Talmi’s integral technique. The proof of the formula for B(nf;n’¢’;p)
coefficients given in [38] is based on an explicit expression of Laguerre polynomials which
encompasses both integers and half-integers indices, factorials having simply to be replaced
by gamma functions [36]. Therefore, even if the half-integer [ + 1/2 index in the Laguerre
polynomial is replaced by an integer K + 2 index, this formula remains valid. It might have
required an adaptation because normalisation coefficients from and from are different
but these prove to cancel each other in the modified demonstration. As a consequence, the

following formula is obtained for the integral from ([2.66]),

/ dp PRk (p)W (\/%GP) Rk (p)

N'4+N+42E43 (2.67)
= ) B(N'K+3/2;NK +3/2;p)I,(W,/3/2a)
p=252

with I, defined in (2.10)). Together, formulas (2.65)), (2.66) and (2.67)) allow for an efficient

evaluation of three-body potential matrix elements. It as been numerically checked with different
W that these ones provide the same results than relation .

This hyperspherical coefficient methodology has been specifically implemented to manage
three-body forces in three-body systems. Nevertheless, it can be inexpensively generalised to
systems of NV identical particles. The corresponding developments are detailed in
2.Dl
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Evaluation of Observables

The matrix element calculation techniques introduced in this section allow for evaluations of
Hamiltonian matrix elements as well as expectation values of observables. Suppose that, using

the MacDonald theorem, an approximation for an eigenstate of an Hamiltonian H is obtained,

|\Ijépprox> = Z anfznyfy ‘(I)ﬁzéznyﬂy (CU, y)) (268)

Nglanyly

where the summation is restricted to terms satisfying 2n, + ¢, + 2n, + £, < Qmax, and the
coefficients Cy, ¢, n,¢, result from the diagonalisation of H. The expectation value of an observable
O(|r;;]) for this approximate state can be expressed in terms of matrix elements of O(|r;;/)

evaluated on the trial states,

< appr0x| O(|T'LJ |) |\Ilapprox>
Z Z C*, a /g/ an Lanyly < nl ¢! /g/ (CIZ y)’ O(”r’z]’) ’@nz Canyly (ZC, y)> . (269)

/ ! Pl
2wlanyly nelenyly

Developing efficient procedures to evaluate matrix elements like those on the right-hand side has
been one of the main focuses of this section. Consequently, once the approximate eigenstate is
determined, evaluating an observable becomes no more complex than calculating an additional
potential matrix. A similar argument applies to observables that depend on momentum variables
or the hyperradius. Recall that, for three identical particles, the trial states themselves are
linear combinations of ® states. The situation remains analogous, but the coefficients Cy,,¢,n,e,
become combinations of those obtained during symmetrisation and the diagonalisation of the

Hamiltonian matrix.

2.2 Including Spin Management

To extend the previous discussions and incorporate spin into the description, it is necessary to
complement the spatial trial states introduced in Section with spin states. Let us consider
three particles with spin s1, sy and s3, respectively. Three-body spin states |s;my; soma; s3ms)
were previously defined in Section [I.1.3] However, similar to the case of angular momentum,
it is often preferable to use spin trial states with well-defined total spin quantum numbers.
Individual spins can be coupled using a procedure analogous to that used for angular momentum

in equation (2.6). In this case, two successive two-body couplings are required to obtain a total
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spin for the trial states,

|((8182>512 83)S> = Z <812m1283m3|SM> <81m152m2|512m12> |slm1; S9M9; 83m3> . (270)

m12,Mm3,
m2,mi

As with angular momentum, since none of the matrix elements considered in this work depend
on the quantum number associated with the third total spin projection, S, it is omitted from
the notation. The above construction is only possible for s12 € {|s; — s2|, ..., s1 + $2} and
S € {|s12 — s3], ..., s12 + s3}. Consequently, by fixing the spins s, s2, s3 and targeting a specific
total spin S, only a finite number of three-body spin states can be constructed. These are the
states for which s15 € {|s1 — s2], ..., 51 +s2} and s15 € {|S — s3/, ..., S + s3}. The spin trial states
can now complement the spatial trial states to form new trial sets,

|0yt Xona) = | [0na, () 2n,, ()] ) @ 1((5152),, 83) ) - (2.71)

Depending on the problem, one may either retain the quantum numbers of S and L separately

or combine them into quantum numbers of the total angular momentum J = (L + S). In the

L .

nalonyly’ x5, ) are further coupled using Clebsh-Gordan coefficients again.

latter case, the states |®
However, in the current work, the OBE will only be used in the former case, as only spin-spin
interactions, such as those defined in , are considered.

Let us now turn to the evaluation of Hamiltonian matrix elements using the trial states .
Since none of the corresponding Hamiltonian terms affect the spin degrees of freedom, all the
formulas presented in Section can be extended to the new trial state by simply adding
Kronecker deltas for the spin quantum numbers, ds/504 ,,,- However, spin-spin interaction
potentials depend on the spin part of the state. When evaluating the corresponding
matrix elements, both factors in the potential act on the respective parts of the trial state as

follows,

@fzglcz;cn;/zg/; X;g'1/2| %}ss |¢’7sze,cnyéy§ X§12>
= <[90n;z;($)<ﬂn;,é;, (y)}L,| Vii(Iri = 75]) | [nae, () 0n, 0, (y)]L) (2.72)
(5152, 33) | S~ S | ((s152),, 59) )

The first factor on the right-hand side can be handled using the techniques from Section [2.1.4]

The second factor is discussed in the following paragraphs.
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Spin-Spin Interactions for Particles 1 and 2

Let us first focus on the contribution S - S3. By construction, the trial spin states ([2.70))
are chosen as eigenstates of the Casimir operator associated with the total angular momentum

of particles 1 and 2,

SZ, |((3152)512 33)5) = $12(812 + 1) |((3152)812 33)S> where S%, = (5'12)2 =(S1+ 82)2 . (2.73)

Since the spin of the three particles is definite from the outset, the trial spin states are also
eigenstates of the individual spin Casimir operators. The dot product S7 - Ss is conveniently

related to these operators,
1
S; -8y = 3 (S, — S;—53). (2.74)

As a result, states |((3152)S12 33)5) turn out to be eigenstates of the operator S - S5, leading to

the following diagonal matrix,

(((s182) 4 s3) [S1-82(((s5152),53))
( & >5’ ( )s (2.75)
(s12(s12 + 1) = s1(s1+ 1) — sa(s2 4+ 1)) 05750 5,

12

N =

This expression allows for straightforward evaluations of spin-spin matrix elements corresponding

to particles 1 and 2.

Spin-Spin interactions for particles 2 and 3

Computing spin matrix elements for interactions proportional to S - S3 is more challenging,
as the spin trial states (2.70)) are not eigenstates of the S2, Casimir operator. To address this
difficulty, one can switch the coupling scheme and define states where particles 2 and 3 are

coupled at first, instead of particles 1 and 2,

|(81 (8283)323)S> = Z (31m1323m23]SM> <82m253m3|323m23> |51m1; S21M2; 53m3> (2-76)
%2237;7;_?31
where so3 € {|s2 — s3], ..., S2 + s3} and sa3 € {|S — s1], ..., S + s1}. Since these two different sets

of spin trial states span the exact same spin Hilbert space, they can be related through a change
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of basis formula,

|((3182)512 33)s>
= (_1)$1+52+53+sz V2593 +1 {81 *2 812} |(81 (8253)523)S> )

S3 S S923

(2.77)

823

The coefficients {...} above are known as 65 symbols and, like Clebsh-Gordan coefficients, are
well-documented [35]. Using the expansion (2.77)) twice, matrix elements of Sa - S3 are reported
on the spin states from ([2.76]),

((s152), 55) | 82~ Sal((s152),,, 53)

ST S9 S ST S9 S
:1/23'12+1\/2312+1ZZ\/23§3+1\/2SQ3+1{1 ? 12}{1 : 12} (2.78)

/
shy 523 S3 S Sog S3 S S923

<<51 (5253)853)5/\ Sz - Sz |(51(5283),,,) o) -

The remaining matrix elements are evaluated using similar arguments as those used for S - Ss.

Finally, one obtains
((s152),58) | S2+ S (3152, 50) o

255'5\/(23'12+1)(2812+1)Z(28232+1>{81 : } { ; } 219

593 S3 S S23 S3 S 593

(523(s23 + 1) — s2(s2+ 1) — s3(s3 + 1))

Although slightly more intricate than the corresponding formula for particles 1 and 2, this result

enables efficient evaluations of spin matrix elements.

Spin-Spin Interactions for Particles 1 and 3

The situation closely parallels the computation of matrix elements for particles 2 and 3. Once
again, this problem is solved by switching to a different coupling scheme using a third set of

spin states

|(<8183)313 82>S> = Z (513m1332m2|SM> <51m153m3 513m13) |51m1; S91M9; 33m3> (280)

mi3,ms2
mi,m3
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where s13 € {|s1 — s3], ..., 51 + s3} and s13 € {|S — s2], ..., S + s2}. The corresponding change of

basis formula also involves 65 symbols,

|((s152),,,53) )
= (_1)52+s3+s12 D519 + 1 Z(_l)sm /2—813 1 {82 Sg 512} |((3153)313 52)S> ‘

53 513

(2.81)

513

By performing the same manipulations and using arguments similar to those used for Sy - Ss,

one obtains the following formula,
((s152),50) I S1- S [((s152)., 50) )

) 2 1 /
_ 55,5(_1)512—512\/(25/12 + 1)(2512 + 1)2 (%) {82 S1 812} {82 S1 512} (2.82)

S3 S S13 S3 S S13

513

(s13(s13+1) —s1(s1 +1) —s3(s3+ 1))

This formula enables efficient evaluation of the corresponding spin matrix elements. Notably, as
with spatial components, when two particles are identical, the matrix elements for S; - S3 and
S5 - S3 turn out to be equal. If all three particles are identical, all three spin-spin interaction
matrix elements become equal. However, in these cases, the full trial states, including both spin
and spatial components, must be symmetrised. This symmetrisation procedure is discussed in

the remainder of this section.

Symmetrisation with Spin Degrees of Freedom

To complete the picture of spin degrees of freedom, the spin trial state must be symmetrised.
As with spin-spin interactions, permutation operators act separately on both the spatial and spin
components. Since spatial components were addressed in Section [2.1.3] only spin components
remain to be discussed. To begin, the action of P, is examined. Using relation (2.70]) and the

properties of Clebsh-Gordan coefficients, one finds that

Pia |((5152),,, 53) o) = (=1)*17°27*12 [ ((s152),,, 53) o) (2.83)

where s; = so, since at least particles one and two are identical. As with spatial degrees of
freedom, the spin trial states are already either symmetric of anti-symmetric under the exchange
of particles 1 and 2. Therefore, implementing symmetry into the trial set only requires selecting

s1o values such that 2s — s15 has the expected parity. Notice that (—1)%7%2 is always a real
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number.

As with spatial components, the action of Ps3 is not limited to the addition of a phase factor.
For this reason, the Py3 matrix is constructed and subsequently diagonalised. In the presence of
spin, the formula must be supplemented with the following spin factor,

((s152),30) | Basl ((s150),0, 58) ) = (((s152), ) | ((s150),,2) ) (284)

where s; = so = s3 for three identical particles. Using the change of basis formula (2.81]) on the

bra, the following result is obtained,

((s152), ) | Pasl (5152),,, 55) o)

, Sy S1 Sio (2.85)
- 6S/S<—1)52+53+512+512 \/(25’12 + 1)(2812 + 1) .

S3 S 512

This formula provides the final ingredient necessary to handle spin degrees of freedom with the
OBE. Constructing symmetrised trial states follows the same procedure as that introduced in
Section [2.1.3], including the factor (2.85)) when evaluating Po3 matrix elements.

2.3 Tests of the Method

The basis states having been chosen and the formulas for the matrix elements having been
obtained, the method is ready for implementation. This section is devoted to various tests
aimed at assessing the accuracy of the method. Tests are performed on systems for which
other approximation methods, namely the hyperspherical harmonic expansion (HHE) and the
Lagrange mesh method (LMM), can supply a very accurate point of comparison. Reviews of
these two methods can be found in |46, |47] and in [48|, respectively. These tests are designed to
cover a diverse range of Hamiltonians including both non- and semi-relativistic kinematics, as

well as two-body and three-body interactions. Comparisons are made with data from existing

literature. The computational complexity of the OBE is discussed in [Complement 2.C}|

Throughout the following, a condensed notation |o;n; L) is used to denote the eigenstates
of the tested Hamiltonians. The label o denotes the symmetry of the state (+1 for a symmetric
state, —1 for an anti-symmetric state), P represents its parity (+ for an even state, — for an odd
state) and L indicates its total angular momentum. Lastly, the non-zero integer n differentiates

and orders the states according to their energy.
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2.3.1 Tests with Two-body Interactions

To start with, let us perform tests on systems bound by two-body interactions, considering
only non-relativistic kinematics at this stage. Two types of potentials are examined: power-law

and Gaussian interactions. Let us first focus on power-law interacting systems,

B P

‘/12(7”) = V23(7") = ‘/13(7’) = m?7

Wi(p) = 0. (2.86)
For simplicity, interactions are assumed identical even in presence of different particles. The
potential parameters are chosen to enable comparison with [25], which provides accurate solution
of the corresponding Hamiltonians using HHE. Parameters and energies are provided in this
reference in arbitrary units.

The first test considers three identical particles with unit masses. Seven ground state
eigenenergies are evaluated for values of # ranging from —1 to 3. Detailed results are provided
only for the linear interaction case 8 = 1, and special attention is also given to the Coulomb
interaction case § = —1. Figure [2.1| shows how the energy depends on the variational parameter
a for § = 1 and for various values of Q.. As expected, one observes minima corresponding
to the most accurate upper-bounds. The curve flattens as the number of quanta increases,
suggesting that optimising a for a small basis and reusing the obtained value for larger bases
does not significantly deteriorate the accuracy of the resulting upper-bound. Figure illustrate
the evolution of the upper-bound with increasing basis size after optimising a. As expected,
the approximate eigenenergy decreases and converges to the value reported in [25]. Table
2.1| presents results across the full range of 3 values. For positive 5 the OBE reproduces the
reference results with a relatively low number of quanta. The result is even exact for g = 2,
as in this case, the potential consists of a harmonic oscillator. It has been verified that
the optimised eigenvector contains only a single trial state. On the other hand, for negative 3
and particularly for the Coulomb case § = —1, the OBE appears less accurate. This is because,
even at Qna.x = 20, full convergence has not been totally reached, as illustrated in Figure [2.3]
This behaviour highlights a general feature of the OBE: divergent potentials require more trial
states to achieve a given level of accuracy. Even the method employed in [25], the HHE, does
not achieve high precision for the Coulomb interaction, as the upper-bounds obtained using
the OBE with more than 24 quanta lie slightly below the result from this reference. This is
consistent with general observations regarding the HHE.

Energies for systems with different particles are also provided in [25]. A system of three
bosons, where two have unit masses and the third has either a higher or a lower mass, denoted
M, is considered. These particles interact via the same power-law potential given in . The
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Figure 2.1: Upper-bounds obtained using the OBE are plotted depending on the variational
parameter a. The ground state energy of three identical non-relativistic bosons interacting via

(2.86) is considered. Arbitrary units are used: m = 1 and = 1. Calculations are shown for
various values of Q) ax.

3.86361 e Qmax N Egs
3.8635 1 4 4 3.863 594
' 6 7 3.863 424
* 8 11 3.863176

3.8634 4

10 16 3.863138
12 23 3.863112
14 31 3.863101

3.8633

Energies (arbitrary units)

3.8632 1 16 41  3.863 095

T, 18 53 3.863091

3.8631 L L 2 e s e P 20 67 3.863089
10 20 30 40 50 60 70

Number of trial states

Figure 2.2: Figure and table showing different approximations obtained using the OBE as
a function of the basis size. The ground state energy, Fs, of three identical non-relativistic
bosons interacting via (2.86|) is considered. Arbitrary units are used: m =1 and g = 1. The
non-linear variational parameter a is optimised at Q.x = 4, yielding a = 1.4461. In the figure,
the converged result is indicated by the dashed gray line. The eigenenergy reported in is
3.863 09.
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Qmax N Egs
10 16 —0.263 368

—02635] ° 12 23 —0.265008
o] 14 31 —0.265300
2 16 41 —0.265949
S 18 53  —0.266 137
% ' . 20 67 —0.266452
g 22 83  —0.266 586
g 0] T 24 102 —0.266 766
" -oaees, e 26 123 —0.266865

—0.2670 ° ° e ° 28 147  —0.266 980

25 50 75 100 125 150 175 200 30 174 —0.267056

Number of trial states

32 204 —0.267 136

Figure 2.3: This figure and table shows different approximations obtained using the OBE as
a function of the basis size. The ground state energy, Fy, of three identical non-relativistic
bosons interacting via is considered. Arbitrary units are used: m =1 and = —1. The
optimisation of the non-linear variational parameter a is performed at Q.. = 10, yielding
a = 2.8422. The eigenenergy reported in |25 is —0.266 75.

B OBE HHE [25]

—1.0 —0.26645 —0.26675
—-0.5 —0.59174 —0.59173
0.1 1.880 18 1.88019
0.5 2.916 53 2.916 54
1.0 3.863 09 3.863 09
2.0 5.196 15 5.196 15
3.0 6.15591 6.15591

Table 2.1: Ground state energies with L = 0, Ey, in arbitrary units for three identical non-
relativistic bosons interacting with potentials and having unit masses are given depending
on the potential parameter 5. Results from the OBE and from HHE are compared. The
maximum number of quanta used in the basis is Qunax = 20, with a computed for Q. = 10.



2.3. TESTS OF THE METHOD 62

4.9415

)J

4.9410

4.9405

4.9400

4.9395

(syun Asesnale) punog-1eddn

1.6 14
by 18 16
b, \
ity 2.0 18 @
Unjgs, 22 2o 2@

Figure 2.4: Upper-bounds obtained using the OBE are plotted depending on the variational
parameters a and b. The ground state energy, Fy,, of three non-relativistic bosons interacting
via is considered. The first two identical bosons have unit masses, while the third one
has M = 0.2. Linear interactions § = 1 are implemented. Calculation are shown for ()., = 10.

optimisation process for non-linear variational parameters a and b is illustrated in Figure [2.4] for
M = 0.2 and 8 = 1. Results obtained using the OBE are compared to those from in Table
2.2 Both methods show strong agreement on the ground state energy.

To illustrate the OBE with a more physical system, while still considering only two-body

interactions, one may examine a system of three identical non-relativistic bosons interacting

with Gaussian potentials,
Via(r) = Vag(r) = Vig(r) = —Vpe "1/, W (p) = 0. (2.87)

The parameters, taken from , , are given in atomic units: Vp = 1.227 K, R = 10.03 at.u.,
po = 13.85 at.u. and m = 0.0231048 (at.u.)"2K~'. In references , , this potential serves
as a first approximation for modelling Helium trimers. These references evaluate the ground
state eigenenergies by mean of a LMM and a HHE, respectively. A more refined Hamiltonian,
incorporating a three-body interaction, will be discussed later in this section. Table presents
the ground state energy obtained using the OBE for different basis sizes. The upper-bound
converges to —0.1504 Kelvin, a value consistent with the result reported in , . These

references also indicates the presence of a weakly bound excited state at —2.467 millikelvin.
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M =0.2 M =5

] OBE  HHE [25] ] OBE  HHE [25]
-1 —0.1398 —0.1398 -1 —0.3841 —0.3848
0.1  1.9452 1.9452 0.1  1.8486 1.8486
1 4.9392 4.9392 1 3.4379 3.4379
2 7.5730 7.5730 2 4.3729 4.3729
3 9.7389 9.7389 3 5.0166 5.0166

Table 2.2: Ground state energies, Fy, in arbitrary units for a system of three non-relativistic
bosons interacting via the potential are given depending on . The first two identical
bosons have unit masses, while the third has either M = 0.2 or M = 5. Results from the OBE
and HHE [25] are compared. The maximal number of quanta used in basis is Quax = 20, with a
optimised for Q. = 10.

Qmax N By

10 16 —0.1468
12 23 —0.1492
14 31 —0.1493
16 41 —0.1500
18 53  —0.1501
20 67  —0.1503
22 83  —0.1503
24 102 —0.1504

Table 2.3: Ground state energies, Ey,, for a system of three identical non-relativistic bosons
interacting with potentials are given in atomic units depending on the basis size, N. The
optimisation on the non-linear variational parameter a has been performed at (),,.x = 10, yielding
a = 12.8625 at.u. The ground state energy reported in [10] is —0.1504 K and —0.1504260932952
K in [48].

However, due to its weak binding, the OBE does not detect any excited state even for Q,.x = 30.

2.3.2 Tests with Three-body Interactions

Tests can now be performed on systems only bounded with three-body forces. At first, a
system of three non-relativistic bosons interacting through an attractive three-body Gaussian

potential is considered,
Via(r) = Vas(r) = Vas(r) = 0, W(p) = —3Y3 e 7177, (2.88)

Unit masses are used. Parameters have been chosen to allow the comparison with results

obtained in [48, p.87] using LMM in hyperspherical coordinates. Only the ground state energy
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Qmax N a Egs

6 7 1.6695 —1.739737863
8 11 1.6921 —1.739828778
10 16 1.6868 —1.739828773
12 23 1.6365 —1.739 830590
14 31 1.6365 —1.739830808
16 41 1.6365 —1.739830913
18 53 1.6365 —1.739830929
20 67 1.6365 —1.739830936
22 83 1.6365 —1.739830937
24 102 1.6365 —1.739830938

Table 2.4: Ground state energies, E,, for a system of three identical non-relativistic bosons
interacting with potentials are given in arbitrary units depending on the basis size, V.
For Quna.x = 6,8,10,12, optimisation on the non-linear parameter a has been performed for
Q = Quax- For Quax > 12, the a value is computed for Q = 12. The ground state energy
reported in [48] is —1.739 830 938.

OBE LMM [48]
[1;1;07) —1.739830938 —1.739830938
11;2;07)  —0.552311353  —0.552311965
1;1;2%)  —0.373040428  —0.373040 920

) I

Table 2.5: Energies for the three lowest states for a system of three identical bosons interacting
with potentials (2.88)) in arbitrary units. Results from the OBE and from LMM [48] are compared.
The maximal number of quanta used in the basis is Quax = 24 with a computed for Q. = 12.

is supplied in the text but equations can easily be implemented to produce excited energies too.
The ground state energies given by the OBE for this system and for different sizes of the basis
are compiled in Table 2.4, Various optimisations on a are conducted for small basis sizes to
illustrate the stability of the optimum, even in the presence of three-body forces. Energies for
the three lowest states from the OBE are compared to the ones from LMM in Table 2.5 The
OBE is able to reproduce the energy spectrum up to nine to six digits depending on the energy
level. Let us mention that the method used in |48] is particularly efficient for such a system
whose potential only depends on the hyperradius variable . Hyperspherical equations
become uncoupled and the system is entirely described by a single-variable hyperradial equation
which is solved with the LMM.

In addition to Gaussian interactions, three-body power potentials can easily be implemented

too. A system of three non-relativistic bosons interacting through a three-body Colombian
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OBE LMM
[1;1;07)  —0.23991274 —0.239999 98
11;2;0%)  —0.12194951 —0.12244897
11;1;27)  —0.07406753 —0.074 07407
11;3;07)  —0.07293173 —0.074 07407
11;1;17)  —0.04958424 —0.04958678
11;1;37)  —0.04958424 —0.049586 78

Table 2.6: Energies in arbitrary units of the six lowest states for a system of three identical
bosons interacting with potentials in arbitrary units. Results from the OBE and from
LMM are compared (see text). The maximal number of quanta used in basis is Quax = 28 with
a computed for () = 16.

potential is considered,

Via(r) = Vas(r) = Via(r) =0, Wip) ==, (2.89)
Unit masses are also used. This system is chosen to investigate the effect of a divergent potential
rather than for its physical relevance. Nevertheless, a similar interaction was used in [13| to
model the baryon spectrum. Accurate eigenenergies can again be obtained by solving equations
from [48]. These are compared to results from the OBE in Table 2.6 Degeneracies between
|1;3;0%) and |1;1;2%), as well as between |1;1;17) and |1;1;37) are observed in the spectrum.
The first is inherent to the Coulombian shape and is not perfectly reproduced by the OBE due
to a lack of convergence. The second occurs for any hyperradial potential and can be explained
by the pure dependence of the system on the hyperradius. The aforementioned hyperradial
equation which rules the dynamics of the system only depends on the K quantum number of the
hyperspherical harmonic, thereby producing degeneracies in the spectrum. Concerning accuracy,
the OBE seems less efficient than in the previous test. For two-body potential, it is already
well-known than divergences deteriorate the accuracy of the OBE. This feature seems to apply
for three-body forces too. More accurate results can of course be obtained by increasing the

number of quanta.

2.3.3 Tests with Two- and Three-body Interactions

Physical systems, including both two- and three-body interactions can also be investigated.

A first test is performed on a system of three non-relativistic identical bosons interacting with
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[1;1;07) OBE HHE [49] [1;2;07) OBE HHE [49] [1;1;2F¥) OBE HHE [49]
E 0.363  0.360 E 1.953 1.947 E 2397 2.395
(r) 1.368  1.367 (r) 2220 2.216 (r) 2.368  2.366

Table 2.7: Energies and mean values in arbitrary units for the inter-particles distance of the
three lowest states for a system of three identical bosons interacting with potentials .
Results from the OBE and from HHE are compared. The maximal number of quanta used in
basis is Qmax = 24 with a computed for @) = 12.

two-body attractive Coulomb interactions and confined by a three-body linear potential,

Via(r) = Vaslr) = Vislr) = — Wio)= 5 (2.90)

A more sophisticated version of this potential is used for the description of baryonic bound states
in [39]. Unit masses are used. The comparison is conducted with results from an HHE [49).
This time, energies and mean-values of the inter-particle distances are investigated for the three
lowest states in Table Symmetry properties ensure that this mean-value is independent of
the chosen pair of particles. As already mentioned, for very divergent potentials, such as the
Coulomb potential, the OBE often exhibits reduced accuracy. In the current test, the method
proved to be able to provide energies and mean-values with three significant digits.

Finally, the system of three identical non-relativistic bosons that interacts through two-body
attractive interactions is extended, adding a three-body repulsive Gaussian interaction.
The ground and first excited state energies for such a system are also provided in [48, p.87] and

in [10]. These references use
Via(r) = Vag(r) = Vig(r) = —Vpe 12/ B, W (p) = Woe /5. (2.91)

with V5 = 1.227 K, Wy = 0.279 K, R = 10.03 at.u., pp = 13.85 at.u. and with masses of
0.0231048 (at.u.)2K.”'. In |10, 48|, this potential is used to describe Helium trimers. The
energy and mean-value of the inter-particle distance provided by the OBE, by the LMM and
by the HHE are presented in Table 2.8 The ground state energy upper bound given by the
OBE is in agreement with both other results. Mean-values were not computed in [10] but both
OBE and LMM evaluations are compatible. In addition to the ground state, an excited state is
mentioned in |10, |48]. Again, this state is so weakly bound that the OBE cannot provide any
approximation for it, even up to 30 quanta.

One may continue to test the OBE with systems including spin-spin interactions or semi-

relativistic kinematics. For instance, reference [28] demonstrates the use of the OBE in repro-
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[1,1,07)  OBE LMM [48] FHE [10]
E (K) —0.1263 —0.1264 —0.1264
(r) (a.u.) 17.4010 17.4707 N.A.

Table 2.8: Ground state energies, E, and mean values for the inter-particle distance, (r), are
given in atomic units for a system of three identical bosons interacting with potentials .
Results from the OBE, from the literature (LMM [48] and HHE [10]) are compared. For HHE,
mean-value is not provided in the literature. The chosen maximal number of quanta in the basis
is Qmax = 24 with a computed for ) = 12.

ducing certain levels of the baryon spectrum by using semi-relativistic kinematics. However,
to avoid an overflow of tests and because Chapter [5]is entirely dedicated to this topic, these

additional applications are not covered in the current chapteif’}

2.4 Conclusion: Why the OBE?

The OBE is a versatile and efficient approach for obtaining approximate eigenenergies and
eigenfunctions in three-body systems. One of the key advantages of the OBE is its ability to
easily handle both non- and semi-relativistic kinematics. Although not explicitly presented
here, the formulas derived in this work can be generalized to accommodate arbitrary kinematics.
Such Hamiltonians are encountered, for example, in atomic physics [50], hadronic physics |51]
in quantum mechanics with a minimal length [52] and in fractional quantum mechanics [53].
In [29], the OBE originally designed for two-body interactions is extended to handle a specific
class of three-body forces, thereby broadening its applicability. The method also allows for
easy incorporation of symmetries, angular momentum, and parity quantum numbers into the
obtained approximations.

Efficient computation of the corresponding matrix elements is achieved by decomposing the
trial states into harmonic oscillator eigenstates within rotated or hyperspherical coordinates.
The coefficients of these decompositions are evaluated through algebraic expressions. This
strategy enables matrix element evaluations at a rate two orders of magnitude faster than using
intensive numerical integrations. On the other hand, the OBE has been validated by comparing
its approximations for the lowest eigenenergies and for the mean values of interparticle distances
with results obtained using the HHE and the LMM. In short, the OBE proves to be a valuable
compromise between accuracy, computational time and technical complexity.

These strengths make the OBE a valuable method, which has been used, for example, in

9 Although not presented in this document, the corresponding tests have been successfully conducted to validate
the implementation used in the following.
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hadronic physics, as demonstrated in references |30, 31}, 32, |33} [34]. Moreover, the method can
also be used to validate and assess the efficiency of other approximation strategies. For instance,
the generalisation of the OBE to handle three-body forces has been used in [54] to evaluate the
accuracy of the envelope theory, another approximation method discussed in the next chapter.
In a current research, the OBE is also employed to evaluate the efficiency of the quark-diquark

approximation in baryon spectroscopy.

Complement 2.A Analytical formulas for Talmi’s integrals

This complement provides analytical expressions of Talmi’s integrals (2.10|) associated with
the few O functions that are used in this paper. For power potentials (including the linear and

Coulomb potentials used in Section , these integrals are easily expressed in terms of Gamma

functions,
L(p+3/2+5/2)
I, (O(z) = az’,a) = ad” 2.92
p( (x) ax,a) aa T+ 3/2) (2.92)
Gaussian potentials (also employed in Section admit analytical expressions as well,
I, (O(x) = ae P, a) =a (14 a?p)327. (2.93)

The treatment of semi-relativistic kinetic energies in Section relies on some Talmi’s integrals

that also possess analytical expressions [28§],

a? 2

(0@ = vEraa) —a (%) 0 (p+ 3+ s 5) (2.94)

where U denotes confluent hypergeometric functions of the second kind [36].

Complement 2.B Evaluation of the Hyperspherical coeffi-

cients

The hyperspherical coefficients introduced in Section are defined in equation ([2.23|) as the
overlap integral of two ®% , , (z,y) and ®'zv" (p, Q) functions. This Appendix is dedicated
to development of a closed formula that allows for an efficient evaluation of these coefficients.

First, the six-dimensional volume element can be turned into hyperspherical coordinates [43],

d*z d*y = p°sin 6, sin 0, (sin a)*(cos a)® dp df, de,, 46, dp, da. (2.95)
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Using properties of spherical harmonics and Clebsh-Gordan coefficients [35, sections 5.1.4 and

8.1.1], this integral on ® and ¥ functions reduces to an integral on R and R functions,

(neny|NK), , = // PP R0, (psin @) Ry, ¢, (pcos )Rk (p) N2 .
2.96
bot3.0y+3)

(sin @) 2 (cos a)ZyHRS (cos 2a) dp da.

Integrals over angular degrees of freedom yielded a value of 1. Let us remind that n is a notation

shortcut for (K — ¢, — ¢,)/2. Substituting R and R functions by their definitions (2.3 and
(2.21)), the integral becomes

00 /2
IV g, = C [ apg? K P L) [ da sina) e cos o)
0

0 (2.97)
1o 41
Prg€z+27€y+2) (COS 2a)L£Z+1/2<p2 Sin2 a)LfLyy+l/2(p2 C052 CY)
where C' is a factor that gathers all the normalisation coefficients,
8(n,!) (n,!)(N! 2
I'(ng + 4, +3/2)0'(n, + ¢, +3/2)I' (K + N + 3)

To get rid of the generalized Laguerre and Jacobi polynomials, one can replace them by their

polynomial expressions [36], formulas 22.3.1 and 22.3.9],

Li) = Y1y () - (2.00)

, n—1) 1l
=0

T [EU IO O T

The symbol ( ) refers to the usual binomial coefficient defined in terms of gamma functions as

T\ _ ['(z+1)
<y) T Tyt D@ —y+1) (2.101)
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Once these replacements are performed, the hyperspherical coefficients are expressed as a the

result of four sums,

N n
B (=1)* (N + K +2 nem (Ml + 3\ (n+ 0+ 1
(nxny|NK>£Z£y = CZ m N s Z(—l) n—m m

s=0 m=0
(D) g+ L+ 3\ = (21 (ny 4, + 2
>y = AR D Dl G (2.102)
— Ng — 1 = I Ny —J

; j —p? . 20z +1+1 — 2(0y+1+7
/dpp5+€x+€y+K+22+2j+25€ p /dO_/ (SlIl O[) (bx+1+i+n—m) (COS Oé) (by+1+j+m) '

The integrals on p and a being decoupled, they can be evaluated and expressed in terms of
gamma functions |36}, formulas 6.2.1, 6.2.2, 7.4.4 and 7.4.5],

o) ‘ . 1
2/ dppe® =T (“; ) , (2.103)
0

(2.104)

N n
(=1 (N+ K +2 nem (ML + 5\ (n+ L+ 5
(neny|NK), , =C Y 0(_1) S S

(=1 (g + €+ 2\ = (1) [y + 0, + 3
5 i ZT . (2.105)

=0

F(WTy”{+3+z'+j+s)F(€$+z‘+n—m+§)r(£y+y‘+m+§)
AT (lp+ Ly +n+7+i+3) '

This formula enables to compute accurately all the hyperspherical coefficients. It is consistent
with the formula for (n,n,[0K), ¢, 8lven in [42]. As the value of 2n, + ¢, + 2n, + ¢, increases,
the number of coefficients to compute as well as the time needed to evaluate the four sums also
increase. Nevertheless, since the hyperspherical coefficients does not depend of any parameters,
they do not have to be recomputed every time. A single evaluation beforehand and the storage
of the result in a data file allows to retrieve the coefficients efficiently. Using the Mathematica
software, all the hyperspherical coefficients until 2n, + ¢, + 2n, + ¢, = 40 have been computed
in a few hours on a regular laptop computer. Both ‘bﬁxexnyey and \Ilf\?%L sets of states from
relation being orthonormalised, hyperspherical coefficients satisfy the following probability
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conservation relation,

> (nany|INK); , =1 (2.106)
NK ‘

with the constraint 2N + K = 2n, + {, + 2n, + ¢, in the summations. This relation provides a

useful consistency check to estimate the accuracy of the computed coefficients.

Complement 2.C Complexity Tests

One may wonder to what extend the use of Brody-Moshinsky and hyperspherical coefficients
reduces the computational time required for evaluating Hamiltonian matrix elements. To
investigate this, the management of three-body forces will be considered as an example. A
comparison in runtime is conducted between the use of hyperspherical coefficients and naive
numerical integrations of . This comparison involves a three-boson system with non-
relativistic kinematics, unit masses, and a single attractive linear three-body potential, as defined

below,
Vig(r) = Vaz(r) = Viz(r) =0, Wip) = 5p. (2.107)

Ground-state evaluations, without optimisation of the variational parameter, are executed for
different basis lengths (using Python3 for programming). The use of hyperspherical coefficients
appears to reduce the runtime by approximately two orders of magnitude compared to performing
intensive numerical integrations. The evaluation time as a function of the number of states
in the basis roughly follows a power law with an exponent of 3.2. Given the duration for a
specific basis size, this indicative fit provides an estimate of the time required for evaluations
with an increased number of quanta. However, let us remind that hyperspherical coefficients
have been precomputed and stored in advance, requiring only their retrieval during each run.
This pre-computation is possible because hyperspherical coefficients are independent of the
specific three-body interaction considered and the non-linear variational parameters a and b.
The evaluation of hyperspherical coefficients using formula seems to roughly follow a
power law with an exponent of 2.0.

The situation differs slightly for two-body forces, where Brody-Moshinsky coefficients must
be recomputed for each set of a and b values. In fact, evaluating these coefficients using the
formulas (3.6)-(3.7) from [41] is significantly less computationally expensive than evaluating
hyperspherical coefficients. Notably, for three identical particles, the process is further simplified,
since only Brody-Moshinsky coefficients with an angle of 7/2 are required. However, calculations

involving only identical particles require a time-consuming symmetrisation step, which balances
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the overall duration. To assess the evaluation time in the presence of two-body interactions,

tests are conducted on systems of three particles interacting via two-body linear potentials,

Via(r) = Vag(r) = Vis(r) = %r, W(p) = 0. (2.108)

Both a system of three identical bosons with unit masses and a system of two identical bosons
with unit masses and a third particle with M = 5 are investigated. In the former case, the
evaluation time as a function of the number of states in the basis roughly follows the same power
law with an exponent of 3.2 as observed for three-body interactions. In the latter case, the
evaluation time appears to follow a power law with an exponent of 2.3. In summary, compared
to a more naive evaluation method, the use of Brody-Moshinsky coefficients for two-body
interactions reduces the computational cost by at least the same magnitude as hyperspherical
coefficients do for three-body forces.

This section also provides an opportunity to mention that hyperspherical coefficients can be
used to handle systems containing two identical particles and one distinct particle. However,
this approach necessitates forfeiting one of the two non-linear variational parameters, thereby
reducing the accuracy of the resulting upper bounds. Despite this trade-off, the potential time
savings during evaluations may enable the exploration of larger basis sizes. Thus, it remains
unclear whether the use of hyperspherical coefficients will enhance overall accuracy. To address
this question, a test is conducted on the ground state of a system involving two bosons of
mass 1 and a third particle of mass 10, interacting through the three-body potential .
Allocating 500 seconds for both methods, their respective accuracies are compared. Because
the optimisation process duration depends on the inserted seed for a and b, in this test, the
user has been assumed to possess the first digit of the optimised values of a and b. The results
indicate that hyperspherical coefficients deliver a rapid and precise upper bound for the ground
state while two-dimensional integrals struggles to achieve a commensurate level of accuracy
even after 500 seconds. It turns out that, using the two-parameters method, the optimised value
of b aligns in magnitude with v/3a/2 for the chosen system. This feature can explain the low

loss of accuracy upon setting from the beginning b = v/3a/2.

Complement 2.D Possible generalisation

The OBE method, in its most general form, extends beyond systems with merely three
particles. If the management of two-body forces for bigger systems is already well established in

the literature [31], the hyperspherical coefficient method has initially been developed for systems
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of three identical particles. However, this approach readily accommodates handling three-body
forces within systems containing a greater number of identical particles. In these instances, the
harmonic oscillator eigenstates are constructed by sequentially coupling the i*" Jacobi variable

to the preceding ¢ — 1 variables,

Ol @ @not) = [ [[Bu (@) 00 (@), 00 (@0)], ] (2109)

where x; represents the i*" Jacobi coordinates within the N-body system. Consequently, any
N-particle oscillator eigenstate encompasses a three-particle oscillator eigenstate. It allows to
evaluate the matrix elements of the three-body interaction W(pia3) (with p2, = 13, + 75 + %)

can be evaluated using hyperspherical coefficients,

VAN N 74 l120123...L
(@ o W pr2s) [ 2500 0 ) = Onna Oty Om im0ty on 1 08y t10 0L/ L
4 ¢
<®n1/12,€/1n/2fl2 (wl? m2)| W(p123) |CI)n112E1n2€2 (wl) w2)> *

(2.110)
Furthermore, thanks to the symmetry properties of the wave-function for N identical particles,
all matrix elements associated with other triplets of particles are equal to those associated with
particle 1, 2 and 3,
. 0ol g L G120193... L
Vi, j,ke{l,... N}, <<I>n1,12€/11fj°’n,N_14V_1|W(pijk) |(I)n112€1133nN_1£N_1>

_ <¢£/12Z/123“,L/ KlN—l, W(p123> |(I)612£123...L > )

nil..nly_, nily.nny_14n_1

(2.111)

This implies that all the necessary matrix element are derived without the need for new formula.
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This chapter in the context of a thesis

This chapter covers one of the main topic I worked on during my PhD. The entire first six
months were dedicated to implementing the method. It was initially intended to be used
in conjunction with the helicity formalism to compute the three-gluon glueball spectrum.
However, difficulties encountered during the research rendered this approach ineffective.
Nevertheless, the resulting three-body code has been, and continues to be, extensively used
within the research unit. It enabled us to easily test the accuracy of the resolution method
discussed in the next chapter |54} [55], and it was used to study quark core dynamics in
hybrid baryons, as part of a study led by L. Cimino [56]. It has also been applied in the
context of two-gluon glueballs, allowing for a comparison between spectra obtained using
spin versus helicity degrees of freedom for the gluons. More recently, it is being used by
C. Tourbez to investigate the quark-diquark approximation in baryons (a topic briefly
introduced in Part , and it will support future work by J. Viseur in extending the study
of hybrid baryons initiated by L. Cimino.

Beyond the implementation, the method was also extended to handle a specific class of
K-body forces. In a collaborative effort with S. Youcef Khodja [29], we developed an efficient
approach to compute three-body matrix elements on harmonic oscillator eigenstates, as

introduced in this chapter. This extension was, of course, thoroughly tested.



Chapter 3

The Envelope Theory: a Step Toward
Many-Body Systems

Most resolution methods for the time-independent Schrodinger equation in many-body
quantum systems, including the OBE discussed in Chapter [2| rely on numerical computations.
These methods tend to be highly accurate but require months of development and implementation.
Their computational cost also increases with the number of particles, making the treatment
of very large system highly challenging. In addition to these accurate but computationally
expensive approximation methods, simpler techniques also warrant significant interest. Among
such convenient approaches is the envelope theory (ET) [57, 58, [59} |60], also known as the
auxiliary field method [61} [62]. The ET stands out as an easy-to-use approach with several

advantages:
(i) it can handle general Hamiltonians with non-standard kinematics in arbitrary dimensions;
(ii) its computational cost is independent of the number of particles;
(iii) in favourable cases, the approximate eigenvalues obtained via the ET can proves analytical;

(iv) in favourable cases, these approximate eigenvalues can prove to be either lower or upper

bounds.

The fundamental idea behind this method is to replace the Hamiltonian H under study with
auxiliary Hamiltonians H that are exactly solvable [62]. In practice, these auxiliary Hamiltonians
are chosen to be many-body harmonic oscillators Hy,, which are exactly solvable for arbitrary
dimensions [22, 63|. Ultimately, obtaining an approximate spectrum requires no more than

solving a finite set of algebraic equations.

75
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While the ET is generally reliable, its accuracy is difficult to assess due to the absence of
convergence scheme. To address this limitation, various studies have been conducted. First, an
improvement procedure for the method has been developed in [64, 65]. This enhancement is
based on modifying the global harmonic oscillator quantum number and coupling the ET with
an independent resolution method, the dominantly orbital state method (DOSM). This approach
yields a second approximation, which is almost always more accurate than the original one. The
difference between the two approximations provides an estimate of the accuracy level. Second,
various tests of the method have been performed, comparing ET results with those obtained
from accurate resolution methods [55| (54, 66, |67, 68]. These tests provide insights into the
conditions under which the ET tends to be accurate. They demonstrated that the ET yields low
relative errors for certain favourable systems, such as those with linear or Gaussian potentials,
but exhibits lower accuracy for systems with Coulomb interactions. Although applying the
improvement procedure sometimes allows for reasonably good results [64], in atomic spectra,
both the ET and its improved version failed to reproduce binding energies accurately [65]. Two
hypotheses, tested in [55], have been proposed to explain this limitation: the presence of a
singularity in the potential, and the coexistence of attractive and repulsive components.

Regarding its applicability, the ET produces fairly accurate results for baryon spectra within
the framework of potential models with QCD-inspired interactions [66]. The method has also
been employed for hybrid mesons in [69]. The ET proves particularly useful in situations where
the number of particles can be arbitrary large, such as in the large- N, formulation of QCD |12,
70, 71}, |72}, (73], 74][1-]. The method has also been used to explore a possible quasi Kepler’s third
law for quantum many-body systems |75} 76]. Additionally, the ET can serve to validate precise
numerical calculations, as in |77, or provide quick estimates to supplement them (see Section
. Lastly, in [78|, the method was applied to the study exciton states, emphasising on its
pedagogical value as an accessible analytical approximation technique.

This chapter builds upon and significantly expands the text from references [29]. Section
introduces the fundamental principles of the ET for systems of N identical particles. Section
develops the core concepts of the approximation method, while Section [3.1.2] and Section
present the main equations and properties essential for practical applications. Section
focuses on the improved version of the ET, and Section [3.1.5] explores some generalisations
of the method. Additionally, Section discusses approximations for observables. Finally,
Section [3.1.7] examines tests and applications of the method. The second part of the chapter
extends the ET to systems composed of different particles, following a structure similar to that

used for identical particles. Given the increased complexity of calculations in this context, most

L n |69, 70, 71, |72, 73, |74], an earlier version of the ET was used without being named as such
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derivations are deferred to the corresponding articles.

3.1 Envelope Theory for Systems of Identical Particles

Historically, the ET was first introduced by R.L. Hall as a geometrical technique that
approximates a given Hamiltonian by "enveloping" its potential with exactly solvable ones |57,
58, (59, 60]. Independently and as a generalization of earlier works by Y.A. Simonov |79, 80|,
the method was rediscovered 20 years later by B. Silvestre-Brac, C. Semay and F. Buisseret
under the name "auxiliary field method" [81} 82, 83, [84]. The equivalence of both approaches
was demonstrated a few month later [85]. Although these two formulations complement each
other, and most recent developments have been carried on within the auxiliary field framework,
historical precedence dictates the retention of the oldest name. In this work, for pedagogical
clarity and consistency with subsequent applications, the ET is introduced following the approach
established by the auxiliary field method.

3.1.1 The envelope theory as an auxiliary field method

This section introduces the approximation underlying the ET using a simple system. Consider
two non-relativistic with mass m and identical particles interacting with a generic two-body
potential V|

H2p—12+p—22—£2+‘/(|7“1—’r2|) (3.1)
2m  2m  4Am
where P = p; + p is the total momentum of the system. The system is expressed in relative

coordinates,

T1+ T2
2 Y

=171 — T2, R = (3.2)

:Pl—pz
2 )

Above, p and P are conjugate to » and R, respectively. In these coordinates, the Hamiltonian

of the system simplifies to
2

H= % + V(r). (3.4)

where 7 = |r|. Analytical solutions for the spectrum of this Hamiltonian exist only for specific

choices of V. Let us introduce one such analytically solvable potentials, given by a)(r), where
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a € R. The corresponding Hamiltonian is denoted by H(a),

P’
H(a) = — + aV(r). (3.5)

m
Its spectrum is denoted €(a). The following construction may seem artificial at first, but its

usefulness will become clear later. From V and V, the following K function is defined,

K(z) = (3.6)

where V' is the derivative of V' with respect to its argument. The inverse function of K is
denoted by J,

J(K(x)) =z, K(J(z)) = =. (3.7)

Using J, an auziliary potential ‘N/(r, y) is constructed. It depends on an additional variable y,

Vi(r,y) =yV(r) + V(J(y)) —yV(J(y)). (3.8)

In the following, v is treated as a generic function of the position operator, and is referred to as

an auxiliary field. The auxiliary potential is then used to define an auxiliary Hamiltonian H ,

Ay =2

+V(r,y) (3.9)
The key property of H is that it contains the solution of the original Hamiltonian. By choosing
the auxiliary field as y(r) = K(r) and using definitions ({3.7)), one recovers H from H. This
choice of y(r) corresponds to imposing a functional extremisation condition on the auxiliary

Hamiltonian,
0 ~
H(y =0 & ylr)=K(r). 3.10
W) o(r) = K1) (310

Thus far, the description of the problem remains exact, though somewhat indirect. The auxiliary
field method, later shown to be equivalent to the ET, suggests approximating the auxiliary
field y(r) as a simpler auxiliary real parameter y. This approximation reduces the auxiliary

Hamiltonian to the exactly solvable form H, up to additive terms depending only on y,

H(y) =H(y) + [V(J(y) —yV(J()]- (3.11)
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By assumption, the spectrum of H(y), denoted é(y), is analytical,

éy) =e(y) + (V(J(y)) —yV(J(y))) - (3.12)

The spectrum €(y) provides an approximation of the true spectrum if the auxiliary parameter
satisfies a condition analogous to the functional extremisation constraint (3.10f). Since the field

has become a parameter, this constraint simplifies to an extremisation on the spectrum of H,

0 _
a—ye(y) =0. (3.13)

Yo

As a result, choosing an exactly solvable potential ¥V and solving the above equation yield
values €(1o) that approximate the true spectrum. Additionally, the eigenvectors of the auxiliary
Hamiltonians can serve as approximations of the true eigenvectors. When both potentials V'
and ) are not overly complex, equation can often be solved analytically. Otherwise,
it can be handled numerically with minimal computational effort, typically requiring only a
few hours of coding and a few seconds of runtime. A closer examination of reveals an
interesting property of the approximation frame: the extremum yo depends on the energy level.
Consequently, the ET approximates the original Hamiltonian using a set of analytically solvable
auxiliary Hamiltonians, where the parameter of each auxiliary Hamiltonian is tuned so that one
of its energy levels approximates the corresponding level of the original Hamiltonian.

In the previous calculations, the approximation strategy was applied to a very simple system
of two non-relativistic particles. A similar reasoning extends the ET variational equations
to systems of N identical particles in D dimensions with generic kinematics and interactions,
provided that a suitable exactly solvable Hamiltonian is found. One such analytical Hamiltonian
for many-body systems in arbitrary dimensions, already mentioned in Chapter [T} is the harmonic
oscillator. In its most general form, this Hamiltonian enables the construction of ET for systems
with different types of particles, one-body interactions, or even with K-body forces. To introduce
the method gradually, let us focus on systems of N identical particles with two-body interactions.

The following harmonic Hamiltonian is analytically solvable,

Np'2 P2 N
H,, = L i — i 3.14
=25, oy T2 il (3.14)

i<j

where, as before, P = ). p; is the total momentum of the system. The explicit resolution of the

N-body harmonic oscillator Hamiltonian is depicted in [Complement 3.Al For D > 1 dimensions,
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the corresponding spectrum takes the form

oty w) = QJZV Qo) with Q(«a) = Z_(Qm + 0+ D/2). (3.15)

Above, « is a compact notation for the set of quantum numbers {n, ¢, ....,ny_1,¢n_1}. The
quantum numbers n; and ¢; correspond to the radial and orbital motion associated with the "
N-body Jacobi coordinates . The summation runs up to ¢ = N — 1, as the last Jacobi
variable represent the centre-of-mass position, a degree-of-freedom that has been removed. The
quantity Q(«), referred to as a global quantum number, encodes both the radial and orbital
excitations of the system. For D = 1, where angular momentum is absent, Q(«) is replaced
by > .(n; +1/2), with o now only labelling the radial quantum numbers {ns,...,ny_1}. Given
this analytical spectrum, constructing an ET based on the harmonic oscillator to approximate

N-body Hamiltonians of the form

N

H=>Y T(pil) + ) V(ri— ) (3.16)

i=1 i<j

follows the same strategy as before but applied to each term of Hg,. Although the functions
T and V are general, they must satisfy a few constraints, not overly restrictive and aligned
with the physical interpretation of 7" and V' (such as differentiability and positiveness of T") [86].
The centre-of-mass motion is assumed to be removed from H, either by explicit subtraction or
by setting manually P = 0. The role of auxiliary parameters is played by v and 1/(2u). The

following auxiliary Hamiltonian is introduced,

~ G*(p)
24

) + Z (Vi =P+ V(J(v) —vJ?(v)). (3.17)

1<j

) = Y (B2 4 7(60)

where

(o) = K-1(2) with K (z) = L),

Gx) = F(x) with F(e) = 77, 2z

(3.18)

Different auxiliary parameters are not assigned to each particles because, this would be in-

compatible with (anti)symmetry condition of the state [61]. The spectrum of the auxiliary
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Hamiltonians is given by

catin) = | 2 Q)+ (i) - G2 ) + EEED v - v 619

21

As before, an approximation for the spectrum of H is obtained by extremising the auxiliary

spectrum with respect to the auxiliary parameters,

— 0. (3.20)

0 .
= %604(”7 V)

0 .
a_lueoé(:uv V)

10,0 Ho,V0

As expected, the extremal parameters py and vy explicitly depend on «, meaning they vary

with the energy level being approximated.

3.1.2 Compact equations

Although the variational equations of the ET (3.20]) are usable, they present a few drawbacks,

summarised as follows,
e analytical expressions for the intermediary functions G and J are required;

e computing the explicit derivatives of é(u,v) can be tedious for complex G and/or J

functions;

e the auxiliary parameters p and vy, obtained during the resolution process, serve only to

define the shape of the auxiliary Hamiltonians, limiting their broader interest.

All these issues are resolved by reformulating the variational equations into a more convenient
form, known as compact equations. This reformulation yields a set of three algebraic equations

that replace the variational ones in the search for an approximation of the spectrum of the

Hamiltonian (3.16)) [87, [88]F]

E = NT(po) +C% Vipo), (321a)
NpoT'(po) = CipoV' (o), (3.21b)
Q(a) =1/ C% po po, (3.21c)

2 In previous works, the parameter 73 = N2 ((r; — R)?), where R denotes the centre of mass position, was
used instead of py to facilitate the treatment of one-body potentials. It can be shown that for identical
particles both parameters are equivalent up to a multiplicative constant, rZ = C%p2. Since only two-body
potential will be considered in this work, it is preferable to use py.
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where C% = N(N — 1)/2 represents the number of particle pairs. The proof of the compact
equations is deferred until after their full description. Solving equations provides an
expression for the approximated spectrum FE in terms of the harmonic oscillator global quantum
number Q(a). As a reminder, the latter is related to the internal radial and orbital quantum

numbers, collectively denoted by «, through the following relationship,

N-1 D
Q=3 (2n+tiv ) (3.22)
where D represents the dimensionality of the system. The two other unknowns obtained by
solving (3.21)), po and py, provide approximations of instructive expectation values within the

system,

o = (pi*), po = (Iri = m5"). (3.23)

Since all particles are identical, the subscripts ¢ and j can be arbitrarily chosen from {1,..., N}.
Because the above expectation values are not evaluated on the true eigenstates but rather on the
eigenstates of the auxiliary Hamiltonians, they serve only as approximations of the exact values.
The variables py and py are also related to the auxiliary parameters through the functions G
and J,

G(/L()) = Do, J(po) =Tp. (324)

Equations (3.21]) successfully addressed each of the three shortcomings of the variational equations
(3.20). The equivalence between the compact and variational equations is demonstrated below.

This proof relies on the miscellaneous theorems from Section [I.3]

Proof. A full description of the following proof can be found in [62], with a summary in
|88] — Let us denote by |@4(11, v)) the eigenstate of the auxiliary Hamiltonian H (y, v) with
quantum numbers «. Evaluated at the extremal auxiliary parameters ug(«) and vo(a),
the state |@q(1o(c), vo(cr)) approximates the corresponding eigenstate of H. To simplify
notation, the dependence on « of the auxiliary parameters is omitted in what follows.
Applying the Hellmann-Feynman theorem to evaluate the derivatives in ([3.20]), one

obtains

0 _ N 0 ~ .
a—ea(m v) = (Palp,v)| a—H(u, V) |@alp, V) =0,

Z 10,0 H Ho0 (3.25)
o . y o - 3 '
@ea(u, V) o (alp, V)| 5H(u, V) |@alp, v)) o 0.
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Expanding these equations using the definitions of H(u,v) and G(x) leads to
(pi®) = G*(no), ([rs = m3l*) = J*(v0). (3.26)

Above, expectation values are taken with respect to the approximate eigenstate | Q4 (120, 10)),
and they are independent of 4, j € {1,...N} due to symmetry arguments (see development
for a detailed calculation). Equations address the third flaw mentioned earlier:
through the functions G' and J, the auxiliary parameters acquire a physical interpretation.
Specifically, G*(110) approximates the expectation value of the squared individual momenta,
while J%(1) approximates the expectation value of the squared relative distance. The term
"approximate" is appropriate here, as these expectation values are computed on eigenstates
of the auxiliary Hamiltonian, |, (0, )). In the following, new variables pg and p3 are
introduced to represent G?(1g) and J%(vp), respectively.

Despite ([3.26]), solving for py and 1y via remains a necessary step. The next
developments aim to bypass their explicit computation. First, the approximate spectrum

is expressed directly in terms of py and py,

€a(ft0, 0) = (Paltio, 10)| ﬁ(,uo» o) [Pa(to, 10))

N(N -1

) (3.27)
9 V(po)-

= NT(po) +

To obtain (3.27)), equations (3.26)) are used to cancel equal terms. Second, two inequivalent

identities are required to access py and pg. A first one is obtained by applying the virial
theorem (1.74)) to H(uo, vy), yielding

N
M_pg = N(N — L)wops. (3.28)
0

Since the auxiliary Hamiltonian is a shifted harmonic oscillator, this result is analogous to

equation ((1.36)). Using the definitions of G, H, J and K, one shows that

Do V'(po)
M T"(po) ’ 2po ( )
Substituting these into (3.28) yields an equation depending only on pg and py,
! N(N — 1) !
NpoT"(po) = poV" (po).- (3.30)

2

83
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To obtain a second independent relation between pg and pg, the spectrum (3.19)) is revisited.

Its expression simplifies for the extremal parameters,

2Nl/0
Ho

€a (o, 0) = (V(po) —vop®)  (3.31)

APELED

Qo) + N (T<po> -

Equations (3.29)) are again used to eliminate the residual dependencies on pg and vy,

(o) = \/ NV ) T®0) oy (T(m B pon<pO>)

N(N -1 Vv’
+ ( ) V(,O()) o Po (pO) ’
2 2
and equation (3.27)) allows for the elimination of the energy €, (1o, v0),
NpoT’ N(N — 1) poV’ \% T
2 2 2 Po Do
Finally, substituting equation (3.30]), one obtains
N(N -1
%Popo = Q(a) (3.34)

This is a second independent equation that relates py and py. Equations (3.27)), (3.30]) and
(3.34) together form the compact equations of the envelope theory. In most formulations,
the approximate energy €, (i, o) is simply denoted E, and the factor N(N — 1)/2 is

written as C%. [

To illustrate the application of compact equations, a system of N identical particles with

power-law kinetic energies and power-law two-body interactions is considered,

b

T(p) = Alp|*, V(x) = ]

Blx|. (3.35)

where A > 0 and a > 0 are required for a well-defined kinetic energy [86], while B > 0 and b # 0

ensure the existence of bound states. Solving the compact equations for this system begins by
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determining expressions for py and pg from equations (3.21b)) and (3.21¢)),

9_p\ 1/(a+b) 1/(a+Dd)

|b|BQ(Oz)b CJZV a a)®
W) ) (e )y

NaA b3 (Vez)™"

These expressions are then substituted into equation (3.21a)) to obtain the approximated

eigenenergies,

e (GG () e

Notably, if b < 0, the ET eigenenergies remain negative only if b > —a. For b < —a, the

ET equations do not predict any physical bound states. By keeping the number of particles
arbitrary, the ET provides analytical approximations for the energy spectrum, mean individual
momentum, and mean relative distance with remarkably low computational cost. Accuracy

tests of these ET approximations are deferred to Section [3.1.7]

3.1.3 Variational properties

Until now, the discussion has presented the ET as an auxiliary field method, but the term
"envelope" in the original name remains to be elucidated. This can be achieved by examining
the extremal auxiliary Hamiltonians and comparing them to the true Hamiltonian. The next
discussion is structured as follows: at first, developments are framed within a proof environment,
associated properties are subsequently summarised, emphasising practical aspects, and finally,

results are illustrated on a concrete example.

Proof. A full description of the following proof can be found in [62], with a summary in

[57, 168, |78] — Let us begin by reorganising the extremal auxiliary Hamiltonians,

(piQ TG o) %) + Z (volri — i[> + V(J(v0)) — S ()

i=1 2”0 2”0 ~
al p.2 p2 N
_ 2 — P2 2 2
— ; (T(Po) + 2—,uo> + ; (V(po) + w0 (i — 7517 = p2))
N N ~ .
— Z (Ipsl) + Z V(|ri —rjl) where T(p) = T(po) + - 5
i=1 i<j o 5o

and V(z)=V(po) + 1o (z* = pp).
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The last line explicitly separates H into individual auxiliary kinetic energies and pairwise
auxiliary two-body potentials. The following argument is first presented for the auxiliary

potentials. Let us evaluate the function V(m) and its derivative at x = py,

V(po) = V(po), V'(po) = 2vopo = V'(po). (3.39)

The third equality follows from equation (3.29). Equations demonstrate that V' (z)
and f/(x) are tangent functions at the argument x = py. However, since in the ET the true
Hamiltonian is not approximated by a single auxiliary Hamiltonian but rather by a set of
them, it is not a single tangent auxiliary potential f/(x) that is constructed, but a collection
of such potentials. This set, when represented graphically, tends to "envelope" the original
potential. Figure [3.1]illustrates this envelope of auxiliary potentials for a system of three
identical bosons with V(x) = x/2 and T(p) = p?/2 (in arbitrary units). Similar reasoning
shows that T'(p) and T(p) are also tangent functions at p = py and that the T(p) kinetic
energies likewise envelope the original function.

Beyond justifying the name of the method, this property has significant consequences.
Once again, let us start with the potential term. First, the variable x is replaced by z2.
This operation straightens the auxiliary potential, transforming its parabolic shape into a
straight line. For the original potential, this variable transformation defines a new function,
denoted by, such that by (z?) = V(). Despite this reformulation, the auxiliary straight
line remains tangent to the function by. It is straightforward to see that any line tangent

to a concave (convex) function always lies above (below) it. Thus,

Vo € RY, bl(z) <0 = Vo € RY, V(z) < V(z), (3.40a)
Ve e RT, b (z) >0 = Vz e R*, V(z) > V(). (3.40b)

A similar argument applies to the kinetic energy, leading to analogous conclusions. Defining

br(p*) = T(p), one obtains

Vp e RY, bi(p) <0 = VYp e RT, T(p) > T(p), (3.41a)
Vp € RT, Vy(p) >0 = Vp e R, T(p) < T(p). (3.41b)

These observations allow the use of the comparison theorem from Section [I.3] if the
inequalities for 7" and V' are consistent. If both by and by are either convex or concave,
the approximation provided by the ET serves as either an upper or a lower bound for the

true spectrum. If the second derivative of one of these functions vanishes, then the energy
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Figure 3.1: Illustration of the auxiliary potentials for linear two-body interactions. The system
consists of three non-relativistic bosons of unit mass with V(x) = 2/2 (in arbitrary units). The
true potential is represented by a black line, while auxiliary potentials for increasing energy

levels are plotted in shades of grey. The black dots indicate the contact points between the true
potential and the auxiliary ones.

contribution of that part of H is exactly treated by the ET and should be ignored when
assessing the variational character. If both second derivatives vanish, meaning that the

true Hamiltonian itself is an harmonic oscillator, the ET provides the exact result. O

To summarize, for certain favourable Hamiltonians, the energies approximated by the ET are
either upper or lower bounds for the original energy spectrum , , . To establish this,

one must analyse the concavity of the following functions,

br(x) = T(Va), (3.42)
by (z) =V (V). (3.43)

If both by and by are concave (convex) over R}, the ET spectrum consists entirely of upper
(lower) bounds. If the second derivative of one function vanishes, the variational character is

determined by the other. If both second derivatives vanish, meaning that H corresponds to a
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a>2 [f>2 lower bounds
£ >2 lower bounds
a=2 =2 exact results
£ < 2 upper bounds
a<2 <2 upper bounds

Table 3.1: Variational properties of the ET approximations for N identical particles with
power-law kinetic energies and power-law two-body interactions (3.35]).

harmonic oscillator Hamiltonian, the ET provides the exact result. In other cases, no variational
character can be guaranteed.

Continuing the example from previous section, one may ask whether the approximation (3.37)
possesses a variational character. To analyse this, the concavity of the functions by and by is

examined,
" A (a—4)/2 " B (b—4)/2
br(p) = Za(@ —2)p , by (x) = Z\b’(b —2)z - (3.44)

For certain ranges of a and b, the concavity of both functions aligns, ensuring a variational
property for the ET approximations. These ranges and their corresponding interpretation are
summarised in Table[3.1} For other values, the concavities are opposed, preventing any definitive

conclusion regarding the variational character of the ET approximation.

3.1.4 Improvement of the envelope theory

The ET may lack accuracy for certain Hamiltonians. To address this limitation, a parameter

¢ can be introduced into the global quantum number Q(«),

D+¢—2
” ) (3.45)

N-1 1

1=

N—-1
Z&+(N—1)¥] |
=1

Notably, Q4(a) generalises the previous global quantum number, as setting ¢ = 2 recovers the
original expression @(«). The introduction of ¢ is inspired by [89], in which a universal effective
quantum number for centrally symmetric two-body problems is proposed. Specifically, this
reference suggests a well-defined separation of radial and angular contributions. Equation ((3.45))

extends this construction to N-body problems in an ad-hoc manner. While there is no rigorous



3.1. ENVELOPE THEORY FOR SYSTEMS OF IDENTICAL PARTICLES 89

derivation justifying this generalisation, its effectiveness, particularly in improving the accuracy
of the ET, supports its consideration.

One key advantage of expression over is that it partially breaks the strong
degeneracy inherent to the harmonic oscillator Hamiltonian. With a well-calibrated strategy for
determining ¢, introducing such an additional parameter into the ET should enhance its accuracy.
However, since the approximated energy is no longer an eigenvalue of an auxiliary harmonic
oscillator, this improvement comes at the cost of losing the possible variational character.

Historically, the effectiveness of introducing ¢ was first tested by fitting this parameter to
pre-existing results. For instance, ¢ was chosen to reproduce only the lowest energy eigenvalue,
and the accuracy of the rest of the ET spectrum was then analysed. These tests proved
conclusive: as expected, a value for ¢ that reproduced the ground state was found, and this
value significantly improved, sometimes spectacularly, the accuracy of the rest of the spectrum
|66]. However, since this technique requires prior knowledge of accurate energy values, one may
question the relevance of approximating an energy level for which precise results already exist.
Nonetheless, there are systems where only a few energy values are fully known, making this
improved ET useful for exploring the inaccessible parts of the spectrum. Another approach is
to fit ¢ for a particle number where numerical methods are efficient and then extend it to larger
systems, assuming that ¢ depends only weakly on N. However, despite these arguments, at this
stage, the introduction of ¢ remains a niche tool with limited practical applications.

To broaden its applicability, an ab initio procedure capable of determining ¢ without any
prior knowledge has been developed. This approach relies on coupling the improved ET with
another approximation method, the DOSM. This coupling is made possible by a semi-classical

interpretation of the ET compact equations. These topics are addressed in the following sections.

A semi-classical interpretation for the ET equations

The compact equations were derived using a fully quantum mechanical approach.
However, they also bear a striking resemblance to classical formulations. Consider a system of
N identical classical particles. To incorporate the symmetry constraints imposed by quantum
mechanics, the system is assumed to move along a circular trajectory of radius dy, with each
particle possessing the same momentum magnitude pg and being uniformly distributed along the
orbit. Figure illustrates this classical configuration. A generic kinetic energy function 7" and
two-body interaction V' are assumed, where T depends only on the magnitude of the particle
momentum, and V' depends on the magnitude of the relative distance. These assumptions align
with those used to derive the compact equations (3.21)).

Let us evaluate the total energy of this classical system, starting with kinetic energy. Since all



3.1. ENVELOPE THEORY FOR SYSTEMS OF IDENTICAL PARTICLES 90

1
1
1
1
\ _ [} : ®
- -e——=5 °

Figure 3.2: Schematic representation of a classical system governed by equations analogous to
the compact equations of the ET. The left diagram defines key variables: the centre of mass
(C.M.) coincides with the centre of rotation; all particles share the same momentum py, and
their distance from the centre is equal to dy. The right diagram illustrates the computation of
the mean relative distance.

particles share the same momentum magnitude, the total kinetic energy consists of N identical
terms, T'(pg). The total potential energy, however, is more complex, since different particle pairs
may have different separations. To approximate this contribution, the mean relative distance
between particles, py, is introduced. Evaluating the two-body potential at this average distance
and multiplying by the number of particle pairs provides a reasonable estimate of the total

potential energy. The total energy of the classical system is thus given by
E = NT(po) + CXV(po)- (3.46)

Despite being derived from a classical perspective, this expression is formally identical to the
first compact equation of the ET. Next, the stability of this system can be analysed by equating
the centrifugal force F,; with the centripetal forces Fi,. The classical centrifugal contribution
for a particle having an effective mass that depends on the momentum is discussed in |90} 91].

In the present case, it is given by
1
Fop = poT/(po)d—- (3.47)
0
The variables dy and pg can be related to each other using geometric considerations, as illustrated

on the right panel of Figure (3.2}

1 i Nd T
. 0
Po = m i:E 1 2d0 Sin (N) = 0—12\7 cot <ﬁ> . (348)
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This intricate expression can be approximated by Ndy ~ /C%po, with an error of less than
10% for any number of particles [87]. Substituting dy into (3.47) gives

_ NpoT'(po)

FC ~~ .
’ VCxpo

The centripetal force can again be estimated by assuming that the contribution from each of

(3.49)

the N — 1 other particles can be approximated as a two-body interaction acting at the mean
distance, V'(py). However, since these contributions acts in a different directions, they must be

projected along the diagonal of the circle. Referring again to Figure [3.2] one obtains

N-1

Fyp ~ V' (p0) ; cos (g _ %) — V' (p0) jjz;sm (%) = V(o) cot 5 (3.50)

Applying the same approximation as before, this equation simplifies to
Fo, = \/C%V'(po). (3.51)

Equating (3.49) and (3.51)) yields an equation fully analogous to the second compact equation
of the ET,

NpoT'(po) = CrpoV'(po). (3.52)

The third equation can be derived by classically evaluating the total angular momentum of the
system, denoted L. Each particle follows a circular trajectory of radius dy with momentum py,

yielding an orbital angular momentum dypy. Summing over all particles gives

L = Ndopo = 1/ C3popo- (3.53)

This equation closely resembles the third compact equation of the ET, with one key difference:
instead of the global quantum number @(«), which accounts for both radial and orbital motion,
the classical equation involves only the total orbital angular momentum, L. This distinction is
natural, given that the classical configuration under study does not include any radial motion.
Therefore, the initial claim must be refined: the compact equations of the ET can be interpreted
as describing a system of N classical particles orbiting on a circle, provided that any radial
contribution is excluded from @Q(«), including the associated zero-point energy. A separation
between radial and orbital contributions naturally occurs in the generalised quantum number

Qs(a). By excluding the corresponding radial terms, the following purely orbital third compact
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equation of the ET is constructed,

D -2

N-1
My, bn_1) = \/C%popo, where Wl,...,zN_l):Z@+(N—1)T. (3.54)
=1

The classical equation L = \/C'_]Q\,popo can finally be identified with the above expression. To
summarize, the classical set of equations , and , which describes a system of
N classical particles orbiting on a circle is equivalent to the purely orbital compact equations of
the ET, where equation (3.54)) replaces . In the following, although both sets of equations
are fully analogous, it is useful to distinguish the set derived from classical mechanics from the

one obtained using the ET. The former will be referred to as the classical equations.

The DOSM for systems of N identical bodies

As its name suggests, the DOSM approximates states where orbital motion dominates over
radial motion. More precisely, it suggests treating the radial excitation as a perturbation around
a classical purely orbital motion. This method, originally formulated for two-body systems [92],

can be extended to N bodies by using the aforementioned classical equations [64],

E = NT(po) + CXV (o), (3.55a)
NpoT' (o) = CxpoV' (o), (3.55b)

A= A/ C]%/ﬁoﬁo (355(3)

These equations approximate the total energy E, the mean distance po and the mean momentum
Po associated with the classical purely orbital motion described earlier. For convenience, in the
following, any variable referring to a purely orbital motion is denoted with a tilde. This orbital
motion can now be perturbed radially, which modifies the mean relative distances py in the

system by adding an increment Ap, < pg to it,
Po — po+ Apy. (3.56)

Note that, even though it is referred to as an increment, Ap, can be both positive and negative.
This radial perturbation also affects the momentum of the particles, but by construction, it
lets the total angular momentum of the system unchanged. Therefore, after perturbation, py

is decomposed into two contributions: a radial one, denoted p, < py, and a tangential one,
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denoted pj. The latter is used to preserve the total angular momentum of the system, so that

A= /2 (B + Ao, )i (3.57)

Combining both contributions, the impact of the radial perturbation is expressed as follows,

A2
Do — A/ p2 -+ *2 2 _ . 3.58

Figure [3.3] illustrates this radial perturbation. Since Ap, < py and p, < Py, second-order

Taylor expansions can be performed on equation (3.58]). After a few calculations, the following

replacement rule that initiates the radial perturbation is obtained,

2 Ar A2
Py pr m>.

(3.59)

Po = Do (1 + o5 - — -

205 fo 7
The energy after the perturbation, E, is obtained by substituting the relations (3.56]) and (3.59))
into (3.55a)). Again, second-order Taylor expansions are performed, yielding

2 2
~ p’r Apr Apr)) 2 ~
E=NT p<1+ — — —— + — + CLV (po + Ap,
( U2 A WV )
~ NT'(p NpT'(p NpAT" ( C2V"(p
E—i—( ~(po)) z+< Do 2(1?0) i Po ~2(270) i N (Po)) Apf.
2po Po 205 2

(3.60)

The first-order contributions cancel each other due to Equation (3.55b]). This result provides
the classical energy for a dominantly orbital state. The DOSM suggests quantising the radial
motion. The energy increment due to the perturbation, AE = E — E, is written, emphasising

its dependence on p, and Ap,.,

2 1. 2 ~

b kAp . _ Po
AE =1t L with m = —0__
om T2 T NGy

(3.61)

2NpoT (o) NpRT"(p
_ pOﬁQ (Bo) poﬁ2 (o) RV ().
0 0

and k

Above, AFE takes the form a one-dimensional harmonic oscillator Hamiltonian (both p, and
Ap, can be negative). For now, let us assume that variables p, and Ap, are conjugate. This

assumption will be re-examined later. The DOSM suggests considering this harmonic oscillator
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Hamiltonian as a quantum operator and identifying the energy increment as its spectrum,

k 1
AFE = - (n + 5) : (3.62)
Here, the quantum number n globally encodes the radial excitation of the system. It should
be distinguished from the n; quantum numbers in the ET, which separately encodes the radial
excitation associated with each Jacobi coordinate. Relating the n and the n; quantum numbers
is not straightforward. The easiest way to address this is by evaluating the N-body harmonic
oscillator spectrum with the DOSM and to comparing the result to its analytical spectrum ((3.15|).

After a few calculations, the DOSM provides the following approximate energy eigenvalues,

- IN 1
th = th + Ath = 71/ <)\ + 2 C]2V <n + 5)) . (363)

Comparing with , it appears that the DOSM gives the exact result, provided that
V/C%(n + 1/2) is identified with Zﬁ;l(nz +1/2). It is a common feature of the DOSM to
exactly reproduce the spectrum of the non-relativistic harmonic oscillator, even for purely
radially excited states [93]. One might be surprised by the factor \/C% that this identification
introduces. In fact, it can be related to the assumption made regarding p, and Ap,. If, instead
of Ap,, the conjugate variable to p, is taken to be \/C’_JZVApT, this factor disappears from the
relation that identifies n and {n;}. Therefore, one can safely rescale the variable used to initiate
the radial perturbation, provided that the quantum numbers are correctly identified at the end
of the developments.

To summarize, the DOSM provides an approximation for the energy of dominantly orbital
eigenstates. This approximation is obtained in two steps. First, pg and py are determined by
solving the purely orbital equations for a given orbital excitation A. Second, the orbital
energy F is supplemented by a radial increment AFE. The radial excitation is indicated by a

global quantum number n and the increment is evaluated using the following formula,

k 1 1 Do
AFE =4/ — — th m = ———
Vi (e g) i =2

2N~ T/ = N"’2T// ~
p0ﬁ2 (po) _|_ ])()ﬁ2 (pO) + 0]2\[‘//(150>
0 0

(3.64)
and k =

The DOSM quantum numbers n and A\ have been related to the quantum numbers from the ET



3.1. ENVELOPE THEORY FOR SYSTEMS OF IDENTICAL PARTICLES 95

._- ¢ N °
s Apr I°eé
; /
/ \\
N ! \
: /I \\
: I 1
0 C’>—)o
\
N 1
\
1
\\ /l
\ / R
\ B
P //d\..

Figure 3.3: Schematic representation of the radial perturbation initiated while developing the
DOSM for N-body systems. The perturbed momentum combines two contributions: a radial
one, denoted p,, and a tangential one, denoted pj. The perturbed mean relative distance is also
affected by an increment Ap,.

as follows,

N-1

VOt 1/2) = Y (n +1/2), )\:NX_:I&—F(N—D?. (3.65)

=1

Coupling the DOSM and the improved ET

The DOSM, as constructed in the previous section, is a self-sufficient method, that operates
independently of the ET. However, the equations used by both methods are very similar,
raising the possibility of coupling them. One key difference between the two methods is that
the approximation given by the ET is valid for the entire spectrum, whereas the DOSM is
specifically tuned to be particularly efficient for dominantly orbital states. Given this distinction,
the following strategy is proposed. The ¢ parameter from the improved ET is chosen so that
this method reproduces the spectrum of the DOSM for dominantly orbital states. By relying on
the versatility of the ET approximation, the resulting expression for ¢ is then extended to the
entire spectrum, including radially excited states.

To proceed with the matching of both methods, the equations of the improved ET must

first be developed for dominantly orbital states. To start, let us rework @Q,(«) to introduce a
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parameter that characterises the relative amount of orbital excitation, denoted as ¢,

N—-1

)

=1

Qs(a) = ¢ +

Yol (N - 1)?]
= (3.66)

N-1

D—2 ¢N—1 1
=1

i=1

For € = 0, the state under investigation is purely orbital, and the equations of the ET take a

structure analogous to the classical questions,
E = NT(po) + Cx V(po), (3.67a)
NpoT' (o) = CRpoV" (o), (3.67b)
>\<€1;---€N71) = \/012\/150 ,50, (367C)
Since these are solutions to purely orbital equations, the energy, momentum and mean distance

have been denoted with tildes. For ¢ < 1, the state is dominantly orbital, and the variables,

denoted E, py and py, are close to their purely orbital equivalents,

po=DPo+ Ap with Ap < po, (3.68a)
po=po+Ap with Ap < po, (3.68b)
E=E+AF with AE < Ey, (3.68c¢)

Substituting pg, po and E into the ET compact equations allows to express AFE in terms of the
purely orbital variables and the quantum numbers € and \. First, Taylor expansions of the third

compact equation provide an expression for Ap in terms of Ap,

A
Po + Ap = o <1+e+ﬁ—p). (3.69)
0

This relation can then be substituted directly into the first compact equation. After a final

series of Taylor expansions, the following expression is obtained for AFE,

o o NRT'(p
AE = NjoT' (Fo)e + (C%‘Vv (Bo) — poﬁ—w) Ap. (3.70)
0

The terms in the large parentheses vanish due to equation (3.67b|). Finally, an expression for
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AF in terms of the expected quantities is obtained,

N

S (1), -

i=1

AE = NpoT'(po)e = NpoT' (po)

This expression can now be compared to the one provided by the DOSM. Using ([3.65]) to relate
n to {n;}, equation (3.64) turns out very similar to (3.71)),

ko= 1
AE = & 2; (n + 5) . (3.72)

The expression for ¢ is chosen so that both expressions give the same energy increment for

A k
O = N \| o (3.73)

After some algebraic manipulation, a more compact expression is obtained,

. \/2 L BT (Bo) | poV" (o) -

dominantly orbital states,

1" (o) V'(po)

This is the aforementioned ab initio formula that can be used in the improved ET. From now
on, the term "classical ET" will refer to the ET without the additional parameter ¢, in contrast
to the "improved ET" which computes and includes it using the above formula. The expression

presented here is equivalent to the one in |[64] but is more concise due to unnoticed simplifications

[94).

Application example

For clarity, let us summarise the entire expression for ¢ in a single equation,

NpoT' (Po) = CRpoV" (o),
+ where N-1

T’(ﬁo) V/(ﬁo) \/0_12\[]5050 = /\<€17 ...,EN_1> = Z (& + %) .

=1

, \/2 L BT (B) | 5oV (o)

(3.75)

As can be seen, given an orbital excitation A, obtaining ¢ requires first solving the above system

of two equations to find py and pg. The equations in this system are fully analogous to the
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second and third compact equations of the ET, with Q(«) replaced by A. Consequently, if
an analytical solution exists for the ET, py and py can be directly deduced from this solution.
Otherwise, the system in (3.75)) must be solved numerically. The computational cost of this
operation is comparable to that of the classical ET itself. Once these variables are determined,

¢ can be computed and used in the generalised global quantum number Q4(c),

Qula) = ¢ [NZ <n n %)

i=1

F A, o Ey). (3.76)

This new quantum number is then used in place of Q(«) in the compact equation of the ET. If
an analytical solution exists, simply substituting this quantum number in the final expression
is sufficient. Otherwise, compact equations must be solved numerically a second time. It is
important to note that modifying Q(«) removes the guarantee of any variational character, if
one exists.

To illustrate the calculation required by the improved ET, let us continue with the example
from previous sections. Consider a system of N identical particles with power-law kinetic
energies, T'(p) = Ap?®, and power-law two-body interactions, V(x) = Ba®. The classical ET
provided the following expressions for F, py and py in Section [3.1.2]

1/(a+b)

NaAQ(a) [ BQ(a)" (\/C_?v>2_b

Po = at2 y Po = )

e (\/C_]ZV> T NaA
E=|—Z|(a+b) <OJEB)G(]\ZA>Z)<%)M

Determining po and pg requires solving the same equations with A replacing Q(«). This results

1/(a+b)

3.77
1/(a+b) (877)

in the following analogous expressions,

1/(a+b) 2-b
) NaA) [ mBx (V)

Po = at2 ) Po = NaA

0B (V%)

Substituting these expressions into the formulas for ¢ leads to significant simplifications. After

1/(a+b)

(3.78)

a few algebraic manipulations, the following compact expression for ¢ is obtained,

¢ =+a+b. (3.79)
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In this special case, ¢ does not truly depend on A. The above expression allows for the calculation
of the new global quantum number Q4(«), which can then be substituted into the compact

equations. The following improved spectrum is obtained,

1/(a+b)

e (G ()) - e

These eigenenergies are expected to be more accurate than the previous ones. Thanks to ¢,

the degeneracy of the ET spectrum has been partially raised. However, none of the variational
interpretations from Section holds any longer, as the quantum number of the harmonic
oscillator has been modified. These statements are tested in the Section B.1.7

Before moving on, let us mention that, since the DOSM requires the concept of orbital angular
momentum to exist, the ab initio improvement procedure can only be validated for D > 1. For

systems in one dimension, no ab initio formula for an equivalent of ¢ has been developed.

3.1.5 Generalisations

Extensions of the ET and its improvement exist for systems of N identical particles interacting
via Hamiltonians beyond . These generalisations allow for the inclusion of one-body
potentials |62, 64] and/or a certain class of K-body forces |54} [88]. The ET has even been
expanded to describe bound cyclic systems, as explored in [95]. These extensions are based on
variations of the Hamiltonian that remain analytically solvable. They lead to adapted
compact equations, additional conditions for determining the variational character and, if
developed, new formulas for the parameter ¢. For detailed discussions of these modified ET, the
reader is referred to the corresponding references. However, in order to illustrate how compact
equations are affected and because the class of K-body interactions discussed in 88| generalises
the three-body forces introduced in Section [I.12] the corresponding compact equations are
presented in the present section. Detailed derivations are deferred to |54} |8§].

Consider a system of N identical particles governed by the following general Hamiltonian,

N N {i1,...i }
H = ZT(]p,]) + Z %% (T{il,...ik}) where T%il,...,ik} = Z |r; — 'rj\Q. (3.81)

i=1 {i1,ik} i<j

As before, it is assumed that the centre-of-mass motion is removed from H. Above, {iy,...ix}
denotes a specific set of K particles among the N available, and the sum Zgllk} runs over
all possible sets of K particles in the system. It can be verified that for K = 2, the K-body



3.1. ENVELOPE THEORY FOR SYSTEMS OF IDENTICAL PARTICLES 100

interaction terms reduce to the aforementioned two-body interactions, while for N = K = 3,
they reduces to the three-body interactions introduced in Section ((1.12)). The ET provides an
approximation for the spectrum of the Hamiltonian by solving the following set of three
compact equations [54} 8§],

B =N TG+ CEW (1/Cinn). (3.524)

NpoT'(po) = Cx C'?(,OOW’( C%po), (3.82b)

N—-1
VCpm=Q@) =Y (in Ny %) . (3.820)

=1

Above, C% is the binomial coefficient A!/(B!(A — B)!). The unknowns py and py retain their
previous interpretation as approximations for the expectations values of momentum and
relative distance. As expected, for K = 2, the compact equations are recovered. Several
K-body interactions can also be incorporated by duplicating the associated terms in equations
and (B520).

Regarding the variational character of the approximation, a function by (x) such that by (2?) =
W (z) is introduced. The concavity of this function, together with the concavity properties of
the other b-functions, determines whether the result provides an upper bound, a lower bound or
simply an approximation to the true spectrum.

Finally, an adapted formula for ¢ has been obtained in reference [54| following similar

calculation steps as previously detailed. It results in a very analogous expression,
") VRV (/i)
T/(ﬁo) V! (« /Ckﬁ())

NpoT" (po) NV V! (VCrpo),

Vv CNPOPO = 617 ey 6N71>~

Again, for K = 2, the previous expression is recovered. This formula is again only valid for

o=|2+

(3.83)

where

D > 1. The obtained parameter is to be used in the same modified global quantum number as

for two-body interactions,

D+—¢_2> . (3.84)

Qo(a) = Z (¢ni it g
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Of course, as for two-body forces, this modification of Q(«) with ¢ disrupts the variational

character of the original ET, if it exists.

3.1.6 Approximations of eigenstates and relation with the OBE

As mentioned earlier, the ET can also be used to approximate eigenstates. However, obtaining
and using these approximations is not as straightforward as with the spectrum. In this section,
the associated calculations are illustrated for three-body systems, in line with the scope of this
work. The development can easily be generalised to more particles.

First, a notation for the different approximate eigenstates provided by the ET must be
introduced. They are specified by their symmetry o, total angular momentum L, parity P and

global quantum number Q(«),
lo; Q*(a); LYY with Q*(a) = Q(a) — 3 = 2ny + {1 + 2ny + L. (3.85)

Above, Q*(«) replaces Q(«) for notational convenience and because Q*(«) is directly related to
the number of quanta defined in Section [2.1.3] As discussed while developing the basics of the
ET in Section the states |o; Q*(a); LT) are, by construction, symmetrised eigenstates of
the auxiliary harmonic oscillators that have yet to be constructed. Since similar calculations
have already been depicted in Section for the OBE, this construction is discussed only
briefly here.

Unsymmetrical eigenstates of the harmonic oscillator are explicitly constructed for a general

number of particles in (Complement 3.Al For three-body systems, these states are labelled by two

radial, two orbital and two magnetic quantum numbers, and are denoted as |V, ¢;mingtam (€1, T2)).
A given total angular momentum is assigned to these states using the usual coupling with
Clebsch-Gordan coefficients,

Wﬁlélngzz (a:l’ 332)) = Z <€1m1£2m2‘LM> ‘wnlflmlmbmz (1131, CC2)> ) (386)

mi,ma2

where, as in Chapter [2 the quantum number M has been omitted in the left-hand side notation.
One can show that these states are already parity eigenstates, with parity given by P = (—1)4%,
Symmetrised eigenstates are then written as definite linear combinations of eigenstates (3.86))

sharing the same energy, parity and total angular momentum,

|O-; Q*(a); LP> = Z Céfzifng@ |¢7€1€1n2Z2 (331, $2)> ) (387)

n1,61,n2,02



3.1. ENVELOPE THEORY FOR SYSTEMS OF IDENTICAL PARTICLES 102

where the sum is constrained to terms with 2n; + £; + 2ny + £ = Q*(a) and (—1)7%2 =
(—=1)@"(@) = P. Procedures for explicitly determining the coefficients CL57

Section and reference [54]. These coefficients are independent of the auxiliary parameters

and need to be computed only once.

are described in

Notably, eigenstate approximations obtained from the OBE and the ET share the feature of
being symmetrised harmonic oscillator eigenstates. As a reminder, the eigenvectors obtained

using the OBE are decomposed as follows,

Qmax
[Wome) = > D ds(Q) 19 1,m,e, (%, 9) (3.88)
Q*=0 s
where the states |®): , ., (x,y)) are defined in equation (2.4) and where the sum over s accounts

for all degrees of freedom other than the number of quanta. The coordinates x and y are

dimensionless Jacobi coordinates, scaled by a single parameter a for three identical particles,

L1 2332

a y:\/ga.

Moreover, the parameter a is controlling the size of the harmonic oscillator used in the method.

(3.89)

This role is analogous to that played by the variable py in the ET. Owing to this similarity, the

two variables can be related to each other [54],

Q(a)
2

po = a. (3.90)

This equality, however, should be interpreted with caution. It indicates that, if the relation
holds, the harmonic oscillator eigenstates constructed using the scale a in the OBE and those
constructed using the scale py in the E'T are the same. Nevertheless, it should not be understood
as a strict identity between the optimised variational parameter a and the solution of the
ET equations py. More broadly, the similarities between the OBE and the ET should not be
construed as implying the equivalence of the two methods. They are built on fundamentally
different approaches: the OBE approximates the true eigenstates using those of the harmonic
oscillator, whereas the ET directly approximates the true Hamiltonian using harmonic oscillator
ones. Although the ET variable py and the variational parameter a are related, both methods
determine these quantities using fundamentally different approaches.

Nevertheless, the similarity between the approximations from the ET and the OBE allows
for an easy comparison. In the decomposition (3.88)), there typically exists a value of Q* for

which Y |ds(Q*)|* approaches 1. The corresponding number of quanta determines the value of
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Q*(a) to be used in the ET to obtain the corresponding approximation. It also quantifies the
agreement between both methods: the closer the sum > |ds(Q*)|* is to 1, the more accurate
the ET approximation becomes. Additionally, the more accurately equation holds, the
more both methods use the same scale, and the closer the resulting approximations are. This
last observation leads to an interesting application of the ET. When optimizing the non-linear
variational parameters with the OBE, selecting an initial guess for a can be somewhat challenging.
Solving the ET equations can provide guidance: obtaining py gives, via equation , an
initial approximation for the optimised a value. While this equation does not generally yield the
exact value, it provides a sufficiently accurate estimate to serve as an initial guess for a. This is
particularly valuable since solving the ET equations numerically takes less than a second.

Finally, once the approximate eigenstates from the ET have been obtained in terms of
harmonic oscillator eigenstates, approximating observables reduces to evaluating a few integrals
of analytical integrands. Let us illustrate this in the case for a scalar observable O. First, the
symmetric state from the ET is decomposed using equation ,

(0;Q"(a); LY| O |o; Q*(a); LF) =
NS O O Wk (@1, @) O U (1, 22)) (3O

n} 0 b, mayling Lo

Since O does not act on angular degrees of freedom, the matrix elements on total angular

momentum eigenstates simplify using Clebsch-Gordan properties,

(Ut (€1, 22)| O[5 110, (T1, T2))

(3.92)
= 5[’1£1 5%(2 <wn’1£1m1n’2€2m2 (mla CE2)‘ @ ’¢n161m1n242m2 (wla "B2)>

where m; and mqy can be chosen indifferently as the angular integrals from the matrix element

on the right-hand side are trivial. Finally, the following expression is obtained

(0;Q*(); L| O |o; Q*(a); L) =
LPo-* LPO' O (393)
Z Z £1n2£2 nilinals <wn’1£1m1n’2€2m2 (w1>w2)‘ ’wnlelm1n2€2m2 (2131,.’132»

nf,nh ni,ne b1,ls

For simple cases, the residual matrix elements can be evaluated analytically using the properties
of the harmonic oscillator eigenstates [54]. For more complex cases, numerical routines allow for

reasonably fast evaluations.
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3.1.7 Accuracy tests

The previous sections presented the ET as an easily applicable approximation method but
whose accuracy proves difficult to predict. An improved version of the method exists and should
improve overall accuracy, but quantifying this improvement remains elusive. Acquiring insights
into the efficiency of the ET may help answer these questions. These are obtained by testing
the ET on systems for which very accurate eigenenergies are accessible. References [54, 55,
66, 67] consist in gathering and analysing such tests. The current section goes over some of
the results from these articles. The goal is to illustrate the main feature about the accuracy
of the ET more than to provide an exhaustive review of the associated works. Especially, in
accordance with the editorial policy of this document, tests are only preformed on three-body
systems in three dimensions, although formulas are written for arbitrary numbers of particles N
and dimensions D for the sake of generality. Tests involving larger systems of identical particles
are proposed in references |64} 66|, 67].

In general, only bosons will be considered, which implies that only combinations of quantum
numbers {nq, 0y, ...,nn_1,¢n_1} that yield a symmetric harmonic oscillator eigenstate are per-
mitted. Since the corresponding state is always symmetric, the ET approximation for the ground
state of a bosonic system is simply obtained by setting n; = ¢; = 0 for all i € {1,..., N — 1}.

For three particles, it results in a definite expression for the modified global quantum number,
Q% = +1. (3.94)

Let us remind that the initial quantum number is recovered by setting ¢ = 2. The situation

in presence of fermions is discussed in [Complement 3.B| Finally, most tests are performed for

non-relativistic kinematics, T'(p) = p?/2m. As arbitrary units are used, only unit masses are

considered.

Power potential and the role of divergences

This first test aims to assess the accuracy of the formulas obtained while developing the

method. Sections |3.1.2] [3.1.3| and [3.1.4] concludes by illustrating their formulas on a system of

N identical bosons with power-law kinetic energies and power-law two-body interactions,

b
T(p) = Ap®, wwzwﬁﬁ. (3.95)
As already mentioned, the current test will consider N = 3, A = 1/2 and a = 2. Only the

ground state will be investigated. Concerning the interaction, b values ranging from —2 to 3
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b HHE [25] OBE ET  [J] IET 0]
—1.0 —0.26675 —0.26645 —0.12500 [53%] —0.28125  [6%]
—05 —0.59173 —0.59174 —0.49139 [17%] —0.59977  [1%]
0.1 1.88019  1.88018  1.91406 [2%] 1.87743 [<1%]
0.5 291654 291653  3.08203 [6%] 290211 [<1%]
1.0 386309  3.863090  4.08852 [6%] 3.84130 [<1%]
2.0 519615 519615  5.19615 [0%] 5.19615  [0%]
3.0 6.15591  6.15591  5.68394 [8%]  6.22479  [1%]

Table 3.2: Ground state energies provided by the HHE from |25|, the OBE, the ET and the
improved ET (IET) for a system of three identical bosons of unit mass and interacting pairwise
with potential V(z) = b/(2[b])x’. Arbitrary units are used. Relative differences with the OBE,
denoted 9, are indicated in % for the ET and the improved ET. For the OBE, the maximum
number of quanta used in the basis is Qn.x = 20, with a computed for .« = 10.

and B = 1/2 are chosen to enable the comparison of the ET results with those from reference
[25] and from the OBE. Some of the corresponding data were already presented in Section [2.3.1]
Results are displayed on Table[3.2] For b positive, the accuracy of the ET is about a few percent
of relative error while that of the improved version goes below or equal to 1%. As expected,
both methods prove exact for b = 2, namely for harmonic interactions. The variational character
predicted on Table is verified for the ET, but not for the improved version. For b negative,
the situation must be qualified. It seems that the more divergent the potential is, the less
accurate the ET is. Although also slightly affected, the improved ET proves more resilient to
this degradation. This conclusion is confirmed by the result from Figure These tests use
increasingly divergent power-law potentials V(x) = —2~ "l with |b], until 1.75. Ground states are
computed using the ET, the improved ET and the OBE. The ET provides reasonably accurate
results for small |b]. However, as |b| increases, the relative error also increases. When utilising
the improved ET, the behaviour with respect to b is better reproduced. For values of b close
to —2, the accuracy of the improved ET results appears to decrease. It should be noted that
for b < —1, the results obtained from the OBE should be interpreted with caution because
convergence was not completely achieved.

These conclusions are general features with the ET: the more divergent the potential is, the
less accurate proves the approximation, and turning to the improved ET can help mitigate this
inaccuracy. It can be validated by testing the ET on other potentials in which a divergence can
be controlled. For instance, a truncated Coulomb potential can be considered,

C

V() = -5 (3.96)
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Figure 3.4: Ground state energies of a three-body system with m = 1 and a negative power
potential V (r) = —r~1°l as a function of |b|. OBE results (dots), ET results (line) and improved
ET results (dashed line). ET and improved ET results have been plotted with a line to easily
distinguish them from the exact ones. For the OBE, a is computed for (),.x = 10 while the
maximum number of quanta used in the basis is Qunax = 26.

with C' > 0 and d > 0. Such a potential is commonly used to model electron-hole pairs, also

known as excitons [96]. By applying equations (3.21b)) and (3.21c|), the following expression is
obtained

mC (C%)* 4

N Qa2
Since the solutions of this quartic equation are complicated to manipulate, numerical compu-
tations are preferred. It has been demonstrated that the classical ET provides upper bounds
for this potential. In a previous study [78|, the ET was employed to investigate this system,
but only for two-body systems at D = 1. As the ET results are obtained through numerical
calculations, the same applies to the improved ET. The conclusions drawn for this potential
are similar to those of the previous example. As shown in Figure for C' = 1, the relative

errors decrease as the divergence is smoothed, namely as d increases. Concerning the improved

= (p2 + d*)*2. (3.97)

results, they better reproduce the dependence of energy on d. The loss of variational character

is also manifest on Figure for small d. A third example of increasingly divergent potential is
depicted in reference [55].
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Figure 3.5: Ground state energy E of a three-body exciton system with m = 1 and V(r) =
—1/v/1r? + d? as a function of d. OBE results (dots), ET results (solid line) and improved ET
results (dashed line) are shown. ET and improved ET results have been plotted with a line to
easily distinguish them from the OBE ones. For the OBE, a is computed for Q. = 10 while
the maximum number of quanta used in the basis is Qnax = 26.

Mixture of different variational characters

A second factor that may affect the ET accuracy is its variational character. When such a
property can be established for the solution, it provides some guarantees regarding the quality of
the approximation. Otherwise, the ET only asserts that the obtained values approach the true
eigenenergies, without further details. To gain insights into the accuracy of the ET, situations
with no variational interpretation need to be investigated. They arise, for instance, when a
system involves two different interactions whose contributions to the variational character are
opposed. Such configurations are found in physical systems, including atomic spectra. In the
helium atom, for example, the attractive Coulomb interactions between the nucleus and the
electrons coexist with the repulsive Coulomb interaction between the two electrons. These
opposing contributions tend to impose contradictory variational characters, resulting in an ET
spectrum whose accuracy is difficult to predict. Naturally, atomic systems involve two different
types of particles, which requires deferring their description within the ET framework to Section
3.2.4

Nevertheless, this situation can be replicated with identical particles by considering a potential

consisting of two components: one providing an upper bound and the other a lower bound.
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To control the variational character, multiplicative factors C' and 1 — C' are introduced. By
continuously varying C' from 0 to 1, one potential is switched on while the other is switched off.
In other words, transitioning from C' =0 to C' = 1 corresponds to a change in the variational
character.

As an example to illustrate this approach, a potential combining cubic and linear interactions
is considered. Referring to Table , the cubic potential V(r) = ar?® contributes to a lower
bound due to its convex function by (r) = ar3/2. Conversely, the linear potential V (r) = Br
leads to an upper bound due to its concave function by (r) = Sr'/2. As a result, a potential
combining both terms will, depending on the value of C', predominantly display one variational
character or the other,

V(iry=aCr®*+38(1-C)r. (3.98)

When C' = 0, V(r) reduces to the linear potential and when C' = 1, it reduces to the cubic
potential. To compute the approximate spectrum, the compact equations (3.21]) must be solved

once again. It leads to a quintic equation,

N QN
m (C3)?

—3aCpf— B(1—C)p} =0, (3.99)

which does not have a general analytical solution. Therefore, numerical computations are
performed for both the ET and its improvement. The results are presented in Figure for
a = =1 (in arbitrary units). As expected, when C' = 0 (pure linear potential), the classical
ET provides an upper bound for the energy, while when C' = 1 (pure cubic potential), it provides
a lower bound. In both cases, the improved ET yields noticeably more accurate results.
However, for intermediate values of C, the situation is more complex. The errors in evaluating
the ground state due to the two components of the potential counterbalance each other, resulting
in a more precise energy. Since the ET continuously transition from one variational character
to the other, its results even match the exact ones at a specific value of C' (in this case,
approximately C' = 0.2). However, due to the unpredictability of the crossover point, this
feature is impractical to exploit. Regarding the improved ET, it appears less effective in the
intermediate range of C' values compared to the extremes. In general, the variational character
serves as a safeguard, preventing the ET approximations from dropping too low or rising too
high. In the absence of this variational guidance, the improved ET struggles to achieve higher
accuracy. Concerning a hypothetical crossing of the improved curve with the exact results, the
loss of the variational character implies that no general prediction can be made, although this
feature does occur in the present example. In conclusion, it is not guaranteed that the improved

ET will consistently outperform the classical ET in such situations. However, this result should
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Figure 3.6: Energy E of a three-body system with m = 1 and a mixed cubic - linear potential
V(r) = Cr3+ (1 — C)r as a function of C. OBE results (dots), ET results (solid line), and
improved ET results (dashed line) are shown. For the OBE, a is computed for Q. = 10, while
the maximum number of quanta used in the basis is Qnax = 26.

be nuanced as the dashed curve more accurately reproduces the exact shape, and this analysis
focuses exclusively on the bosonic ground state.

This first example is supplemented in reference [55| with two other potentials exhibiting
similar variational characteristics. The conclusions are broadly consistent with those above: the
ET proves to be fairly accurate on its own, and there is no guarantee that the improved ET will
genuinely enhance accuracy. These tests also include more complex potential shapes, such as

logarithmic and Gaussian interactions.

Three-body forces and observables

To close these illustrations of the ET, let us have a look at the generalisation to K-body
forces introduced in Section |3.1.5, The associated approximation will be examined for a system

of identical particles interacting with power-law K-body interactions,
T(p) = Ap", Wi(p) = — 2By (3.100)

For now, the kinetic energy is kept arbitrary, but it will be shortly specified to the non-

relativistic one (¢ = 2 and A = 1/2m). The generalised compact equations for K-body forces
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being extremely similar to those for two-body interactions, the same accounts for their solutions,

bk -\ 1/(a+b) 1/(a+b)
8lBQ(a)'CE (VCF) NaAQ(a)"
Po = ) Po = ;

NaA <\/C_]2V>b Bk (Vaz) ( Oi)b

(3.101)

1/(a+b)

£- Lt (%B)“(NA)”(W‘%«@@))“ s

a 0] VC%

Concerning the improved version, ¢ can be computed thanks to (3.83). Surprisingly, it results

in the same value as for two-body interactions,
o =vVa+b. (3.103)

In the following, the accuracy of the ET approximations is investigated for three non-relativistic
bosons with unit masses interacting through linear or Coulomb three-body forces. For both
tests, ground states and excited eigenstates are examined. These examples are taken from
reference [54].

Let us start with the linear case, b =1 and B = 1/2. Using the OBE developed in Chapter
2, accurate eigenvalues and eigenfunctions are obtained for this potential. Table [3.3] compares
the results from the ET and its improved version with those from the OBE. States from the ET
and from the OBE are identified using the methodology described in Section [3.1.6] A parameter
that indicates how well relation holds is denoted by v,

Y i (3.104)
2 po

The ratio associated with the dominant number of quanta in the eigenstates from the OBE,
namely Y |ds(Q*)|?, is also provided and denoted D(Q*) for short. Examining the results, the
accuracy of the ET is of the same order as for two-body interactions. As expected, there is a
strong correlation between the proximity of v and D(Q*) to 1 and the accuracy of the ET. The
improvement procedure using the DOSM appears to be less effective for systems with three-body
forces.

This analysis is confirmed by investigating the Coulomb case, with b = —1 and B = 3.
Eigenenergies of this potential obtained with the OBE have already been displayed in Table
2.6 Table [3.4] compares the results given by the ET and the improved ET with those from
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State OBE ET 0] IET Bl v DQY)
[1;0;07) 2753 2835 [3.0%] 2.663 [3.3%] 1.09 0.7
11;2;07)  3.795 3.985 [5.0%] 3.695 [2.6%] 1.10  0.94
11;2;2%) 3915 3985 [1.8%] 3.841 [1.9%] 1.06  0.97
11;3;17) 4434 4500 [1.5%] 4.228 [47%] 1.02  0.99
1;3;37) 4434 4500 [15%] 4.365 [1.6%] 1.02  0.99

Table 3.3: Energies in arbitrary units for the lowest states of a system of three identical bosons
interacting through a linear three-body potential, W (p) = p/2. Results from the ET, the
improved ET and the OBE are compared. Relative differences with respect to the OBE, denoted
9, are indicated in % for the ET and the improved ET. The parameters v and D(Q*), which
characterises the similarity between the ET and OBE approximations, are also provided. The
maximal number of quanta used for the OBE is (Q,.x = 16 with a computed for ) = 10.

State OBE ET [4] IET [4] v D(QY)

[1;0;07)  —0.240 —0.167 [30%] —0.375 [56%] 1.36  0.89
1;2:07)  —0.120 —0.060 [50%] —0.167 [39%] 1.92  0.72
1;2:27)  —0.074 —0.060 [19%] —0.094 [27%] 1.22  0.90

Table 3.4: Energies in arbitrary units for the lowest states of a system of three identical bosons
interacting through a Coulomb three-body potential, W (p) = —3/p. Results from the ET,
the improved ET and the OBE are compared. Relative differences with respect to the OBE;,
denoted 0, are given in percent for the ET and the improved ET. Parameters v and D(Q*),
which characterise the similarity between ET and OBE approximations, are also provided. The
maximal number of quanta used for the OBE is Q,.x = 16 with a computed for ) = 10.

Section The ET approximation achieves a relatively low level of accuracy, similar to that
for Coulomb two-body interactions. This poor accuracy is again explained by the divergent
nature of the potential. The same correlation with v and D(Q*) is observed. Once more, the
improved ET struggles to achieve higher accuracy, likely for the same reasons.

Finally, let us briefly compare the approximations for a few observables obtained from the ET
and the OBE. This analysis is performed using the same linear three-body potential as before.
Table [3.5] presents results for different powers of the relative distance between particles. Due to
its low accuracy for the spectrum, the improved ET is not included in this discussion. Notably,
for (|r; — r;|?), obtaining an ET approximation requires no additional calculations, since p3
directly gives this quantity. All the ET approximations obtained using the methodology from
Section [3.1.6] prove to be quite accurate, with relative differences smaller than a few percent.

Additional results can be found in reference [54].
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State (Iri — 7)) (Iri = 751%) (Iri =171
OBE ET ]| OBE ET ]| OBE ET 0]
1,0,07) | 2035 2011 [LI8%]| 4.932 4.762 [3.45%)] | 0.633 0.633 [< 0.1%)
]1 2:0 > 2.806 2.737 [ ] 9.863 9.410 [4.59%] 0.526 0.533 [1.33%]
1:2:2%) | 2.867 2846 [0.73%] | 9.614 9.410 [2.12%] | 0.446 0.446 [< 0.1%]
11;3;17) [ ] [ ] ]
11;3;37) [ ] [ ] ]

3.198  3.178 12.217 12.00 [1.78%] | 0.437 0.437 [< 0.1%
3.292  3.272 12.217 12.00 [1.78%] | 0.367 0.367 [< 0.1%

Table 3.5: Mean values for different powers of the relative distance between particles and for
the lowest states of a system of three identical bosons interacting through a linear three-body
potential, W(p) = p/2. Arbitrary units are used. Results from the ET and the OBE are
compared, with relative differences from the OBE, denoted 9§, given in %. The maximal number
of quanta used for the OBE is Qy.x = 16 with a computed for ) = 10.

3.2 Envelope Theory for Systems of Different Particles

The previous description was restricted to systems of N identical particles. The ET can
be extended to systems with different particles, as the harmonic oscillator Hamiltonian with
varying masses and oscillator strengths remains analytically solvable [68]. The derivations
follows relatively similar approach to that for identical particles. Therefore, for brevity, detailed
calculations are omitted, and focus is placed on presenting and illustrating the resulting equations.
Additionally, for simplicity, only two distinct particle types are considered. Further details on

the ET for systems of different particles can be found in references [65], 68 97].

3.2.1 Auxiliary fields for systems of different particles

Consider a system with N, particles of type a and N, particles of type b. Such a system will
be referred to as a system of N, + NN, particles. The following harmonic oscillator Hamiltonian

remains analytically solvable,

.2 2 a
Hg}iﬁ(ﬂaa b, Vaas Vobs Vab) = Pi + b + Z Vaa|Ti — ri/|2
p L i<il=1
Ny N, N, (3.105)
+ Z v — 1| nLX:Z:uabWZ ri|?
j<j'=1 =1 j—1

Here, p; and 7; (p; and r;) denote the momentum and position of the i*" () particle of type

a (b), respectively. As before, the centre-of-mass energy is implicitly removed by setting the

total momentum of the system to zero manually, P = ZZVZ“I p; + Z;V:”l p; = 0. The solvability
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of HIM becomes evident when rewritten as the sum of three separated harmonic contributions,
HYY = H, + Hy + How. (3.106)

Here, H, describes the internal motion of the subsystem consisting of all particles of type a,

Ng N,
Ha e Z piZ _ Pa + Z Vaa + %Vab |r’1, _ ,,,i,‘z‘ (3107)
— 2, 2M, N,

i<i'=1 @

Above, P, = Zf\fl p; is the total momentum of subsystem a and M, = N,u, is its total mass.

Similarly, H;, governs the internal motion of subsystem b,

D; P al N,
Hy=) -2+ (u +—“ua> i — 1% 3.108
’ j=1 2’“” 2Nb’ub Jj<j’=1 N No b ’ ’ ’ ’ ( )

where P, = Ziv:”l p; and M, = Nypyp. Finally, the term Heoy describes the relative dynamics

between the two subsystems,

2
Hey = g_u + Ny Nyvar?. (3.109)

Here, p = (MyP, — M,P,)/(M, + M,) is the relative momentum between the two subsystemsﬂ
pu = M,M,/(M, + M,) is the corresponding reduced mass, and r = R, — R, is the relative
position between their centre-of-mass, defined as R, = vazal r;/N, and Ry = Z;V:”l r;/Np.
With this decomposition , the spectrum of the Hamiltonian (3.105]) is the sum of three

well-known N-body harmonic oscillator spectra,

2
Eaa,ab,n,ﬁ(,uaa Moy Vaa s Vbb, Vab) = Q(aa)\/_ (Nal/aa + NbVab)
Ha (3.110)

+Q<ab>\/ % (Nt + Novg) + O, ) %(NaNbuab»

Above, a, (ap) denotes the set of quantum numbers associated with the internal motion in the

subsystem of particles a (b),

a = {nf, 05, ..on%, 1, 0. 1} ap = {nf, 6}, ...,nl, 1, O, 1}, (3.111)

while n and ¢ correspond to the relative motion of the two centres of mass. The function @

retains its previous definition from the case of identical particles. Symmetry conditions on the

3 Note that, as P = 0, one has p = P, = —P,,.
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wave function constraint the possible values of Q(«,) and Q(as), but no such constraint applies
to Q(n,l).

The exactly solvable Hamiltonian enables the construction of an ET for a system of
N, + N, particles governed by the following general Hamiltonian,

Ng Ny Ng Ny
H=Y Tlpi) + Y To(IpiD) + Y Vaallrs —rirl) + Y Vipllrs —rar)
i=1 7=1 <i’'=1 j<j'=1
No N

+3 N Vallrs — 7).

i=1 j=1

(3.112)

Following a similar procedure as for a system of N identical particles, auxiliary Hamiltonians
depending on five auxiliary parameters are constructed. Additional auxiliary parameters are
unnecessary due to the symmetry conditions imposed on particles a and b, respectively. To
simplify notation, the set of auxiliary parameters is denoted as v = {(i4, Lo, Vaa, Vob, Vab

leading to the definition
f{diff(,yaux) _ Héi}ilff(,yaux) + Bdiff(,yaux)’ (3113)

where the function B is given by

B(y*™) = N, (Ta<Ga(ua)) - %) + €2 (Vaa(Jaa(Vaa)) — Va2 (Vea))
+N, (Tb(Gb(Mb)) _ GiL/:b)> + C, (Viu (o () — v i (i) (3.114)

+No Ny (Vab(Jab(Vab)) - Vabjsb(yab))-

Here, G,, Gy, Jua, Jp and Jy, are defined as inverse functions of z /T (x), x/T)(x), V! (z)/2x,
Vi, (x)/2x and V!, (z)/2z, respectively. Using the same arguments and methodology as for
identical particles, an approximate spectrum of H is obtained by imposing extremisation

conditions on spectrum of the auxiliary Hamiltonians with respect to auxiliary parameters,

_a c ux 9 ~ ux

5 Canannt(7) =0, 5 Cawannt (1) =0, (3.115a)
Ha AyBUX =y RUX b yAuX =y 2ux
9 ~ aux d ~ aux

o Eargramt (V™) =0, 876%7%%(5('7 ) =0, (3.115b)
aa ,yaux:,ygux bb ,\/aux:,ygux
a ~ aux

5y Cawanne(7"™) =0, (3.115¢)
V(lb Vaux:,ygux
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where

gaa,ab,n,f(fyaux) = €agq,0p,n,0 (7aux) + B(’Yaux)- (3116)

The extremal auxiliary parameters 7§ defines an extremal auxiliary Hamiltonian whose
eigenenergy labelled by ag, ay, n, £ approximates an eigenenergy of the genuine Hamiltonian. As
before, the extremisation conditions explicitly depend on the energy quantum numbers, leading

to an approximation of the original Hamiltonian by a set of extremal auxiliary Hamiltonians.

3.2.2 Compact equations for N, + N, particles

As in the case of identical particles, the five extremisation conditions, along with the energy
formula, can be rewritten as a set of compact equations in which the functions G and J no
longer appear, and the variables acquire a clear physical interpretation. Since the detailed
derivation has already been presented for IV identical particles, the final result is stated directly
here. More details can be found in reference [97|. For systems of N, + N, particles, the following

seven compact equations hold

E= NaTa(p;) + NbTb<p;y) + CJZVaVaa(paa) + Cj%fbvbb(pbb) + NaNbV;b(pg))a (3.117a)
N.T' /Pzi 2 / Nb 2 / /chLa
a a(pa)_/ - CNa‘/;La<paa>paa + FCNa%b(po)_/, (3117b)
pa, a 0
2
D N, p
N Ty (py) =7 = C, Vi (pew) pow + FCJQ\@ Jb(ﬂf))#, (3.117¢)
yZ3 b Po
1 P? 1 P? R?
T (0) = + =Ty ()= = NaNo Vi (06) = 3.117d
L)+ T2 = NNV l) 3.7
Q(aa) = C]%Tapapaaa Q(ab) = C?prbpbb, Q(n,g) = P()Ro. (31176)
where
P? P? N,—1 Ny, — 1
PE=rat s =Pt N P = oy Pt ;)Nb P+ RS (3.118)
a b a

The unknown variables are related to mean-values of observables,

Py = (P’ — P?/N;) p = (p;® — P’ /N, P2 = (p%), (3.119a)
poa = (Iri —ma|*), o2y = (Jr; — 7%, R2 = (r?). (3.119b)

Here, 7,4' label any two particles of type a, and j,j’ label any two particles of type b. The

symmetry properties of the expected solution ensure that any choice of specific particle pairs
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results in the same expectation value. Using definitions (3.118]), one also obtain expectations

values corresponding to the primed variables,

= (pi®), P = (), oy =Alri=mif). (3.120)

These relations hold under the condition P = 0. As verified in reference [97], the equations from
Section are recovered when all particles are considered identical. Regarding the variational
properties, the situation is analogous to that described in Section [3.1.3] The two variational
conditions from that Section are now replaced by five analogous conditions, which apply on the
five arbitrary functions in the original Hamiltonian : Tu, Ty, Vaa, Vip and V.

The special case N, = 1 is considered in the following and thus deserves explicit treatment.
Under this assumption, based on their interpretation in terms of expectation values, the variables
py and py, vanish, while variables Py and pj coincide. Consequently, the compact equations

simplify to

E = N.Tu(p,) + To(Fo) + C?Vavaa(paa) + NaVan(p) (3.121a)
2 2
Py Na —1 Paa
NaTo(pa) )y = CR.Vaa(Paa) paa + = V;’b(p’o)p—,, (3.121b)
a 0
1 P2 R2
~ Ta(wh) = + Ty(Po) Po = NaViy () > (3.121c)
a Pa Po
Q) = 1/ CR, PaPaa; (3.121d)
Q(n, g) = P()Ro. (31216)

where the definition of pf is slightly modified,

. N, —1

=2 — 2 + R 3.122
pO 2Na paa+ 0 ( )

The total motion is decomposed into an internal motion of the a-type particles, governed

by equations (3.121b)) and (3.121d)), and a relative motion between the centre-of-mass of

the a-particles and the single b-particle, described by equations (3.121c) and (3.121€). The
interpretation of auxiliary parameters in terms of expectation values for N, + 1 particles is given

explicitly by

pi = (pi¥ — Pa*/N7), P2 = (p?) = (P,?), (3.123a)
Pae = (ri — 7o), R2 = (|Rq —14)%) . (3.123b)
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Figure 3.7: Illustration for the classical purely orbital motion used to develop a DOSM for
systems of N, + 1 particles. The abbreviations C.M. and C.M.N, refer to the centre-of-mass
associated with the entire system and the subsystem of particles a, respectively.

3.2.3 Improvement for N, + 1 particles

The improvement procedure based on the DOSM can also be generalised for systems with
different types of particles. However, as the complexity of the system increases, calculations,
and especially Taylor developments, become progressively more involved. Therefore, the
generalisation has only been developed explicitly for systems consisting of N, + 1 particles. As
with the compact equations, only the main calculations steps and final formulas are presented
here. A complete description can be found in reference [65].

As a first step, a DOSM must be developed for systems of N, + 1 particles. The construction
follows the motion separation observed in equations . For purely orbital motions, equations

(3.121bf) and (3.121d) classically describe a system of NN, identical particles moving along a
circular trajectory, uniformly distributed and possessing the same momentum. Additionally,

equations (3.121¢)) and (3.121¢]) describe the classical relative circular motion of two different

particles. One is assimilated to the centre-of-mass of the previous subsystem. This classical
configuration is illustrated in Figure [3.7. It is important to note that this separation does
not imply that both motions are uncorrelated: the interaction potential V,;, appears in both
equations (3.121b)) and (3.121¢c|). As in Section variables describing purely orbital motion

are denoted with a tilde,

E = NaTa(ﬁ;) + Tb(pﬂ) + O]%favaa(ﬁaa) + Navab(ﬁé))a (3'1243)
~9 ~9
<\ Pa ~ ~ Na —1 ~1\ Paa
NuT3(70) = = O, VaalPaa)ua + =5V () = (3.124b)
P, Po
1 P2 . R2
—T0(p,) == + Ty (Po) Py = NV (7)== (3.124c)

N, PR, PTG
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C?\faﬁaﬁaa = )\a(gla --'>€Na71) = Z gz + —, (3124d)
PoRy = M(0) = £+ ——. (3.124e)

Small radial excitations are then introduced for both motions. The perturbed variables p,, paq,
Py and Ry are expressed in terms of increments p,, Apq,, P and ARy in a manner analogous
to that used for identical particles. After performing a series of Taylor expansions, the energy

increment is obtained as

1 1 kq
_ —A 2
2uaﬂ +2u v "

k

k*’A 2 + 5 ApAr (3.125)

AFE ~

where o, tp, kq, kp and k. are given in terms of the purely orbital variables,

_ o\ -l
~/ T/ ~/ T/ P
Ha = L — N0 My = a(ﬁa) + b(~ 0> )
NoT3(Ps) Nap; P
NoTy (Pa)ba | NaToPo)ba (3 D
ha=——5-5 T 52 5
paapa paa p(l p(l
No—= 1232 v (Na—1) (1 (N, —1)p? .
Oy (620 (1 06U

~ = ~ ab\Po)>
AN, 2 A 2Ny e

+ CX, Var(Paa)

a

_|_

o TGP TR TGP (3 P
"TNSR R N,R2 \p, N2
2Tb(PO)PO Naég " ~r 1 R(z) 1t
+ =~ + ~ a p + Na = T =9 a p )
R2 p62 b( O) p6 p63 b( 0)
k. — 2p2P2 (T”(ﬁ/) - T(i(ﬁg)) + (Na _ 1)ﬁaaR0 ( //(~/) - V;z/b(ﬁlo))
Napa paaRO e 71 562 abrmo 156

The expression for AE is then interpreted as a quantum Hamiltonian to be solved. The
spectrum of such a coupled harmonic oscillator can be found in reference |65, [98]. By following
the procedure developed for identical particles, the associated quantum number are related to
the n; and ¢; quantum numbers through identification with the harmonic oscillator spectrum.

Finally, the energy increment from the DOSM is given by

35\ S (e 1)+ 2 (nr ) (3126
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where p = \/liq 1y and

A= [k,
Ha if k. =0,
B= /!,
Mo

A= of, — k 1
pa 02 in:—(J@m—J@@):Q
B= |tk +% ke \'V Ha

ke €
A: Z—ija—7<— 1+€2—€>

if € # 0.
B = /lj—‘zkb—i—%(i 1—|—€2—6)

le]

The DOSM solution is now compared with the approximation given by the ET. A ¢ parameter

is introduced in each global quantum number @),

Q(aa> - gbaza: (nz + %) + )\a(gly ...,éNa), (3127)
Qn, ) = oy (n + %) + X (0), (3.128)

and the ET equation are expanded near a purely orbital solution. The resulting expression for

the energy increment due to the perturbation is

b o 1 é 1
AE = D, - )+ D2t — ). 3.129
e (mrg) rog (ne3) 3 120
where
o Nup? P2 .
D = T}(5,) ==, Dy = T3(0h) 5 + Ti(Po) B

Finally, ¢, and ¢, are chosen to match expressions (3.126|) and (3.129)),

N, | A N\, |B
o ’ A N 3.130
¢ D\ C% Po D\ 1 ( )

Both the ET compact equations and the analytical expressions for ¢, and ¢, are significantly
more intricate than those for N identical bodies. Except in very simple cases, deriving an

analytical formula for the approximate spectrum proves impossible. However, to numerical
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calculations remain feasible, with the computational cost being of the same order as for identical

particles.

3.2.4 Tests of the ET for N, + 1 particles

Finally, tests of the ET for systems of different particles are conducted. Since the case of
identical particles has already been extensively discussed, only three tests are performed. Once
again, in line with the scope of the present work, only three-particle systems, comprising two
identical particles and a third distinct one, are considered. Given that N, = 2, the internal
motion within the subsystem of particles a is characterised by a single pair of quantum numbers,
denoted n, and ¢, in the following discussion. Furthermore, to emphasize the distinction, the
quantum numbers that describe the relative motion with the particle b are denoted as n, and /.

The three tests are drawn from reference [65].

Ultra-relativistic kinematics

To begin with, the ET and the improved ET are applied to ultra-relativistic massless particles
interacting via harmonic potentials. Different interaction strengths are considered depending on

the nature of the particle pair,
T.(p) = Tu(p) = p, Vaa(2) = 27, Vi (2) = ka?. (3.131)

Arbitrary units are used. Calculations similar to those presented in Section demonstrates
that the ET provides upper bounds for such a system. For comparison, the eigenenergies of
this three-body system are computed using the OBE. Additionally, reference [99] allows the
eigenenergies to be inferred from those of a system of three non-relativistic particles interacting
linearly. Based on results obtained by J.M. Richard using the method from [25|, reference [65]
derives very accurate eigenenergies for this Hamiltonian.

Two values of the interaction strength parameter are considered, £ = 0.1 and £ = 10. Energies
for the ground state and two low-lying excited states with positive parity and zero total angular
momentum are computed. Results for the ET, the improved ET, the OBE, and those from
[65] are compared in Table and Table 3.7 Approximations from the ET and the OBE
are identified using the same methodology as for identical particles, while those from [65] and
the OBE are matched based on the similarity of their energy values. For both tests, the ET
provides energy eigenvalues with an accuracy of a few percent and, as expected, consistently

yields upper bounds. With the improved version, the relative difference decreases to around
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(nay Loy Ty, Op) OBE Ref. [65] ET 0] IET [0]
(0,0,0,0) 0.288 5.288 5.597 [5.8%] 5.307 [0.4%)]
(0,0,1,0) 6570 6570 6.970 [6.1%] 6.571 [< 0.1%]
(0,1,0,1) 7.513 7.515 7.868 [4.7%] 7.625 [1.5%)]

Table 3.6: Low-lying eigenenergies for states with positive parity and zero total angular
momentum for the system of three massless particles described in . The interaction
strength is fixed at £ = 0.1 (in arbitrary units). Results from the OBE, reference [65], the
ET and the improved ET are compared. The relative differences from the OBE, denoted 4,
are given in percent. The maximal number of quanta used for the OBE is Q.x = 16 with a
computed for ¢) = 10. The values for ¢, and ¢, provided by the improved ET were 1.76 and
1.79 for the three levels.

(g, Lo, 1y, Op) OBE Ref. [65] ET 0] IET 0]
0,0,0,0) 14505 14506 15.353 [5.8%] 14.699 [L.3%]
(1,0,0,0) 19.130  19.134 20.272 [6.0%] 19.291 [0.8%]
(0,1,0,1) 20.335  20.340 21580 [6.1%] 21.032 [3.4%]

Table 3.7: Low-lying eigenenergies for states with positive parity and zero total angular
momentum for the system of three massless particles described in . The interaction
strength is fixed at & = 10 (in arbitrary units). Results from the OBE, reference [65|, the ET
and the improved ET are compared. The relative differences from the OBE, denoted 4, are given
in percent. The maximal number of quanta used for the OBE is Q,.x = 16 with a computed
for ) = 10. The values of ¢, and ¢, given by the improved ET were 1.82 and 1.80 for the three
levels.

1% or even lower. Notably, the first two states are symmetric under the exchange of the two

identical particles, whereas the third state is antisymmetric.

Power potential

As a second test, systems of three non-relativistic particles interacting via power-law potentials
are considered. The third particle being distinct from the first two is assigned a different mass,

To(p) = = Ti(p) = o —, Via() = Vip(2) = = (3.132)

P2 P b b
2

As before, arbitrary units are used. For this system, accurate energies for the ground state have
already been obtained in Section [2.3.1] using the OBE. Two different masses were considered,
m = 0.2 and m = 5. Results are now compared with those obtained using the ET and its
improvement. For this system, the ET approximations exhibit varying variational properties

depending on the value of b, following the same scheme as for identical particles. Energies are



3.2. ENVELOPE THEORY FOR SYSTEMS OF DIFFERENT PARTICLES 122

m = 0.2
b OBE ET 0] IET 0] (Pas Db)
—1.0 —0.1398 —0.0645 [53.8%] —0.1316 [5.9%] (1.07,1.14)
0.1 1.9452 1.9804  [1.8%] 1.9489 [0.2%] (1.55,1.53)
1.0 4.9392 5.2278  [5.8%)] 4.9687 [0.6%] (1.79,1.77)
2.0 7.5730 7.5730 [0%)] 7.5730 [0%)] (2,2)
3.0 9.7389 8.9925  [7.6%)] 9.6703 [0.7%] (2.16,2.20)

Table 3.8: Ground-state eigenenergies for the system of three non-relativistic particles described
in (3.132). The mass of the third particle is fixed at m = 0.2 (in arbitrary units). Results
from the OBE, the ET, and the improved ET are compared. The relative differences from the
OBE, denoted 9, are given in percent. The values of ¢, and ¢, are also provided. The maximal
number of quanta used for the OBE is Q,.x = 16 with a computed for () = 10.

m=2>5
b OBE ET [0] IET 0] (Pa, D)
—1.0 —0.3841 —0.1797 [53.2%] —0.3029 [21.1%] (1.05,1.64)
0.1 1.8486 1.8820  [1.8%] 1.8568  [0.4%] (1.48,1.77)
1.0 3.4379 3.6386  [5.8%)] 3.4753  [1.1%] (1.74,1.88)
2.0 4.3729 4.3729 [0%)] 4.3729 [0%)] (2,2)
3.0 5.0166 4.6320  [7.7%] 4.9693  [0.9%] (2.20, 2.15)

Table 3.9: Ground-state eigenenergies for the system of three non-relativistic particles described
in (3.132). The mass of the third particle is fixed at m = 5 (in arbitrary units). Results from
the OBE, the ET, and the improved ET are compared. The relative differences from the OBE,
denoted ¢, are given in percent. The values for ¢, and ¢, are also provided. The maximal
number of quanta used for the OBE is Q,.x = 16 with a computed for () = 10.

compared in Table (3.8 (m = 0.2) and Table [3.9) (m = 5). For positive values of b, the accuracy of
the ET and its improvement aligns with that observed in the previous test. However, for Coulomb
interactions, its accuracy significantly decreases, likely due to the divergence of the interaction
potential. In the case of m = 0.2, the improvement procedure restores reasonable accuracy. For

m = b, even this second calculation struggles to provide a truly accurate estimation.

Atomic systems

Finally, as anticipated in Section [3.1.7] atomic systems can also be investigated using the

ET. In particular, the helium spectrum provides an interesting three-body systems to test the
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accuracy of the ET. The helium Hamiltonian in atomic unitd]is given by

i Py PN 1 2 2
H="t422 0N - -
2 2 2m  |ry—re| |rny—T1|  |rn — 7o

(3.133)

with m = 4 x 1836, the mass of the helium nucleus. In this expression, p; and r; (and similarly
p2 and 73) refer to the momentum and position of the first (second) electron, while px and rn
refer to the position and momentum of the nucleus.

Using the ET, an approximation for the ground-state energy of this system can be obtained.
In this case, no variational interpretation can be ensured because the Hamiltonian (3.133]) mixes
attractive and repulsive interactions. For this system, the ET approximations can be directly
compared to the experimental energy, namely 79 eV. While is only an approximation
of the true helium atom Hamiltonian (which, for instance, includes relativistic and spin-orbit
corrections), the energy difference with this simpler version does not exceed a few percent.
Therefore, the experimental result can be reliably used to assess the accuracy of the ET.

After implementation, the following approximate eigenenergies for the ET (Fgr) and its

improvement (Figr) are obtained,
EET =33 e\/, EiET =47eV (Wlth gba = 1.21 and gbb == 178) (3134)

Both approximations show particularly low accuracy. As before, the failure of the ET can be
attributed to the presence of divergent interactions in the potential. The poor performance of
the improvement procedure can be explained by the lack of variational character, as discussed
in Section [3.1.7] Under this context, improving the ET using the DOSM proved notably less
reliable, even for identical particles [55]. Another hypothesis, which has not yet been fully tested,
is the mass asymmetry within the system. This may affect the efficiency of the improvement
procedure, as already noted in Table

3.3 Conclusion: why the ET?

The ET has proven to be a versatile, easily implementable, and reliable approximation
method. It can handle systems consisting of NV identical particles with generic kinematics, as
well as one-body, two-body, and even a given type of K-body interactions. Additionally, it
has been generalised to handle systems containing different types of particles with arbitrary

kinematics and two-body interactions. For certain systems, the approximation obtained through

4 Energies in atomic units can be converted to eV by a factor of a®m, = 27.21¢V.
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the ET carries a variational interpretation. When higher precision is needed, an improvement
procedure can been applied. A parameter is introduced into the ET quantum number and is
determined by comparing the spectrum with the DOSM approximation. This procedure does
not significantly increase the complexity of the original method. For systems with different
types of particles, the improved ET has been developed specifically for systems with N, + 1
particles.

Although predicting the performance of the ET remains challenging, various tests conducted
on different systems have provided valuable insights. Notably, the presence of highly divergent
potentials can reduce the accuracy of the ET. Furthermore, the improvement procedure may
lose efficiency when contributions with opposing variational properties are mixed.

While the ET may not provide the highest accuracy, it stands out due to its generality and
simplicity. In practice, its use requires solving only a set of three equations. For systems that
are not overly complex, this resolution can often be carried out analytically, making it easy
to vary system parameters or the number of particles. These advantages enable the ET to be
applied in a wide range of contexts. It can certainly be used to validate the implementation of
more precise numerical calculations |77, but it can also complement these numerical methods
by providing easily obtainable approximations, as demonstrated in Section [3.1.6] Additionally,
the method has been used to establish a quantum version of the quasi Kepler’s third law |75} [76].
More recently, it has been used to determine upper-bounds for critical coupling constants [94].
The method aligns well with large-/N approaches in quantum chromodynamics, where limits for
large numbers of particles in bound states are of interest |70, 71, 72, 73, 74]. Lastly, the method
was applied in a more classical manner to study hybrid mesons [69], and proposed for hybrid

baryons in [56).

Complement 3.A The N identical body harmonic oscillator

This complement is devoted to the determination of the energy spectrum of the N identical

body harmonic oscillator,

Hy =S P UL} 3.135
D it RO Mt (3159

1<j
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First, the centre-of-mass motion of the system can be removed by generalising the three-body
Jacobi coordinates (2.100)) for IV identical bodies,

(3.136)

ZIQ

; N
- ’l"j . §
— 217—7'7:_1_1 forZE {1,,N_1}7

J= =1

Length dimensions have been kept. One recognise xpn as the centre-of-mass position. Definition

(3.136|) can be rewritten into a matrix form,

1 -1 0
N 1/2 1/2 -1
x;i=Y Uyr; with U=|1/3 1/3 1/3 - 0 |. (3.137)
j=1 . . . . .
1/N 1/N 1/N --- 1/N

With this formulation, obtaining the inverse transformation is a simple matter of matrix inversion.

One can also show that momenta conjugated to x;, denoted m; are obtained with the inverse

transformation,
/2 1/3 1/4 --- 1/N 1
N -1/2 1/3 -1 --- 1/N 1
m=Y Bup; with B=U"'=| 0 -2/31/3 --- 1/N 1. (3.138)
j=1 . . . . . .
0 0 0 -+ (I-N)/N 1

Properties of the U and B matrix can be used to demonstrate the following two relations

P i+ NG
ZPiQ—W: N ;° Z\Tz T Z]+1 x;”. (3.139)

Thanks to these intermediary results, the harmonic oscillator Hamiltonian can be rewritten in

Jacobi coordinates,

N-1

Hon = Z hi(ms, @;)  with (g, ;) =

(i+1) , Niv |,
i=1 2tp .

: ; 3.140
ir1r (3.140)
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The full Hamiltonian is now separated as a sum of N — 1 one-body harmonic oscillator Hamilto-

nians h; whose spectrum is well-documented,

[2N
hi |1/}nil€imi (m1)> = €n¢; |@nifimi<mi)> with €n;l; = Ty(in +4; + D/2) (3'141)

Above, n; and ¢; are positive integers, zero included. The |@n,s,m, (€;)) states and the associated
spectrum have already been depicted in Section for unit masses, unit interaction constant
and in three dimensions. With the separation of variables technique, the spectrum of the full

N-body Hamiltonian is expressed as a sum of the one-body eigenenergies,

N-1
ON
e(u,v) = M” S (@2 + 6+ D/2), (3.142)
i=1

and the total eigenstates are products of the individual eigenstates,

|¢nlélmlmnN—1£N71mN71(wl? "'mN—1>> = W}nlflml (2171)) ®..Q |¢nN71ZN71mN—1 (mN—l» . (3143)

The quantum numbers n; and ¢; indicates respectively the radial and orbital excitation associated
with the i*" Jacobi coordinate. The total eigenstates |Unyey..nn_10n_,) have a good parity
P = (—1)%%2 but do not exhibit any symmetry under exchange of particles nor good angular
momentum. These properties can be provided by combining different eigenstates with the same
energy eigenvalue €(u,v). Notice that this symmetry has to be implemented at the level of

individual positions and not on Jacobi coordinates.

Complement 3.B The fermionic ground state with the ET

As mentioned in Section using the ET, the bosonic ground state can easily be obtained
by simply setting all the n; and ¢; quantum numbers to zero. The corresponding harmonic
oscillator eigenstate is naturally symmetric under any exchange of particles. Determining the
fermionic ground state energy is, however, more involved. One must identify the lowest value of
Q(a) that allows for the construction of an antisymmetric harmonic oscillator eigenstate. This
challenge can be addressed using Pauli’s exclusion principle, which states that, for Hamiltonians

separable in individual coordinates, two fermions cannot have identical quantum numbers.

However, in [Complement 3.A| the independent oscillators are written in Jacobi coordinates,

which precludes a straightforward application of this principle.

This obstacle is overcome by reference [100], where the N-body Harmonic oscillator is solved



COMPLEMENT 3.B. THE FERMIONIC GROUND STATE WITH THE ET 127

by maintaining individual coordinates. The two-body harmonic interactions are transformed

into one-body harmonic interactions in an exact manner, making the Hamiltonian separable.

The resulting spectrum is consistent with the one obtained in [Complement 3.A|

E= 2];[” <k§ Qui + M) — (N + L) + (N — 1)%) . (3.144)

Above, v, and A\, are radial and orbital quantum numbers associated with individual positions,
while A/ and £ are quantum numbers related to the centre-of-mass motion. Magnetic quantum
numbers pu; and M are also present but do not affect the spectrum. The centre-of-mass
quantum numbers are constrained by the individual ones and, for a fermionic ground state,
ultimately cancel out [101}, p.3-4]. Since the quantum numbers are now directly tied to individual
coordinates, Pauli’s exclusion principle can be applied and the fermionic ground state energy is
obtained by minimising equation (|3.144|) with each particle having distinct quantum number
triplets (vg, Ak, ix). Analytical formulas for this fermionic ground state are provided in Reference

[65], where the discussion is also expanded to include the improved ET.

This chapter in the context of a thesis

This chapter covers a topic that has been a primary matter for my master thesis, but a
secondary topic in my PhD. At the end of my master, in the continuity of the generalisation
of the ET initiated by L. Cimino [68, (97|, I worked on extending the improvement of the
ET for systems of NV identical particles plus a different one [65]. In the future, this method
is intended to be used in a study of hybrid baryons in the large- N formalism of quantum

chromodynamics.

During my PhD, as mentioned at the end of the previous chapter, my contribution to the
ET formalism was mainly to provide accurate results with the OBE in order to assess the
ET accuracy [54, [5]. Most results of these studies have been introduced in Section [3.1.7]

These tests enabled L. Cimino and me to identified the two typical behaviours mentioned

in the main text.
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Chapter 4

Hadronic Physics: From Discovery to

Quantum Chromodynamics

This chapter introduces a special topic in which the technology presented in Part [I| provides
significant support. Specifically, the chapter focuses on the study of a particular class of particles
that have been observed from the early 20" century to the present day: the hadrons. Following
a brief and non-exhaustive historical overview in Section the classification of hadrons and
the quark hypothesis are discussed in Section [4.2], following the framework established by M.
Gell-Mann. The Section continues with an overview of the modern fundamental theory of the
strong interaction, namely quantum chromodynamics, and concludes with a brief introduction

to a current research topic: the exotic hadrons.

4.1 A short historical review of early hadron detections

Disclaimer: the following section is intended to provide a general overview of the emergence
of hadron physics. The proposed summary does not claim to be exhaustive nor to present an
entirely precise account of historical developments. Throughout the text, several pioneering works
are cited for illustrative purposes, however this selection is likewise not comprehensive. For more
in-depth analyses of hadron physics and its historical context, the reader is referred to references
/102, 105).

This story of hadron physics begins in 1897 with the famous experimental discovery of
the electron by J.J. Thomson [104]. Still considered as an elementary particle today, the
electron marked the beginning of a new domain in physics: the study of elementary particles.

With this discovery, the first constituent of matter was identified. Since atoms are electrically

131
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neutral, the identification of the negatively charge electron suggested the existence of a positively
charged counterpart. Thomson proposed that electrons were embedded in a positively charged
medium, an idea known as the plum-pudding model [104]. Although now recognised as incorrect,
Thomson’s model was the first indication of positively charged components within atoms, later
identified as protons.

Thomson’s model was radically revised just a few years later, in 1911, by one of his students, E.
Rutherford [105]. By bombarding a thin sheet of gold with alpha particled]] Rutherford observed
that the projectiles were occasionally deflected at large angles. To explain this experimental
observation, he proposed that Thomson’s diffuse positive charge was actually concentrated in
a small central region, what came to be known as the atom nucleusﬂ. Rutherford calculated
the expected cross-section for classical Coulomb scattering and successfully reproduced his
experimental results. Remarkably, all observed nuclear masses appeared (approximately) as
integer multiples of the lightest nucleus, that of hydrogen. In 1919, Rutherford identified this
lightest nucleus as a fundamental building block of all other nuclei, and named it the proton
[106]. The existence of multiple positively charged particles confined in a small space implied
the existence of an attractive force strong enough to overcome electromagnetic repulsion. This
was the first evidence of a new fundamental force, initially acting only between the components
of the nucleus, known as the strong interaction. Particles subject to this force were eventually
grouped (in 1962) under the name hadrons, in reference to their comparatively large mass (from
the Ancient Greek adpdc, meaning "stout") [107].

Time went on, and, alongside experiments, theoretical physicists worked on explaining the
dynamics that govern the behaviour of these new particles. In particular, they focused on
understanding how atoms are structured and how they interact with the electromagnetic field.
These theoretical efforts led to the development of quantum theory, whose modern formalism
is outlined in Section [I.I} To name a few essential contributors, let us mention, in alphabetic
order, N. Bohr, M. Born, L. de Broglie, P. Dirac, A. Einstein, W. Heisenberg, W. Pauli, M.
Planck and E. Schrédinger. This list is far from exhaustive, and many other contributors also
deserve recognition.

Another piece of the puzzle was revealed in 1932 by J. Chadwick, who discovered that atomic
nuclei are also composed of neutral particles with a mass roughly equivalent to that of the
proton |108]|. The associated particle was called the neutron [106, 108] and became the second
hadron to be experimentally detected. At the time, proton and neutrons were thought to be

fundamental particles that, through their strong interactions, bound together to form nuclei.

! Previously identified by Rutherford as helium atoms stripped of their electrons.
2 This hypothesis had previously been proposed by H. Nagaoka, but received little attention.
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Electrons were then attracted to this nuclear structure by electromagnetic interactions, forming
atoms on a larger scale. In addition to this trio, other particles, lighter than hadrons and

insensitive to the strong interaction, were also postulated and observed.

e Electromagnetic radiations are carried by a fourth elementary particle, earlier postulated
by M. Planck (in 1901) [109] and A. Einstein (in 1905) [110]. This particle was later
named the photon in 1926 [106].

e Dirac’s equations predicted the existence of a particle similar to the electron, but with a
positive electric charge [111]. This particle was later observed by C.D. Anderson and named
the positron [112]. The discovery of the positron introduced the concept of antiparticles:
for every particle, there exists a corresponding antiparticle with the same mass but opposite

charge.

e To explain the disintegration of certain nuclei, W. Pauli also introduced a light particle
unaffected by both the strong and the electromagnetic interactions in 1930. This elusive
particle, named the neutrino by E. Fermil—f], would remain undetected until 1956 |113] |114].

The story of hadron physics takes a new turn in 1935 when H. Yukawa proposed a model
in which the strong interaction between protons and neutrons is mediated by the exchange of
massive particles [115]. These particles were predicted to have a mass intermediate between
that of protons and electrons, which would explain the short range of the interaction. For this
reason, they were named mesons (from the Greek yéoov, meaning "intermediate"). In 1937, the
search for mesons encountered a false hope with the experimental discovery of a particle in the
expected mass range [116]. However, this candidate soon turned out to resemble the electron
more than Yukawa’s meson. It was named the muon and, along with electrons, positrons and
neutrinos, formed their own family of particles: the leptons (from the Greek Aentdéc meaning
"light").

The search for meson continued until 1947, when C. Powell observed two new charged particles
with masses consistent with Yukawa’s prediction |117]. These particles were named pions (as
they were labelled with the Greek letter 7), and their correspondence with Yukawa’s hypothesis
was soon validated. In 1950, the duo was joined by a third particle, neutral in charge and
denoted 7° |118]. Meanwhile, other hadrons, also subject to the strong interaction but lighter
than protons and neutrons, were observed. Named kaons, they were included in the growing

family of mesons. Notably, these latter particles exhibited unusually long lifetimes. This led

3 Fermi’s model also introduced a second particle, called the anti-neutrino. Just as the positron is the
antiparticle of the electron, the anti-neutrino is the antiparticle of the neutrino.
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experimentalists to introduce a conserved quantity [119, [120] called strangeness, which will take
a deeper significance in the next section.

In 1950, it was the proton and neutron family that expanded with the discovery of a third
heavy particle, also sensitive to the strong interaction [121]. This new member was labelled
with the Greek letter A and joined the protons and neutrons in a group named baryons (from
the Greek BapUc meaning "heavy") [120]. At this stage, the current classification is established:
particles subject to the strong interactions are referred to as hadrons and are divided into
two families. The baryons comprise the heavier particles, while the mesons encompass the
comparatively lighter ones.

Things began to grow more complex from 1960 onward. At this point, physicists started
discovering an increasing number of particles with hadron properties. This posed two main
challenges to theorists. First, with a hundred of new hadrons being observed, there was a need
to impose some order by classifying them into more restrictive families. Second, it became
increasingly difficult to regard all these observed states as fundamental. Could such a variety
be explained from a more ontologically parsimonious point of view? These questions were
addressed between 1961 and 1964 by M. Gell-Mann through its hadron classification scheme

and the formulation of the quark hypothesis. These concepts are discussed in the next section.

4.2 Hadron classification and the quark hypothesis

In much of the existing literature, for example in |18}, 122, 123], the classification and structure
of hadrons are presented with the quark hypothesis assumed from the outset. In contrast, the
present section adopts a different perspective: it first aims to infer the existence of quarks based
on the experimental hadron spectrum, and only then employs the quark hypothesis to explain
hadronic properties. In a sense, this approach mirrors the one originally taken by M. Gell-Mann
in the early 1960s 124} |125] 126, [127].

4.2.1 Hadron classification

To begin with, the question of classifying the seemingly disordered hadron zoology is investi-
gated. Among the observed hadrons, and particularly the lightest ones, certain particles appear

to share the same spin and parity, as well as very similar masses, despite differing electric charge.
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For baryons, this is exemplified by the proton and neutron, or by the three sigma baryons [12§],

my+ = 938 MeV, m,0 = 939 MeV; (4.1)
my+ = 1189 MeV, mso = 1193MeV, my- = 1197 MeV. (4.2)

For mesons, a similar pattern is seen in the three pions, the two kaons and the two anti-kaons
[128],

Me+ = 140 MeV, my o = 135MeV, m,- = 140 MeV; (4.3)
my+ =494 MeV, mgo = 498 MeV, mpgo = 498 MeV, my- = 494 MeV. (4.4)

In some cases, the width of the resonanceE] makes it difficult to assign a sufficiently precise mass
to distinguish between the different particles. This is the case, for example, with the four delta
resonances, whose mass is measured at (1232 + 2) MeV [128].

This observation is reminiscent of the energy spectrum of the hydrogen atom. Due to the
two possible projections of the electron spin, the hydrogen energy levels are nearly degenerated
in pairs. Theoretically, this occurs because the dominant contribution to the Hamiltonian is
invariant under transformations of the electron’s spin state, while subleading corrections break
this symmetry and lead to a splitting of these energy levels. By analogy, nearly degenerate
hadrons can be viewed as different manifestations of a single quantum particle. For example,
the proton and neutron are seen as two states of a single particle, the nucleon, distinguished
by a new intrinsic degree of freedom. The formalism is directly copied from that of spin: a
new intrinsic property, called isospin, is introduced, along with two associated operators, the
isospin Casimir and the isospin projection operator. The eigenvalue of the Casimir operator,
denoted I, determines the irreducible representation of SU(2) that the state belongs to when it
undergoes an isospin transformation. The eigenvalue of the isospin projection operator, denoted
I3, distinguishes between the nearly degenerate states within that representation (the dimension
of the corresponding invariant space is 2/ + 1). For instance, the nucleon forms an isospin
doublet with I = 1/2, where the two isospin projections I3 = 1/2 and I3 = —1/2 correspond to
the proton and the neutron, respectively. Tables and list selected baryons and mesons
organised in different isospin multiplets, with their associated spin-parity J¥, mass, isospin
I and isospin projection I3. Of course, from a dynamical perspective, isospin symmetry is

only approximate, since states with different I3 values generally differ in electric charge and

4 Experimentally, unstable particles are observed as "bump" structures in scattering cross-sections, referred to
as resonances. These are typically characterised by a mean value, interpreted as the particle’s mass, and a
width, which is related to its life-time.
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Multiplet I JP Mass  Label of the projections

Nucleons 5 5~ ~940 pt(L=3) n'(l=—3)

Sigma 11T ~1190 St (I=1) X0([;=0) Y (I=-1)

Xi 1IN ~1310 2L =1) = (I =-3)

Lambda 0 17 ~1115 A°(I3=0)

Delta 33T 1230 At (L =2) At(L=1) A'(r=-1) A (I;=-9)
Sigmastar 1 37 ~1385 Y (L=1) YO0(L=0) S (I=-1)

i star b3t ~1830 E0(L=3) E(s=-3)

Omega 0 2" ~1670 Q (I3 =0)

Table 4.1: Low-lying baryons grouped by isospin quantum numbers. The masses indicated are
given in MeV, accurate to within a few MeV, with detailed isospin splittings omitted. Data are
taken from reference [128§].

do not have exactly the same energy. At the very least, this suggests that the electromagnetic
interaction breaks isospin symmetry.

A close examination of Table reveals that different isospin multiplets continue to share the
same J quantum numbers. This observation motivates the extension of the hadron classification
into larger families. In addition to their spin-parity, these multiplets also lie approximately in
the same energy range, although the correspondence is more qualitative compared to that seen
with isospin. This suggests the presence of a second, more approximate, symmetry underlying
the hadron spectrum. This symmetry is known as the flavour symmetry, and the associated
group is SU(3). A detailed overview of this group, its properties and its applications in hadronic
physics can be found in reference [123|. For the purposes of the present discussion, it suffices to
recall the characteristics of the low-dimensional irreducible representations of SU(3). They are
summarised in Figure [4.1]

One can begin identifying the SU(3) multiplets in the baryon and meson spectra by com-
paring the dimensionalities of the group representations with the number of available states.
Furthermore, since flavour symmetry extends isospin symmetry, isospin multiplets should also
be consistently embedded within the representation of SU(3) (see horizontal lines in Figure [4.1)).

Based on this approach, the following structure of the spectra is suggested.

e The eight baryons with spin-parity 1/2% correspond to an SU(3) octet. As expected, they

form an isospin singlet, two doublets and a triplet.

e The ten baryons with spin-parity 3/2% correspond to an SU(3) decuplet. As expected,

they include an isospin singlet, a doublet, a triplet and a quadruplet.
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Multiplet I J¥ Mass Label of the projections

Kaons 100 ~495 Kt(Iz3=131) K°(I;=-3)

Pions 1 00 ~135 7t(lz=1) (I =0) 7 (I = —1)
Anti-Kaons % 0=  ~495 K°(I3= %) K= (I3 = —%)

Eta 0 0 ~550 1L =0)

Eta prime 0 00 ~960 7°(I3=0)

Kaons star % 1= ~890 K*t(I3= %) K* (I3 = —%)

Rho 1 1- ~ 770 p+ (]3 = 1) pO (]3 = O) P (Ig = —1)
Anti-Kaons star 1 17 ~890 K*O(I;=3) K* (3=-1)

Omega 0 1= ~780 W (I3=0)

Phi 0 1= ~1020 ¢°(I;=0)

Table 4.2: Low-lying mesons grouped by isospin quantum numbers. The masses indicated are
given in MeV, accurate to within a few MeV, with detailed isospin splittings omitted. Data are
taken from reference [128].

Is
o]0 o
%}—@—Oﬂ I3
o o
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Figure 4.1: Schematic illustration of the singlet, octet and decuplet irreducible representations
of SU(3) (from left to right). Each white circle represents a state supporting the corresponding
irreducible representation. The horizontal and vertical axes correspond to the eigenvalues
of the third and eighth generators of SU(3), respectively. Notably, the coordinate (0,0) in
the octet diagram is occupied by two distinct states, demonstrating that specifying I3 and Ig
does not uniquely identify a state within the representation. It is also worth mentioning that
horizontally aligned states form SU(2) multiplets. The guiding idea behind hadron classification
is to associate each experimentally observed hadron with the above group theory states.
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e The nine mesons with spin-parity 0~ must be split into an SU(3) octet and a separate
singlet. As expected, the octet consists of one isospin singlet, two doublets and one triplet,
while the SU(3) singlet consist of a single isospin singlet. The identification of whether
the n or the i’ belongs to the octet is discussed in the next paragraph.

e The nine mesons with spin-parity 1~ are arranged analogously to those with 0~. The

identification of the w and ¢ states is also addressed below.

The question of whether n or i’ should be grouped with the SU(3) octet is a subtle one. On one
hand, these two particles share several properties: they have the same spin-parity, electric charge,
total isospin, and isospin projection. On the other hand, flavour symmetry, which predicts
two distinct states belonging to different SU(3) multiplet, is only approximate, as evidenced,
for instance, by differences in hadron masses. As a result, the physical n and 7’ states belong
neither purely to the singlet nor to the octet. Instead, each is a mixture of the pure singlet and
octet states with I3 = Ig = 0. Denoting these basis states as |;) and |ng), the physical states

|n) and |7') can be parametrised as follows,

[m) = cos 0 m) +sinbng) , 1) = —sind ) + cos O |ns) , (4.5)
with 6 € [—7/2,7/2]. A similar discussion applies to the w and ¢ particles,

|w) = cos B [11) +sin b [yg) ) = —sind [1h;) + cos b [1g) . (4.6)

Determining the values of § and @ requires further consideration and will not be discussed here
[18, [123]. For reference, 6 is observed to be in between —10° and —20° [122, 123], while @ is
around 35.4° [122].

Continuing the analysis of the hadron classification introduced above, particles within a given
SU(3) multiplet but belonging to different isospin multiplets are systematically distinguished
by their strangenes{’] More precisely, the strangeness S is found to be proportional to the
eigenvalue of the eighth SU(3) generator, Ig, via the relation [122]

2
—Ig=B+S. 4.7
e (4.7

where B = 1 for baryons, B = 0 for mesons and B = —1 for anti-baryons (the latter are not

discussed in this section). The sum B + S is commonly referred to as the hypercharge, denoted

% Strangeness is a conserved quantum number introduced to account for experimental observations. It was
briefly introduced in Section
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by Y. It is empirically related to the electric charge @ (in unit of the elementary charge) through

Q:h+§. (4.8)

The correspondence between the hadron spectrum and the SU(3) multiplets is often illustrated
using the diagrams in Figure f.2] which synthesize the content of Tables and Figure
[4.1] At this stage, the classification of hadrons remains largely descriptive, highlighting the
symmetries observed in experimental data. However, several important questions remain
unanswered: Where do these multiplets originate? Why are baryons structured into octets and
decuplets? Why are mesons arranged in singlets and octets? Why are the fundamental and
sextet representations of SU(3) seemingly absent from the spectrum? What is the origin of
relation ? And why do mesons always have integer spin, while baryons have half-integer
spin? All of these questions are addressed by Gell-Mann’s quark hypothesis.

4.2.2 The quark hypothesis

To address the questions posed by the classification of hadrons, Gell-Mann proposed a bold
hypothesis: hadrons are composed of more fundamental constituents. The total state |q) of its
new particle, termed a quark, is assumed to include an additional contribution, denoted |F )

and referred to as the flavour component, in addition to its spatial and spin parts,
q) = (7)) ® |smg) @ | F). (4.9)

This flavour component is postulated to belong to a three-dimensional complex vector space
that transforms under SU(3) according to the fundamental representation of the group. A basis
for this vector space is provided by group theory as the set of common eigenstates of I3 and
Is. These states are referred to as up (u), down (d) and strange (s) and are represented in the
left part of Figure 4.3 using diagrams analogous to those introduced in the previous section.
In addition to quarks, antiquarks are also assumed to exist. Their introduction follows the
same logic as that of quarks, but this time employing the three-dimensional anti-fundamental
representation of SU(3). The basis flavour states for antiquarks are shown in the right side of
Figure 4.3| and are denoted with an overbar.

Quarks and antiquarks are treated as spin 1/2 fermions. Consequently, systems composed of
multiple identical (anti)quarks are subjected to antisymmetrisation constraints. It should not be
surprising that quarks of different flavours carry different electric charges as isospin symmetry,

and more broadly flavour symmetry, is broken by the electromagnetic interaction. Concretely, u
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(c) Baryons with spin parity %Jr. (d) Baryons with spin parity %+.

Figure 4.2: Association of the hadron spectrum from Tables and with the SU(3) multiplets

illustrated in Figure [£.1] Diagonal dotted lines illustrate the relation (4.8)) for a given value of
charge Q).
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Figure 4.3: Schematic illustration of the fundamental (left) and anti-fundamental (right)
representations of SU(3). Each white circle represents a state supporting the corresponding
irreducible representation and is associated with a possible flavour for the (anti)quark (either up,
down or strange). The horizontal and vertical axes correspond to the eigenvalue of the third and
eighth generators of SU(3), respectively. The (anti)up and (anti)down states being horizontally
aligned, they form SU(2) doublet.

quarks have electric charge @ = 2/3, while d, s carry @) = —1/3. The charge of an antiquark is
opposite to that of the corresponding quark. These assignements are consistent with equations
and ([£.8).

In Gell-Mann’s theory, the various hadrons observed experimentally are interpreted as bound
states composed of specific numbers of quarks and/or antiquarks. In particular, baryons consist
of three quarks, while mesons are composed of one quark and one antiquark. Hadron multiplets
then arise from decomposing the corresponding many-body flavour space into irreducible
representations of SU(3). The procedure of decomposing a representation formed by tensor
products of smaller ones is well-established in group theory. Without delving too deeply into
mathematical details, let us illustrate the reasoning in the case of mesons. The case of baryons

will be addressed more briefly thereafter.

The meson structure

Mesons are defined in the theory as bound states of one quark and one antiquark. The flavour
component of the meson thus belongs to a nine-dimensional vector space. A naive basis for this

space is obtained by performing all the possible tensor products of the individual flavour states,

{|u@), [ud) , |u3) , |da) , |dd) , |d5) ,|sa) , |sd) , |s5)}. (4.10)

By definition, (anti)quarks transform using the SU(3) (anti)fundamental representation, denoted

3 (3) in the following. As a result, the two-body state made of a quark and an antiquark transform

with the corresponding tensor product representation, denoted 3 ® 3. Group theory allows for
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reorganising the nine dimensional space into two SU(3) invariant subspacesﬂ one of dimension 8
and one of dimension 1, which transforms under SU (3) using the octet and singlet representations,

respectively. This sentence is often summed up by referring to the relation
33=8d1. (4.11)

Group theory also provides the precise combinations of flavour states that realise the
octet and singlet decomposition and fit with the diagrams displayed on figure [£.1} This second
basis for the meson flavour component is illustrated on Figure With this graph, one may
already foresee the relation with the meson spectra displayed on Figures and [£.2b]

The octet and singlet basis is particularly convenient for handling flavour-invariant quark
dynamics. For simplicity, let us consider that this dynamics is modelled as in Chapter [I]
through an SU(3)-invariant Hamiltonian governing the quark system. Mesons are then defined
as two-body eigenstates of the Hamiltonian. In this framework, the eight states of the octet are
necessarily degenerate, as they are mutually connected by SU(3) transformations. In contrast,
the singlet state’s energy should differ from that of the octet, as it resides in a separate invariant
subspace. Even when the symmetry is only approximate, meaning the exact Hamiltonian includes
correction terms that lift the degeneracy, the basis shown in Figure 4.4] remains useful. For
example, in the hadronic context, flavour symmetry is evidently more approximate than isospin
symmetry. Since the states in Figure are chosen to form SU(2) multiplets, the members of
a given multiplet remain degenerate even when flavour symmetry-breaking corrections are taken
into account (provided these corrections preserve isospin symmetry, as expected). In practice,
even this residual symmetry is slightly broken, leading to a small energy splitting between levels
with different I35 eigenvalues.

The preceding discussion has focused on the flavour component of the quark-antiquark system.
However, to construct the full mesonic states, the discussion should also consider the spin and
spatial components. For a system of two spin-1/2 particles, two distinct total spin multiplets

can be formed, one with total spin 0 and one with total spin 1,

|17 1> = |TT> ;
{10,0) = LM = 11, § 11,0) = (1) + 1), (4.12)
|1> _1> = H/¢> )

6 An invariant subspace V for a group G is a vector subspace such that if any of its states is acted upon by
any transformation from G, the resulting state stays in V.
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Figure 4.4: Flavour components for the decomposition in irreducible representation of the tensor
product representation 3 ® 3. The nine above states consist of a basis for the nine-dimensional
vector space. The properties under SU(3) of these states are well-established. Especially, the
octet and singlet transform separately under SU(3) and the basis states are I, I3 and Ig
eigenstates.

where |SM) denotes the total spin eigenstates, and [f],1]) is a shorthand notation for the tensor
product of individual spin states |s; = 1/2,m; = +£1/2) ® |so = 1/2,my = +1/2). The spatial
component is obtained by solving the mesonic Hamiltonian. However, for low-lying meson
states, the detailed spatial dependence is not required, as the system is assumed to remain in
its spatial ground state. In particular, the total orbital angular momentum associated with the
bound state is taken to be zero, so that the total angular momentum is fully determined by
the spin degrees of freedom. With these considerations, Figures and can now be fully

interpreted.

e Each pair of meson multiplets corresponds to a different spin configuration (4.12)) of the
quark-antiquark system. The total spin of the mesons reflects this distinction. The energy

splitting arise from spin-dependent interactions within the mesonic Hamiltonian.

e Within Figure or [4.2D] the meson states are differentiated by the flavour component
of the quark-antiquark state. The specific flavour content is indicated in Figure 4.4 Each
flavour multiplet is associated with a distinct energy, as they transform independently

under the flavour symmetry group.

e The energy difference between the various states in SU(3) multiplets results from flavour
symmetry-breaking contributions to the Hamiltonian. Since these contributions preserve

isospin symmetry, the degeneracy within the SU(2) multiplets remains.

e Finally, smaller corrections to the mesonic Hamiltonian break the residual degeneracy
within the SU(2) multiplets, leading to slight energy differences among, for example, the

three pion states.
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The preceding description deliberately omitted certain aspects of the meson spectrum. In
particular, beyond their flavour, isospin, spin and space quantum numbers, meson states are
also characterised by specific parity and G-parity values. Parity is associated to the inversion
of spatial coordinates and will be discussed in more detail in Part [[TII The G-parity operation
combines charge conjugation C, which transforms particles into their corresponding antiparticles,

with a flavour rotation that reverses isospin projections, [123|,
G = Ce'™2, (4.13)

Above, I, denotes the second generator of the flavour symmetry group. Since the strong
interaction is invariant under both parity and G-parity, it is natural to define meson states as

eigenstates of these symmetry operators. This work is done in reference [123].

The baryon structure

As previously mentioned, the structure of the baryon spectrum will be discussed with less
details. In Gell-Mann’s theory, baryons are described as bound states of three quarks. Since
quark’s flavours transform with under fundamental representation of SU(3), denoted by 3,
the flavour component of a three-quark system transforms according to the tensor product
representation 3 ® 3 ® 3. This representation decomposes into one singlet, two octets and one
decuplet,

3R03®3 =145 P 8us P 8na & 10g. (4.14)

The corresponding flavour-space basis is not explicitly listed here to avoid an unwieldy figure.
Labels have been added to each multiplet to indicate their symmetry properties under particle
exchange. A label S (AS) denotes that the states within the multiplet are (anti)symmetrical
under the exchange of any two particles. A label MS (MA) indicates that the states are
(anti)symmetrical under the exchange of the first two particles only. These are commonly
referred to as mixed-symmetric and mixed-antisymmetric states, respectively. Turning to the
spin degrees of freedom, the spin component of a system of three spin-1/2 particles decomposes

into two spin doublets and one spin quadruplet,

c30aa = (D) = L)/ V2,

(4.15a)
=30 aa = (M) = 1) /2,

13,4y o= (1) + [ — 2110/ VG, |
L=0) e = QI = 1) = [t)/ve, |

N[= D=

|
N |+
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(4.15b)

using same notation as before. As indicated by the labels, the spin quadruplet is fully symmetrical
under the exchange of any two particles, while the two spin doublets correspond to mixed-
symmetric and mixed-antisymmetric states, respectively.

The principal difference from mesons is that baryons consist of three particles which are
treated as identical in the current description. Consequently, the total state of the three-quark
system must be antisymmetric under any quark exchange. Referring to the lowest-lying baryon
decuplet in Figure [4.2d] this symmetry requirement introduces an unexpected obstacle. Since
these baryons are spatial ground states, their spatial contributions are necessarily symmetrid’|
As they possess spin 3/2, their spin components, listed in equation , are also symmetric.
Third, the flavour part of the state, as indicated in equation , is likewise symmetric. As a
result, the total three-quark states for the low-lying baryon decuplet are fully symmetric under
any quark exchange. This contradicts the spin-statistics theorem, which dictates that the total
states of a system of identical fermions must be fully antisymmetric. The apparent contradiction
implies that an additional structure, beyond space, spin, and flavour, must be present in the
three-quark system.

This observation provided the first evidence for an additional component in quark states,
known as the colour degree of freedom. Like flavour, colour is assumed to span a three-
dimensional internal space and transforms under the fundamental representation of SU(3). To
avoid confusion, the colour group will hereafter be denoted by SU(3)., while the flavour group
will be referred to as SU(3)s. The basis colour states are conventionally labelled as red, blue
and greenf] This additional degree of freedom introduces a further constraint on hadronic states:
they must be invariant under SU(3).. This requirement, often called the colour neutrality or
whiteness condition, was historically linked to the emergence of the concept of quark confinement.

Since quarks carry colour charge, they cannot exist in isolation but are always confined within

7 In full generality, an antisymmetric ground-state may be conceivable, particularly in systems involving
fermions. The complete argument leading to the conclusion that the spatial component of baryons is
symmetric is more nuanced. It involves comparing baryon and meson masses and observing that the energy
difference is too small to account for difference in symmetry. The conclusion remains: the spatial components
of the lowest-lying baryons must be symmetric.

8 As with flavour, the colour of an antiquark transforms under the anti-fundamental representation of SU(3).,
with the corresponding states denoted antired, antiblue and antigreen.
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hadrons. The discussion of confinement is deferred to the next section. Returning to baryons,
let us now apply the whiteness condition. Quark colour transforms under the fundamental
representation of SU(3),, so a three-quark colour state transforms according to the same tensor

product representation introduced earlier in the context of SU(3)y,
3®3®3 =145 D 8ns D 8 @ 10g. (4.16)

As expected, the only color-invariant state, namely the singlet, is antisymmetric under quark
exchange. This resolves the tension with the spin-statistics theorem: the colour part of the
baryon state is always antisymmetric, and therefore the remaining components of the three-quark
state must be symmetric, as observed for the lowest-lying baryon decuplet.

Before concluding the discussion of baryons, the octet still needs to be accounted for. This
is complicated by the fact that neither the spin-1/2 states nor the flavour octets individually
exhibit an appropriate symmetry under quark exchange. However, by combining spin and
flavour components with mixed symmetries, one can construct the following globally symmetric

state,
1

V2

Above, |F),;s and |F),,, refer to analogous basis states of the two flavour octets. This

(I1/2,1/2) s @ |F ) g +11/2,1/2) pa @ |F ) psa) - (4.17)

construction yields a globally symmetric space-spin-flavour component. When combined with
the antisymmetric colour singlet, the resulting total three-quark state is fully antisymmetric, as

required. The states obtained in this manner are finally identified with the lowest baryon octet.

4.3 Colour confinement and QCD

Let us return to the concept of colour charge, along with the related ideas of colour neutrality
and quark confinement. There is much to be said about confinement, as it remains one of
the most intriguing phenomena in particle physics. Numerous approaches based on different
frameworks have been developed to deepen the understanding of its underlying mechanisms.
Even today, significant theoretical effort continues to be devoted to this fundamental property
of mattelﬂ A commonly cited intuitive and qualitative explanation, often found in textbooks,
suggests that quarks interact so strongly that, when separated, the energy interaction quickly
surpasses the threshold for quark-antiquark pair creation. As a result, quarks effectively produce

their own confinement partners, such that each becomes part of a colour neutral (white) state,

9 The issue is notably connected to one of the Millennium Prize Problems in Mathematics.
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which interacts more weakly with its surroundingd'*} This intuitive picture connects the colour
of quarks with the nature of their interactions. That idea gave rise to the theory of quantum
chromodynamics (QCD). It is now regarded as the most fundamental framework for describing
the strong interaction. While a detailed treatment of (QCD slightly exceeds the scope of this

work, it remains an indispensable topic in any discussion of hadronic physics.

Disclatmer: The following description aims to be as self-contained as possible, with a focus on
outlining key aspects of QCD, including both its achievements and its limitations. References
are also provided for readers who wish to explore specific topics in greater depth. For a general
overview of the theory, one may refer, for example, to reference [129]. It should be emphasised
that this is a conceptually demanding subject, which would easily warrant a dedicated treatment
spanning hundreds of pages. The author apologises in advance if the discussion appears incomplete

to some readers or challenging to others.

4.3.1 The QCD Lagrangian

The theory of QCD belongs to the broader class of quantum field theories (QFT). These
theories are formulated using a Lagrangian framework rather than an Hamiltonian one, and
place greater emphasis on field operators than on quantum states themselves. The interpretation
of quantum fields can be subtle, and such interpretation is not essential for the present purposes.
In brief, when a field operator associated with a particular configuration of a particle (for
instance, the particle in a momentum eigenstate) acts on the lowest-energy state of the system,
named as the vacuum, it produces a quantum state that is interpreted as containing the particle
in that specific configuration. The QFT framework has proven to be a remarkably powerful tool
for constructing standard theories of fundamental particles, as it enables the fully relativistic
treatment of phenomena involving particle creations and disintegrations. Returning to the main
topic, QCD is based on a Lorentz-invariant Lagrangian that is gauge invariant under the colour
group SU(3). |21} [130],

o fe v (4.18)

_ 1
Lacp = vi(z,) (0" (Dy)ij —mbig) ¥5(z,) — 7

10°A frequently drawn analogy is with atomic systems: although composed of electrically charged particles,
atoms are overall electrically neutral. Colour charge is neutralised in hadrons, just as electric charge is
neutralised in atoms. This analogy, however, is imperfect, since isolated electrons can be observed, whereas
isolated coloured particles cannot. This latter feature is sometimes compared to permanent magnets, whose
poles cannot be observed in isolation.
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where

19 4
(Dy)ij = 00, — EAV(%)(M)U? (4.19)
= avAK(%L) - a/\Ag(xu) + gfabcAI;Af\(xu)- (4-20)

As summations over repeated indices 7, 7, a, b and ¢ are implied, the position of colour indices is
arbitrary. For spacetime indices, the Einstein convention is used. For simplicity, a single quark
flavour is considered. Let us examine each component of this intricate expression in turn 21}

129|, with an emphasis on physical aspects while setting aside certain mathematical subtleties.

e The symbol ;(x,) with ¢ € {1,2,3} denotes the three fields corresponding to the three
colour states of quarks. Each v;(x,) is a Dirac spinor field, meaning it inherently includes
the two spin projections of both quarks and antiquarks. This compact formulation allows
all four components to be treated simultaneously and facilitates the control of Lorentz
invariance in the theory. The notation ¢;(z,,) refers to the Dirac adjoint of v;(z,) [21].
A deeper exploration of the underlying construction is omitted, as it is not essential to
the present discussion. As noted, fields are functions of the four spacetime coordinates z,,

(Greek and Latin letters denote space-time and colour indices, respectively).

e The symbol A%(z,) with a € {1,...,8} denotes the eight vector fields associated with
the eight bosons, called gluons, that mediate the colour interaction. This is analogous
to quantum electrodynamics, where the electromagnetic interaction is mediated by the
photon. However, unlike the photon, which is electrically neutral, gluons themselves
carry colour charge, labelled by the index a, and can therefore interact with one another.
The eight linearly independent colour charges for the gluons transform under the octet
representation of SU(3).. The fields Al(z,) are referred to as vector fields because they

have four components, indexed by v, corresponding to the four spacetime dimensions.

e The symbol (D, );; denotes the covariant derivative, a concept introduced to ensure local
invariance of the Lagrangian under colour transformations. Notably, this same constraint
leads to gluons transforming under the octet representation of SU(3).. The second term
in the definition of (D, );; warrants closer inspection. It involves )\, matrices, known as the
Gell-Mann matrices, which are well-documented and tabulated [122 129|. These matrices
represent the eight generators of SU(3) written in the fundamental representation. When
inserted into the full Lagrangian, it yields a term

19 -

1 G A2 Ot o) (421
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which is interpreted as describing interactions between (anti)quarks and gluons. Here, g
is the strong coupling constant, and -, represents the Dirac matrices. These matrices
are well-established in the literature and facilitate the combination of Dirac spinors, their

derivatives, and vector fields into Lorentz invariant quantities |21}, [129).

e The symbol F, denotes the gluon field strength tensor. When inserted into the total

Lagrangian, it generates terms that encode both the gluon dynamics [21],
1
—5 (&,A‘)f(xﬂ)a”A“ M) — OnA% ()0 A V(SL’M)) , (4.22)
and the gluon-gluon interactions |21],
2
—gf AN ) ALAS () + TS A AS (2,) AT VA N ). (4:23)

In the interaction terms, the constants £ are antisymmetric and are called the structure
constants of SU(3). As with Gell-Mann and Dirac matrices, the structure constants are
assumed to be well-documented and tabulated [122, |129].

e Above, m is a constant referred to as the bare mass of the quarks [131]. The origin of this
appellation will be discussed further. The term in the Lagrangian associated with m is
interpreted as providing mass to the quark. Notably, gluons do not have similar term and

are, therefore, massless within the framework of QCD.

4.3.2 Perturbation theory and Feynman diagrams

Accessing experimental predictions from a Lagrangian within the QFT framework is highly
intricate, even in the simplest contexts. The formalism most commonly used to tackle this task
is perturbation theory, developed by R. Feynman. For systems of particle interacting weakly
enough, this formalism provides access to observables, such as the cross-sections of scattering
processes, order by order in powers of the coupling constant. This is the well-known expansion
in Feynman diagrams [129]. It enables the computation, for example, of the transfer matrix

(from which cross-sections can be derived) for quark-antiquark elastic scattering at the first
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order in the strong coupling constant |122} 130,

m2

7- 7 ) S d; 9 S — )y 'S q y IS =
(qi(p1,m 1)q](p2 M, ) qk(ql H l)ql(QQ a 2)) (271')6 Ep Ep, Eq Eq,

_ 197" A v 97" Ng
((U(pQ?mSQ) < ) : >u(pl7ms1)) (pl +Mp2 < q1, :U’Sl L QQa/‘LSQ)

(e
+<a(Q1,M51)<imgki”>u(p1,msl)) (plg—qu) < v(p2,ms,) (WVXI) Q2aM32)>> (4.24)

2.2 )\a a
g'm ( ! M g1, sy (@2, 150)0 (2 s Y 0 (1, )
- IR G, v(qo, v(p2, m u(p1, m
() By B By By \ (1 o7 2 2 o 0 Hoa TR T R P
1 ¢ )\al _ _
_m%% U(Q17M51)7uu(p17m81)v(p27m52)7MU(QQ7,U/s2))‘

Above, p and ¢ denote the four-momenta with components (E, = \/m ,p) and g, is the
Minkowski metric (this document uses the signature + — — — ). Without going into too much
detail, u(p, ms) and v(p, ms) are four-component spinors with momentum p and spin projection
m, associated with quarks and antiquarks, respectively [122, [129]. For reference, this formula is
given in the Feynman gauge. The first equality is deliberately left unsimplified to illustrate the
analogy with the Feynman diagrams in Figure [£.5 In their minimal interpretation, Feynman
diagrams are considered as notational tools used to reconstruct cumbersome formulas easily.
More ambitious interpretations of the formalism suggest that the true scattering processes
undergone by the system is a quantum superposition of the different processes represented by
each diagram in the expansion.

Going beyond first-order approximation introduces additional challenges, as naive calculations
using Feynman diagrams predict divergent higher-order corrections. This issue is addressed
through renormalisation procedures in the theory |21} 129]. In essence, counterterms are added to
the Lagrangian so that their contributions cancel each divergence. The topic of renormalisation
and its various schemes clearly extends beyond the scope of this document. However, it is worth
mentioning the modified minimal subtraction (MS) renormalisation scheme, as it reveals a key
property of QCD. In this scheme, divergences are absorbed by introducing a dependence on the
centre-of-mass energy in both the mass parameter of the Lagrangian and the coupling constant
[21]. When applying this to QCD, the resulting energy dependence leads to a decrease in the
coupling strength with increasing energy, as illustrated in Figure [1.6] reproduced from reference
[132] |133]. This behaviour, known as asymptotic freedom, implies that quarks become less
strongly bound at higher energies, thereby enabling the use of perturbation theory to study
high-energy interactions, such as those occurring in proton-proton collisions [129]. In contrast, as

the energy approaches the hadronic scale, the strong coupling constant increases and eventually
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(a) Quark-antiquark annihilation diagram.
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(b) One-gluon exchange diagram.

Figure 4.5: The two first-order Feynman diagrams for quark-antiquark scattering processes [122
130|. These diagrams correspond to the expression given in equation . Contributions from
the different components of the diagrams are indicated in gray.
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Figure 4.6: Experimental extraction of the strong coupling constant o, = ¢g*/4 as a function of
a relevant energy scale, denoted (). Most often, this scale is chosen to be the centre-of-mass
energy of the scattering event. Although the coupling constant is not itself an observable,
its value can be inferred from measurements of observables that depend on it. The figure is
reproduced from references [132, [133].

exceeds unity, at which point perturbation theory breaks down. Consequently, the Feynman
diagrams shown in Figure [£.5] does not provide an accurate description of hadronic states. This
increase in the coupling constant is consistent with the phenomenon of confinement mentioned
earlier: at low momenta, and therefore at large distances due to Fourier transform relations,

quarks become so tightly bound that they can no longer separate from one another.

4.3.3 Miscellaneous QCD properties and non-perturbative approaches

Another distinctive feature of QCD concerns the mass of quarks. The mass parameter in the
Lagrangian, namely the bare mass m, indicates that quarks are inherently massive in the theory.
For example, the bare masses of the v and d quark flavours typically lies between 3 and 5 MeV.
This is significantly smaller than the nucleon mass, which is approximately 940 MeV. This stark
contrast suggests that the majority of the proton’s mass arises from the energy content of the
proton. As previously mentioned, in the MS renormalisation scheme, the physical quark mass
becomes decoupled from its bare mass. At low momenta, the interactions between quarks and

gluonic fields lead to an increase in the effective quark mass, also known as the constituent-quark



4.3. COLOUR CONFINEMENT AND QCD 153

100_
S
(]
e
v 1071
1]
[(¥]
S
@
=
¥
Q -2 |
2 10
L
— Up/down quark
Strange quark
10732 L . ‘ ‘ | | |
10-3 102 1071 10° 10! 102 10°
p (GeV)

Figure 4.7: Effective quark mass as a function of the quark momentum modulus p, obtained by
solving the SDE within the rainbow-ladder model [131]. At high momentum, the effective mass
approaches the bare mass: approximately 3 MeV for up/down quarks and 65 MeV for strange
quarks. At low momentum, the effective mass reaches its constituent value: around 500 MeV for
up/down and 700 MeV for strange.

mass. This mass can be computed by solving the Schwinger-Dyson equations (SDE) for QCD
[131]. These equations, sometimes referred to as the equations of motion for QFT, allow one to
calculate the effective propagation properties of particles, even in the non-perturbative regime.
The main challenge is that the SDE form an infinite tower of coupled equations, requiring a
truncation scheme to render them solvable. Nevertheless, solving approximately the quark
SDE is feasible and yields the momentum-dependent mass evolution shown in Figure 4.7 At
large momentum, the quark mass approaches its bare value, consistent with the principle of
asymptotic freedom. At low momentum, the mass increases and reaches its constituent value
due to strong interactions with the gluonic field. Analogous but more technical calculations
indicate that, despite being formally massless, gluons also acquire a dynamical mass due to
their self-interactions [134].

Notably, as shown on figure [4.7] even the bare mass of the strange quark differs from that
of the up and down quarks. This highlights the approximate nature of the SU(3); flavour
symmetry. Although not discussed so far, heavier quark flavours also exist, namely the charm,
bottom and top quarks. Their inclusion expands the spectrum of possible hadrons, including
those containing charm and bottom quarks. The top quark, however, is so massive that it decays

almost immediately. This makes it difficult to identify its bound states. The heavier a quark is,
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the more accurate a non-relativistic description becomes, and the less sensitive its bare mass is
to dynamical mass generation effects.

Because perturbation theory fails to accurately describe the low-energy regime of QCD,
physicists have turned to various alternative methods to access predictions directly derived from
QCD. One such approach involves the Bethe-Salpeter equations which, when combined with the
DSE, provide access to hadron spectra and to quantities analogous to hadron wave functions
[131} [135]. Another widely used method is lattice QCD (LQCD), which formulates QCD on
a finite-size space-time lattice. In this framework, observables can be expanded in powers of
the inverse coupling constant, 8 = 6/¢?, which allows predictions to be made in the strong
coupling regime. To remain consistent with continuum physics, smaller lattice spacings a require
correspondingly larger values for 5. By performing simulations for different (a, ) values, results
can be extrapolated to the continuum limit, thereby enabling the inference of QCD predictions
from lattice calculations. In practice, estimating observables in LQCD depends primarily on
computational resources. One of the major achievements of LQCD has been the evaluation
of the energy of the flux tube formed between a static quark-antiquark pair as a function of
their separation [136]. This result is illustrated in Figure , where this string tension energy
is plotted against the quark-antiquark distance. The figure is reproduced from reference [136].
Results from LQCD will serve as a reference for comparison in Part [[TIl Of course, many other
non-perturbative approaches to QCD deserve attention. However, since this topic lies somewhat

beyond the scope of the present document, the discussion is concluded here.

4.3.4 Exotic particles

Following the previous brief exploration of QCD and its modern perspective on the concept
of colour, let us return to the confinement condition introduced for baryons. While colour
invariance was initially proposed to resolve symmetry inconsistencies in baryon wave functions,
it also addresses a broader question: why do three-quark and quark-antiquark bound states
exist, whereas, for example, two-quark bound states do not? As mentioned above, the answer
lies in the condition of colour neutrality: both the tensor product representations 3 ® 3 and
3 ® 3 ® 3 contain a singlet state in their decomposition, as shown in equations and (4.16),

while that is not the case for the tensor product representation obtained with two quarks |18,
3R3=6®3. (4.25)

Since this decomposition contains no singlet, such a system cannot form a colour-neutral

state, and consequently, no observed hadron consists solely of two quarks. However, colour-
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Figure 4.8: Energy of the flux tube generated by a static quark-antiquark pair computed
using LQCD. Different point shapes correspond to different inverse coupling constants 5 (and
thus different lattice spacing a). A fit with a Cornell potential (see Section is shown for
comparison. Distances are expressed in units of a given reference scale rq, defined in [136]
Energies are normalised such that V(rg) = 0. The figure is reproduced from reference |136|.
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neutral combinations are not restricted to the conventional mesons and baryons. More exotic
configurations can also yield SU(3), singlet states [18, 103|. For example, one may consider

systems comprising two quark and two antiquark, or four quark and one antiquark,
303R33=16..., 3033033 =16.... (4.26)

For brevity, only the first singlet term is shown in these decompositions. The resulting bound
states are known as tetraquarks and pentaquarks, respectively. These exotic hadrons have been
sought in high-energy experiments for decades. Recently, more and more evidences support the
existence of heavy tetraquarks and pentaquarks states in experimental spectra [137]. Nonetheless,
the internal quark distribution of these states remains a matter of ongoing debate. A central
question is whether these particles form compact tetraquark/pentaquark states, or whether they
are better described as loosely bound meson-meson or meson-baryon hadronic molecules.

The previous discussion of QCD also introduced another component that can be incorporated
into the quark model: the gluon. Transforming under the octet representation of SU(3), gluons
can combine with quarks and antiquarks to form colour-neutral states. For instance, the

following systems are allowed by the whiteness condition |18} |103],

3IR3R8=1a..., 3030308=1.... (4.27)

These configurations correspond to hybrid mesons and hybrid baryons, respectively. Even more

remarkably, QCD permits bound states composed entirely of gluons [3], [13§],
8R8=1sd ..., SRE8R8=1gPLlusD.... (4.28)

For further use, the symmetry properties of the singlet components in these decompositions
have been indicated. These purely gluonic states are referred to as glueball states, specifically
two-gluon and three-gluon glueballs. The existence of particles composed entirely of gauge
bosons is a unique and striking prediction of QCD. Despite their early theoretical prediction [1],
glueball states have remained experimentally elusive, primarily due to their potential mixing

with mesonic states. A detailed description of glueballs is presented in Part [[I]]
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This chapter in the context of a thesis

Like Chapter [l the above text aimed to lay the foundations of the framework used in the
chapters that follow. It provided a non-exhaustive overview of the key historical discoveries
that gave rise to hadronic physics. It also traced the origin of the quark concept and its
modern interpretation. Rather than being comprehensive, the goal was to introduce the

essential concepts that will be used in the subsequent study of baryons and glueballs.

Perhaps the most original contribution of this chapter is Figure £.7]in Section .3.3] which is
not taken from any reference, but which I successfully reproduced myself during a doctoral

training program on functional methods in QCD.







Chapter 5

The Baryon Spectrum : an Example of
Three-body Bound States

This chapter builds upon the information provided in the previous one to develop a phe-
nomenological formalism for exploring the hadron spectrum. Although the approach is neither
ab initio nor Lorentz covariant, it allows access to various hadron properties with minimal
conceptual and computational effort. Dynamical aspects are first addressed in Section [5.1]
where a QCD-inspired effective Hamiltonian is constructed to describe the interaction between
coloured particles. This Hamiltonian is then used to infer a baryon spectrum, which is compared
with the experimental data in Section

5.1 Modern constituent approaches

In this section, a phenomenological expression for the interaction between coloured particles
is developed. The potential is separated into two main contributions: a short-range component
arising from perturbative gluon exchanges, and a long-range confining component encoding the

non-perturbative interactions between two separated colour charges.

5.1.1 Short-range QCD potential

Let us start by investigating the short-range behaviour. It is primarily governed by one-
gluon-exchange processes between the two coloured particles. The corresponding potential can
be inferred from the expression of the transfer matrix 7y,. A key quantity in scattering theory is
the scattering amplitude Sy;, whose modulus squared gives the probability for a given incoming

state i to transition to a given outgoing state f. In relativistic theory, the transfer matrix and

159
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the scattering amplitude are related. For instance, in two-to-two scattering of coloured spinors,
the following relation holds [21],

Sf’é = (53(191 - q1)53(p2 - q2)5mslﬂsl 5m52N82 501d1602d2 + Z<27T)454(Pf - PZ)7}Z (51)

Above, p;, my; and ¢; (g;, its; and d;) denote the three-momentum, spin projection and colour
of the j™ incoming (outgoing) particle, respectively. In addition, P; and P; refer to the total
four-momenta of the incoming and outgoing states. The scattering amplitude can also be
computed from the Schrédinger equation in non-relativistic quantum mechanics. For the same
scattering process as in and at first order in perturbation theory, the non-relativistic

scattering amplitude is given by [5]

Sfi = 53(1)1 - Q1)53(p2 - Q2)5mslusl 5m52usz 501d1502d2 - 27ri54(Pf - B)V((I) (52)

Above, ¢ = p1 — g1 = q2 — p2 is the momentum transferred during the process. The function

V is the Fourier transform of the interaction potential in position representation V' (r),

V(q) = /ds,,, eIV (7). (5.3)

The notation suggests that the potential depends only on the relative position between the
particles, denoted r. However, it may also depend on the spin and colour states, as well as on
the particle momenta pa = (p1 + q1)/2 and pp = (p2 + g2)/2. By comparing equations (5.1

and (5.2)), one easily finds
V(q) = —(2m)° T (5.4)

As a result, the non-relativistic limit of the first-order transfer matrix provides the interaction
potential in momentum space.

Equation can be used to infer the non-relativistic interaction potential generated by a
one-gluon-exchange process. For instance, the expression for the transfer matrix can be
used to deduce the potential between a quark and an antiquark bound within a meson. Mesonic

states are colour singlets and must therefore possess a definite colour state, namely

=nem+meh -+l - >

\/§ i,j€{r.g,b}

i) @15 (5:5)

where {|r),|b),]g)} and {|7),|b),]g)} denote the individual colour and anticolour basis states,

respectively. To obtain the meson-meson transfer matrix, contributions from equation (4.24])
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with different incoming and outgoing colours must be combined,

7;neson = E
ij

)
Z kl QZ p17m81>q](p27m32) — Qk<QI7:U’81)CYl(Q27:U’S2)>>‘ (56)

Expression (4.24]) splits in two terms, corresponding to the one-gluon-exchange and annihilation
Feynman diagrams, respectively. Denoting these terms by Toge and Tannin, and using Gell-Mann

matrices properties, one finds that
4] 0ij 4]
B PIL LRI DI DIE & B 57
5 5@ 5 1
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In a colour singlet configuration, the contribution from the annihilation Feynman diagram
vanishes, while that from one-gluon-exchange is multiplied by a colour factor of 4/3. Once
the expression for Theson 18 Obtained, applying equation becomes a matter of algebraic
manipulations. A detailed derivation can be found in reference [122], therefore, in the present

discussion, the main calculation steps are only briefly sketched.

e The mesonic transfer matrix 7 is expanded in the non-relativistic limit. Each contribution
is expressed as a series in inverse powers of the quark masses, and terms of order 1/m? and
higher are neglected. This step primarily involves intricate Dirac spinor manipulations

and Taylor expansions.

e Applying equation ({5.4) allows identification of the non-relativistic interaction potential
in momentum space. Pursuing the expansion in inverse powers of the quark masses yields

an explicit expression for the potential in terms of the transferred momentum q.

e Finally, the interaction potential as a function of the relative position r is obtained by

Fourier transforming the momentum-space potential.

The above methodology yields the quark-antiquark interaction in a mesonic state. Very similar
developments can be used to derive the quark-quark interaction in a baryonic state. The
resulting potential is similar to that obtained for mesons, with a few differences. First, the

colour factor is affected. The colour state for a baryon is given by [130]

3 % iy ® |) ® |k), (5.9)

17.]7k€{r7g7b}
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where ¢€;;;, is the fully antisymmetric Levi-Civita symbol, with €,4, = 1. The resulting colour

Z €ijk Z €lmn i_ kn — _%7 (510)

ijk

factor is

which is notably negative. However, this negative sign is cancelled by an additional minus sign
that appears when turning the antiquark into a quark. As a result, the one-gluon-exchange
contribution in the baryon potential has the same sign as that for mesons but is simply reduced
by a factor of two.

All these calculations lead to a structure commonly referred to as the Fermi-Breit potential,

which is split into five distinct contributions,
VBreit(T> - VCoulomb + VCorr + ‘/Spin—Spin + VTensor + VSpin—Orbit‘ (511)

These terms are detailed in turn below. The first contribution, denoted Voouomn, dominates in
non-relativistic systems,

VCoulomb - _C% (512)
T

Here, C' is the aforementioned colour factor, whose value depends on the investigated colour
singlet, oy = ¢g?/4 is the strong coupling constant, and r = |r|. One will recognise in this
contribution an electrostatic potential weighted by the colour factor. Given the structural
similarities between quantum electrodynamics and QCD, it is unsurprising to observe similar
forms in the non-relativistic potentials they produce. Accounting for the term Viguomn constitutes
the strict minimum necessary to implement a short range QCD contribution in a QCD-inspired
hadron model. The second term, Vo, accounts for relativistic corrections to the Coulomb

potential,

Veor = Ca (253(@ <i+i)+ ! (plépzﬂr'pl)(r'm))). (5.13)

m3  m3 2myms 73

[\

This term splits into a repulsive contact term and a Darwin term [139], the latter explicitly
mixing momentum and spatial operators. Managing such corrections often proves cumbersome,
particularly the Darwin term. Moreover, as these contributions usually result in small energy
splittings, their omission can generally be compensated by fine-tuning phenomenological param-
eters in other terms. For these reasons, hadron models often prefer to omit these corrections.

The third term, as its name suggests, accounts for interaction between spin components,

Co, 87
mimse 3

VSpin—Spin =
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Above, S; refers to the spin operators of particle ¢. Unlike Vo, spin-spin interactions are
expected to produce significant energy splittings by differentiating states according to the total
spin of particles 1 and 2. Such interactions are commonly implemented in phenomenological
models. However, Vspin-spin also suffer from a major drawback: the contact term §3(r) can cause
the eigenstates of the resulting Hamiltonian to collapse. This unpleasant feature might appear
to question the validity of the approach taken here. Nevertheless, since the current calculations
were performed only at first order, it is likely that higher-order corrections compensate for this
inconvenience. To mitigate the collapse issue in practice, hadron models usually replace the
Dirac delta function by finite-size functions that approach a delta in specific parameter limits.

Usual examples of such functions include Yukawa and Gaussian forms,

6—)\7'

feauss. (1) = <%) 3 e N (5.15)

The parameter A is then phenomenologically tuned to best reproduce experimental data. Such

— )2
quk. (T) 471'7‘ )

replacements can be justified by considering that QCD renders point-like relativistic quarks and
gluons delocalised through the dressing process [140} |141} [142]. The fourth term in Vg, again
involves spin operators but now couples them with the relative position, leading to a tensor

interaction,

‘/tensor =

CO[S 1 (3(51 "I")(Sg 'T')

r2

~- 5 - Sz) . (5.16)

mamag 3
This contribution breaks rotational invariance of the interaction. Tensor terms are sometimes
incorporated into potential models, such as in reference [39]. However, due to their generally
smaller magnitudes and complex management, they are often neglected in practice. The final

term mixes spin and orbital angular momenta r X p;,

Vi _00[51 ('I"Xpl)'sl (’I“Xp2>'52
Spin-Orbit — 2 T‘_S m2 - m2
! 2 (5.17)
b (rxp) Sa- (rxpa) - S) ).

This contribution is expected to play an important role by differentiating states according to
their total angular momentum, orbital angular momenta, and spins. Nevertheless, it turns out
that omitting spin-orbit contributions does not significantly deteriorate the resulting spectra.
This might be explained by the existence of long-range spin-orbit contributions that compensate
short-range ones. As with tensor interactions, some models explicitly include spin-orbit terms
[39, [142] while others neglect them [45, [143| |144].

Beyond the contributions included in the Fermi-Breit potential, other short-range effects may
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also be considered, such as Thomas precession [39]. Nevertheless, the above description provides
a solid foundation for constructing QCD-inspired Hamiltonians capable of reproducing hadron

spectra.

5.1.2 Long-range QCD potential

The long-range interaction is governed by complex gluon exchanges at low energies and
therefore cannot be accessed through perturbative QCD. Historically, a widely used picture to
describe quark-quark and quark-antiquark non-perturbative interactions suggests that coloured
particles are connected by strings whose energy density increases linearly with their length.
By integrating out the motion of the string, this picture leads to a linear long-range potential
between the particles. Calculations in LQCD discussed in Section [£.3.3] permit to confirm this
picture: the potential generated by two static colour charges is shown as a function of the
particle separation in Figure As expected, it exhibits a mixture of a short-range Coulombic
behaviour and a long-range linear behaviour. The assumption of static particles implicitly relies
on the fact that (anti)quarks evolve slowly enough to allow the gluonic field to continuously
adapt to the new configuration [39].

Phenomenology and direct QCD calculations agree on the general behaviour of the long-range
colour interaction, at least when only two particles are involved. What happens when three
particles interact, as in baryons or three-gluon glueballs? For baryons, LQCD calculations
support the picture in which each quark generates its own flux tube and the three tubes merge
at a so-called Y junction [145, [146|. The position of their meeting point depends on the shape
of the triangle formed by the quarks. Briefly, if one angle of this triangle is larger than 120°,
the tubes meet at the corresponding apex, otherwise they meet at the point that minimises the
total length of the flux tubes, known as the Toricelli point. Such junctions are illustrated on the
left side of Figure [5.1] Mathematically, the potential can be written as

i — 1|+ |TE — T if the apex r; is larger than 120°,
Vaga(T1,72,73) ~ i = |3 | peR T g (5.18)
minyegs » ., |7 — Y| otherwise.

where r; denotes the position of the i*" quark, and 4, j, k € {1,2,3} with i # j # k and i # k.
Although this structure is well justified, it proves difficult to handle with many resolution

methods, as it represents a genuine three-body interaction with a piecewise definition. For this
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Figure 5.1: Comparison of different flux-tube configurations to model baryons. Static quarks are
represented by black dots, and flux-tubes by straight lines. The Y junction and A junction are
illustrated on the left and right, respectively. For each junction, three different relative positions
of the static quarks are displayed.
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Figure 5.2: Length comparison between the Y and A junctions. In each of the three triangles,
the length of the hypotenuse is smaller than the sum of the two other sides. By assembling the
three triangles, the three hypotenuses reproduce the A shape, while the other sides together
reproduce twice the Y shape.

reason, it is often approximated with a sum of two-body interactions, which are easier to handle,

3

3
1
i - Y|~z ] 5.19
1{%@,;!”‘ | 2¢<JZ:1|T 75 (5.19)

This configuration is commonly called the A junction, as it consists of three flux-tubes forming
a triangle. The corresponding junctions are illustrated on the right side of Figure . The 1/2
factor must be introduced to obtain a reasonable approximation and can be justified geometrically.
Using triangle inequalities, twice the total length of the flux tubes in the Y junction is bounded
from below by the corresponding length in the Delta junction, as illustrated in Figure [5.2]
Reference [147| demonstrates that including the 1/2 factor yields good approximations of the
energies obtained with a Y junction, and even suggests a more accurate factor of 0.54. There, the
Y junction is also approximated by replacing the Toricelli point with the three-quark centre of
mass. In that case, the three-body interaction is replaced by three one-body interactions.
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The above discussion explains how flux tubes adapt to a three-quark configuration. However,
it did not address whether the string tension of the flux tubes is the same as in mesonic
systems. It has been observed that the string tension scales with the SU(3) quadratic Casimir
F? associated with the particle’s colour representation [148]. For a quark, this Casimir value is

given by
(P =13 =1 (5.20)

where the expectation value can be taken over any single-quark colour state. The calculation
for an antiquark yields the same factor. The case of gluons will be discussed in Part [T This
phenomenological Casimir-scaling hypothesis has been confirmed by LQCD calculations [149,
150, 151]. As a result, denoting the fundamental string tension by ¢ and applying Casimir

scaling, the long-range behaviour of the colour interaction reads
4
Vig(r1,m2) = §0|7°1 — 72| (5.21)
for mesons, and

4 )ry —ri| + |re — 74l if the apex 7; is larger than 120°,
Vagg(r1,72,73) = ~o 7 5 (5.22)
minyegs » ., |7 — Y| otherwise.

for baryons. The latter is often approximated by

3
2
Vagg(T1,72,73) = 3 Z 7 — 7. (5.23)

i<j=1

The long-range interaction discussed above still has a notable flaw: it rises indefinitely,
whereas it is knows that highly energetic flux tubes can break through quark-antiquark pair
creation. To account for this saturation effect, some models modify the linear potential by

introducing an exponential saturation,
V(r)=a(l—e™), (5.24)

where ab plays the role of the string tension, a sets energy saturation threshold, and b controls

the sharpness of the transition [122]. This potential behaves linearly at short distancedl| and

L Strictly speaking, one should say "at short long-distances", since this section still discusses the long-range
colour potential.
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becomes constant as r — oo. Nevertheless, for low-lying hadrons, implementing such saturation

does not significantly affect the spectrum.

5.1.3 Mid-range behaviour and kinematics

The two previous sections discussed the expected short-range and long-range behaviour of
the colour potential, respectively. To reproduce the hadron spectrum with a potential model, an
interaction consistent with these limiting expressions must be defined. The simplest interpolating
potential simply superposes the Coulomb and linear interactions. This is the funnel (also known

as Cornell) interaction,

~ B. (5.25)

Above, C is the colour factor introduced in Section [5.1.1I, and A denotes the value of the
quadratic colour Casimir for mesons, or half of its value for baryons (only A junctions are
considered for simplicity). The fundamental string tension, o, is typically chosen around
0.15 — 0.18 GeV? |39, [152] while the strong coupling constant, as, is fixed around 0.4 — 0.5
[142, 143} |152] (its momentum dependence discussed in Section is often neglected). An
additive constant, B, is also introduced. This constant is necessary to accurately reproduce the
masses of low-energy hadrons. Its value depends on the system studied, it is typically about
0.1 — 0.3 GeV for mesons [39} [143] and 0.4 — 0.6 GeV for baryons? [39, [144]. This constant is
consistent with LQCD calculations, since the potential obtained in Figure is also defined up
to an additive constant. Incidentally, the fit shown on that figure illustrates the comparison
with a funnel-shaped potential. A definite explanation and ab initio calculation for this global
energy rescaling remain difficult to obtain. Vacuum effects in QCD are often invoked [39) |130].
Other interpolating shapes have also been proposed, but they generally yield similar hadron
masses [130]. In fact, a large number of potentials have been tested in the phenomenology of
QCD [153]. For most of these, either the differences from the funnel potential are relatively
small, or the potentials are tuned for specific hadronic systems. For these reasons, only the
funnel potential will be used in the present calculations. Naturally, the funnel potential can be
supplemented with any of the corrections discussed in Section [5.1.1]

Besides the interactions, one must also consider how kinetic energy is implemented in the
model. Both non-relativistic and semi-relativistic kinetic energy expressions can be used,
particularly for the heaviest quarks, but the semi-relativistic form proves more accurate 144,
154]. Furthermore, the issue of quark masses must be addressed. As discussed in Section m,

the effective mass of quarks depends on their momentum, transitioning from the bare mass at

2 The value given here corresponds to a A-junction potential.
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high momentum to a constituent mass at low momentum. Since the momentum distribution
within a hadronic state is typically peaked at low momentum, the mass parameter is usually
taken as the constituent mass in hadron models. Regarding flavour, most models assume exact
isospin symmetry, and thus the up and down quarks are taken to have the same mass. By
contrast, since the SU(3); symmetry is a more approximate one, the strange quark is generally
assigned a distinct constituent mass. Naturally, the charm and bottom quarks are also treated
as distinct particles with their own masses. The typical orders of magnitude for the constituent
masses are 0.2 — 0.3 GeV for up/down quarks, 0.4 — 0.6 GeV for strange quarks, 1.6 — 1.8 GeV
for charm quarks, and 5.0 — 5.3 GeV for bottom quarks |39, 143|.

5.2 The baryon spectrum

This section applies the methodology introduced earlier to compute a baryon spectrum. The
Schrédinger-like equation is solved using the OBE described in Chapter 2 Model parameters are
taken from references [144] for nucleons-like systems, and from [143, [155] for baryons in general.
The computed results are compared with experimental data. Finally, the internal structure of
the system is analysed by evaluating selected observables. Such calculations are used in current

research to investigate the emergence of diquark substructures in certain baryons [30].

5.2.1 Nucleon-like baryons

The model proposed in reference [144] is used. In the notation introduced in Section this

corresponds to the following three-quark Hamiltonian,
3

/ 2 2 o
quq:Z pz2+mz2+ Z (gO"’l"i-’l"ﬂ—gm—qu
1 v J

i=1 i<j=
4 oy Ne Arimrmil
+= Si-S;).
9mym; |r; — 7y

(5.26)

The parameter values are adopted from the corresponding reference: o = 0.182 GeV?, oy = 0.57,
A =0.533GeV, By, = 0.409 GeV and m,, = mq = 0.337GeV. The eigenvalues of the Hamiltonian
are presented in Table . First, energies obtained with the OBE are compared with
those reported in reference [144]. While the two sets of values are generally in good agreement,
some discrepancies remain. This differences likely stem from the difficulties the OBE encounters
in accurately approximating the sharp divergence introduced by the Yukawa interactions.

Interestingly, for N baryons, the discrepancies tend to diminish with increasing radial and
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orbital excitations, presumably because the spatial wave functions become less concentrated near
the origin. In some cases, particularly for all A baryons, the OBE results lie below those reported
in reference [144|, suggesting that the OBE may yield more accurate estimates. To mitigate
the issue of divergences, the spin-spin interaction can be softened, by replacing the Yukawa
function with a Gaussian profile, as suggested in Section [5.1.1} This approach is currently being
explored in ongoing research. When compared with experimental data, the model reproduces
the essential features of the low-lying baryon spectrum. This overall agreement is surprising,
as the lightest quarks are expected to exhibit significant relativistic effects [39]. One notable
limitation is the degeneracy in total angular momentum J for given values of orbital angular
momentum L and spin S. This is illustrated in Figure[5.3] This degeneracy would be lifted by
including spin-orbit contributions in the Hamiltonian (5.26).

The OBE also enables the evaluation of expectation values for various observables. Table
presents the mean interquark distance, x = |r; — 7;|, and the mean distance between the centre
of mass of a quark pair and the third particle, y = |(r; + 7;)/2 — rg|. Due to the symmetry
of the states, these distances are independent of the specific choice of indices ¢, j and k. The
observables x and y allow for a classical representation of the quantum three-body system as a
triangle, where the apices corresponds to the average positions of the constituent particles. An
equilateral triangle configuration corresponds to a ratio (x) / (y) ~ 1.155. This representation is
admittedly quite reductive and does not account for the detailed internal quark distribution.
Nevertheless, it offers a simple approximate illustration of the internal structure. In the present
system, the deviations from this equilateral configuration are minimal, as expected from the
symmetry constraints. Additional observables can also be investigated. For instance, reference
[45] represents the spatial probability distributions of each baryon as functions of the moduli
of both Jacobi coordinates. It also projects the eigenstates of onto flavour multiplet
states. These results are then used to establish a classification of physical baryon states within
the baryon multiplets from Figures and in Section 4.2 Another notable example is
provided in reference |144], which uses the same Hamiltonian to estimate decay widths of the
baryons. The computational details are a bit too elaborate to summarise here, but the method
involves evaluating a transition operator with the baryon wave function. While the results in
these references were not obtained using the OBE, this method is fully capable of delivering

comparable insights.

5.2.2 Broader baryon spectrum

Other quark flavours, such as strange and charm can of course also be used to construct

baryon states. Such calculations are carried out, for example, in references [143, |155]. In these
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25+1T,, ¥k Particle’s name Eexp. [12§] Eork FEfiaa
28, " N(939) 0.939(1)  0.959  0.939
29, 19 N (1440) 1.440(30)  1.612  1.578

2
28, 13 N(1710) 1.710(30)  1.869  1.860
2
19, 3T A(1232) 1.232(2)  1.227  1.232
4Ss 3T 9 A(1600) 1.570(70)  1.850  1.855
2Py or 2Py 17 1 N(1520) or N(1535)  1.515(5) or 1.530(15)  1.530  1.521
2
Pyor'Py 17 1 N(1650) or N(1675)  1.650(15) or 1.672(8)  1.685  1.691
or 4P% or N(1700) or 1.725 (75)
2Py or2Py 37 1 A(1620) or A(1700) 1.610(20) or 1.710(20) ~ 1.616  1.621
2Dy or2Ds 4" 1 N(1680) or N(1720)  1.685(5) or 1.715(35)  1.871  1.858

Table 5.1: Comparison between the experimental nucleon-like baryon spectrum Eey,. [128] and

the theoretical predictions from the model of reference [144].

Eigenenergies obtained using

the OBE and those reported in [144] are listed in the columns Eopg and Efzg), respectively.
All masses are given in GeV. The maximal number of quanta used for the OBE is Q. = 20
with the non-linear variational parameter a computed for () = 10. Some entries correspond to
multiple particles due to degeneracies in the model spectrum with respect to the total angular
momentum J. Experimental energies are taken as the Breit-Wigner masses given in [128|, with
uncertainties given in parentheses. As an exception, the energy of the N(939) corresponds to
the nucleon mass, and the uncertainty reflects the energy difference between its two isospin

projections.
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Particle’s name (x) (y)  (x)/(y)
N(939) 2.2002 1.9128 1.151
N(1440) 3.1437 2.7334  1.150
N(1710) 3.5246  3.0875 1.142
A(1232) 2.6863 2.3208  1.153
A(1600) 3.5651 3.0916  1.153

N(1520) or N(1535)  3.0206 2.6288  1.149
N(1650) or N(1675)  3.3437 2.9008  1.153

A(1620) or A(1700)  3.1528 2.7343  1.153
N(1680) or N(1720) 3.5128 3.0699  1.144

Table 5.2: Expectation values of two "observables" for low-lying baryons evaluated using the
OBE on the Hamiltonian (5.26). The column (z) gives the mean distance between any two
particles in the system. The column (y) gives the mean distance between centre of mass
of any quark pair and the third particle. All distances are expressed in GeV~!. The final
column shows the ratio (z) / (y). For reference, an equilateral mean configuration corresponds
to (z) / (y) ~ 1.155. The maximal number of quanta used for the OBE is Qax = 20 with the
non-linear variational parameter a computed for () = 10. Some rows correspond to multiple
baryons due to degeneracies in the model with respect to the total angular momentum .J.
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Figure 5.3: Graphical comparison between experimental nucleon-like baryon spectrum FEeyp,
[128] and theoretical predictions from the model presented in reference [144]. The plotted data
correspond to the OBE results and experimental values listed in Table [5.1] Boxes indicate
experimental results including the uncertainties.

works, non-relativistic kinematics are used and the set of parameters employed differs slightly
from those used in [144],

3 9 3
. Pi 2 2 Qg
o =3 (i )+ 32 (Gt il = 3 B
i<j=1 (527)

8 5 A2 —A|r;—7;|
n o e 3 s, . Sj),

3mgm; |1 — 1)

with parameter values o = 0.139 GeV?, a; = 0.390, A = 0.434 GeV, B,, = 0.457GeV, m,, =
mq = 0.337GeV, my = 0.6 GeV and m,. = 1.87 GeV. In addition to the kinematics and parameter
differences, the interaction terms in Hamiltonian are not entirely equivalent to those
of equation (5.26]), as the numerical factor in front of the spin-spin interactions is six times
larger in ([5.27)). This choice is less consistent with the short-range behaviour expected from
one-gluon-exchange processes. Nevertheless, this discrepancy can likely be absorbed into the
potential parameters. The conventions from reference [143| are retained to facilitate comparison
of results.

The eigenenergies obtained using the OBE are compared with those reported in [143], [155|
and with experimental data from [128] in Tables For most states, the results of |[143] are less
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accurate than those obtained using the OBE. In contrast, the predictions from [155] achieve a
level of accuracy comparable to that of the OBE. As with nucleons, the simple potential model
of equation captures the main features of the baryon spectrum, as illustrated in Figure
b4l

For these baryons, the investigation of potential diquark substructures becomes more pertinent,
as symmetry constraints are relaxed. The last column of Table [5.3| presents the ratio (x) / (y),
where (x) denotes the mean distance between the two identical particles; and (y) the distance
between their centre of mass and the third quark. As before, a ratio close to 1.155 characterizes
an equilateral configuration, implying the absence of any diquark-like clustering. Compared
to the results from Table [5.2] the baryons analysed in Table deviate from this equilateral
geometry, showing a relative increase in (z) (except for A). This trend is schematically depicted
in Figure 5.5 In general, increasing the ratio indicates a tendency for the third quark to lie in
between the two identical ones. Associating this third quark with one of the identical quarks
forms a subsystem that resembles a diquark structure more closely than in the equilateral
configuration. However, as seen in Figure [5.5] this effect remains modest in that particular case,
and the diquark approximation is unlikely to provide a fully accurate description of the baryon
spectrum or properties. For comparison, Table presents results for baryons composed of two
heavy quarks and a light one. In this case, the ratio (z) / (y) is significantly smaller than 1.155,
indicating the presence of a pronounced diquark substructure, as illustrated by the schematic
diagrams in Figure [5.6] Heavy-heavy-light baryons are therefore likely to be better described by

a quark-diquark approximation than the previously discussed particles.

5.3 Conclusion: why constituent approaches ?

Chapter [] illustrated the diverse perspectives that have shaped hadron physics over time.
From the early classification of hadron to the development of QCD via the quark hypothesis,
the effort to explain the multitude of observed hadrons has driven decades of theoretical and
experimental progress. Among the many frameworks currently employed to study hadrons,
Chapter [5] introduced the basics of constituent approaches. These phenomenological and QCD-
inspired methods are designed to retain essential physic features while requiring comparatively
modest computational resources, even for complex systems. Initially developed to model the
spectrum of conventional hadrons, constituent approaches have since been extended to more
intricate systems, including exotic states |31, |156]. They are also used to explore subtler
aspects of hadron structure, such as improving classification schemes [45] and computing decay

rates [144]. The primary advantage of this framework lies in its conceptual simplicity and
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Name & Content JP(I Eexp. |128]  Eopr Eram  Efsy) () (y)y (x)/(y)

+

)
A nns  3T(0) 11157400400 1175 1196 N.A. 343 3.05 1.12
> nns  1T(1) 11934440401 1258 1281 N.A. 399 286 140
$(1385) mms  3T(1) 1.385.0+224+1.0 1453 1477 N.A. 424 328 129
A, nne  1T(0) 22865400401 2316 2334 2300 3.37 262 129
$.(2455) mme  1T(1) 24535+£05+04 2491 2511 2473 4.02 261 1.54
$.(2520) nne  3T(1) 25180405423 2563 2585 N.A. 413 275 150
Q, ssc 1T(0) 26952400417 2704 2717 2700 3.17 220 144
0.(2770) sse 37(0) 2765.9+0.04+20 2761 2776 N.A. 324 231 140

Table 5.3: Comparison between the experimental baryon spectrum Eey, [128| and theoretical
predictions from the model presented in reference |143|. Eigenenergies obtained using the OBE,
as well as those reported in [143] and [155], are listed in the columns Eopg, Efaz and Ejiss),
respectively. All masses are given in MeV. Expectation values of two observables are also
evaluated using the OBE: (x) denotes the mean distance between the two identical quarks, while
(y) represents the mean distance between their centre of mass and the third particle. These
distances are expressed in GeV~!. The final column shows the ratio (z) / (y). For reference, an
equilateral mean configuration corresponds to (z) / (y) ~ 1.155. The maximal number of quanta
used for the OBE is 1,.x = 18 with the non-linear variational parameters a and b computed for
@ = 8. Two uncertainties are indicated for the experimental results: the first reflects the energy
range covered by the isospin multiplet (0 indicates an isospin singlet), and the second represents
the largest experimental uncertainty within the multiplet (0 indicates that all reported masses
are more precise than the digits displayed).
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Figure 5.4: Graphical comparison between experimental baryon spectrum Ee, [128] and
theoretical predictions from the model presented in reference [143|. The plotted data correspond
to the OBE results and experimental values listed in Table [5.3] Experimental uncertainties are
not shown, as they are significantly smaller than the energy range displayed.

Name  Content J¥(I) Fexp. [128]  Eopr ()  (y)y (x)/{y)
= ssn 3T(L) 13183+344+02 1367  3.23 294 110
=(1530)  ssn 3T(L)  15334+1.6+06 1571 343 341 101
= cen  1T(3) 3621.6+£77+£04 3632 210 2.82 0.74
Eee(?) cen  3T(L) Unobserved  3.715 215 3.02 071

Table 5.4: Predictions for heavy-heavy-light baryon properties based on the model from ref-
erence [143]. When available, comparisons with experimental data Ee, [128| are provided.
Eigenenergies and observables are obtained using the OBE. Masses are expressed in MeV, and
distances in GeV~!. The column (x) denotes the mean distance between the two identical
particles in the system, while (y) represents the mean distance between their centre of mass
and the third particle. The final column shows the ratio (z) / (y). For reference, an equilateral
configuration corresponds to (z) / (y) ~ 1.155. The maximal number of quanta used for the
OBE is Qnax = 18 with the non-linear variational parameters a and b computed for ) = 8.
Experimental uncertainties follow the same conventions as in Table Interrogation marks
indicate unknown quantities.
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Figure 5.5: Schematic representations of the internal structures of baryons, as inferred from
the expectation values evaluated in Table In each diagram, the two identical quarks
are positioned at the bottom. Diagrams are drawn to scale. In all cases, the presence of a
well-defined internal diquark structure appears unlikely. Admittedly, this representation is only
approximate and does not capture the detailed internal quark distribution.
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Figure 5.6: Schematic representations of the internal structures of baryons, as inferred from the
expectation values in Table [5.4] In each diagram, the two identical quarks are positioned at
the bottom. Diagrams are drawn to scale. In these systems, diquark substructures are more
pronounced than in the previously considered cases. Admittedly, this representation is only
approximate and does not capture the detailed internal quark distribution.

computational efficiency, especially when compared to more involved techniques such as LQCD
or the Bethe-Salpeter equation.

Let us now highlight two current research directions pursued within the constituent quark
model. First, this approach is used to evaluate the validity of the quark-diquark approximation
across various baryon states. Preliminary results of this investigation were outlined at the
end of Section This methodology will subsequently be applied to support and expand
upon a recent study of hybrid baryons [56]. Second, as noted, the constituent quark model
can be adapted to study more exotic systems, including two- and three-gluon glueballs. This
extension of the formalism proves non-trivial, as gluons are formally massless within QCD.
However, the spin degrees of freedom of massless particles differ fundamentally from those
of massive ones, necessitating a dedicated treatment. A suitable spin formalism for massless
constituents must therefore be introduced to properly describe glueball dynamics. In addition
to the theoretical interest and technical challenges involved, this subject also marks a first step
toward reintroducing relativity into the constituent framework. For these reasons, the remainder

of this document focuses on the study and modelling glueball systems.
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This chapter in the context of a thesis

This Chapter has two main objectives. First, it introduces and justifies the key features of
constituent approaches to QCD. Since this framework is central to the remainder of the
document, its justification warrants a dedicated chapter. Once again, particular emphasis

is placed on features that are essential for the developments that follow.

Second, the chapter present recent calculations carried out within the research unit, to which
I contributed. I was involved in supervising C. Tourbez’s Master thesis which, as mentioned
in the above section, aims to evaluate the validity of the quark-diquark approximation
in baryons. My contribution focused on obtaining accurate results for a full three-body

description of the system using the OBE. These calculations open new perspectives for

studying hybrid baryons using a quark-core plus gluon approach.
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Chapter 6

Toward Relativistic Quantum Mechanics :

the Helicity Formalism

The vast majority of prior developments have been carried out within a non-relativistic
framework: the Schrédinger equation is inherently not Lorentz covariant, calculations were
performed using Jacobi coordinates in a naive manner, and transformations between
reference frames were treated without sufficient rigour. For instance, the Jacobi variable
was universally interpreted as the relative distance between particles 1 and 2, regardless of the
reference frame in which positions were defined. Additionally, the angular momentum between
particle 1 and 2 was naively coupled with that of particle 3, even though these quantities were
not necessarily defined in the same frame. While employing a semi-relativistic expression for
the kinetic energy led to better agreement with experimental data for light particles, it does not
address the underlying issues of covariance.

The remainder of this document seeks to develop a framework that partially remedies these
shortcomings. The approach is based on the construction of Lorentz-covariant quantum states
using Poincaré group (PG) transformations. In an effort to treat both massive and massless
particles within a unified framework, the helicity formalism, originally developed by Jacob and
Wick [157], is employed. As a motivation for these developments, the resulting formalism is
subsequently applied to the study of two- and three-gluon glueballs. The existence of such
hadrons was previously introduced in Section and is discussed in greater detail in Chapter
[l

As a first step, this chapter introduces the helicity formalism for one- and two-body systems.
This chapter builds upon and slightly expands the text from reference [158|. It is organised as
follows. Section introduces the PG, emphasizing the definitions and properties relevant to
the subsequent application. Section presents the helicity formalism for one-body systems,
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detailing the basic properties of helicity states. Section then extends the discussion to
two-body systems. The treatment is kept general to ensure applicability to a broad range of
systems. The application of the helicity technology in a constituent model framework, along

with glueball-specific considerations, is deferred to the next Chapter.

6.1 The Poincaré group

The PG is the isometry group of the Minkowski spacetime. It includes spacetime translations,
spacetime rotations, as well as parity and time-reversal operations. The well-known Lorentz
group is obtained from the PG by excluding spacetime translations. Further removing spatial
rotations, parity, and time-reversal yields the proper orthochronous Lorentz group. In the
helicity formalism, the PG plays a dual role. First, operators from the Poincaré algebra (PA)
are used to characterise particles states. Second, spacetime transformations are employed
to set rest-frame states into motion and to construct two- and three-body states. For these
reasons, it is helpful to begin with a brief review of the PA and the PG. Numerous sources offer
comprehensive overviews of these theoretical concepts. Among the standard references in the

field, the following paragraphs rely on [159] and [160].

6.1.1 The Poincaré algebra

The PA provides operators whose eigenstates serves as the building blocks for defining particle
states. It consists of 10 generators, which can be grouped into three families. Four of these,

denoted Py, P, P, and Pj, generate spacetime translations. These commute with each other,
Vu,ved{0,1,2,3}, [P, P, =0. (6.1)

Throughout this work, Greek letters denote spacetime indices. As a reminder, the metric
signature used is + — — —. In the quantum context, the generators P, are associated with
the four-momentum component operators. Three additional generators, denoted .J;, J> and J3,

generate spatial rotations. They obey the standard commutation relations of the SO(3) algebra,

Vi je{1,2,3}, [ Jj) =i ek, (6.2)

k
where € is the fully antisymmetric Levi-Civita symbol. Roman letters are reserved for purely
spatial indices, and the Einstein summation convention is applied only to spacetime indices. The

rotation generators do not necessary commute with the P, generators. In quantum mechanics,
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the J; represent the components of total angular momentum. An alternative notation, using two
indices, is sometimes employed: .J; = J?3, J, = J3' and J; = J'2, with J¥ = —J7. The final
three generators, denoted K, K5 and K3, correspond to boosts along the three spatial directions.
Although the full commutation relations are not required in this manuscript (interested readers
may consult [159]), let us mention that [Kj, J;] = 0. This implies that boosts along the z
axis commute with rotations about the same axis. This property is frequently exploited in
subsequent developments.

The 10 generators of the PA can be combined to define two Casimir operators, the squared

four-momentum, P2, and the Pauli-Lubanski scalar, 1?2,

P2=p:_p:_p:_p2 (6.3)

1
W2 = W3 — WP = W3 = W3 with W, = S /PP (6.4)

As Casimirs, these combinations are invariant under Poincaré transformations. To ensure a
consistent definition across all observers, particle states are defined as eigenstates of these
operators. This definition formally assigns each particle to a specific irreducible representation
of the PG. The eigenvalue of P? is naturally interpreted as the square of the particle’s mass. For
massive states, the eigenvalue of W? is related to the spin of the particle. This can be seen by
transforming to the particle’s rest frame, where Fy = m and P; = 0. In this frame, the spatial

components of the Pauli-Lubanski vector reduce to W; = m.J;, and the Casimir becomes
W2 = —m?(J} + J3 4+ J2) = —m*J?, (6.5)

where J? denotes the squared total angular momentum operator. In the rest frame of the particle,
this angular momentum necessarily arises from the particle’s intrinsic spin. The situation is more
nuanced for massless particles. Physical massless particles, such as photons and gluons, satisfy
W?2 = 0. For these cases, a different combination of generators becomes Lorentz invarianlﬂ

A:J1P1+J2P2+J3P3_J'P (6.6)

PP+Pi+P; VP

This operator, known as the helicity operator, represents the projection of spin along the

direction of momentum. Although helicity is Lorentz invariant only for massless particles, its

eigenstates can also be used to construct a complete set of states for massive particles, as will

L Strictly speaking, helicity is not fully Poincaré invariant, as it is reversed under parity. Since parity is a
discrete transformation, it does not manifest within the PA.
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be shown in Section [6.2]

6.1.2 Special Poincaré group transformations

In the following, specific elements of the PG will be used extensively, for instance, to set
particles in motion or to relate different reference frames. This section introduces the notations
adopted in the remainder of this work. An active viewpoint is assumed throughout.

Spatial rotations defined by Euler angles («, 3, ) in the zyz convention are denoted R(a, 3, 7).

These can be expressed in terms of the PG generators of spatial rotations via the relation,
R(a, f,7) = e l3eB)207100s. (6.7)

In this notation, a rotation that aligns the z axis with a direction defined by polar and azimuthal
angles (0, ¢) takes the form R(¢,6,&) where £ is arbitrary. Two choices of £ are commonly used:
¢ = 0, named the 0 convention, and £ = —¢, named the —¢ convention. When these rotations
acts on four-vectors, such as four-momenta, their effect can be represented using matrices. For

later use, the matrix representations of rotation R(¢,0,&) in both convention are given below,

cosfcos¢p —sing sinfcos ¢
R(¢,0,0) = | cosfsing cos¢ sinfsing | (6.8)

—sin 0 cos

cosfcos? ¢ +sin®*¢  singcose (cos — 1) sinfcos ¢
R(¢,0,—¢) = | singcos ¢ (cosf — 1) cosfsin? ¢+ cos?¢p sinfsing | - (6.9)
—sin @ cos ¢ —sinfsin ¢ cos

When acting on quantum states, rotations are implemented via a given unitary representation of
the PG, denoted U. That is, while R(«, 3, ) denotes a group element, U(R(«, [3,7)) denotes the
corresponding operator acting on physical states. These rotations form the SO(3) subgroup of the
PG. This subgroup plays an important role in the study of the PG irreducible representationsﬂ

Lorentz boosts along the z axis, denoted L, will also be used extensively. Such unidirectional
Lorentz boosts depend on a single parameter, commonly chosen to be the rapidity y. In what

follows, boosts that impart a momentum p > 0 along the z axis to a particle of mass m > 0

2 This subgroup preserves the rest momentum of massive particles, namely (m,0,0,0). For that reason, it is
commonly referred to as the little group for massive representations.
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initially at rest are denoted L.(m,p). The corresponding rapidity is given by

x(m,p) = tanh ™" (\/%_Fp?) = cosh™! (—W) . (6.10)

Naturally, specifying a unidirectional boost in terms of the pair (m, p) is not unique: many such
pairs correspond to the same rapidity x(m,p), and therefore to the same L, transformation.
However, this redundancy poses no issue for present purposes. The action of L,(m,p) on

four-vectors is represented by the following matrix

cosh(x(m,p)) 0 0 sinh(x(m,p))
0 10 0
L.(m,p) = . 01 0 ' (6.11)
sinh(x(m,p)) 0 0 cosh(x(m,p))

Since massless particles cannot be brought at rest, the case m = 0 requires separate treatment.
The boost L(0, p) refers to a transformation that imparts momentum p > 0 along z to a massless
particle with an initial dimensionless four-momentum (1,0,0,1). Its matrix representation,

which can be applied to four-vectors, is given by

i O N W i |

2p 2p
0 1.0 0

L.(0,p) = . (6.12)
0 01 O

p—1 p2+1
2p 0 0 2p

In line with the notation for rotations, the corresponding unitary operator acting on quantum
states is denoted U(L,(m,p)) for both massive and massless case. These unidirectional boosts
also form a subgroup of the PG.

Rotations and boosts along the z direction can be composed to produce boosts in arbitrary
directions. Two main combinations allow imparting momentum of magnitude p along a direction

(0, ¢) to a massive particle initially at rest,

L(m,p,0,¢) = R(¢,0,0)L.(m,p)R(¢,0,0)", (6.13)
Lh(map>9>¢) = R(¢79aO)Lz<map) (614)
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The first definition applies a boost without inducing a net rotation, as the two outer rotations
cancel each other. These will be referred to as canonical boosts. In contrast, the L; boost
induces both the expected boost and a net rotation of the state. This combination will be
referred to as a helicity boost. For the massless particles, canonical boosts L(0, p, 0, ¢) cannot
be used since a rest frame does not exist. In that case, only helicity boosts should be used to
impart a momentum of magnitude p and direction (6, ¢). Both definitions can be expressed in
either the 0 or —¢ convention. For canonical boosts, the choice of convention does not affect
the resulting transformation: since rotations around and boosts along the z axis commute,
both conventions yield the exact same Lorentz transformation. However, for helicity boosts,
the convention must be specified as it alters the outcome. As before, the associated unitary
operators acting on physical states are denoted by U(L) and U(Ly), respectively.

The final subgroup of the PG relevant for the following is the set of Lorentz transformations
that leave the four-momentum (1,0, 0, 1) invariant. This subgroup is commonly referred to as
the massless little group. It is isomorphic to ISO(2), the group of isometries of the Euclidean
plane. It is parametrised by two real numbers (a, ), representing translations, and one angle
6, representing rotations. The action of an element S(«, 3,60) of the massless little group on

four-vectors is given by the matrix representation

1+%(a2+52) acos — Bsinf  «asinf + S cosf —%(a2+52)

o cosf sin @ —
S(a, B,0) = . (6.15)
15} —sin6 cos —p

1(@®+ 4%  acosf—PBsinf asinf+ feosh 1—1(a®+ F?)

It is straightforward to verify that for any values of («, 3, 6), applying this matrix to the column
four-vector (1,0,0, 1) leaves it unchanged. The massless little group plays an major role in the
classification of irreducible representations of the PG. As before, S(«, ,6) denotes the group
element or its action on four-vectors, while U(S(«, /3,0)) denotes the corresponding operator
acting on quantum states.

Finally, parity and time-reversal are discrete transformations that also belong to the PG. As
they render the group non-simply connected, their treatment is often considered separately. In
the following, parity is denoted by P, and its unitary representation acting on quantum states

is denoted by II. Parity commutes with rotations but reverses the direction of canonical boosts,

[P,R(c, 8,7)] =0, PL(m,p,0,¢) = L(m,p,m — 0,7+ ¢) P. (6.16)
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Time-reversal, on the other hand, will not be discussed in this work.

6.2 One-body Helicity States

To start with, let us focus on massive particles. As mentioned, these are classified according

to their eigenvalue for both Casimir operators of the PG. Any state |1);m; s) such that
P2[yim;s) = m? [sm;s) and W2 [¢;m; s) = —m?s(s + 1) [1;m; s) (6.17)

is a possible state to describe a particle of mass m and spin s. To write the actual state of
the particle, one has to resort to complete sets of states in which it can be decomposed. Two

different complete sets will be introduced.

6.2.1 The one-body canonical states

The first set is filled with the common eigenstates of the third component of the Pauli-
Lubanski vector W3 and of the four P, operators. In the following, such common eigenstates,
referred to as one-body canonical states, will be denoted |m; pf¢o; sm). The labels in the notation

provides the eigenvalues of the aforementioned operators,

P?|m; plo; smy) = m? |m; pheg; smy) (6.18a)
W2 |m; po; smy) = —m?s(s + 1) |m; plo; sms) , (6.18Db)
Py [m; pig; sma) = /m? + p? |m; p; sm) (6.18c)
Py |m; pf; sm) = pcos ¢sin 6 [m; pho; sms) (6.18d)
Py |m; pO¢; smg) = psin ¢ sin @ |m; pdd; smy) (6.18e)
Py lm; pg; sms) = pcos 6 [m; plg; sm) , (6.18f)

Ws [m; pig; sm) = mmy [m; pog; sm) . (6.18g)

Physically speaking, each p-canonical state has a definite mass, spin, four-momentum and spin
projection along the z axis. The associated Lorentz-invariant orthonormality and completeness

relations are written below,

(m; pOg; sms| m; phd; sm) = 2w 6(p — P)6(¢ — ¢)d(cos 6 — cos 0)d,,m, , (6.19)
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|

Figure 6.1: Graphic illustration for the definition (6.21)) of one-body p-canonical states.

S d3
Z /]m;pﬁgb; SMyg) 2_p (m; pfg; sms| =1, (6.20)
w
where w = y/m? + p?. Normalisation conventions used in this document follow the ones from
[160]. In the literature, one-body canonical states are often decomposed as the application of a

so-called canonical boost on a rest state |m;smy),

|m; pOg; smg)y = U(L(m,p,0,¢)) |m; smy)

(6.21)
= U(R(¢,0,0)L.(m,p)R(¢,0,0)"") |m; smy) .

By construction, rest states |m;smy) transform under rotations using the spin s irreducible
representation of SO(3). As a result, whenever applied on a rest state, rotations are concretely

represented by the well-known Wigner D matrices [35],

Formula provides an intuitive graphic interpretation for one-body canonical states which
is illustrated in Figure 6.1} In the left-hand part of the diagram, the rest state is represented
with a single green arrow which stands for its spin projection. The state is then subjected
to a rotation and a boost which, notably, alter its momentum, represented by a red arrow.
After successive transformations, as expected, the state ends with a momentum direction (6, ¢)
and with a definite spin projection along the z axis. Apart from its visualisation use, this
expression, combined with relation , also enables easy derivations of transformation rules
under operations such as rotations, boosts and parity. The interested reader is referred to [161]

for more details.
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6.2.2 The one-body helicity states

Although one-body canonical states are abundantly used in quantum mechanics, especially
in the non-relativistic limit, this set can not encompass massless particles. For this reason, a
second set of state is introduced. The states are still chosen as the common eigenstates of the
four P, generators but, instead of W3, these are taken as eigenstates of the helicity operator A.
These states are named one-body helicity states and are denoted |m; pf¢; sA). Relations

to (6.18f]) remain true in terms of one-body helicity states, but (6.18g)) is replaced by
A |m; pho; sy = X |m; ple; sA) . (6.23)

States now have a definite spin projection along their momentum direction. The completeness
and orthonormality relations for one-body helicity states are similar to that for one-body

canonical states (same conventions are used),

(1 0F; 53| m; phgy 53) = 20 6(p — p)O (6 — B)(cosd — cos D)o, (6.24)
S d3
> [ it sn) S tmi x| = 1. (6.25)

As for canonical states, helicity ones can also be expressed in terms of a rest state on which

boosts and rotations are applied,

(6.26)
= U(R(¢,0,0)L.(m,p)) [m; s\) .

In comparison with relation , the canonical boost L has here been replaced by a helicity
boost Lj. The graphic interpretation set up for relation in Figure can be adapted
to fit with formula . The result is shown in Figure . Referring to the same graphical
conventions, one can see that the state ends with a definite projection of the spin along the
momentum direction instead of along the 2z axis. This feature is in agreement with the definition
of the helicity operator. Before discussing the properties of one-body helicity states, let us draw
the reader’s attention to the fact that the 0 convention has been used in relation . Some

other references consider the —¢ convention [157] 159, [160],

[m; pbd; sA)_, = U(R(¢, 0, —¢)L.(m,p)) [m; sA) . (6.27)
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Figure 6.2: Graphic illustration for the definition (6.26]) of one-body p-helicity states.

A priori, such a modified relation should result in a different definition for one-body helicity

states. However, these two different definitions are shown to simply differ by a phase factor,
|m; pOg; sA) = e~ [m; pho; sX) _, - (6.28)

Because physics is contained in the modulus squared of the state, this phase factor proves to be
irrelevant in assessing a physical interpretation for one-body helicity states. Nevertheless, the
user has to be conscious and consistent with the convention he employs, especially if he wants
to superpose different helicity states. The current work will always use the zero convention.
The decomposition also allows one to prove many properties about helicity states.
Only a few of them will be recapped here. For more properties and demonstrations, the
interested reader is referred to [157, 160, (161, |162]. The first property to be investigated is the

transformation rule of helicity states under rotations. Simple algebra allows to show that
U(R(a, B,7)) [m; pdg; sX) = £ e~ [m; pb'¢'; s)) (6.29)

where 0', ¢' and & satisfy R(¢',0',&) = R(a, 5,7)R(¢,0,0). The phase exp(—i€\) comes out
while ensuring that the state, initially in 0 convention, ends in that same convention. Concerning
the plus or minus sign, it is added to take into account the fact that, if at some point a 27
rotations is performed, it is to be identified to minus the identity for fermions. Property is
sometimes referred to as helicity rotational invariance, because the quantum number A remains
unchanged despite the rotation.

Secondly, the action of the parity transformation, II, on one-body helicity states can be
determined by making use of the commutation relations between parity, boosts and rotations.

The following formula is obtained,

1T |m; pf; sA) = n(—1)"" |m;p(m — 0)(7 + ¢); s — A). (6.30)
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Notice that the classical intuition that parity inverts particle’s momentum and helicity is
respected. Above, n refers to the intrinsic parity of the particle. This quantity defines how

parity acts on the particle rest state,
IT |m; sA) = n|m;sA) . (6.31)

It depends on the nature of the particle. In relation (6.30]), both left- and right-hand side states
are written in the zero convention. However, in many references, the right-hand side is written

in a different convention, such as the 7 convention

[m;p(m = 0)(7 + ¢); sA), = U(R(7w + ¢, m — 0,7))U(L.(m, p)) |m; sA) (6.32)
= U(R(¢,0,0))U(R(0,m,0)U(L:(m, p)) [m; sA)
or the opposite convention
[m;p(m = 0)(m + ¢); sA)_ = U(R(¢,0,0))U(L_~(m,p)) [m;s — A) (6.33)

with L_,(m,p) = R(0,7,0)L.(m,p)R(0, —7,0).
All these conventions being equal up to phase factors, they convey the same physical meaning,

im; p(m = 0)(m + ¢); sA) = (=1)* [m;p(m = 0)(7 + ¢); sX),, (6.34)

These various conventions are introduced to simplify calculations that mixes helicity states with
opposed directions. Such situations will for example be encountered in Section where helicity
states for two-body systems in their centre-of-mass frame (CoMF) are introduced.

Third, we focus on the application of a general Lorentz transformation L on an helicity state

|m; pf¢; sA). The corresponding transformation rule reads as follows,
U(L) [m;pbs; sA) = > Din(aw, Bw, yw) [m; p/0'¢'; sX') (6.35)
N=—s

Above, primed variables denote the components of the boosted momentum which are obtained
by applying L on the initial four-momentum. In addition, (aw, Sw,yw) denotes the Euler

angles of a rotation Ry, named Wigner rotation, defined by the following combination of boosts,

Rw = (Ly(m,p/,0,¢')) " LLy(m,p,0, ). (6.36)
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Relation (6.35)) illustrates that, in general, the helicity of a massive state is not invariant under
Lorentz transformations. The invariance of helicity under rotation (6.29)) can be seen as a special

case of property (6.35)).

Finally, it is possible to switch from the one-body helicity basis to the one-body canonical
one. Comparing relation (6.26)) for helicity state to relation (6.21)) for canonical state and using
relation ([6.22)) provides the following transformation rule,

m;pbd; sA) = > D3, (¢, 6,0) [m; pbe; sm) . (6.37)

ms=—

This property allows the user to switch the complete set, based on its intended use.
Before closing this Section, let us insist on the fact that helicity states generalize very well
to massless particles. In a common simplification of reality, massless particles are considered

behaving as massive particles with only two spin projection, +s and —s. This rule allows to infer

the massless behaviour from the massive one. [Complement 6.A| goes beyond this simplification

and provides more details about the distinction between massive and massless particles.

6.3 'Two-body Helicity States

One-body helicity states can be used to build a complete set of states for two-body
systems. Because, in the following, these many-body states will be used to describe composite
particles, we will focus on obtaining helicity states in the CoMF of the entire many-body system
(the ECoMF). Properties of composite particles are most easily obtained in this frame: mass
is given by the total energy of the state while spin is given by its total angular momentum.
Before to dive into this description, let us shorten a bit notations. In the previous section,
one-body states at rest where denoted |m, smg), a notation in which the mass, the spin and
the spin projection of the particle were specified. In the following, the mass of the particle will
be frequently omitted. By default, it will be assumed that the state |s;\;) possesses the mass
of the i*" particle. Similarly, in the following Sections, boosts along the z axis will be written
without specifying any mass parameter. By default, this parameters will be supposed equal to

the mass of the state on which the boost acts.

6.3.1 Helicity bases for two-body systems

Again, our analysis starts at the level of massive particle states. Differences in presence of

massless particles will be discussed subsequently. Two particles are brought in their CoMF by
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boosting them back-to-back,

[P0; s10182)) = (=1)**72U(R(,6,0)) [U(L.(p)) |s1\1) @ U(R(0,7,0)L.(p)) [s242)] (6.38a)
= (=12 U(R($,0,0)L.(p)) |s1\) ® U(R(% + é, 7 — 0, 7)L.(p)) |s2)2). (6.38b)

Above, p, § and ¢ respectively denotes the modulus, the polar and the azimutal angle of the
momentum of the first particle in the ECoMF. Helicities \; and A\, are defined in that same
frame. The phase in front of the definition is mainly conventional [157] and results from the
choice to assign to the one-body state with opposed momentum the opposite convention .
Figure schematically decomposes the successive transformations in definition ((6.38a)). By
construction, states are eigenstates of particle 1 and 2 momentum operators. In the
following, they will be referred to as two-body p-helicity states. Their orthonormalisation relation

1S

L AW _ B
(POD; 51 M152A2|pOP; s1A1852A2) = 76(W — W)d(cosh — cosB)d(P — @)x,x, 050, (6.39)
4wy (p)w B _ _

= wa@ — p)3(cosh — cosf)(d — ¢)dx,n, 05,0, (6.40)

where w;(p) serves as a notation shortcut for y/m? + p? and where W = wy(p) + wa(p) is
the total energy of the two-body state. If expression ((6.38b)) is more convenient for practical
purposes, ((6.38a)) unveils that these states present a specific structure: they are obtained by

rotating two-body states at rest with a reference orientation, here along the z axis,
i s1Mis2A2) = (1) (U(La(p)) [s1M) © U(R(0, 7, 0) Lz (p)) [s2a)) - (6.41)

A similar structure will reappear in the definition of helicity states for three-body systems in
Chapter 8

Figure 6.3: Schematic illustration for the definition of two-body p-helicity state (6.38a)).



6.3. TWO-BODY HELICITY STATES 194

As already mentioned, states with a definite total angular momentum are expected. Such a
property can be provided to two-body p-helicity states by weighting them with a Wigner D

matrix and by integrating the result on angular degrees-of-freedom,

[27 + 1 )
|p; JM; s1A152)9) = y /dcos@dgb Dy a2, (6,0.0) [phg; s1A182A9) - (6.42)

In the following, these states will be referred to as two-body J-helicity states. The prefactor is

introduced to ensure a standard normalisation,

L AW

(p; JM; $1M182 02 |p; M ; $1 M1 82 02) = 75(W — W)07 7650105, 2, O30 rs (6.43)
4w (p)wa(p) -, _

= %5@ — D)7 5051105, 7, O3, (6.44)

Of course, definition is only relevant for J > |A; — A\g|. It can be shown that, under
rotations, two-body J-helicity states follows the spin J irreducible representation of SO(3) [161}
163|, meaning that this state indeed has a total angular momentum J. For further use, let us
mention that definition can be inverted, expressing two-body p-helicity states as a linear
combination of two-body J-helicity states [162],

0o J
2J+1
|pOd; s1A15202) = Z Z \/ o Dyl ayo, (0,0,0) [p; JM; s1X18200) . (6.45)

J=|A1—Aa| M=—J

Other properties of these states are abundantly described in the literature [152, (157, 160, 161}
162|. Their behaviour under parity and permutation of particles, denoted Pj5, will be reminded

here for further use,

IT [p; JM; s1A18900) = mima(—1)7 7752 |p; M5 81 — Aisa — o), (6.46)
Pia |p; JM; sAisha) = (—1)77% |p; JM; sAasAy) . (6.47)

Above, n; is the intrinsic parity of the i particle. Symmetry having to be implemented only
for identical particles, s; and s, have been taken equal each-other in relation . These
two properties illustrate that two-body J-helicity states are neither parity eigenstates nor
(anti)symmetric by themselves. Parity eigenstates are obtained by superposing states with

opposed helicity signs. Non-normalised symmetric (anti-symmetric) states are obtained by
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applying the two-body symmetriser S, (anti-symmetriser As),
SQ =1+ Plg, AQ =1- ]P)lg. (648)

As agreed, helicity states have been written in the zero convention. Switching the convention to
the "—@" one results in a different phase convention for p-helicity states. Nevertheless, provided
that angles of the Wigner D matrix in definition are adapted consequently, it can be
shown that two-body J-helicity states are not affected.

In presence of massless particles, the results presented above remains correct up to a few
adjustments. First in definition —, the conventional phase has to be adapted to
remove any spin occurrence, such a quantum number being formally undefined for massless
particles. Following the usual misuse that massless particles have spin degrees-of-freedom with
forbidden intermediary projections, it seems appropriate to replace sy by |Aa|. Secondly, relations
and only accounts for massive particles. It can be shown that, for massless ones,
the factor (—1)7*17*2 has to be replaced by (—1)***2 while the (—1)2 factor from has
to be replaced by (—1)2?*1l. Notice that, as long as helicities are integers, one can naively use

massive relations with \; = £s; to deal with massless particles. The case of helicity states for

two massless particles is also briefly discussed at the end of [Complement 6.Al|

Two-body p- and J-helicity states are not the two only complete sets able to describe two-body
systems at rest. For massive particles, one can replace in definition ({6.38b|) each occurences
of p-helicity states by p-canonical ones. It results in the following definition for the so-called

two-body p-canonical states |161],

|p¢9; §1Ms, 82m52> = U(R(¢7 97 O)Lz(p)R_l(gbv ‘97 O)) |81m81>

(6.49)
QU(R(t+ ¢, m—0,0)L.(p)R™ (7 + ¢, 7 — 0,0)) |sams,) .

These states are then used to define two-body J-canonical states through intermediary spin and

spatial angular momentum couplings,

|p; JM; Us; s150) = Z (bmysmg| J M) (s1ms, sgms, |sms)
et (6.50)
[ dcosbao Yz, (6.6) 966 sy sy

Above, (jimijame|jsms) refers to a Clebsh-Gordan coefficient and Y. (6, ¢) to a spherical
harmonic. Because of the appearance of an orbital angular momentum quantum number /,

this definition is often used for in non-relativistic treatments. The interested reader will find a
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description of properties about two-body canonical states in reference [161]. It is possible to

relate two-body J-canonical states to two-body .J-helicity states,

51+52 J+s

2€+1
81 )\1 So — )\2 ‘S )\1 )\2)

‘pQ JM; 51)\182)\2> =
2J -+ 1 (651)

|51 so| 4= |J s|

608 /\1 /\2 |J>\1 )\2) |p, JM 68 5182>

This relation allows to easily switch from one to the other set of states. For instance, it has

been used in [152] to describe two-gluon glueballs in constituent approaches.

6.3.2 Decomposition of a physical two-body state in J-helicity states

Two-body J-helicity states can be used to model two-body composite particles. In the
ECoMF, any two-body state with spin J and helicity quantum numbers can be decomposed
as an integral on internal momentum degree-of-freedom of two-body p-helicity states. For
two-body systems, the internal motion is ruled by the relative momentum p = (p; — p2)/2
whose modulus and angles have already been denoted p, 6 and ¢. Let us start by decomposing
a generic two-body state in the ECoMF, denoted |®; s1A182)2), as a combination of two-body

p-helicity states. Using the completeness relation of the latter, one gets

2
p*dpdcosfdeo
D51\ 150N) = | ————— D(p, 0 Op; s1\1S2\ 6.52
|P; 51 A152)2) /4w1(p)w2(p) (P, 0, ®) [pOp; s1A152)2) ( )
where
(ID(p,Q,gb) = <p9¢, 81)\182)\2|(D; 81)\182)\2> (653)

is the two-body helicity-momentum wave function of the state. The Jacobian factor in (6.52))
ensures consistence with the normalisation of two-body p-helicity states . Without
additional requirements, this state has not the expected definite total angular momentum .J.
However, the definition of two-body J-helicity states proved that this property can be supplied
by imposing the angular dependence of ®(p, 0, ¢),

2J +1
47

®j4(p797¢) = \Il<p)D]{/}k)\1—>\2(¢a0aO)' (654)

The function ¥(p) can be understood as a radial helicity-momentum wave function. Replacing

® by @9, in expression (6.52)) results in the decomposition of a generic two-body helicity state
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with total angular momentum J, denoted |W; JM; s1\182\2), in two-body J-helicity states,

pAdp

W JM: 510150 :/——————
| B S

U(p) |p; JM; s1M182A2) (6.55)
States |W; JM; s1A182A2) can be used to model spin J two-body composite particles. If the
composite state is made of identical particles or is expected to possess a parity quantum-number,
the above discussion has to be slightly adapted. The structure still applies but two-
body J-helicity states in the right-hand side have to be replaced by parity and/or symmetry
eigenstates which are obtained using properties and . Concerning normalisation,

states |W; JM; s1A182\2) are expected to have a unit normalisation,
<\I/,JM,81)\1$2)\2’\IJ,JM, 81)\1$2>\2> =1. (656)

Using expression ((6.55)) and orthonormalisation of two-body J-helicity states (6.44)), one can

transfer this normalisation condition to the ¥(p) wave function,

2
p-dp 2
—— |¥(p)|* = 1. 6.57
[ oo e W) (6.57)
For convenience, it is worth introducing a modified radial helicity-momentum wave function,
denoted Z(p) that includes the Jacobian factors from (6.57)),

(p) = pip) (6.58)

2¢/wi(p)wa(p)

[1]

In terms of Z(p), the normalisation condition ((6.57)) significantly simplifies
[z =1, (6.59)
while (6.55)) has to be slightly adapted,

|‘I’; JM; 511522

E(p) |p; JM; 51 M182A2) (6.60)

) = / pdp
2y/wi(p)wa(p)

Notice that, ¥ having to remain finite for all p, = must necessary cancel at p = 0 for massive

particles. Further tests show that this condition stays required in the massless case.
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Complement 6.A Helicity states for massless particles

In Sections and [6.3], massive particle states were discussed. For massless ones, the
Pauli-Lubanski Casimir is identically zero and helicity proves to be Lorentz invariant. As a
result, a general massless state |¢;0; \) stays by definition eigenstate of the squared-momentum

operator but with a null eigenvalue. It is also defined as eigenstate of the helicity operator,
P2[1p;0;A) = 0]¢;0; ) , N UHUPVEDYAUPYS (6.61)

If helicity is truly Lorentz invariant, it is nevertheless reversed by a parity transformation,
meaning that massless states always come by pairs, one with helicity A and the other one with
helicity —A. This feature justifies the aforementioned simplification of reality: although spin
is not formally defined in the massless case, these two states with same nature but opposed
helicities are often considered as the two facets of a spin \ particle whose intermediary projections
are forbidden. This is the case when someone consider left-handed and right-handed photons as
a unique spin 1 particle whose 0 projection is forbidden.

To describe the actual state of a massless particle, complete orthonormal sets are again
necessary. Since massless particles have no rest frame, the corresponding states are defined as
eigenstates of the helicity operator, and only the p-helicity states are suitable to describe them.
These are eigenstates of the exact same operators than massive ones but with zero as eigenvalue

for both Casimir operators,
P210; pi; sA) = 0]0; ph; sX) W2 |0;pf¢; sA) = 00;pfg; sA) . (6.62)

Above, s rather specifies which values A can take than is a true quantum number. Massless
p-helicity states significantly differ from massive ones in the sense that, because massless particles
cannot be taken at rest, relation cannot remain valid for these. A similar relation can
nevertheless be obtained by turning the rest state into another reference state having a more
suitable four-momentum for massless particles. Choosing this reference four-momentum as

k= (1,0,0,1) and denoting the associated reference state |0; s\), the adapted relation reads

|0; pO; sA) = U(Lx(0,p, 0, 9)) |0; sA)

(6.63)
= U(R(¢,0,0)L.(0,p))[0; s\) .

Notice that, because |0; sA) has a unit spatial momentum along the z axis, this state proves to

be eigenstate of both W3 and A, these two operators being equal in the current circumstances.
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Figure 6.4: Graphic illustration for the definition (6.63)) of massless one-body p-helicity states.

Because of this adaptation, the graphic interpretation of massive p-helicity states must slightly
be adapted, the initial state having a non-zero spatial momentum. The new diagram is shown in
Figure[6.4l Apart from this modification in the initial state, both diagrams are to be understood

similarly.

Let us now focus on the adaptation of properties (6.31]) and (6.35)) to massless particles. First,
as the definition of intrinsic parity (6.31]) relies on rest states, it must be adapted for a massless

reference state. Applying parity on this state reverses its non-zero spatial momentum and, as

already mentioned, opposes the helicity quantum number. It results in the following relation for

the action of parity on a reference state,
I110; sA) = nU(R(0,7,0)) [0; s — A) (6.64)

where 7 is defined as the intrinsic parity of the massless particle. This modification considered,

one can roughly follow the same calculation steps than in the massive case to demonstrate that
I110; pg; sX) = n(—=1)* |0; p(m — O) (7 + ¢); 5 — A) . (6.65)

Formula replaces in presence of massless particles. The discussion of relation
(6.35) must also partially be revised. In the massive case, the Wigner rotations Ry, defined in
relation is shown to belong to SO(3), namely the massive little group. Setting m = 0, the
combination turns out to no longer belong to the massive little group but to the massless
one, 1SO(2). Therefore, the transformation is no longer parameterised by Euler angles but by
three ISO(2) parameters, such as the «, 5 and 6 parameters suggested in reference [159], and
the action of Ry, on physical states is no longer provided by SU(2) Wigner D matrices but
instead reduces to [164]

D5 (aw, B, Ow) = € 6y, (6.66)

The dy ) factor ensures that, as expected for massless states, the helicity quantum number

remains invariant while boosting the state. This replacement done, relation (6.35)) can be freely
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used even while dealing with massless particles. Although Ry is no longer a true spatial rotation,
this transformation is still called Wigner rotation through misuse of language.

As already mentioned in the main text, helicity states for two massless bodies behave quite
similarly to those of massive ones. The demonstrations are very similar to their massive
counterparts, with the main differences generally arising from the phase factor in definition
, which must be adapted by replacing s with |A\y|. The one-body parity transformation
rule must also be replaced by the massless version ([6.65]). The rest of the demonstrations
remain analogous to the massive case since the reference helicity states for the massless particles,

|0; sA), are also J3 eigenstates.

This chapter in the context of a thesis

This chapter introduces the second major topic of my PhD thesis: the helicity formalism.
It lays the groundwork by providing a self-contained overview, and presenting a broad set
of key concepts and properties. While the results discussed are not original at this stage,
they are essential for preparing the developments that follow and the application to two-

and three-gluon glueballs.




Chapter 7

Two-gluon Glueballs: Set Up of a
Methodology

One of the earliest predictions of Quantum Chromodynamics (QCD) is the existence of
colour-singlet pure-gauge states, introduced in Section as glueballs [1]. Despite this
theoretical prediction, a consensus on their properties and definitive experimental evidence
remain elusive. Two-gluon glueball states have been extensively studied both theoretically
[3, |165] and experimentally |2 [165]. Theoretical results have been obtained using various
phenomenological approaches, functional methods, and LQCD. On the experimental side,
notable experimental efforts by collaborations such as PANDA, Crystal Barrel, WA102 or
BESIII continue the search for these states. In contrast, three-gluon glueballs have received
relatively little attention due to the technical complexity involved. On the theory side, the
LQCD spectrum is expected to include three-gluon states [166, 167, (168, |169]. Experimentally,
the possible observation of odderon exchange at TOTEM is still debated [170].

This Chapter aims to describe two-gluon systems within the framework of constituent models.
Constituent gluons transform under SU(3). with its octet (or adjoint) representation, denoted

8, leading to the following decompositions for two- and three-gluon systems |13§]
SR8=1g @... SRE8R8=1g Plasg D... (7.1)

These decompositions indicate the possibility of forming bound states of two and three constituent
gluons, so-called two- and three-gluon glueballs, in constituent approaches. The dynamics of
these bound states are implemented using a phenomenological but QCD inspired Hamiltonian.
Properties of constituent particles often differ from their QCD counterparts (for instance, as
mentioned in Section [4.3.3] constituent quarks are often treated as heavier than their QCD

201
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equivalents). For two-gluon glueballs, it has been shown in reference [152] that constituent
gluons have to be considered as massless particles with helicity degrees-of-freedom in order to
reproduce results from LQCD calculations. A more detailed description of constituent gluon
properties is deferred to later section.

Although studies of two-gluon glueballs within constituent approaches already exists in the
literature [171}, 51}, 152], the further extension to three-gluon glueballs necessitates introducing a
methodology better suited for three-gluons systems. This Chapter applies the helicity formalism
to compute the spectrum of two-gluon glueballs. As for the previous chapter, it builds upon the
text from reference [158|. Section develops a general methodology to perform bound-state
calculations within the helicity formalism. Subsequently, Section applies this methodology

to the description of two-gluon glueballs.

7.1 Calculations with physical two-body states

The following developments aims to evaluate matrix elements of observables, such as Hamil-
tonians, on composite particle states. It focuses on unsymmetrical two-body J-helicity states
but can easily be adapted to symmetrised odd/even helicity states. States being
written in momentum representation, observables that depends on momentum variables prove to
be easier to evaluate. Let us consider an observable O(p) that only depends on the modulus of
the relative momentum (only spherically symmetric variables are investigated). Let us evaluate
O(p) on |U; JM; A As),

<\If, JM, 815\1825\2| O(ﬁ) ‘\If, JM, 51)\152)\2> =
/ pdp pdp
2/wy (p)ws(p) 2+/w1(p)wa(p)

o B o R (7.2)
Z(p)" Z(p) (p; JM; s1 189200 O(p) |p; JM; s1M182M2)

Two-body J-helicity states being by construction eigenstates of p, the action of O(p) reduces to

a simple scalar multiplication. Using orthonormality relation (|6.44]), one gets
(W5 JM; 51/_\1525\2| O(P)|¥; JM; s1A182M9) = W HIWH /dp |E(P)|2O(P)- (7.3)

A similar expression accounts for symmetrised odd/even helicity state as long as these are
correctly orthonormalised.

The evaluation of operators that depend on position variables proves to be more difficult
to handle. Let us consider O(7) an operator that only depend on the modulus of the relative

position (again, the emphasis is put on spherically symmetric observables), one may require to
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evaluate it on the composite particle state,

(WJIM; 5101820 O(F) |[W; JM; 51A18200) =

P pdp =(p)F = 5 TN - 91 X1 50\ . (7.4)
=(p)" = s JM; 51018200 O(7) |p; JM; 51 M189M9) .
/ 2/w1(p)wa(p) 2+/w1(p)w2(p) (p)" =(p) (p | O(#) |p )

Above, different total angular momenta J and J were considered. This modification has been

implemented for further use while studying the case of three-body systems. Two-body J-helicity
states being not position eigenstate, the evaluation of O(7) on |p; JM; s1A152A2) requires more
developments than the evaluation of O(p). Let us first switch of basis and develop two-body

J-helicity states into the canonical basis using relation (6.51)),

<]5, jM, 815\1825\2‘ O(f) |p, JM, 81)\152)\2> =

51+52 J+5 $1+82 J+s (7 5)

JSlSQ . __- - . . . ’
ST ek NS el (5 TM; U s15| O(F) [p; M Ls; 515)
5=|s1—s2| 0=|J—3| s=|s1—s2| £=|J—s|

with the following notation shortcut

Jsisa | 20+1

fshide — m(sl )\182 —)\2|S)\1—)\2)(£08>\1 —)\2|J)\1—)\2) (76)

The problem now reduces to the evaluation of O(7) on the more traditional canonical states.
Using the definition (6.50) of two-body J-canonical states in terms of p-ones, one obtains

(p; M ; 05; 8189| O(F) |p; JM; £3; 5155)

= Z (Crmysml| J M) (syml, soml, | s, )/dcos@ d¢’ Yﬁ*( 9
myms mSlmS2 (77)
Z (ém’gsm;]JM)(slmglsgm’szlsm's)/dcos@’dqﬁ’ Yﬁ%G’,qﬁ’)

é2

(p0'¢'; syl syl | O(F) |p0' ¢’ symi, soml,)

Because spin degrees-of-freedom are uncorrelated from spatial ones in canonical states and
because the observable O(7) does not affect them, the right-hand side residual matrix elements

are proportional to d, o, O L . Concerning spatial degrees-of-freedom, the action of the
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observable can be evaluated using a result from reference [172[

(p0'¢'; sy, soml, | O(F) [pf'¢'s s1ml, sam,)

= by, O, /01 (D) wa(P)wn (P)wn(p) > Vi (@, )Y (8,60 (pp)  (T)

1 17
£y,

where
@mm:EA Je(Pr)O()je(pr)r2dr. (7.9)

™

je(x) being spherical Bessel functions. Making use of spherical harmonics and Clebsh-Gordan

coefficients properties, one gets

(p; JM: (5; s182| O(7) |p; JM; Us; 5152)
= 4/ w1 (P)wa(p)w: (p)w2(p) Oc(P, )6 110 111070ss-

(7.10)

This expression is inserted in ([7.5)) and leads to the following formula for the evaluation of O(7')
on two-body J-helicity states,

<]7, jM, 515\1525\2| 0(72) ‘p, JM, 81)\182>\2>

s1+s2 J+s J. J. (711)
= 077081Mm Z Z CroningCsn e Av/wy (p)ws(p) w1 (p)wa(p) Ou(p, p).

s=|s1—s2| £=|J—s|

Finally, back to the state for the composite particle, expression ((7.4) becomes

<‘1/, jM, 81/_\1825\2| O(T‘A) |\I/, JM, 81/\182)\2>
s1+s2 J+s
=l Y, Y, CUN G, / pdppdp Z(p)” E(p) Ou(p, p).-

s=|s1—s2| {=|J—s|

(7.12)

As expected due to angular momentum conservation, matrix elements for central potentials are
proportional to d7;07,,- Moreover, as soon as non-zero, these are also independent of the total
angular momentum projection M. The evaluation of position matrix elements on symmetrised
odd/even helicity states only differs from the one on two-body J-helicity by the coefficients of
the expansion in canonical states. Relation remains valid provided that the expression
for C coefficients is correctly adapted.

! The result from [172] must slightly be adapted in two different ways. Firstly, our normalisation conventions
being different, a kinematic factor have been added. Secondly, a property of Legendre polynomials is used to
get spherical harmonics back.
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Analytical expressions of O,(p,p) for different potentials are given in |172]|. For instance, in

presence of a Yukawa potential O(r) = —ae™"" /r, one gets
S22 2
_ ! p°+p°+n
Ou(p,p) = —— Qz( - ) (7.13)
TPp 2pp

with Q;(x) a second kind Legendre function [36]. This expression can be naively plugged into
the integral from ((7.12)) without any extra precaution, even for 7 = 0. As a result, the treatment

of Coulomb interactions only require the evaluation of the following integrals,

[ opin 20 20 Outpr) = -2 [ apap =) 20) Qs (p ;pp). (7.14)

Although they present a logarithmic divergence for p = p, Gaussian quadrature allows for a
reasonably efficient evaluation of these integrals. This is even easier by introducing a new set of

coordinates,
v=p+Dp, v=p-—p, dvdo = 2dpdp. (7.15)

As a result, equation ([7.14]) becomes

/ pdppdp Z(p)* Z(p) Ou(p. p)

a [ v v+ v—7 V2 4+
= —— d dv = = .
oo ez (75) = () e (W)

The situation is more delicate concerning linear potentials. The Fourier transform of these

(7.16)

potentials are not traditional functions but are distributions [173]. To overcome this difficulty,
the O, function associated to this potential is defined by screening the linear potential with a

decreasing exponential,

82 e

O(r) =Ar =limAre™” = —lim — < A ) : (7.17)
10 n—0 On? r

The second equality relates the linear potential to a derivative of the Yukawa potential whose

Oy function is provided above. Using this relation, before taking the limit for n, one gets

Ao P
wpp O Qe ) with 20 == (7.18)
A ﬁ(??%(zn)) :ﬂ(Q’e(Zn)+ 2 2’(%))

Tpp On pp (pp)? (pp)?

O}(p.p) =




7.2. TWO-GLUON GLUEBALLS 206

where @)} and @)} denotes the first and second derivatives of @y with respect to its argument.
The limit on 7 is taken after integration and has to be considered carefully to ensure a finite

result. Reference |173] develops formulas for this matrix element with arbitrary ¢,
. — 1= = (=\* = n(—=
lim / pdppdp Z(p)* Z(p) O (P, p)

A /°° . < ( 4p*=(p) L (PP+DP7 E(p)
— dp:p*P/ (— +Q — — | dp
™ Jo 7) o \@*—p»)2 " '\ 2mp ) pp

where P denotes the Cauchy principal value of the integral. The left-hand side of relation ([7.19)

(7.19)

presents an apparent difference with its equivalent in [173|. This is because what is called
V;f(p, p) in [173] is actually equal to pp O)(p,p). Integrals from (7.19) are quite difficult to
handle, mainly due to the Cauchy principal value. To overcome this problem, coordinates ([7.15)
are again introduced. Performing the change, ([7.19)) becomes

lim / pdp 5dp (5) E(p) OB, p)
n—0

_i/oodvp/"v d'l_}: U+Q_J * (’U"—”[_))Q,: U—|—’(_j + , U2+”[_)2 QE(U;/[;) (720)
T 0 — - 2 w292 92 e\ 2 — 72 02 — 02 .

With these coordinates, the Cauchy principal value in the integration on v can naturally be

taken into account by performing a Gauss-Legendre quadrature with an even number of points
[173, [174]. Formulas (7.16)) and (7.20) allows for an efficient evaluation of matrix elements

with (7.12)). [Complement 7.A|illustrates the calculation of Hamiltonian matrix-elements using

formulas (73), (7-16) and (7:20).

7.2 Two-gluon Glueballs

The previous Section introduced a way to compute matrix elements on two-body helicity
states. In the current Section, this formalism is applied to the description of glueballs in the
framework of constituent approaches. Glueballs are modelled as colourless bound states of
several constituent gluons. The latter are considered as bosons with helicity degrees of freedom
A = #£1 and negative intrinsic parity. The mass of the constituent gluon remains a controversial
subject. Although formally massless, the QCD gluon has proven to acquire a dynamical mass in
the non-perturbative regime [134, |175, [176], 177, 178, |179, 180]. This incited some studies to
consider a massive kinetic energy for constituent gluons (with a mass around 0.5 GeV) [142, |181].

On the other hand, reference [152] tends to indicate that the challenge in modelling glueballs
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consists more in the correct use of the helicity formalism than in the choice of the kinematics.
In addition, it has already been observed in other constituent approaches that a modification
in the kinematics of the system can be absorbed in modifications of the parameters from the
potential |182]. For these reasons, the current work will consider an ultra-relativistic kinetic
energy for the constituent gluon. This Section limits the discussion to two-gluon bound states
that produces the so-called two-gluon glueballs. The colourless constraint on the wave function
implies for two-gluon glueballs a positive charge conjugation and a symmetric colour part of the
state [138]|. Gluons having a bosonic nature, the spin-space part of the two-body state must
also be symmetrical.

To start with, let us focus on the construction of symmetrical two—body J—helicity states
with A; = £1 and having a definite parity. Making use of properties (6.46)) and ( , reference

[152] constructs four sets of such symmetric parity eigenstates,

p; Sy JE = (2k)F) = 7(|p, JM;4+1+1) + |p; JM; —1 — 1)), (7.21a)
p; S_; JF = (2k)7) = T(Ip, JM;+1+1) — |p; JM; —1 — 1)), (7.21b)
Ip; Dy; JE = (2k +2)1) = (|p, JM;+1—1)+ |p; JM; -1+ 1)), (7.21c)

4=

lp; D_; J¥ = (2k +3)T) = (|p; JM;+1—1) — |p; JM; —1 +1)). (7.21d)
with £ € N. For readability, s; and s, labels have been omitted from the notation. One can show
that these states are correctly orthonormalised. In each of the four sets, parity and signature of
J had to be constrained to ensure a correct symmetry of the state. In addition, the constraint
J > |A1 — Ag] in definition forbade the occurrence of total angular momenta smaller
than two in |D.; JF) sets. The linear combinations of helicity states (7.21a]) to (7.21d]) can be

expanded in terms of two-body J-canonical states making use of (6.51]). This calculation has

been performed in reference [152]. The resulting expansions are displayed in Table [7.1]
As suggested in Chapter @, these two-gluon states |p; Si/Dx; JT) are integrated on their
momentum degree-of-freedom to produce a generic glueball state,

dp _
|W; S./Dy; JP) :/ QP:( )|p; S+ /D; JTY, (7.22)

where Z(p) satisfy the normalisation condition (6.59). Compared to (6.60)), expression (7.22)
replaces /w1 (p)wsa(p) by p because both gluons are assumed to be massless. One can now go
back over the demonstration of relations ([7.3)) and ((7.12)) to generalise them for the symmetrical
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|p; S5 (2k)F \/7|P7 \/3(4?{_(2;;(—2]{11_ 3) |p; °2ka)
* \/ (4]{/?521/; (;kl)— 7y P5 °2k = 228) + \/ ((szils))(?fkilf) p; °2k + 256)
p; S-; (2k)7) = 4;_]{; T Ip; 2k — Tay) — i: j: 1 p; 22k + 1ot ,
p; Dys (2k +2)7) = \/ ((fk:?)(f fkigg) |p; "2kaky2) + \/ ?iz i g;i: j: % |p; "2k + 294 12)
[T
lp; D_; (2k+3)%) = i: i ? p; °2k + 29443) — % p; "2k + 4op43) -

Table 7.1: Expansion of symmetrised parity eigenstate two-body J-helicity states in canonical
J-helicity states from [152]. A condensed notation for J-canonical states has been used,
[p; >FHy) = |p; JM; 1s; s150).

|U; Si/Dy; JP) states. On the one hand, the generalisation of (7.3) is immediate. Symmetrical
states being similarly orthonormalised, the demonstration does not require any modification

and one gets,
(0 Se/Da: 7| O(5) |U; S/ Ds J7) = / dp|E(P)I2O(p). (7.23)

Kinetic energy matrix elements that mix states with different labels are shown to cancel. Because
states are naturally written in momentum space, angular momentum does not play any role
in the calculation. It results in a left-hand side of equation independent of S/D and J.
This was not the case in [152] where calculations were performed in coordinate space. On the
other hand, relation ([7.12)) requires a slight modification. Because symmetrised states satisfies
a different expansion in canonical states, coefficients Cé]ss;\ls/\z from relation have to be
replaced by the expansion coefficients from Table . Denoting the latter C;,, one gets the

following analogue to ([7.12)),

(U; S /Dy; J°|O(#) |¥; Sy /Dy; JT)
2 J+s (724)

=Y > (€ [ wpdn =0 20) O

s=0 ¢=|J—s|
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These two formulas can now be used to concretely compute a glueball spectrum by means of
a variational approach (see Section [1.2)). A Gaussian shape supplemented by a p factor that

cancels at p = 0 is suggested as a trial helicity-momentum wave function,
E.(p) = Ape=’. (7.25)

In the following, the approximation provided by this trial state will be referred to as the single
Gaussian approzimation (SGA). To enable comparison, the Hamiltonian considered is the same
as the one in [152],

9 m S
Hep = 2/ + %r - 30‘7 (7.26)

where o, = 0.450 is the strong coupling constant and o,, = 0.185 GeV? is the mesonic string
tension. Compared to the fundamental string tension ¢ introduced in Section [5.1.2] one has
om = 40/3. As a reminder, the factor 9/4 comes from the Casimir scaling hypothesis [151]
(for gluons in the adjoint representation, (F?) = 3) and the factor 3 corresponds to the colour

charge associated to a pair of constituent gluons in a colour singlet. This factor will be detailed

in greater depth in [Complement 9.B| Instanton contributiond’ added in [152] to split the

degeneracy of the lowest states, are not considered at first. Masses obtained using the SGA
for the low-lying angular momenta are displayed in the second column of Table [7.2] These
results are compared to energies from reference [152] (instanton contributions are manually
removed). At first sight, both values seem incompatible. Energies from the SGA, a variational
method supposed to provide upper bounds, lies below the ones from reference [152], where a
very accurate resolution method has been used (namely, the Lagrange mesh method [184]).
This incompatibility is left noticing that reference [152| solves the same Hamiltonian using
a fundamentally different approach. First of all, the total orbital angular momentum of the
system is evaluated on the symmetric parity eigenstates from Table [7.I] The matrix obtained in
this way turns out to be diagonal with respective diagonal elements J(J + 1) + 2 for |p; S, J¥)
states and J(J + 1) — 2 for |p; D, JF) states. Consequently, reference [152] suggests to replace

the |p; S1 /Dy, JT) states by canonical ones with effective angular momenta f.g such that
Co(log + 1) = J(J + 1) £ 2. (7.27)

The Hamiltonian matrix is then evaluated on these effective canonical states rather than on

2 Instantons are classical solutions to the Euclidean equations of motion in non-Abelian gauge theories. In
QCD, they reflect the topologically non-trivial structure of the vacuum and contribute to non-perturbative
phenomena such as tunnelling between different vacuum sectors [183]. In most of the present work, instanton
effects are not considered.
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State Eor.SGA [5] Emod.SGA [(5] Ref |152|

W:S,,07) 1769 [19%] 2.216  [2%] 2.174
0:S_,0°) 2216  [2%] 2.216 [2%] 2.174
U: D, ,2%) 2279 [12%] 2.651 [2%] 2.588
0: S, ,27)  3.060 [1%] 3.194 [4%] 3.077
U:S_,27)  3.043 [1%] 3.194  [4%] 3.077
|U:D_,3*%) 3297 [1%] 3.393  [4%] 3.254
|U: D, ,4%)  3.897 [3%] 3.981 [6%] 3.768
W: Sy, 4%) 4150 [5%] 4204 [6%] 3.961
0:S_,47) 4139 [4%] 4204 (6% 3.961

Table 7.2: Comparison of two-gluon glueball spectra. Upper bounds obtained with the original
SGA, Eusaa, are compared to the modified SGA, Epoqsca, and to the spectrum from [152]
for which instanton contributions have been removed for the comparison. Energy results are
provided in GeV. Relative differences with [152], 0, are indicated in square brackets.

the true two-body helicity states. Mimicking this strategy with the SGA give rise to the fourth
column of Table [7.2] Such calculations require the evaluation of second kind Legendre functions
for non-integer ¢ values. As expected, this modified SGA provides upper bounds of the energies
from [152].

Results from the original SGA are compared with LQCD results in Table[7.3]and in Figure[7.1]
First of all, one notices that most of the masses provided by the original SGA lies below the
ones from [152]. Nevertheless, in most of the case, relative differences between both methods
lies around a few percent. The main exception to this claim occurs for the 0" state. In reference
[152], 0T and 0~ states proves to be degenerated thereby requiring the introduction of instanton
interactions to split both levels. The original SGA naturally raises this degeneracy. It does not
mean that instanton does not contribute in the glueball spectrum but that their effects maybe
overestimated by the use of the method from [152]. All results seem in global agreement with
LQCD results 167, |166], 168, 169], no matter which methodology is used.

It can be worth considering an extension of the SGA by incorporating a second Gaussian trial
wave function (7.25)) within the variational approach [23].This second Gaussian is independent
of the first and is characterized by its own variational parameter, b. The single Hamiltonian

matrix element to compute in the SGA is replaced by the evaluation of 2 by 2 Hamiltonian and



7.2. TWO-GLUON GLUEBALLS 211

State Eorsca LQCD [166] LQCD [168]

|W; S.,07)  1.769 1.710 £ 0.050 £ 0.080 1.475 + 0.030 £ 0.065
[W;S_,07) 2216 2.560=+0.035+0.120 2.250 £ 0.060 £ 0.100
|U; D, ,2%)  2.279 2.390 £+ 0.030 £ 0.120 2.150 £ 0.030 £ 0.100
|W; S, 2%)  3.060 N.A. 2.880+0.100 +0.130
|W;S_,27)  3.043 3.040 £ 0.040 £ 0.150 2.780 + 0.050 £ 0.130
|W; D_,3%) 3.297 3.670 £ 0.050 £ 0.180 3.385 £ 0.090 £ 0.150

\U: D,,4%)  3.897 N.A.  3.640 & 0.090 & 0.160
1W; S, 4%)  4.150 N.A. N.A.
0;S_,47)  4.139 N.A. N.A.

Table 7.3: Comparison of two-gluon glueball spectra. Upper bounds obtained with the original
SGA are compared to some LQCD results from 166, [168]. A supplementary LQCD calculations
[169] that predicts a |¥; D, ,4™) state of 3.650 & 0.060 + 0.180 GeV can be mentioned. Energy
results are provided in GeV.

4.0

Lo

2.0

1.51 }

ot+ 0+ 2+ + -+ 3t + 4+ + 4-+
jPC

Figure 7.1: Comparison of two-gluon glueball spectra. Upper bounds obtained with the SGA
(blue circles) are compared to LQCD results from [166] (orange triangles), [168] (green diamonds)
and [169] (purple hexagon).
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State Eosaa Epaa  Ref [152] LQCD [166, [167] LQCD [168]
0y 5.,0%) 1769 1.668 2.174 1.710 £ 0.050 £ 0.080 1.475 = 0.030 & 0.065
W 5.,0t)  N.A. 2808 2.993 2.670 £ 0.180 £0.130 2.755 % 0.070 & 0.120
U;5_,07) 2216 2.202 2174 2.560 4 0.035 £ 0.120 2.250 % 0.060 = 0.100
Wy 5_,07)  N.A. 3.069 2.993  3.640 £ 0.060 £ 0.180  3.370 = 0.150 & 0.150
Uy Dy, 20) 2279 2241 2.588 2.390 4 0.030 £ 0.120 2.150 4 0.030 = 0.100
Wy Dy, 2%)  NA. 3.249 3.325 NA. N.A.
U35, 27)  3.060 3.042 3.077 N.A. 2.880 % 0.100 & 0.130
Wy 5.,2Y)  N.A. 3.852 3.732 N.A. N.A.
Uy;5_,27)  3.043 3.042 3.077 3.040 £ 0.040 £ 0.150  2.780 & 0.050 4 0.130
W, 5_,27)  N.A. 3845 3.732  3.890 £ 0.040 £ 0.190 3.480 & 0.140 4 0.160
Uy; D_,3%) 3297 3.295 3.254 3.670 £ 0.050 & 0.180 3.385 & 0.090 & 0.150
Wy D_,3%)  N.A. 4.067 3.882 N.A. N.A.

Table 7.4: Comparison of two-gluon glueball spectra. Upper bounds obtained with the original
SGA, Eosaa, are compared to the DGA, Epga, and to the spectrum from [152] from which
instanton contributions have been removed for the comparison. Labels ¥y and W, respectively
refer to the fundamental and to the first excited state. Some LQCD results from [166, 167, [16§]
are added as points of comparison. Energy results are provided in GeV.

overlap matrices, which form the core of a generalised eigenvalue problem,

<\Ija| HGB ’\I]a>
<qu’ Hes |\Ija>

(Wa| Hap [Ps) | [ Ch
(| Hap [Ws) ) \Co

_ B <\I]a‘qja> <‘Ija’qu> C11
- (7.28)
(Wp|Wa)  (Wp| W) ) \C2

where |¥,) serves as a shorthand for any symmetric helicity states |¥;S:/Dy; JT), with a
being the non-linear variational parameter considered. This double Gaussian approximation
(DGA) serves two purposes: to assess the accuracy of the SGA, and to explore first radially
excited states. The non-linear variational parameters of each Gaussian, denoted a and b above,
are treated as independent, and optimisation is performed on both. Results are presented in
Table [7.4] For all considered states, the energy difference between the SGA and DGA does
not exceed 0.1 GeV (it even decreases to below 0.01 GeV for high angular momenta). These
findings suggest that the SGA is sufficiently accurate to study low-lying two-gluon glueball
states. For radially excited states, as expected, the DGA results aligns in magnitude with those

from reference [152].
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Complement 7.A Examples of calculations in momentum

space
To simplify, evaluations will be performed on pure two-body canonical states. Three different
two-body systems will be considered,

P g

oul\ /> =5 7.29
Healp.r) = -2 (7.29)
p?
Hin(p, 1) = =— + Ar, 7.30
wlpr) =2 (7.30)
K
Hpa(p,r) = \/m%—irpQ—l— \/m§+p2+Ar— o (7.31)

with g = myms/(my + my) denoting the reduced mass. For convenience, in all cases, both
particles are chosen with equal non-zero masses, m; = my = m and g = m/2. Natural units
are used. Hamiltonian matrix elements will be computed for a Gaussian-like = helicity wave

function with one parameter,

Za(p) =2 ((2::)3) " pe . (7.32)

Above, the constant has been fixed to ensure that the condition holds. The variational
theorem (|1.53|) ensures that, for any angular momentum ¢ and for all value of the parameter
a, this matrix element consist of an upper-bound for the ground state energy with angular
momentum ¢ of the corresponding Hamiltonian. This approximated eigenenergy is the one
referred as SGA in Section [Z.2l

Concerning kinetic energies, the integral from relation (7.3|) can be solved analytically for

both non- and semi-relativistic kinematics,
!A|2/dpp262ap2p_2 — §L, (7.33)
20 8ap
|A|2/dpre_QapZQ\/77‘L27+p2 = \/é;aer“mQKl (am?). (7.34)
Above K, refers to a modified Bessel function of second kind. Potential matrix elements

are managed using relations (7.14]) and ([7.20]) from previous sections. As already mentioned,

numerical integration methods based on Gauss-Legendre quadrature are usedE| Results for the

3 For both potentials, to compute matrix elements using (7.16) and (7.20), Gauss-Legendre quadratures
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E exact E SGA Qopt

14
0 -0.50 —-042  0.89
1
2

-0.25 —-0.12 3.16
—-0.125  —-0.05 6.99

Table 7.5: Spectra comparison for the Coulomb Hamiltonian . Upper bounds obtained
with the SGA, (Esga), are compared to the analytical spectrum from [186], Fexact, for various
angular momenta ¢. Optimised values of the variational parameter, aqp are also displayed in
the fourth column. Arbitrary units are used: m = 2 and g = 1.

potential and the kinetic energy are then gathered to compute Hamiltonian matrix-elements
and the obtained upper bounds are minimised on the variational parameter a. With a single
trial state, this method only provides approximations for the lowest state of a given angular
momentum /.

Let us now focus on the results of the three tests. The Table displays the upper bounds
obtained for the Hamiltonian Hg,u. For this test, the mass m of the particles has been fixed to
2 while the constant of the Coulomb potential g has been fixed to 1, both in arbitrary units.
One will notice that the obtained upper bounds are far from accurate, especially for ¢ = 3. This
is a regular feature when using a Gaussian trial wave function to solve a divergent potential.
One can check that turning the trial wave function into the exact one for the ¢ = 0 ground state
[18],

—Coul p

allows to exactly reproduce its eigenenergy, as expected. Concerning the pure linear Hamiltonian
Hyin, results in arbitrary units are displayed in Table for unit masses and linear potential
constant. An analytical spectrum for ¢ = 0 is provided in [130]. For ¢ > 0, the SGA is compared
to the spectrum provided by another approximation method, the Lagrange-mesh method [184].
One can see that a single Gaussian provides a quite accurate upper bound for the £ = 0 ground
state. For ¢ > 0, as expected, the very accurate results provided by the Lagrange-mesh method
lies below those obtained with the SGA. Finally, the Hamiltonian Hp, is investigated. This
Hamiltonian has been used in [154] to model bottomonium and charmonium systems. Table
compares the results obtained with the SGA to the spectrum provided in the reference. In both

cases and for each /¢ values, the single Gaussian upper-bound achieves an accuracy below 2%.

with 1000 points are used for integrals on ¥ while integrals on v are handled with a change of variables
v =1/(1 —v) and only 300 points. Integrals on v turn out to be clearly less sensitive than the ones on 2.
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4 Fexact  ELm Esca  Gopt
0 2.338  2.338 2.345 0.960
1 N.A.  3.361 3.472 0.648
2 N.A.  4.248 4.556 0.494
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Table 7.6: Spectra comparison for the linear Hamiltonian (7.30). Upper bounds obtained with
the SGA, (Esga), are compared to the analytical spectrum from [130] for ¢ = 0 (Fexact) and
to the spectrum from the Lagrange mesh method [184] for various angular momenta, (Fpry).
Optimised values of the variational parameter, a.p are also displayed in the fourth column.
Arbitrary units are used : m =1 and A = 1.

14 FEexact Esca & Aopt L Fexact Esca le] opt
0 0.448 9499 [0.5%] 0391 0 3.067  3.004 [0.9%] 1.383
1 9.900 9.920 [0.2%)| 0.450 1 3.504 3.531 [0.8%)] 1.141
2 10.150 10.204  [0.5%] 0.397 2 3.811 3.886 [2%] 0.903

Table 7.7: Spectra comparison for Fulcher’s Hamiltonian Hg, [154] (bottomonium at left,
charmonium at right). Upper bounds obtained with the SGA, (Esga), are compared to the
spectrum from [130] for various angular momenta ¢. Optimised values of the variational
parameter, a.p are also displayed in the fourth column. Energy results and a values are
respectively provided in GeV and GeV~!. Relatives errors ¢ are indicated in square brackets.
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This chapter in the context of a thesis

This chapter revisits the two-gluon glueball spectrum through an innovative approach. As
mentioned earlier, studies applying the helicity formalism to two-gluon glueballs already
exist in the literature. However, the methodology presented here refines that description and,
incidentally, proposes a general framework for treating systems with multiple constituent
gluons. The calculations are carried out directly in momentum space, with controllable ac-
curacy through the addition of Gaussian functions in the approximation. Both eigenenergies
and eigenstates are obtained, and the comparison with LQCD results indicates agreement,

taking into account the associated uncertainties.




Chapter 8

Three-body Helicity Formalism: A

Technical Extension

Previous chapters successfully developed a relativistic framework for studying two-body
systems. Incidentally, this framework enabled reproducing the low-lying positive charge conjuga-
tion glueball spectrum. To access states with negative charge conjugation, however, a glueball
must contain at least a third gluon. This requirement motivates the extension of the previous
methodology to three-body systems, with the goal of inferring the three-gluon glueball spectrum.

This chapter introduces the helicity formalism for three-body systems, while glueball-specific
considerations are deferred to the next chapter. As in the two-body case, efforts are made to
produce complete sets of three-body helicity states possessing a total angular momentum J in
the ECoMF. These sets of three-body states will then used to decompose the state of composite
particles at rest. There are two main approaches to defining helicity states in three-body
systems, each with its own strengths and weaknesses. Accordingly, the chapter is divided into
two parts. Section presents the first definition for helicity states, which offers convenient
parity and symmetry properties. Section introduces a alternative definition, better suited
for computing two-body interaction matrix elements. Globally, this chapter relies more heavily
on supplementary material, as derivations of key properties are relegated to the complements.
These demonstrations are somewhat more technical than the main text, but they warrant
attention, as such developments are often missing from the literature. This chapter still builds

upon the text from reference [158].

217
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8.1 Berman’s Definition

Berman’s three-body helicity states definition is based on the observation that, in their
CoMF, any set of three particles always lies and moves in a given plane. This feature allows the
following geometrical construction for the tensorial product of three one-body helicity states in
the ECoMF [161], 187],

|afy; wiwaws; MAgAs) = U(R(a, 3,7)) [U(R(¢1,7/2,0)L.(p1)) [s1 A1)
® U(R(¢2,7/2,0)L.(p2)) [s2A2) (8.1)
® U(R(¢3,7/2,0)L.(p3)) |s3)s) |

where p; and ¢; are fixed combinations of particle’s energies, wy, wy and ws,

2 2 2
pi = \Jwi —m2, COSSOij:%a (8.2)
iDj

¢1=9013—7T/27 ¢229013+9012—7T/2, ¢3:37T/2- (8-3)

Above, ¢;; angles are always to be taken in between 0 and 7. Individual masses and spins are
not reminded in the notation for the sake of conciseness. As for two-body p-helicity states,
definition can be decomposed in two pieces. Inside the square brackets, reference momenta
are provided to each of the three particles using helicity convention. Their modulus are defined
so that the i-th particle has an energy w;, while their direction is chosen so that it respects four

conditions.
1. Each momentum lies in the zy plane.
2. The sum of the momenta is the null vector.
3. The momentum of the third particle is along the y direction toward negatives.
4. The cross product of the momenta of particle 1 and 2 is along the z axis toward positives.

All these conditions are ensured by definitions (8.2)) and (8.3|). This define what will be thereafter

named Berman’s reference state and denoted as follows,

[wiwaws; MAgAz) = U(R(p1,7/2,0)L.(p1)) [s1A1) @ U(R(¢p2,7/2,0)L.(p2)) [s2A2)

(8.4)
® U(R(¢3,7/2,0)L.(p3)) |s3A3) -
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R(d’z: 71‘/2, O)Lz(pi)
s3A3) —————

Figure 8.1: Visual interpretation for the definition of Berman’s p-helicity states (8.1)).

Once the reference state is built, in a second phase, this state is rotated with Euler angles
(cr, B,7) to give its orientation to the plane in which lies the three particles. This decomposition
provides its interpretation to the angles (o, 3,), these are the angles of the normal to particles’
plane. A visual interpretation of the aforementioned structure is proposed in Figure [8.1I] States
defined in (8.1)) will be thereafter referred to as Berman’s p-helicity statesﬂ These satisfies the
following orthonormality relation [161] [187],

(QBA; W1 Wa13; M Ao A3|aBy; wiwaws; A\ A Az) = 80 (wy — w1)8(wy — Wo)d(ws — w3)

_ (8.5)
d(ae — a)d(cos B —cos B)I(7 = 7)0x, 5, OxnsxnOrsis -

Normalisation announced in [161] differ from this one by a multiplicative constant. It is due to
a different choice of convention for normalisation of one-body helicity states (as a reminder, the

convention used here is the one of [160]).

The definition (8.1)) introduces three-body helicity states with defined directions for the
momenta and therefore no good total angular momentum. It is as straightforward as for

two-body J-helicity states to combine these states to overcome this deficiency [161, |187],

[2J + 1 .
|J M p1; wywaws; Ay A Az) = 82 /dadcosﬁdfy D]{/lu(av B,7) |aBy; wiwaws; A Ao As)
2 + 1 .
= 23 dadcosBdy Dy, (o, B,7) U (R (v, B,7)) [wiwaws; Ay AaAz) -

States defined hereinabove will be referred to as Berman’s J-helicity states and satisfy the

(8.6)

! This name refers to one of the authors of a pioneer work using this definition [187]. Conventions in this work
slightly differs from the ones used here, the third particle being taken along the z-axis towards negatives. For
completeness, let us also mention the names of J.Werle and M.Jacob that abundantly contributed to this
definition too 187 [188].
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following orthonormality relation [161],

<jMﬂ, wlwg’lf)g; /_\1/_\25\3|JM,LL, W1 Wo2W3; /\1)\2>\3> = 86(1&)1 — wl)(;(wg — wg)é(wg — U_)g) (8 7)

5JJ5MM5,U«/1§)\15\1 5)\25\2 5)\35\3 .

This relation can also be compared to the results in reference [188|, where different orientation
conventions are used, and in reference |187|, where an expression only including space degrees-
of-freedoms is provided. In addition to the total angular momentum J and its projection M, a
third quantum number y is produced. This quantum number corresponds to the projection of
the total angular momentum along the normal to the plane [161]. Even if the direction of this
normal is not fixed due to the integration on the (a, 3,7) angles. The projection of J along the
normal to the plane is well-defined. One may wonder if the choice to set up the reference state

in the xy plane really matters, the angles of this plane being integrated in Berman’s J-helicity

states anyway. It is demonstrated in [Complement 8.A]that a modification of this reference plane

truly impact the definition of Berman’s J-helicity states,
J
|JM,[L, W1WaW3; )\1)\2)\3> == Z D;{u;(R_l) |JM[L/, W1WaW3; )\1)\2)\3>R (88)
p'==J

where the state denoted |JM p; wiwows; Ay A2A3) g is built from a different initial configuration,
with the rotation R relating the reference planes used to define the states on either side of
equation . The change of reference plane modified the definition of the p quantum number.

The action of parity and permutation operators on Berman’s states can be investigated. As
for one- and two-body helicity states, Berman’s J-helicity states are not parity eigenstates by
themselves |161],

H |JM/,L, W1WaW3; )\1)\2/\3> = 7]17’/2773(—1)_51_52_53_11' |JM,U, W1WaW3; —/\1 — /\2 — /\3> . (89)

Above, n; is still the intrinsic parity of the ¢*® particle. To get parity eigenstates, linear
combinations of Berman’s J-helicity states that mixes helicity signs have to be considered.
Concerning permutations of particles, let IP;; be the operator that represents exchange operations

between particles ¢ and j. Berman’s J-helicity states are not eigenstates of permutations but

P |JM,LL; W1WawWs3, )\1>\2>\3>
Pi3 |JM,U; W1 WawWs3; )\1)\2)\3>
Pog | J M 15 wiwaws; Ay A As)

(= 1) A= | TAT s apwnws; A As) (8.10a)
(_1)J—u—/\1—)\2—)\36—i9013li |JM — [ W3WaW1; )\3)\2)\1> , (810b)
(_1)J+u+/\1—>\2—>\36w23u |JM — [ W W3Wa; )\1)\3/\2> , (8.100)
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where expressions of ¢;; are given in (8.2)). The relation for P15 can be found in [161} 187] but
results for P13 and Py3 are new. The proof of (8.10b]) is given in |[Complement 8.A| This proof
can easily be adapted to demonstrate (8.10c|). It has been checked that above relations are

consistent with S3 multiplication table,

IED23 == P12P13P12. (811)

Non-normalised symmetric (anti-symmetric) states can be obtained by applying the three-body

symmetriser Sz (anti-symmetriser A3) on each Berman’s J-helicity state ,

S3 =1 4+ Pyg + Py3 + P1oP13P1s + P3Py + P1oPys, (8.12)
Ag =1 —Pig — P13 — P1oP13Pis + Pi3Pig + ProPys. (8.13)

Symmetric and antisymmetric parity eigenstates for three-gluon systems are built in Section [9.3]

8.1.1 Decomposition of a physical three-body state in Berman’s .J-
helicity states

In the same way as for two-body systems, any three-body bound state in the ECoMF with
spin J and with helicity quantum numbers can be decomposed as an integral on the internal
momentum degrees-of-freedom of Berman’s p-helicity states. But contrary to the two-body
case, this integral can be written in many possible variables. As an example, Jacobi coordinates
have already been introduced. These coordinates, denoted & and y, complemented with the
centre-of-mass position, R, were used in the Chapters [2 and [3| to deal with many-body bound

states. For three identical bodies, in terms of individual positions, they reads

xr1 + T2 T+ T2+ 73
——= — 3, R=—"- =

) - (8.14)

r =T — T2, y:

Berman’s states being momentum eigenstates, Jacobi coordinates will take part in the following

through their conjugated momenta,

_ P1— P2 _ p1+p2—2ps
pm—T: Dy = 3

P = p, + p2 + ps, (8.15)

where P is the total momentum of the system. This choice of coordinates has the advantage

that it does not bring any Jacobian compared to individual momenta,

d®pid°pad’ps = d°Pd?p,d’p,,. (8.16)
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Another possible system of coordinates that may be used consists of three angles that describe
the plane in which the momenta lies as well as the three momentum length. One will recognize
in this set of coordinates the a, 3, 7, p1, p2 and ps variables used in Berman’s definition of
p-helicity states . Equivalently, one can replace the p; variables by the w; ones, these
being related each other through relation . In the following, these coordinates will be
called pseudo-momentum perimetric coordinates (PMP-coordinates), in analogy with position
perimetric coordinates, used, for instance, in [189]. The full change of coordinates from Jacobi
to PMP is not mandatory for the sake of this discussion. Let us simply mention that, for three

massless particles, the modulus of Jacobi coordinates can be related to w; variables as follows
p2 = (2w] + 2w3 — w3)/4, pi = w;, (8.17)

and that, between these variables, a non-trivial Jacobian has to be taken into account,
d3pxd3py = wiwows dwy dwydws dadcosBdry. (8.18)

This relation can be demonstrated by considering the intermediary system of coordinates that
supplements o, 3, v with the respective moduli of p, and p, as well as the angle between these
two vectors, denoted cos 6, [189].

Out of the two possible sets of coordinates, the momentum perimetric ones clearly fits better
with Berman’s definition of helicity states. Making use of the completeness relation of Berman’s
p-helicity states, a generic three-body helicity state in the ECoMF, |®; A\;A\a)3), is naturally

decomposed in coordinates wy, wsy, w3, «, § and 7,

dwydwsdws dadcosfdy o
8

(aaﬁ»%wlywmwi&)|a57;w1w2w3;)\1)\2)\3> (8-19)

|‘I’; )\1/\2/\3> = /

where
CI)(OZ, 67 v, W1, Wa, 'lUg) = <Oé/3’)/7 W1 WorW3; A1A2>\3|¢7 A1A2A3> (820)

is the three-body helicity-momentum wave function of the state. Above, w; and w, are integrated
along the set of positive real while w3 is bounded by |w; — wsy| and w; 4+ wy so that P = 0
is possible. This relation is the three-body equivalent to the two-body decomposition ((6.52)).
Here again, this state has not the expected definite total angular momentum J. But reminding

Berman’s definition of J-helicity states, this property can be supplied to the state by imposing
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the angular dependence of ®(«, 8, v, wy, we, ws),

2J +1
872

CI)]‘{/[M(a,B,”y,wl,wg,wg) = \If(wl,”LUQ,w:g)Dﬁu(Oé,ﬁ,’}/). (821)

Replacing ® by @jm in expression ([8.19)) results in the decomposition of a generic three-body
helicity state with total angular momentum J, denoted |¥; JM u; A; A2 \3), in Berman’s J-helicity

states,

dw1 dw2 d’lU3

3 \Il(wl,wg,wg) |JM,M;U)1U}2U)3;/\1>\2>\3> . (822)

Imposing a unit normalisation for |¥; JM pu; A AaA3) and making use the orthonormalisation of

Berman’s J-helicity (8.7 allows to infer the normalisation condition on W(wy, wq, w3),

dwldwgdwg

3 W (wy, wy, w3)[* = 1. (8.23)

(U JM pu; My A A3 | W5 T M iy Ay AgAs) = /
States |¥; JMpu; AAaA3) can be used to model spin J three-body composite particles made
of three constituents. Although the aforementioned developments considered three identical
particles, they can be easily generalised to three different particles. The same commentary
than for two-body systems (cf. Section about symmetry and parity applies. In presence
of identical particles and/or if a parity quantum-number is expected, Berman’s J-helicity
states have to be replaced by parity and/or symmetry eigenstates which can be obtained using
properties to . This construction will be performed in the special case of three-gluon
systems in Chapter [9

8.2 Wick’s definition

Next to Berman’s proposal to define three-body helicity states, Wick suggests another scheme
based on an intermediate two-body coupling. First, following relation ((6.42)), particles 1 and 2

are coupled in a two-body J-helicity state at rest,
[P12; J12A12; 811 S205)

[2j1s+ 1 ) (8.24)
]12 /d008912d¢12 Df\u A/I,XQ(¢12, 012, 0) [p12012¢12; 51N S2A5)

Above, p19, 012 and ¢15 respectively denotes the momentum modulus, polar and azimuthal angle
of particle 1 in the CoMF of particles 1 and 2 (12-CoMF). Helicities \| and X, are also defined
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in this frame. By construction, states defined by equation (8.24)) possess a definite total angular
momentum for particles 1 and 2, denoted ji5. The third particle is then taken into account. The
subsystem of particle 1 and 2 is considered as a composite particle of spin 715, of spin projection

A12 and of mass mis(p12) with

mua(pia) = \/ph +m 4 \/p, + m3. (8.25)

This mass is necessarily non-zero. The composite particle is then coupled with the third particle
in the same way it has been done for particles 1 and 2. Because masses of the different states
are less explicit than before, these quantities are temporary brought back in the notation of
the boosts along the z axis. The composite particle and the third one are boosted in their own
CoMF, which coincide with the ECoMF,

[pO; j12M1283A3; Pr2si A saAs) = (= 1) S U(R(¢,0,0) L. (mi2(pr2), p)) [P12; Ji2Ai2; $10]5205)
@ U(R(m+ ¢,m—0,7)L.(m3,p)) |s3A3).  (8.26)

Above, p, 8 and ¢ respectively denotes the modulus, the polar and the azimutal angle of the
momentum of the composite particle in the ECoMF. By construction, this momentum is opposite
to that of the third particle, both thereby having the same modulus. For this reason, in the
following, the notation p3 will supplant p. States will be referred to as Wick’s p-helicity
states. Even if quantum numbers that describe the internal motion of the subsystem have been
included in the notations, definition has the exact same structure than (6.38a)). Therefore,
a total angular momentum can be provided to the whole system by integrating on momentum

angles as well,
P33 JM; J12A1253A3; P12S1 A1 S2A5)

27 + 1 T , R G
= A dcosfd¢ Dy, ,\127,\3(@ 0, 0) \p39¢;]12>\12S3)\3;p1231>\182/\2> .

These three-body helicity states will be referred as Wick’s J-helicity states. Their orthonormality

relation is the following,

<253; jM; 5125\12535\3; 2512315\/1825\,2|p3§ JM; j12A1253As; p12$1)\/182)\/2>

 SW(pis,p) (5.28

P S(W — W)S(m12 — m12)8770 5101 0107103127203 1, O30 Txg s
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Above, W is the total energy of the three-body system in its CoMF,

W (pi2,p3) = \/mlz(p12)2 +pi+ \/m§ + p3. (8.29)

As mentioned above, pis is defined in the 12-CoMF, whereas p3 is a momentum in the ECoMF.
Relation (8.28) is to be compared to the one provided in reference [163]. Both are not directly
equivalent because the definition of Wick’s J-helicity states from this reference differs by an
additional (pspia/Wm)'/2/4 kinematic factor from ours. For further use, this relation is
specified for the case of three massless particles. In that case, the relations between pis, p3, Mo

and W simplifies

W =p3++/ dpt, +P§a PN p3 = (W2 - m%Q)/(2W>7

miz = 2p12 P12 = m12/2

(8.30)

As a result, in the massless case, relation (8.28)) is shown to become

(p3; JM; J12M12533; Prasi N S2\g|pa; JM; j12A1283A3; P1as1 A) s2A\y)

25112 , ) (8.31)
ST (W = W)d(1m1g — m12)0550 5101071551205 10002 03 3 O30, Oxg s -

For the current purpose, this relation will prove more comfortable to use in terms of p3 and pis,

these variables being directly momenta of particles in different framesﬂ

<253; jM; 5125\12535\3; }512315\’1525\'2|p3; JM; j12A1253As; p12$1)\/152)\/2>

D3P P — p3)0(P1z — p12)0750xm ]12]'1255\12)\1255\’1)\’155\’2)\’255\3>\3-

Whereas Berman’s J-helicity states allows for an easy implementation of symmetry
through relations to (8.10c)), Wick’s states, thanks to the intermediary two-body coupling,
are more convenient to compute matrix elements for operators related to the internal motion.

To exploit the advantages of both definitions, a relationship between the two different sets of

2 The Jacobian determinant related to this change is dWdmis = 2W (p12,p3)/\/P3 + 4p35 dpsdpia.
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states can be constructed,

[T M 5 wiwaws; MAsAs) = Dty (Riy) D3\ (Riy) ¢ Gozt 2ot Ximn/2
X

0o Ji2 .
i - 2]12 + ]. ; 833
Z Z e A12 /2 \/;dg\lfg )\,1_)\,2 (7T/2 - ¢12)dl{)\12—/\3 (7-‘-/2> ( )
Jr2=|A] =ML A2=—j12

|D3; JM; j12A1253A3; D12S1 A\152A2).

A demonstration of this property is provided in [Complement 8.Bl Above, ¢, is the azimutal

angle of the first particle in the 12-CoMF where the momentum of the third particle is along
the y axis towards negatives. This quantity, as well as every other dynamical quantity in this
relation, is to be understood as depending on wy, wy and wz. Rotations R}, and R¥, are Wigner

rotations given by the following combinations of boosts and rotations,

Rll/V (R<¢12> 7T/27 O)Lz(mlva))fl Ls (R(<Z51, 7T/27 O>Lz(m1,p1))7
Ry = (R(m + ¢12,7/2,0) L (ma, p12)) " Ls (R(¢2, 7/2,0) L. (s, p2)).

(8.34)

where Ly = R(37/2,7/2,0)L,(m1a,p3) R (37/2,m/2,0). The fact that helicities of particle
1 and 2 are summed in the formula keeps track that helicities A; and )\, are not defined in
the same frame. The appearance of an infinite sum over j;, is also an expected feature. To
obtain a given total angular momentum .J, one can always choose an arbitrarily large relative
angular momentum between particle 1 and 2 and then compensate it with the relative angular
momentum between this subsystem and the third particle. Let us mention that formula
looks rather similar to a result obtained by Wick in [163|. In this reference, Wick rewrites its
states in a more symmetrical way, closer to Berman’s definition but where the yz plane is chosen
as reference. This rewriting introduces two Wigner rotations and a Wigner d-matrix which
depends on a dynamical angle. The formula introduced in the current work presents the same
components supplemented by a second Wigner D-matrix that rotates the reference plane, in
accordance with property . Formula can be seen as a descendant to Wick’s rewriting.

In Chapter @, formula (8.33]) will be used to describe systems of three massless gluons. For

massless particles, both previous Wigner rotations simplify following expression . The
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change of basis formula reduces to

|JMM, W W W3 )\1)\2/\3> _ 6i(282+253+)\2—>\1—u)7r/2€i(91)\1+62)\2)
00 Jiz2 ;
i 2712+ 1
Yo ) e / S B (T2 = dr)dy o (7/2) (3.35)
Ji2=|A1—=A2| Ai2=—7J12

|p3; JM; j12)\1233)\3;p1231)\132)\2>-

As expected, since helicity is Lorentz invariant for massless particles, the corresponding quantum
numbers are no longer summed. Values for both 6; angles are founded by applying the
methodology suggested in reference [164]. These two angles are shown to cancel and the phase

factor reduces,

61(252+253+)\2—)\17u)ﬂ'/26i(01)\1+92)\2) _ (_1)83+82 ei(ﬂ’/Q)()Qf/\l*#)_ (836)

This phase is manifestly independent of the w;, ws or wsz energies. In the case of massless

particles, the expression of ¢, p1o and ps in terms of wy, wy and ws also simplifies,

cos(m/2 — ¢12) = (w1 — wa)/ws, 2p12 = \/(w1 + wq)? — w%a Pp3 = ws. (8.37)
Inverting these relations, one gets

wy = (\/4p3y + w2 + uws) /2, wy = (\/4p2y + w3 — uws) /2, w3 = ps3, (8.38)

where u = cos(m/2 — ¢12) = singa. A consistency check of formula (8.35)) is provided in
|[Complement 8.B|

Complement 8.A Properties of Berman’s States

This Appendix is devoted to the demonstration of some properties about Berman’s states
missing in the literature. Let us start with property , which is about the modification of
the reference plane in the definition of Berman’s J helicity states. For the sake of conciseness,
in the following, R(«, 3,7) will be denoted R and dadcosfdy will be denoted dR. First, an
arbitrary rotation R is artificially introduced in . The R rotation is applied on the reference
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state |wiwows; A\;A2A3) while its inverse is composed with the rotation R,

[2J +1 _ _
| J M p; wiwaws; Ay A Az) = o3 / dR Dy}, (R)U(RR™") U(R) lwiwaws; AiAads).  (8:39)

Turning the integration on R Euler angles into an integration on RR~' Euler angles, one gets

J
L= 2041 o _
[T M p; wiwaws; MAeAs) = > Diif (R) < /1ﬂﬁuzl)D&W(RR YU(RR™)
w==J

(U(R) |w1w2w3; )\1)\2)\3)) .

(8.40)

In the right-hand side of this equation, one recognize the definition of a Berman’s J helicity
state whose reference state would have been tilted with the rotation R. Denoting this state
|J M pt'; wywaws; A1 AaAs) 5, one finally gets formula (8.8,

J
‘JM,U, W1WaW3; )\1)\2)\3) == Z D/{#/ (R_l) |JM,u', W1 WoW3; /\1)\2)\3>R . (841)

p==J

This property can be used to relate different conventions for Berman’s states. In reference
[187], Berman'’s reference states are defined considering the momentum of the third particle as
opposite to the z axis in |187] while it is opposite to the y axis in the current work. In light of
the previous developments, these two definitions for Berman’s J-helicity states have a chance to
differ each-other. The rotation R that conveys from one convention to the other one brings the

y axis along the x one, meaning

R = R(0,0,—7/2). (8.42)

Applying the aforementioned relation to this case, one gets

J
’JM/L, w11U2’lU3;)\1)\2>\3> = Z D;{M/<O,O,7T/2> ‘JM,M/;U)l'LUgwg;)\1)\2)\3>I187| (8 43)
H/:_J .

=i " [T M p; wiwaws; AiAoAs) gz

where the notation |...)g7 refers to an helicity state that uses conventions from [187]. Although
both states have the same physical meaning, they differ by their phase conventions.

The action of P13 on Berman’s J-helicity states also deserves a few explanations. The interest
of symmetry being limited to the study of identical particles, spins and masses of the three
particles will be supposed equal, s; = so = s3 = s and m; = my = m3 = m. Calculations have

first to be performed at the p-helicity states level. The permutation operator exchanges the



COMPLEMENT 8.A. PROPERTIES OF BERMAN’S STATES

states of particle 1 and 3,

P13 [afy; wiwaws; A A As) = U(R(a, 577))(U(R(¢37 7/2,0)L.(p3)) [sA3)
® U(R(¢2,7/2,0)L.(p2)) [s)2)
® U(R(¢1,7/2,0)L.(p1)) [sA1) ).

229

(8.44)

It is not clear if the left-hand side of this equation fits with the structure of a Berman’s p-helicity
states because for now relations (8.2) and (8.3)) are not verified. This difficulty can be overcame

by the insertion of a rotation R(y13, —m,0). The angles are chosen to mimic the action of Py3

on the momenta, as illustrated on Fig. [8.2] Algebraically, one gets,

P13 [aBy; wiwaws; AMiAsAs) = U(R(a, 8,7)R(p13, —,0))
(U(R(0, 7, —13)R(¢3,7/2,0)L.(p3)) |s)s)
® U(R(0, T, —¢p13) R(¢2,7/2,0)L.(p2)) |sA2)
U(R(0, 7, —p13)R(¢1,7/2,0)L.(p1)) [sA1)).

The SO(3) multiplication law can be used to reduce the previous expression

R(Oé, ﬁa ’7)R(g0137 -, O) = R(ﬂ- + a, T — 67 _(71- + Y + S013))a
R(0, 7, —p13)R(¢,7/2,0) = R(m + 13 — ¢, 7/2,7) (Vo € R).

With these relations the action of P13 on |af7y; Wwiwe; A AaA3) becomes,

P13 | By; wiwaws; At s As)
=UR(r+a,m—F,—(m+v4+ p13))) (U(R(ﬂ' + 13 — @3, /2, ) L. (p3)) |sA3)
Q@ U(R(m + w13 — ¢2, /2, m) L. (p2)) |sA2)
@ U(R(m + w13 — ¢1,7/2,m) L. (p1)) |s/\1>).

This relation can be even further simplified using expression (8.3) for ¢1, ¢2 and ¢s,

P13 |afB7; wiwaws; At AaAz)
= U(R(ﬂ' +a,m—08,—(m+v+ golg))) (U(R((plg —7/2,7/2,7)L.(p3)) |sA3)
® U(R(37/2 — @12, 7/2,m) L. (p2)) |sA2)
® U(R(3m/2,7/2,7)L.(p1))|s\))

(8.45)

(8.48)

(8.49)
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Y
Y% ]71 ]72
R(0, —7,0) R(13,0,0) Y\/\
U T > U > &'\j—>
zZ

Figure 8.2: Diagram justifying the role of R(y13, —7,0) in the application of P13 on Berman’s
states.

ol

= U(R(ﬂ' +a,m—06,—(m+v+ 3013))) (U(R(golg —7/2,7/2,m)L,(p3)) |sA3)
® U(R(p13+ oz — /2, 7/2,m)L.(p2)) |sXa)  (8.50)
® U(R(?)?T/Q, 7T/27 7T-)Lz(pl)) |S)‘1> )

Last equality makes use of ¢15 + @93 + 13 = 2m. The three angles in the reference state now
satisfy relations (8.2) and (8.3 with w; and w;3 exchanged. To definitely obtain a true p-helicity
state, the 7 rotations around the z axis have to be absorbed in the |s)\;). This operation

produces three (—1)~* phase factors,

P53 |afBy; wiwaws; At AaAs)

(1) A A oo ' _ (8.51)
(=1) |(m + ) (1 = B) (=7 — 7 — p13); wawawr; AgAaAy) -

Now that the relation has been written for Berman’s p-helicity states, the corresponding

relation for Berman’s J-helicity states can be obtained,

Py \JM,U; W1 Wa2wW3; >\1)\2)\3>

12J +1 i}
— o2 /dadcosﬁd7 D]‘{M(a,ﬁ,v)ﬁ”lg |85 wiwaws; A A A3)

oy 2J+1 .
= (-1 2T [ dadeosdy D, (0 5,7)
(

T+ a)(m—B) (=7 — v — p13); Wswawy; A3AaAq) .

(8.52)
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The integration variables can be changed to fit with the new angles in the p-helicity state,

Pyg |J M p; wiwaws; Adj Ao As)

/2 1
_ —A1—A2—A3 J + /d& dCOSﬁId")/ D}\I/}kli< ! _ T — B/’ — — f}/ —_ @13) (853)

o' B wawawy; AsAa ).
Making use of Wigner D matrices properties |35], the aforementioned relation can be reduced,

Py3 UM,U, W1 WaW3; >\1)\2)\3

2 1
_ VR Ag\/T/da/dCOSﬁ/d'Y (( )J He~ 1%013#DJ* ( /76,77/» (8 54)

o’ ' wawawn; AzAg i)
= (—1)Tmrm e s oot | TNT — 11 wgwawn; A3 Ao ) -

This closes the demonstration of the property. The action of P53 is demonstrated in a similar

way.

Complement 8.B Proof of the change of basis formula

This Appendix is dedicated to the derivation of relation (8.33). It is divided in three parts.
First, Berman’s p-helicity states are restructured to include a state for particle 1 and 2 in their
CoMEF. Then, this rewriting is used to prove the change of basis formula. Finally, a consistency

check concerning normalisation of the states is suggested.

Rewriting of p-helicity states

To fit with Wick’s structure, particle 1 and 2 in Berman’s states are to be brought in their
own CoMF. This operation is performed on the reference states (8.4)) at first. The boost that
transitions between the ECoMF and the 12-CoMF is the one that imparts a momentum ps to a

particle of mass mqy initially at rest. It writes down as follows

Ly = R(37/2,7/2,0)L.(m12, ps) R (37/2,7/2,0). (8.55)
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This L3 boost can be artificially inserted into the definition of Berman’s reference states (8.4)),

|w1w2w3; )\1)\2/\3>

= U(L3"La) [ U(R(é1,7/2,0)L.(p0)) st M) @ U(R(62,7/2,0)Lu(pa) |s2a)]
U(R(¢3,7/2,0)L.(p3)) |s3A3)  (8.56)

= U(L;") | U(La)U(R(é1,7/2.0)La(py)) |sih) @ U<L3>U<R<¢2,w/z,omz(pz))\sm]

U(R(¢s3,m/2,0)L:(ps)) [s3As).

Inside the brackets, both particle 1 and particle 2 are subjected to the L3 boost. The subsequent
development focuses on the first particle but the same applies to the second one. The expression

to simplify results from applying a Lorentz boost on a one-body helicity state ((6.26]),

U(LS)U(R(¢17 7T/2, O)Lz(pl)) ‘51)\1> = U(Ls) \p17r/2 ¢1; 81)\1>0 . (857)

For further clarification, the third angle convention is written as an index. The situation is the
one handled by property (6.35)),

U(L3) [p1m/2 ¢15 s1M) ZD (Ryy) [P12612¢12; 1] Do - (8.58)

By construction, after applying the L3 boost, the momentum ends in the 12-CoMF. Correspond-
ing coordinates have been denoted pis, 612 and ¢y, in agreement with notations from Wick’s
definition (8.24)). Because momenta in the reference state are chosen to lie in the xy plane and
because L3 is a boost along the y axis, boosted momenta remain in that same plane. As a
consequence, the polar angle ;5 is shown to be identically equal to /2. Concerning expressions
of p12 and ¢, in terms of the energies wy, we and ws, these are obtained by evaluating different
Lorentz invariant combinations of four-momentaf] in both the 12-CoMF and the ECoMF. This

allows to show that

w1 — W

2p1o = \/(wl + wy)? — w3, cos(m/2 — ¢p12) = (8.59)

w3

The Wigner rotation Rj;, is obtained by specifying expression (6.36]) to the current situation,

Ry = (R(¢12,m/2,0)L.(m1, p12)) " Ls (R(¢1, 7/2,0) L. (my, p1)). (8.60)

3 Namely (P]_ + .F)z)z7 (P]_ + P3)2 and (P]_ + Pz + P3)2.
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This expression for R}, and the knowledge of each particle masses and energies theoretically
allow to determine the parameters for the Wigner rotation and to deduce the corresponding D
matrix. The same calculation is applied to the second particle. By collecting the results, the

following intermediate expression is obtained for the three-body reference state,
: 1 2
[wiwaws; MA2As) = Z Df\}l Al(RW)D,s\Z ,\Q(RW)
N, AL

(U(L3)—1 [ Ip12(7/2)(h12); $1M1) g @ |p12(7/2) (7 + b12); 52)\/2>0] (8.61)
® lpa(m/2)65: 53, ).

Above, the definition of one-body helicity state (6.26) has also been used for the last particle.

By using the definition of L3, its invert can be written as
Ly' = R(5m/2,7/2,0)L,(my2, p3) R~ (57 /2, 7/2,0). (8.62)

The boost L3 ! proves to fit the definition of a canonical boost (6.21)). An helicity boost would
be more convenient to subsequently construct helicity states. To perform the conversion, the

rotation on the right can be absorbed into both one-body helicity states, using the invariance of
helicity under rotations (6.29)),

R (5m/2,7/2,0) [p1a(7/2)(412); 5101)g = € [p1a(m/2 — 612) (37/2); 51X)g,  (8.63)
R_1(57T/2, 7T/2, 0) |p12(7r/2) (77' + 92512); 82)\,2>0 = 6i§2>\/2 |p12(7T/2 + ¢12)(57T/2); 82)\/2>7r . (864)

Because in definition the second particle is considered as opposed to the first one, it is
brought in the m convention instead of the 0 one. Above, the expressions for the polar and
azimuth angles from the right-hand side state are obtained by applying R~(57/2,7/2,0) on
both particle momenta. Concerning &; and &5, their values are obtained by explicitly multiplying
both rotations that provide their angles to the one-body helicity states by R™!(57/2,7/2,0),

R7Y(57/2,7/2,0) R(¢12,7/2,0) = R(37/2,70/2 — 19, 7/2),

(8.65)
R7Y57/2,7/2,0) R(T + ¢12,7/2,0) = R(57/2,7/2 + 12, —7/2).

Noticing that ¢q, itself lies in between —m/2 and 7/2, these two formulas have been tuned so
that the second Euler angle of both combined rotations lies in between 0 and 7. The combined
rotations are neither in the 0 nor in the 7 convention. This issue is resolved by adding the

suitable rotation around the z axis. After acting on the helicity state, this results in a simple
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phase factor,

i i/ Sy / 3/
62)\151 —e z)\17r/27 61)\252 — 63z>\27r/2' (866)

At this stage, the reference state has been restructured as follows,

|w1w2w3; )\1)\2)\3>

B Z D DsQ (R2 )e —i(X]=3X\y)7/2 (U(R(57T/2,W/Z,O)Lz(m127p3>>
= (8.67)

[ [p1a(m/2 = 612)(37/2); 5170)g © |paa(m/2 + 612) (57/2); 52X3), |

& [pal/2)(37/2): 33A3>0) .

Two small modifications remain to be performed. First, the third particle is for now in the 0
convention but, because the momentum of particle 3 will be considered as opposed, its third
angle convention should be changed to the 7 one, thereby adding a e**™ phase factor. Lastly,
the state inside the brackets can be rewritten as a two-body helicity state (6.38b]). This only

so—M\]

requires an additional phase (—1)®2~*2. The final expression for the reference state is

[wiwaws; A A Ag) = ZD WDy  (R)) it XX+ 20)m2
A/ A/

(U<R<5w/2, 7/2,0) L. (1, py)) Ip1a(m/2 — d12) (37/2); s1 Ny so ) (8:68)

® pa(m/2)(37/2); 530s)., ).

This expression has the desired structure: particles 1 and 2 are coupled in their own CoMF,
and this subsystem is boosted towards the ECoMF to be coupled with the third particle.

Rewriting of J-helicity states

Now that an intermediary coupling has been added in Berman’s p-helicity states, the devel-
opment of Berman’s J-helicity states in Wick’s J-helicity states can be performed. By inserting
relation (8.68)) into the definition (8.6)), the following expression is obtained,



COMPLEMENT 8.B. PROOF OF THE CHANGE OF BASIS FORMULA 235

[2J + 1 Y
|J M 15 w1wows; Ay A Az) = 3 t E DSl DSQ (R2 ) (2524 Ny =N, +2A3) /2
T

AL

/da deos3 dy D, (e, B,7)U (R (@, B,7)) (U(R(57r/2, 7/2,0)L.(myz,ps))  (8:69)

[P12(7/2 = $12) (37/2); 51X, 52A5) @ |ps(7/2)(37/2); 83A3>ﬂ)-

To fit with Wick’s definition, eigenstates of the total angular momentum relative to particle
1 and 2 would be preferable to the current |pi2(7/2 — ¢12)(37/2); 51\ s2A}). Such two-body
states are related to each-other by relation (6.45)). By omitting some passive coeflicients for

brevity, the following expression is obtained,

| J M 15 wiwaws; Ay AaAs) = Z [...]/dadcosﬁdy (...)

AL

112 2 1
S Dl GBr/2, /2~ 612,0) U (R, 5,7) (8.70)

J12= P\’ =L A2=—J12

(U(R(57T/2a7T/2=0)Lz(m12,P3)> |p12; J12A12; A1 Ag) & |p3(7r/2)(37r/2);83)\3)7r>.

The structure of the state inside the large parentheses almost follows the pattern of Wick’s
p-helicity states . The main difference lays in the rotation that acts on the two-body state.
It involves a 57 /2 rotation around the z-axis where a rotation in between 0 and 27 is expected.
For bosonic states, 27 rotations are identified to the identity and can freely be ignored. For
fermionic states, these rotations give rise to minus signs which have to be taken into account.
Both cases can be taken into account at once by adding a (—1)?172*2 factor. A (—1)*~% phase

factor has also to be added to truely correspond to Wick’s p-helicity state definition,

Ji2

2712 + 1
|J M p1; wiwaws; MAAs) = Z -] /da deosfdy (...) Z Z 312

VDA Jr2=|N =L Ae=—j12
D32 0 5, (37/2,7/2 = 612, 0)U (R (e, 5,7)) (— 1) H2a+ss=2s
1p3(7/2)(7/2); j12A1253A3; p1281)\I152X2>-

(8.71)
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A second use of relation ((6.45)) allows to replace this state with defined momenta by a sum of

states with defined total angular momentum,

|J M 15 w1wws; Ay A As) = Z [...]/dadcosﬂd”y (...)

)\/ )\’
Ji2
2J + 1
D IRSEDS Z V= Dl (7/2:7/2,0) (8.72)
Jre=|A| =AML A2=—j12 J=|A2=X3| M=—J

U (R (6%5,7)) |P3; J_M;112)\1283/\3;171281)\'182)\,2)-

Dots have again been used to replace passive coefficients in the expression. The relation can
still be simplified. To start with, the transformation rule of angular momentum eigenstates

under rotations [159} 160] is used to eliminate the U (R(«, §,7)) operator,

|J M p; wywaws; Ay Aadg) = Z [...]/dadcosﬂ dy (...)
AL

Z Z { } Z Z \/ 2J+1 M>\12 A3 7T/277T/270> (873)

Jra=|N =Ny Adr2=—j12 J=|M2—X3| M=—J

J
Z e (6 B,7) [ps; TM'; jiadasaAs; prasi Xy say).

M'=—J

Aforementioned passive coefficients will be reintroduced one after the others. Brackets, curly
brackets and parentheses are used consistently to trace their origin. The («, 3,v) dependence is

confined in two Wigner D matrices,

| J M 15 w1wows; Ay A A3)

:Z[ Z Z {3} Z Z \/2J+1 M,\12 A3 (m/2,7/2,0)

)\/17)\/2 Ji2= ‘)\ )\/‘ A12=—J12 ‘)\12 /\3‘ M=-J

i_(/dadCOSﬁdv (D (@, 8,7)) Dy (a ,ﬁ,7)>

(8.74)

Ip3; JM'; j1aXi283 35 Prasi Ny sa\y).
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The orthogonality of Wigner D matrices [35] can now be used. It produces three Kronecker

deltas that eliminate three sums among the six,

’JM,U;wlw2w3§ )\1)\2/\3>

2J +1 Jiz 2J 2741,
SIEEUDNEID D o™ T 2520 g1
PVIP Jr2=|N| =L Ae=—j12
87T2 . / /
2J + 1 |P3; JM;]12/\1233)\3;p1281>\182/\2>-

At this stage, reintroducing all the passive coefficients, the following expression has been
obtained,

|JMu;w1w2w3;)\1)\2)\3 \/_Z [DSI D82 (R2 ) 125225 /\l1+2/\3)ﬂ/2]
N,

.712
12N, 2 1
> 5t feapieon B Ep njas nn ) 67

Ji2=|A] =ML A2=—j12

D,{Algf,\gﬁ/l 7T/27 O) |p3; JM; j12)\1283>\3;]91231)\/182)\/2>-

Complex numbers inside the summation can be made explicit by turning complex Wigner D

matrices into real d matrices and phases [35], section 4.3,

Dilfx o, (37/2,7/2 = ¢, 0) D7) 5 1aens (7/2,7/2,0)

(3B 12+p)7/2 Ji12 (8.77)
=c d)q A=, <7T/2 ¢12) LA12— A3 (7'('/2)

Compiling phase factors and noticing that A;o and A} — A} have the same integer or half-integer

nature, one gets the final expression,

[T M s wnwaws; Adads) = Y D3y (Riy)D3E  (Riy )l Goat2estdamamim2

AL

J12
JONEL 2j12+1 12 ’
DD S N R N E N

Jr2=|A]=AL] Ae=—j12

|p3; JM; j12M1253A3; P12s1A] Sa\y).

Normalisation consistence

To confirm relations (8.33) and (8.35)), one may try to deduce the orthonormalisation of
Berman’s J-helicity states from the one of Wick’s J-helicity states. This subsection is devoted
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to this consistency check supposing three massless particles. The scalar product of two arbitrary
Berman’s J-helicity states is evaluated by making use of relation (8.35) while Wick’s states

orthonormalisation (8.32)) is assumed. After a few algebra, one gets

<jMﬂ7 wlzDng; 5\15\25\3‘JM/L, W1Wa W3, )\1)\2)\3)

4\/ p% + 4p%2 5(—

D3 — 3)0(D12 — P12) 6770 i1ar0%, A1 035 2203 Agei(ﬁw)wﬂ
P3P12

Ji2 (8.79)

= 2-j12 +1 12 N 12
> > 5 B aone (/2 = G12) 37, 5, 5, (/2 = D12)

Ji2=|A1—A2| A12=—J12

d/{)\lgf)\:; (W/Q)diAlzf)\g(ﬂ-/Z)'

Let us remind that a dependence on the energy variable w; (w0;) is hidden inside the ¢15 (¢12)
angle. Comparing with the announced orthonormalisation of Berman’s J-helicity states, the
remaining summations on j;5 and A\, are expected to produce a Kronecker delta in p and
a Dirac delta in w;. Using properties of d matrices 35|, these summations can be reduced
analytically,

J12

G 2j12+1 g
Z Z 9 dilfg A=Az (1) d&ﬁi A —A2 (u) dg,\m—,\g(ﬁ/%di,\lg—xg (m/2)

(8.80)

Ji2=|A1—=A2| A12=—7j12

where the shorter notation u for the variable cos(mw/2 — ¢}) has been used. Dirac deltas on ps,
p12 and u can also be turned into Dirac deltas on wq, wy and ws using (8.38)),

2
6(u —u)d(Pr2 — p12)d(Ps — p3) = \/% 6(w1 — w1)d(Wy — wo)d (W3 — ws). (8.81)
12 T P3

As a result, one get the expected orthonormalisation of Berman’s J-helicity states,

<jM/1, wlwg’wg; 5\15\25\3|JM[L; W1WaW3; )\1)\2/\3> = 8 (5(@1 — ’LUl)(S(’LUQ — w2)(5(w3 — ’LU3) (8 82)

5JJ5MM5/1M5)\1 5\1 5)\2 ;\2 5)\3 5\3 N
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This chapter in the context of a thesis

This chapter reviews and extends the state of the art in the three-body helicity formalism.
While not exhaustive, neither with respect to Berman’s nor Wick’s definitions, it offers
an innovative perspective by developing a change of basis formula that enables transitions
between both complete sets of states. As a second key contribution, the chapter presents a
detailed analysis of the symmetry properties of Berman’s state. Both results are introduced

along with their corresponding derivations.

These complex developments are motivated by the goal of the thesis: generalising the

methodology introduced in Chapter [7] to the case of three-gluon glueballs.







Chapter 9

Three-gluon Glueballs: Broadening the

Spectrum

With the framework of three-body helicity states now established, this final chapter applies
it to the case of three-gluon glueballs. Following a methodology analogous to that used in
the two-gluon case, the helicity formalism is employed to derive the spectrum of three-gluon
glueball states. However, due to the presence of two distinct bases, additional internal degrees of
freedom, and multiple relevant CoMF, the resulting calculations are considerably more technical
than those for two-body systems. In the interest of completeness and reproducibility, detailed
expressions are provided throughout. Nevertheless, the reader is encouraged to maintain focus
on the overarching methodology, which remains largely consistent with that of the two-body
case.

The developments in this chapter are organized into three main sections. In Section [9.1]
symmetry and parity are implemented in Berman’s basis, yielding a complete set of states
suitable for describing three-gluon bound states. This basis is then used to construct trial
states designed to reasonably approximate the true three-gluon glueball states. In Section [9.2] a
method is developed for computing matrix elements on these trial states. Finally, in Section
the Hamiltonian matrix elements are evaluated on the trial states to extract the corresponding
glueball spectrum. Section concludes the chapter with perspectives on refining the current

calculations and investigating additional properties beyond the mass spectrum.

9.1 Berman’s basis for three-gluon systems

Let us start with the acquisition of symmetric parity eigenstates from Berman’s J-helicity

states. Dealing with three spin 1 massless particles, the helicity quantum number \; can only

241
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take two values, —1 and +1. Therefore, there are only eight possible triplets of helicities
(A1, A2, A3). In Berman’s definition, any consistent set of J, M, u, wq, we, w3 quantum numbers
can be built from each of these triplets. In other words, for any given energy and angular

momentum quantum numbers, eight three-gluon J-helicity states can be obtained :

|J M p; wiwows; + + +) , [JMp; wiwows; — — +), [ JMp; wywows; — + +) |
|J M p; wywpws; — + =), [JMp;wiwaws; + — +) 5 [JM p; wiwaws; + — —) (9.1)
|JM p; wiwows; + + =), |J M p; wiwows; — — —) .

For shortness, only the sign of helicities have been kept in the notation. Let us start by
implementing parity quantum numbers in these eight states. Considering that gluons have
negative intrinsic parity and using relation , the eight states can be recombined into
eight parity eigenstates,

|<]M,LL,’1U1U)2U)3, +++)+ |<]M,LL,'LU1U)2U)3, - />

) )

| J M p; wiwaws; — + ) 4 | J M p; wiwows; + — —)

| J M p1; wiwows; + — +> + |J M p; wywows; — + —)
-) )

|J M p; wiwaws; + +
(9.2)

|JM/L,UJ1U)2'LU3,+++> >
| JM pi; wiwaws; — + +) — [J M p; wiwaws; + — —)
| J M p; wywows; + — +> | J M p; wywows; — + —)
-) - )

|J M 15 wiwows; + +

Their parity eigenvalue is (—1)7* for the four left states and (—1)'"# for the four right ones.
In addition to parity, symmetry is also to be implemented. Depending on the expected
charge conjugation of the system, three-gluon states have to be symmetrised (negative charge
conjugation) or anti-symmetrised (positive charge conjugation) [138|. Applying both the
symmetriser and the anti-symmetriser on the eight states provides states with a definite
symmetry under exchange of particles. The result of these applications is presented in Table [0.1]
Fixing respectively 0 = +1 or ¢ = —1 provides symmetric or anti-symmetric states. Because
permutation operators change the sign of y, (anti-)symmetric states mix different states with

opposite p quantum numbers. To avoid any redundancy, p must be understood as positive in
Table [0.11



9.1. BERMAN'’S BASIS FOR THREE-GLUON SYSTEMS 243

([ M p; wiwows; + + +) + [J M pp; wiwaws; — — —))
+o(=1)7TH (| TM — pswawiws; + + +) + [ JM — pywawiws; — — —))
o (=1)TH eI (| JM = g wawywy; + + +) + |JM — p; wgwawy; — — =)
o (—1) el (| M — pywiwswse; + + +) + [JM — p; wiwswe; — — —))
e P (| T M p; wowswy; + + +) + |JM p; wowswy; — — —))
€20 (| J M p; wawywa; + + +) + |J M p; wawywg; — — —))

(|J M p; wywaws; — + +) + | J M p; wywows; + — —))
+o(—1)"T (| TM — s wowrwg; + — +) + [JM — p; wawiws; — + —))
+o (1) e i (| M — i wawowy; + 4+ —) + [JM — p; wawawy; — — +))
o (=1)THH B (| TM — ps wiwgws; — + +) 4 [JM — g5 wiwswa; + — —))
e Wl (| M p; wowswy; + + —) + | J M p; wowzwy; — — +))
+e"238 (| J M 1y wawywa; + — +) + |J M p; wawiwg; — + —))

(|JJ M p; wrwaws; + + +) — | J M p; wywows; — — —))
+o (=17 (|TM = g wpwiwss + + +) = [JM — p; wowiws; — — =)
o (=1) el (| JM — p; wswaws; + + +) = [JM — p; wawywy; — — —))
o (1) el (| TM — 1 wiwawa; + + +) — [JM — p; wiwzwe; — — —))

e P (| M p; wowsw; + + +) — | JM p; wowzwy; — — —))

+e" 31 (| J M p; wswywa; + + +) — | JM p; wawiwae; — — —))

(|JM p; wywows; — + +) — |J M p; wywows; + — —))
o (=17 (|IM — s wowyws; + — +) — [JM — i wowws; — + —))
o (—1) e 81 (| JM — pywawaws; + + —) — |JM — p; wawows; — — +))
+o(=1)7 et st (| TM — p;wiwsws; — + +) — [JM — p; wiwzwg; + — —))
e (| T M p; wowgwy; + + —) — [JM p; wowswy; — — +))
e ([T M p; wawywa; + — +) — [ JM p; wswywe; — + —))

Table 9.1: Combinaisons of Berman’s J helicity states that present a given parity and symmetry.
Depending on whether o is chosen to be +1 or —1 the state is symmetric or anti-symmetric.
The parity eigenvalue of the two first sets of states is (—1)7* while it is (—1)** for the two last
one.
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9.1.1 Three-gluon glueball states

The eight states from Table will now be used to construct states that model J¥¢ three-
gluon glueballs. The procedure for this construction was outlined at the end of Section [8.1]
Specifically, this involves replacing |JM u; wiwaws; A;A2A3) in the right-hand side of equation
(8.22) with one of the states from Table . Due to their similarities, states form the first and
third lines from Table can be treated together, as can those from the second and fourth
sets. Notably, due to symmetrization, each glueball state combines multiple Berman’s states
where the energy variables wy, ws and ws appear in different orders. This difference can be
transferred to the U(wy, wy, w3) wave function by appropriately exchanging integration variables.
The resulting combinations are presented in Table At this stage, the normalisation of the
symmetrised states is not guaranteed.

Table 9.2/ shows that any J©¢ quantum numbers can, in principle, be realized by a three-gluon
system. However, it may be reasonable to assume that low-lying glueball states correspond to

symmetric helicity-momentum wave functions,
Vi, 5, k€ {1,2,3}, V(w;,w;,w) = V(wy,ws, ws). (9.3)

Imposing this symmetry reduces the states in Table to those in Table 9.3] Unlike the general
case, states with a symmetric helicity-momentum wave function exhibit a selection rule for
p = 0. Specifically, when o(—1)7 = 1, terms involving +u systematically cancel those with — .
This implies that states with 1 = 0 and negative (positive) charge conjugation only exist for
odd (even) J values. Since the following discussions primarily consider states with negative
charge conjugation, = 0 will always imply an odd J. This feature highlights two interesting
properties of the spectrum. First, because the even value J = 0 can only be achieved by setting
1 = 0, no state with symmetric wave function, null total angular momentum and negative
charge conjugation can be constructed. Colour-singlet two-gluon states have only positive
charge conjugation, therefore a 0=~ bound state of pure glue would either contradict hypothesis
or require at least four constituent gluons, a requirement consistent with group theory
arguments [138]. Secondly, negative charge conjugation states with J = 2 must at least have
@ = 1. Qualitatively, one may suppose that higher i projection of the total angular momentum
would result in higher energy states. If this is correct, the u = 0 selection rule would push J = 2
states to higher masses.

This analysis is supported by glueball spectrum calculations from other approaches. For
instance, Figure taken from reference reference [167], shows glueball masses calculated using
LQCD. In this spectrum, the first 07~ state appears above 4.5 GeV, significantly higher than the
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Figure 9.1: Glueball spectrum obtained using LQCD. The picture is taken from reference [167].

lowest J¥~ state, which lies below 3 GeV. This aligns with the preceding analysis. The J = 0
state may be interpreted as a first four-gluon state or a three-gluon state with a non-symmetric
helicity-momentum wave function W(w;, we, ws). Beyond J = 0, the hierarchy of even states
follows the expected pattern: the J =1 and J = 3 states, which allow p = 0, appear in order,
while the J = 2 state is shifted to higher energies. However, the situation for odd states remains
less clear. Further discussion is deferred until quantitative results are obtained.

States from Table and are also consistent with results from references [190] and [191].
In Reference [190], it is argued that no general selection rules govern the decay of a particle into
three massless spin-1 particles. This is consistent with the absence of selection rules in Table
Reference [191] refines this discussion for symmetric decays into three photons, concluding that
such a decay is not possible for J = 0 particles. This agrees with the analysis of states from
Table [0.3] Moreover, the helicity triplets combinations constructed in [191] closely resemble
those in the current work. For this reason, the labels A} and Af from reference [191]| have been

adopted in Table [9.2] and [9.3] to distinguish these states.

9.1.2 Low-lying three-gluon Glueballs with negative charge conjuga-
tion

The current description of the glueball spectrum has remained qualitative. To move toward
quantitative analysis, the methodology based on the variational theorem, applied to two-gluon
glueballs in Chapter [7], will be extended to three-gluon glueballs. This approach involves,

on one hand, constructing a set of trial states designed to approximate three-gluon glueballs
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|U: AL JM;C = —0; P = £(—1)*)
. / dwldWdeg
8

(\Il(wl, W, w3) + eIV (w3, wy, wy) + PV (wy, ws, wl))
(|JM p; wywows; + + +) £ |[JM p; wywows; — — —))
—a(—l)‘”“/w (U (wa, wy, w3) + €3 (w3, wa, wy) + €23 (wy, w3, ws))
(|JM — p; wrwows; + 4 +) £ [JM — p;wiwows; — — —))

|U; Ay; JM;C = —0; P = +£(—1)")
dw; dwydws
e
+e 230 (wy, wy, we) (|J M p; wywaws; + + —) £ [JM p; wiwaws; — — +))

e P (wy, w3, wy ) (|J M p; wywews; + — +) £ | J M p; wywaws; — + —)))

—0’(—1)‘]+'u / dwldg)gdwg

<\If(w2,w1, ws) (|JM — p; wiwows; + — +) £ [JM — p; wywows; — + —))
e PR (w3, wa, wr) (|[JM — p; wiwaws; + + =) £ [JM — p; wiwows; — — +))
+eBIT (wy, ws, wa) (|TM — g wiwyws; — + +) £ [TM — p;wiwaws; + — —>)>

(‘I’(wl,wm ws) (|J M p; wiwaws; — + ) £ |J M p; wiwows; + — —))

Table 9.2: Total angular momentum, parity and charge conjugation eigenstates for three-gluon
systems. A generic helicity-momentum wave function W(wy, ws, ws) is considered. Labels A
and A} differentiate the two symmetrical combinations of helicity triplets possible. These labels
are inspired by the notations in reference [191] and originate from crystallography [192].
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|U; A% JM;C = —o; P = +(—1)")

dwdwyd . .
:/ widwyodws W(ws, ws, ws) (1_|_e—w23u_|_eup13u)

8
(|JM p; wywows; + + +) £ |JJM p; wywows; — — —))
dw,dwyd ; ;
—O'(_l)J+u/ - 1802 o lIl(,l'l}1771]27 w3) (1 + 6729013/" + 6“023“)
(|JM — p; wiwows; + + +) £ |JM — p; wywaws; — — —))

|U; Ay; JM;C = —0; P = +£(—1)")

dw;dw,d
- / S W (wn wg ws) (M wnewgws; =+ ) & |TM s wiwgws; + — =)

e (| T M s wiwaws; + + —) & [JM p; wiwaws; — — +))
+€"P13H (1] M pu; uywows; + — +) £ [J M p; wywqws; — + —>))

—0’(—1)‘]+'u / dwldg)gdwg

W (wy, wy, ws3) ( ([JM — p;wiwows; + — +) £ [JM — pywiwows; — + —))
e ([ TM — pywywaws; + + =) £ [JM — p;wiwaws; — — +))
+e" 58 (| TM — p; wiwews; — + +) & |[JM — p; wywaws; + — —)))

Table 9.3: Total angular momentum, parity and charge conjugation eigenstates for three-gluon
systems. A symmetric helicity-momentum wave function W(wy, ws, w3) is considered. Labels A
and A} differentiate the two possible symmetrical combinations of helicity triplets. These labels
are inspired by the notations in reference [191] and originate from crystallography [192].
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accurately and, on the other, evaluating Hamiltonian matrix elements on this set. For the
former, appropriate trial helicity-momentum wave functions ¥ must be chosen. For the latter,
formulas to compute matrix elements on three-body helicity states are required. This subsection
addresses both these tasks for the low-lying three-gluon glueball states with negative charge
conjugation and with a symmetric ¥ function. Angular momenta up to J = 3 and p projections
up to u = 1 are considered. To keep equations concise, reduced notations are introduced for
Berman’s J-helicity states and for the three-body helicity states defined in ,

|>\1)\2)\3>Z = |JM,U, W1 W W3, /\1)\2>\3> N |\IJ, )\1/\2)\3>i = |\D, JM,u7 )\1)\2)\3> . (94)

In |)\1)\2)\3>Z, the order of energy labels is tacitly assumed to be always wyw,ws. For clarity in
plain text, three-body states defined in equation (8.22) will be referred to as unsymmetrical
states, while those from Table [9.3| will be referred to as symmetrical states. Symmetrical states
corresponding to the above-named low-lying three-gluon glueballs can be made explicit using

these notations. Considering i = 0, the following states are obtained,

1
W Ay = 0,07 = 2k + 1)5) = —= (1054 + 0 £ (05— = ) (95)

V2

1
(W AL =0, J7¢ = 2k + 1)*7) = %(!‘I’; —+ ) £ | 4 — )

W5+ = G |0 - 4 )

where k£ € N (even angular momenta are forbidden for p = 0). Notations of the states have
slightly been adapted in comparison with those from Table [9.3] Considering p = +1, the

following states are obtained,

U5 Ay |ul = 1,07 = J77) = <!‘1’ (1+ e o) 4 4 1))

+ U (1+e 92 4e91%) — — —

+ (=17 [0 (L4 e g efe) g4y

(=) W (1 e o) - — ) ),
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W3 A5 |u = L7 = J77) = (!\P; — B U — ) e — ]

[\

+ ’\Ijewls; -+ _>‘1] + |\Ije*i¢23; 4+ _>‘1] + ’\Ije*i9023; L _|_>f

(=D (W54 — 1) [T =+ =) et — 4y
£ Wetw; = =) (e o) et - — )T,

In general, symmetrical states are linear combinations of unsymmetrical ones whose helicity-
momentum wave function is potentially modified by an additional kinematic factor introduced
during the symmetrisation process. In , and , square root factors have been
added to ensure that symmetric states are normalised as long as unsymmetrical ones are. The
question of the normalisation of equation is deferred to Section .

9.1.3 Selection of trial helicity-momentum wave functions

Let us start by selecting a suitable structure to use for trial helicity-momentum wave functions

U (wy, wq, ws). The most convenient choice is probably a Gaussian shaped wave function for
which calculations are reasonably simple and which often offers great convergence properties.
Symmetrical states (9.5 to being linear combinations of unsymmetrical ones, this discussion
takes place at the level of the latter. Gaussians may be constructed using different sets of
coordinates, thereby leading to non-equivalent structures. The most straightforward choice is
probably to consider a Gaussian shaped helicity-momentum wave function in PMP-coordinates,
Upnip (wr, wo, ws) = Ae—0((w1=b)>+(w2—b)*+(w3—b)?) (9.9)

Above, A is a normalisation constant used to ensure that is respected. If an expansion with
more than one trial state is to be used, for instance adapting equation , the normalisation
condition is replaced by the evaluation of an overlap matrix [23|. In that case, the constant A
can be omitted. The structure incorporates two non-linear variational parameters, a and b.
The former encodes the spreading in energy and has dimensions of inverse energy squared. The
latter encodes the position of the energy peak and has energy dimension. Different constant
for each terms in the exponential cannot be used to keep the trial wave function symmetrical.
The choice of wave function is, of course, arbitrary, and many modifications can be proposed.
After several tests, adding a square root factor /8wjwsws in front of the Gaussian was found

to improve convergence. As a result, the following trial wave function is suggested,

U, p(wr, we, ws) = A/8wiwaws e_“((wl_b)2+(w2_b)2+(w3_b)2), (9.10)
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and the corresponding unsymmetrical state reads
J dwidwadws e (1) —b)2 4 (w2—b)2+ (w5 —b)?) J
|\IJPMP; )\1)\2)\3># = A T 811)1’(1)211)3 e ! 2 3 |)\1)\2/\3># . (911)

Further calculations will require to switch for the system of coordinates depicted in relation

(8.38), namely u = sin(¢12), pi2 and ps. In these new coordinates, ¥, ,(w;, wa, w3) becomes

Wop(u, prz, p3) = A \/ s (802, + 29 (1 — u2)) e 3 (00 (Virrbobtm) 4ot nd) —2usg (g 19)

One can already anticipate why this system of coordinates will be helpful: the variable u is
by definition the cosine of the angle that occurs in the change of basis formula (8.35]), while the
variable p5 is the relative momentum between particle 1 and 2 in their CoMF, a variable of
great interest for the evaluation of two-body potential matrix elements. Symmetric states from
equations and supplement the helicity-momentum wave function with kinematics
factors that depend on the angles ¢;; defined in . To complete the picture of the wave

function, these additional kinematic factors should be made explicit in u, p12, p3 coordinates,

(1— UQ)pg - 417%2 Un/ 417%2 +p§ + D3

COS P12 = , COSP13 = — )
(1 —u?) p3 + 4p3y \V4p3, + p? + ups

5 5 (9.13)
COS Pa3 = U APty £ s
VAply + 1§ — ups
On one hand, in states (9.7), the following combinations of ¢;; appear,
|4 etien | griean _ (L= W) (08 = 20/ (49t + PR)PS) + 4Pty Aprou/ (L= w2)pg g ),

(1 —u?)p3 + 4pi, (1 —u?)p3 +4pl,

On the other hand, in states , ©i; angles are taken in complex exponential,

oiP13 — _uv4p?2 + p3 + s iy 2p12v'1 — u?
VAPl +p3tups  /Apl, + P+ ups (0.15)
pivzs — U 4ply + p3 — ps iy 2p12V1 —u?

7 )
V 417%2 + pg — ups vV 4]9%2 + p:% — ups

9.2 Evaluation of matrix elements

To acquire an approximate energy spectrum by using the variational theorem ([1.53)) requires

the evaluation of Hamiltonian matrix elements on trial states. Therefore, it requires deriving
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formulas for performing such calculations on symmetrical states. Since symmetrical states de-
compose as linear combinations of unsymmetrical ones (see equations (9.5)) to (9.8))), establishing
formulas for the latter will give support to the evaluation of matrix elements for the former.

The extension to symmetrical states will be discussed further in the next subsection.

9.2.1 Evaluation on unsymmetrical states

Because helicity states are momentum eigenstates, the evaluation of kinetic energy operators
is the most straightforward to perform. To encompass many different kinematics at once, a
generic T'(wy, wy, w3) kinetic energy is considered for now. This function is only supposed to
depend on the three w energies and not on the angles «, 3, v. First, definition can be
used for both the bra and the ket,
dw; dwydws dw; dwydws -

Jix v Y% J o
(W A A A3 T [0 A Ao\ :/ U™ (wy, W, w3)V (w1, wo, w
u< 1] T | 1A2 3>u 3 3 (w1, W, ws) W (wy, w, ws) (9.16)

(e ds| T [Aid2ds)?.

Berman’s J-helicity states being eigenstates of the three w energies, the evaluation of T'(w;, we, w3)

on these comes down to a simple scalar multiplication,

dw;dwydws dwidwydws -
e s U* (101, We, ws) W (wy, wa, w3)
8 8 (9.17)
T (wq, we,ws) é<A1A2A3|A1>\2>\3>Z-

g<\If’ 5\1/_\2/_\3| T |\I/, )\1/\2/\3>i = /

Finally, using the orthonormalisation relation of Berman’s J-helicity states, three Dirac deltas

are produced and removes the integrations on bar variables,

JI5 Y YN J
ﬂ<\If, )\1)\2)\3‘ T “If, )\1)\2)\3>M
d’LUld’LUgdwg = . (918)
— 611# (5;\1/\1(55\2>\255\3)\3 / T \I/ (wl, Way, wg)\ll(wl, Wy, U}3)T(w1, Wy, IU3).
As a reminder, both w; and ws vary from 0 to +oo while ws varies between |w; — wsy| and
w1 + wy. This formula allows for reasonably easy evaluations of kinetic energy matrix elements
on unsymmetrical states.
Let us turn to the two-body potential. For symmetric states, matrix elements of the three
two-body interactions are shown to be equal each-other. As a result, computing a single two-body
interaction matrix elements, and multiplying it by three, is sufficient to evaluate the entire

potential energy of the system. Because the current goal is to perform evaluations on such
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symmetric states, calculations will only be developed for the interaction between particles 1
and 2. One may expect to re-use the method set up to compute potential matrix elements
for two-body systems. To do so, the trial states have to be developed in Wick’s helicity basis
in order introduce two-body sub-couplings. From definition (8.22]), one can use the expansion

(8.35) to develop the state in Wick’s helicity basis,

Ji2
. 12710+ 1
J i(m A1 2 : 2 : .]12
|‘I/, )\1)\2)\3>M =€ (m/2)A2=A1—p) d,u)\lg A3 ’/T/2

Jiz=|A1—Az2] A2=—J12 (919)
dwldwgdwg j12 .
3 W (wy, wa, w3) d,\12 AL —As (7/2 = ¢12) [p3; JM;; jradi2As; pradiAe) -

For the sake of readability, summation ranges are omitted in the next expressions. For further
convenience, variables u, p;o and ps are introduced in the integral (see relations (8.38)) and
B31)).

2 1
|‘I’;>\1>\2)\3>i_ 2 G “)Z Z - \/ ]12+ S —d o, (T/2)

‘712 )\12 (9‘20)

p3p12 dudpiodp : '

/ L 5 = 5 20 (u, pra, p3) A2\ _x,(arccos w) [ps; J M j1adiaAs; pradids) -
4/4p1y + p3

As a reminder, integration ranges are —1 to 1 for u while it is 0 to oo for both p3 and pis.

Because this important result is relatively cumbersome, the following notation shortcuts are

: , /2 1
Cﬂl;f;)/ilfx\z)\g - 61(7T/2)<A2_A1_H+>\12) 3122_’_ d,LL)\l2 )\3 (7T/2)7 (921)

Ji2

LS )\2(u P12, p3) = V(u, p1a, p3) dg\lfz )\lfAQ(arccos w). (9.22)

introduced,

The above C coefficients should not be confused with those for two-body systems, defined in
relation ([7.6). The difference should be clear depending on the context and looking at the index
structure. With these notations, equation ({9.20]) shortens,

|0 >\1)\2)\3>i

; sp12 dudpiod . 9.23
- Z Zcﬂl}i))\\lf/\z)\;; / pf124p2 Zifpng ‘1’&132 A1—A2 (u, P12, P3) [p3; I M5 j1aA12A3; praAiAg) - ( )
12 3

Jiz A2

This formula will be very helpful to evaluate two-body potential matrix elements associated

with particle 1 and 2. This interaction, denoted O, is supposed to solely depend on the relative
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distance between these two particles, 15 = |71 — r2|. This distance is assumed to be defined in
the (12)-CoMF. First, equation (9.23)) is used on both the bra and the ket,

J= v v % s 3 *
LT ARk O(ra) [E: M = 30 3037 DT (C3s5,) Gk

ji2 A2 Ji2 A1z
P3Pz dudpiodps (7 z CN* [ papradudpradps
\1[112 sy (u,p12,p ) \I/]12 B U, Pra, P
(P3; JM; jradia)s; Pradida] O(r12) [ps; JM; 12 A2 As; DraAiAz) -

(9.24)

By doing so, the evaluation of O(rj3) on Berman’s J-helicity states comes down to its evaluation
on Wick’s J-helicity states. The latter, thanks to the intermediary coupling in Wick’s definition,
consists of evaluating on O(r12) on two-body J-helicity states. Dividing up the normalisation
factor from between both state and ensuring a normalisation for two-body states consistent
with Chapter [0, one gets

<]53; JM; 5125\125\3; 15125\15\2’ 0(7‘12) |p3; JM; j1aA122s; p12)\1)\2>

VD2 Ap, N/ pi +4pd, L - ' (9.25)
= \/psx/ﬁg—gzé%pg Piz 5(]93 - p3)5;\3,\3 <p123]12>\12; /\1)\2| O(le) |p12;]12)\12; )\1/\2> .

Because ri5 is defined in the (12)-CoMF, the residual matrix elements on two-body states can

be computed by using formulas developed in Section [7.1] For central potentials, it has proven
to cancel for j1o # ji1o OF Aio # A1z in equation ((7.11)). It has also been enhanced in this section

that these matrix elements, as soon as non-zero, does not truly dependent on the total angular
momentum projection A\jp. Equation (9.25)) can be plugged into equation ((9.24)),

;@5 MAoAs| O(r12) |95 /\1)\2)\?)5 = 03axs Z Z (Cﬁ;ﬁ%xs) C%ﬁﬁm
Ji2 A2
/P:s\/pmpm dudpo dudpys dps (,m

u,p "y 9.26)
+ N —xo \Us P12, P ) w2 (u, pia, p (
4{1/?% 4]51224 {l/p% + 4p122 Az A1 >\2( 12:73) A2\ ,\2( 12, P3)

(ﬁlz;j12)\12; 5\15\2| 0(7“12) |p12; j12)\12; >\1>\2> .

The lower boundary in the summation on jj5 must now fulfill both the constraints j12 > [\ — Ag|
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and j1» > |A\; — Ag|. This integral can be reorganised as follows,

<\Il )\1)\2)\3| O(’f’m) |‘1/ )\1)\2)\3 = (5>\3>\3 Z Z <Ctj]1:7))\\112>\2>\3> Cﬂl}i))\\lf)\z)\s

Jiz A2

dpio d - PN . 9.27
/P3dp3/ﬂﬂ ‘I’ p12,p37j12,>\12,)\1 — Ay U )‘I’(p12,p3;]12;)\12,)\1 - >\2;‘I’) ( )

<Z512§ j12)\12; /_\1/_\2| O(Tu) |P12; j12/\12; /\1/\2>

where

~ . VP o
U (p12, p3; Ji2, A1z, AN W) = P e el 212 > du ‘I’jxm ax(t; P12, p3) (9.28)
2+/4p1s + 13

and where the product of three-body C coefficients can be made a bit more explicit,

. - . Vjry + 1
A A iZ((A2=A2)+(A1 =X J12
<C§1;;5\1125\2)\3> C(JIIMQ;/\112)\2>\3 =€ 2(( 22 A+ ,u)) 2 d#)\12 A3 (7/2> wA12—A3 (71-/2)

2J12+1
= (- 1)(A2 A2)/2+ (A= 1) /24— u)/sz“” A3(7T/2) Y am )\3(7T/2>'

(9.29)

In equation , the function ¥ acts like an unnormalised two-body helicity-momentum wave
function that would depend on three parameters (a, b and p3). Therefore, the evaluation of the
integrals on p1o and pis is fully analogous to what has been done to compute potential matrix
elements for two-body systems.

Equations (9.27)) to are key formulas for the current work as they allow computation
of two-body potential matrix elements on three-body helicity states. However, these formulas
involves the evaluation of an infinite series of four dimensional integrals. Even when trun-
cating this series, calculating such a large number of integrals remains a significant challenge.

Gaining deeper insight into the components of this formula may help mitigate this complexity.

|Complement 9.Alis dedicated to this analysis.

9.2.2 [Evaluation on symmetrical states

The previous subsection worked at obtaining formulas to compute Hamiltonian matrix
elements on unsymmetrical states. In the current one, this technology is used to generalise
calculations to symmetric states. Starting with kinetics, a formula for both symmetric states
having ;1 = 0 can easily be obtained thanks to the absence of mixing between helicities in ((9.18]).

The situation is even simpler because non-zero terms prove to be independent of the actual
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value of A\, Ay or A\3. Only a single integral has to be evaluated,

(U5 Ay 05 (2K + 1) | T[0; Ay 0; (2K + 1)¥7) = (U5 A5; 0; (2k + 1) [ T'|W; A3, 0; (2k +1)%7)
_/dwldedwg \If*

S (wlaw27wB)\D(wl?w27w3)T(w1aw27w3)‘ (930)

Concerning states based on u = +1, the presence of Kronecker deltas in (9.18]) still simplifies
the evaluation of kinetic energy. For the A/ states, see equation , due to the additional
kinematic factors arising from the symmetrisation, the result requires the evaluation of a slightly

different integral,

(U3 Ay L JT| T |5 A 1, T77)
/ dwidwodws -, (9.31)

5 W (w1, wa, w3) W (wy, wa, w3)|1 + €13 + €2 > T(wy, wq, ws).

For the A7 states, see equation , the kinetic energy matrix elements are again provided by

the previous integral,

(U A 1, J77 | T |03 A5 15, T77)

3 (wl,wg,wg)\P(wl,wg,wg)T(wl,wg,wg).

For each symmetric state, kinetic energy matrix elements can be evaluated in a single integral.
Notice that equations to allows to infer formulas for the overlap between symmetrical
states by plugging T'(wy, we, w3) = 1.

Let us move on to the case of two-body potential. Due to the d5,,, factor in (9.27), some
matrix elements on unsymmetrical states are directly shown to cancel. For state , the

resulting expression only requires to evaluate two matrix elements,

(W; A 05 (2k + 1)*7| O(r12) [ U5 A% 05 (2k + 1)%7)
1

- 5(2k+(1]<qj; + + +| O(r12) |V; + + +>§k+1 n 2k+(1]<\11; — — | O(r12) |¥; — — _>3k+1 )

(9.33)

One can immediately observe that potential matrix elements for these states are parity de-

generated. Concerning state , this sum is composed of twelve matrix elements including
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non-diagonal ones,

(\If;Ag, ; (2k + 1)i | O(r12) |¥; AT; 0; (2K + 1)i‘>
= é< PN — 4+ O(r12) [ U5 — + )T+ 2T+ — 4] O(ri2) [W5+ — +) 08
+ 20T = — ] O(r12) |85 — — )+ 2Ty — 4 | O(r42) [ 05— + =)
+ T+ — = O(r2) T+ — >§’““ BT+ + | O(ra) W5+ + )2 (9.34)
S OB = ] O(r2) [0 = 4+ )34 244 — ] Ofr) |5~ + )3
+ T — = + O(r2) 05— + +>2’““ T — =+ O(ri2) |05+ — +)g !
+ 2k+1<\If + _| O(Tlg) |\If ++ >2k+1 2k+1<\I/, + 4+ _’ O(T’lg) |\I’; +— _>gk+1)

Finally, concerning states with yu = 41, calculations will only be illustrated with |W; A%; 1; J~F)

because it is less cumbersome to decompose than [¥; AJ; 1; J~%),

(U; A 13 771 O(r19) |5 Ap; 15 J77)

(‘i((l + ¥ 4 e Ul + 4 +0(r1p) | (1 4 €99 + e798) U + + +>‘1]
+ ‘i(( + e 4 e Pl — — —O(rp2) [(1 + €913 + 7)) U; — — —>‘1]
+ (14 e ) T+ 4] O(rgg) [(1+ €70 + e’%) Ui+ +4) (9.35)
(1 e 4 ) ] O (e ) - )
+2(=1)7 (14 €9 4 e798) Uy 4| O(riz) [(1+ 712+ #2) Wy 4+ )7
+2(—1)7 i((l + e 4 e U| s — — —O(rp2) [(1+ €791 +€92) U — — _>i1 ).

In general, the symmetry properties depicted in [Complement 9.A] facilitate in evaluating these

matrix elements. They show that part of those on unsymmetrical states are strictly equal,
while some others involve the same integrals but combine them differently (see equation (9.27)).
This significantly reduces the overall computational cost. This is especially true if the helicity-
momentum wave function W is even in uw. Apart from diagonal matrix elements, symmetric

states are also shown to mix with each other. For instance, mixtures between |¥; A}; 0; (2k)*7)
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and |U; AJ: 0; (2k)*7) are given by

J 1
U; AL 0; (2k + 1) O(r2) [T A2, 0; (2k + 1)) =
(W5 A5; 05 ( )71 O(r12) W5 Ay; 0 ( )>_\/ﬁ
(2k+é(@; + + +| O(r12) |V; — + +>Sk+1 n 2k+(1]<q,; 4+ 4| O(ry2) |V + — +>3k+1 0:36)
+ 2k‘+é<qj7 - _| O(Tlg) |‘I’7 + 4+ _>§]€+1 + 2]€+(1]<\I], o _| (9(7"12) |\I], — ¥ _>§k+1)

However, it will be shown in the next section that this mixing is quite small for three-gluon

glueballs and only affects masses very slightly.

9.3 Determination of the low-lying Glueball Spectrum

Trial states and formulas set up all along the previous sections will now be used to compute
a true mass spectrum for 1~ three-gluon glueballs. It will require to evaluate matrix elements
of a Hamiltonian that should model three-gluon glueballs. This work considers the following

structure for the latter,
H = T(wl, Wa, ’LU3) + V(Tlg) -+ V(?"lg) + V(ng). (937)

with r;; = |r; —r;|. Different kinematics 7" can be envisaged for gluons. Although these particles
are formally massless, they acquire a constituent mass in some potential models. In the following,

calculations will be performed considering ultra-relativistic kinematics,
T(wl, Wa, w3) = w1 + w2 + Ws. (938)

Concerning potential, funnel interactions will be assumed,

30,
or

V(r)=onr— (9.39)
Above, 0, is the meson string tension, generally set around 0.185 GeV?, and «y is the strong
coupling constant. In the following, the latter is fixed at 0.450 (as in Chapter [7| and reference
[152]). The mesonic string tension is used as confinement constant because each gluon is
supposed to provide both a 3 and a 3 flux tube. The six flux tubes join two by two in a A shape,
as illustrated in Figure[9.2] Because each junction connects 3 and 3 flux tubes, the meson string

tension has not to be rescaled. The factor 3/2 is the colour factor corresponding with three
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A

Figure 9.2: Schematic representation of the A junction modelling three-gluon glueballs in the
current work. Gluons bounds two by two by pooling 3 and 3 flux tubes.

gluons in a colour singlet. The use of this potential and its comparison with a Y junction is

explained in [Complement 9.B| To avoid reproducing many evaluations for different mesonic

string tensions o,,, dimensionless variables are introduced by rescaling the current ones with

the square-root of the string tension,

w; = wi/\/am, Tij = AV OmTij- (940)

Dimensionless equivalent for p3 and pio are also defined

P3 = P3/v/0m, P12 = P12/v/Om- (9.41)

Because u is already dimensionless, it remains unchanged. Relation (8.38)) still relates variables
Wi, Wo, w3 and u, P12, P3. Using these new coordinates, a dimensionless version H of the

Hamiltonian ((9.37)) is introduced,

[H = H/\/O'm, = -ﬂ—(\Wl, Wo, \W3> + \/(D’m) + \/(0’13) -+ \/(D’Qg) (942)
where
3o
T (wy, wo, w3) = wy + wa + ws, V(r)=r— 5 (9.43)

This Hamiltonian will be evaluated on different symmetric trial states. To start with, a single
trial state is considered. As a reminder, the reasonable trial wave function that had been chosen
is

U, p(we, we, ws) = Ay/ Wy wawse (1=t +(w2=b) +(ws=b)%) (9.44)
For states (9.5) and , this trial wave function remains unmodified. For states and ,

it has to be multiplied by different kinematic factors to ensure the right symmetry properties.

In the following, calculations will be made explicit for a generic kinematic factor, denoted
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(w1, wy, w3). These trial wave functions are to be turned into the new dimensionless coordinate
system. The change simply rescales the a parameter by a factor ¢, and modify the value of the

normalisation constant A,

Sl

a=ona, b=0/\/0m, A = oz A. (9.45)

The rescaling factor for the normalisation constant has been chosen to eliminate the dimensions
of the wave function. The use of a dimensionless wave function also suggests to rescale Berman’s

and Wick’s bases to make them dimensionless,

| J M p1; wiwows; AdjAeAg) = o1 | J M 15 wiwaws; A AaA3) (9.46)
|Ps; JM; 12 A12A3; PraAiAg) = o \ps; JM; J12A12A3; D12 A1 A2) - (9.47)

All the formulas set up to evaluate matrix elements can now be switched to the new coordinates.
Taking every change into account, all the rescaling factors cancels each others. As a result, each
formula can be naively turned into dimensionless coordinates by replacing A, a, w;, ps and/or
p12 by their dimensionless counterpart.

At first, let us investigate the normalisation of the symmetric trial states. For states ,
and , the normalisation constant A is fixed by imposing the normalisation of the
unsymmetrical trial states, implying that ¥, ; must satisfy . Switching to dimensionless

coordinates, one has to evaluate the following integral,
-1
|A|2 _ </ dw, dw,dws w;wows 6—2a((w1—Uo)2+(w2—UO)2+(W3—E>)2)) , (948)

where both w; and wsy are integrated between 0 and oo while wj is integrated between |w; — wo|
and w; + wy. Generic multidimensional integration techniques provide fast and accurate
evaluations of A. As inferred from , the situation is slightly more complicated for state
due to the additional kinematic factor. For the A/, state, the normalization involves the

integral
—1
|A|2 _ (4/d\w1d\vv2d\vv3 Wi WoWs3 6—23((W1—Uo)2+(W2—”0)2+(W3—UJ)2)|1 4 oeie1s 6¢<P23|2> ) (9‘49)

It is possible to evaluate these two integrals numerically, with any desired accuracy.

The evaluation of kinetic energy matrix elements is analogous to the normalisation. States
, and requires to evaluate a single three-dimensional integral, as demonstrated
in relations and . For the current trial wave function, it equates to compute the
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following integral
(T) = |A|2/dW1dW2dW3 W1 WoWs e—za((wl—Uo)2+(W2—b)2+(W3—Uo)2)(Wl + o + w). (9.50)

On the other hand, kinetic energy matrix elements for state (9.7)) are provided by relation (9.31)),

which complements the integrand with a kinematic factor,
(Waps Ay £ 157 | T [ W5 Ay £5157) =
4]A|2/d\wld\w2dw3 Wiwawy 22 (W1 =B Hwa—b) Hws=b)%) (g 51)
114 e 18 4 2|2 (wy + wy + ws).

It remains to evaluate potential matrix elements. As already mentioned, thanks to the
symmetry of the state, the evaluation for the interaction between particles 1 and 2 is sufficient

to infer the full potential energy of the A junction,

<\/([r12) + \/(D’lg) + \/(D’Qg)) =3 <\/(D’12)> . (952)

Relations ((9.33)), (9.34)) and (9.35) reduce evaluations on symmetric states to several evaluations
on unsymmetrical states, eventually with additional kinematic factors. The latter evaluations
can be performed using formula . Specifying for the current trial wave function and using
variables u, p1o and p3 defined in equation , one gets

i(‘l’a,bf; 5\15\25\3| V(ri2) |‘I’a,br; )\1)\2)\3>i = 5Z\3>\3 Z Z (Ciﬁ;/}\12;2A3> C‘?}i;i‘iig)\;g

Jjiz A1z
dprzdpz =, .. | . | 9.53
/I]O3d[P3/ pw&‘Ifa,b(ﬂol2,ﬂ33;]12ﬂ\12,/\1—/\2;F)‘1’a,|b([pl2,I]O3;le,)\12,)\1—)\2;F) (953)

2 2
(P12; J12A12; MAe] V(r12) |Pi2; 12 h12; M Ae)

where

\ija,lb([p12,[p3;j127)\127A/\;F> _ o VPiPs vVP12[P3 ef%(600274&)(\/4P%Q+P§+[P3)+4[p%2+3p§)

1
[ dufswt, + 265 (1 - ) s (avceos w) e T, s o)
—1

These integrals must be evaluated. Performing efficient numerical integrations requires to
slightly modify the variables and to refine the definition of . First, because the integral on ps

will be performed using a generalised Gauss-Laguerre quadrature, the variable ps is modified as
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follows

T dx

T = 33@3, P3=14/5= psdps = —

} 1)
3a’ 6a (9.55)

After replacement and a bit of reorganisation, the integrals to evaluate become

d d
/\/Ee_xd [p12 [pm Oan (P12, T; Ji2, A2, A — A3 )
(9.56)

O, Ib([p127 T; J12, M2, A1 — Ag; F) <[P12;]12>\12, /\1>\2| \/(0’12) |[F)127]12/\127 )\1)\2>

with a function © that replaces W,

Oab(P12, 5 12, M2, AN T) = Fop(p12, @) /du KCa(u, 12, 75 J12, A2, AX T) (9.57)
where
Fon(pro, ) = VP12 e—g(6%2—4&)(\/4p§2+a:/(3a)+\/z/(3a)>+4|p§2) (9.58)

2/4p%, + 35

and where

Ka (U, P12, T; J12, A12, AA; F)

(9.59)

2 : o
= \/S[P%2 + ﬁ (1 —u?) dy ax(arceos u) e 8T <U7 P12, 95/(33)) -

Symmetry properties of © under modifications of indices A\ and A\ are the same as the
ones of U. They are compiled in |Complement 9.A|. Integrals ((9.56[) and (9.57)) can be computed

using a series of Gauss quadratures. The following procedure is applied.

e Choose a definite number of points to use in each of the integrals on z, p12, P12 and u.
Notice that the integrals on p;2 and pio will be turned into integrals on v = p;2 + p12 and
V = p12 — P12, as suggested in Section Because the integral on v is the most sensitive,

it is recommended to assign the greatest number of points to it.

e Accuracies being chosen, identify the different x values and p;s values at which an
evaluation of the function © will be required and perform all the necessary evaluations.
Gauss-Legendre quadrature works very well for the integral on u. The result is stored for

further use.

e For each x value, compute the two-body matrix elements in the same way it has been
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done in Chapter [7] Thanks to the previous step, two-body wave functions © have already

been tabulated. Again, the result is stored for further use.

e At this stage, only the integral on z remains. Perform this last integral by using the
evaluations of two-body matrix elements stored during the last step. As already mentioned,

a Gauss-Laguerre quadrature is the most adapted.

For each value of j15 and A9, that is for each term in the sum in equation , four integrals
are evaluated numerically. Since the sum extends to j;o — oo, the number of necessary integrals
would be infinite. In practice, the sum on j;5 is truncated at a given level, denoted j,.c. Plugging
the computed integrals into equation (9.53)) allows for an approximate evaluation of two-body
potential matrix elements on unsymmetrical trial states. Because of the multiple quadratures
and because of this truncation, the exactness of the evaluation cannot be guaranteed. The
matrix elements on unsymmetrical states can be combined following expressions to
in order to compute those on symmetrical trial states. To get the full potential energy, the factor
3 from equation is not to be forgotten. Once potential matrix elements on symmetrical
states have been computed, the contribution from kinetic energy is added, and the Hamiltonian
matrix elements are obtained. This calculation is repeated for many different couples (a, b) and
only the minimum value is retained as an approximation for the true spectrum.

Since these states are the simplest to handle, convergence properties are illustrated using
|Wop; Ab; 0;157) and W, 4; AS;0;157). All the following evaluations will be performed with
as = 0.450 [152]. To start with, calculations are performed for various numbers of points used in
the different quadratures. All these computations employs for now the same cut-off at j;5 = 20.
The minimisation process is executed for each configurations. The results are summarized in
Table 0.4, As expected, the integrals over u and = converge with as few as 30 points. While
slightly more sensitive, the integral on v does not require more than 50 points for sufficient
accuracy in the current context. The key parameter for ensuring precision is the number of
points used in the integral over v. Using 100 points, the energy stabilizes to two significant digits.
The search for a minimum in the variational parameters can also be illustrated. Figure [9.3
shows energy evaluations over a range of (a,b) pairs. Clear minima are observed for each state.
Lastly, the convergence of the sum over j;» can be examined by repeating evaluations with
various cut-off values. The result is displayed in Figure[9.4 Although the convergence behaviour
differs slightly between states, a reasonable convergence is achieved in all cases. Notice that the
J12 convergence can also be assessed by calculating normalisation by means of equation ,
substituting V(r2) with the identity operator.

Before to move on to the determination of a complete spectrum, the mixing between different
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Figure 9.3: Plot of Hamiltonian matrix element for a single trial state depending on the non-
linear variational parameters a and b. Left : a symmetric state | ¥, ; Ab; 0; 157) is considered.
Right : symmetric states |¥,;; Ay; 0; 1%7) are considered (even with orange triangles and odd
with blue squares). Quadrature with 30 points have always been used except for v where 100
points have been used. A cut-off j,.x = 20 has been chosen.

symmetric states is to be investigated. This issue will be illustrated using |V, ; A%; 0; 177) and
|W,p; AS;0;177). Without allowing for mixing, approximate energies are simply obtained by

evaluating the Hamiltonian on each state separately,
E a0 = 10.020, Eay0 = 10.269. (9.60)

Introducing mixing between these state requires the evaluation of off-diagonal Hamiltonian
matrix elements and solving the corresponding eigenvalue problem. The off-diagonal matrix
elements of the kinetic energy cancel, while those for the potential are calculated using formula
(9.36). The splitting is found to be maximal when both states share the same variational

parameters. The resulting optimal eigenvalues of the Hamiltonian matrix are
E; =9.9902, E> =10.3319. (9.61)

As shown, the mixing slightly affects the energies, but this effect does not exceed 1% of the
original value. Mixing with states of higher mass is expected to have an even smaller impact
due to the increasing energy gap. Consequently, the following calculations will be performed
using pure symmetric states.

A concrete three-gluon glueball spectrum can now be computed. Again, oy = 0.450 is
used. Calculations are performed with a cut-off at j;o = 20 for the summation and with 30
points for each quadrature, except for ¥ where 100 points are used. Full optimisations of the

variational parameters a and b are performed. The states |, ,; Ay; 0; J57), |W,4; AY; 0; J57)
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For |¥; A%;0; 1%7): For |U; A%;0;177): For |W; AJ;0;1):

(Nu, Ny, Ny, N,)  Energy (Nu, Ny, Ng, N,)  Energy (Ny, Ny, Ng, N,)  Energy
(30, 30, 30, 30) 9.9499 (30, 30, 30, 30) 10.1793 (30, 30, 30, 30) 10.0566
(50, 30, 30, 30) 0.9499  (50,30,30,30) 101793 (50,30,30,30)  10.0566

(100, 30, 30, 30) 9.9499 (100, 30, 30, 30) 10.1793 (100, 30, 30, 30) 10.0566

(30, 50, 30, 30) 9.9536 (30, 50, 30, 30) 10.1817 (30,50, 30, 30) 10.0616
(30,100,30,30)  9.9536 (30,100,30,30)  10.1817 (30,100,30,30)  10.0616

(30, 30, 50, 30) 9.9895 (30, 30, 50, 30) 10.2297 (30, 30, 50, 30) 10.1097
(30,30,100,30)  10.0202 (30,30,100,30)  10.2689 (30,30,100,30)  10.1512

(30, 30, 30, 50) 9.9499 (30,30, 30, 50) 10.1793 (30,30, 30, 50) 10.0566
(30,30,30,100)  9.9499  (30,30,30,100)  10.1793  (30,30,30,100)  10.0566

Table 9.4: Evaluations of the glueball masses in unit of y/o for different numbers of points for the
quadratures. For |U; A};0; 1%7), energies are given for (a,b) = (0.35,1.8). For |¥; A}; 0;177),
energies are given for (a,b) = (0.45,1.95). For |¥; A};0;177), energies are given for (a,b) =
(0.35,1.9). A cut-off at ji2 = 20 has been used.
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9.6

Energy

9.4

9.2

9.04
—— State A’; (both parities)
State A", (even)

8.8 —— State A”; (odd)

25 5.0 7.5 10.0 125 15.0 17.5 20.0
Jmax

Figure 9.4: Evolution of the lowest three-gluon glueball masses depending on the cut-off for
the sum in jj5. Results for |¥,;; AL; 0;157) use (a,b) = (0.35,1.8) and are displayed with
green circles. Results for|¥, ,; A5;0;177) use (a,b) = (0.45,1.95) and are displayed with orange
triangles. Results for |W,;; A%;0;177) use (a,b) = (0.35,1.9) and are displayed with blue
squares.
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and |U,;; Ay; 1; JE7) are investigated up to J = 3. However, states |¥,;; Ay; 1; J£7) are not
considered, as they involve significantly more computations of matrix elements on unsymmetrical
states, leading to a substantial increase in computational cost. The resulting three-gluon glueball
masses, expressed in unit of /o, are presented in Table . For comparison, Figure displays
these masses alongside results from LQCD. Masses are normalized to the lowest state, 17,

Several observations support a relatively good agreement between the current calculation and
LQCD results [166, |167].

e The lowest 17~ and 37~ three-gluon glueballs obtained using the helicity formalism appear
at the correct energy. However, the helicity formalism predicts a pair of states, whereas
LQCD predicts only a single state [166, [167].

e The lowest 27~ glueball is found with the same hierarchy in both approaches. However,
its energy is 10% lower using the helicity formalism. Unlike the lowest 17~ and 3%,
the 27~ does not exhibit a nearby secondary state, but this is an artifact resulting from
the omission of |¥,;; Ay;1; J£7) states in the analysis. The 10% discrepancy may be
explained by this omission : including |V, ;; A5; 1;277) could slightly shift the 27~ average
energy. It may also stem from the simplicity of the Hamiltonian used, which does not

account for spin interactions.

e For negative parity, the first excited 17~ state predicted by the helicity formalism appears
similar to the lowest 17~ observed in LQCD. As for 2+, the relative energy is around 5%
too low. This discrepancy can likely be explained with the same arguments as for the 27~

state.

e Finally, a 37~ state analogous to the one observed in LQCD is also predicted. In this case,

energies from the helicity formalism and LQCD are in good agreement.

On the other hand, the spectrum depicted by the helicity formalism does not fully align with
the LQCD results. In particular, the helicity formalism predicts states that are not observed in
LQCD. Overall, the helicity spectrum appears to exhibit near- parity degeneracy, whereas the

LQCD spectrum clearly separates into two distinct columns.

e Low-lying 17~ and 37~ three-gluon glueballs are predicted by the helicity formalism.
These states appear, roughly speaking, at the same energy than their positive parity
counterparts. According to [166|, 167], in LQCD, the lowest 17~ and 37~ lie well above

the lowest 17~ and 31~
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e On the positive parity side, the helicity formalism predicts 17~ and 3%~ states in the

vicinity of the lowest 2t~ glueball. Again, such states are absent in references [166, [167].

Several explanations can be proposed for this discrepancy. On the one hand, constituent
approaches are known to sometimes overestimate the number of resonances. However, this effect
typically impacts excited states rather than low-lying ones. On the other hand, it is possible
that LQCD methods have missed a few states due to the challenges in interpreting the signal
and in performing the continuum limit. For example, it seems that a more recent study of
LQCD results observes an excited 17~ glueball state whose energy is consistent with the one
obtained using the helicity formalism [193].

For two-gluon glueballs, which lies in the C' = + part of the spectrum, it is already know that
helicity degrees of freedom are necessary to reproduce the lattice spectrum [152]. It would be
interesting to compare the C' = — glueball spectrum obtained with helicity degrees of freedom
in the present model to the C' = — spectrum obtained when longitudinal spin components
for the gluon are included. Fortunately, such results have already been published 194} [142].
However, the Hamiltonian considered in these studies includes spin interactions. To ensure a fair
comparison, eigenenergies from the dimensionless Hamiltonian are computed considering
three spin-1 particles and using the OBE developed in Chapter [2| |28, |29]. Figure illustrates
the comparison. Energies are again given in units of the lowest 17~ state. LQCD results from
reference [193] are also included. Tt is immediately apparent that the spectrum computed with

spin degrees of freedom exhibits several flaws.

e Positive parity states are all degenerate, whereas LQCD predicts a definite hierarchy for
the lowest J*~ glueball states. In particular, spin degrees of freedom predict a low-lying

0"~ glueball, which LQCD calculations place at a higher energy.

e On the negative parity side, the 17~ and 37~ spin eigenstates share the same energy,
while the 27~ state lies significantly higher. In contrast, LQCD calculations predict nearly

degenerated states with a soft ordering in ascending total angular momentum.

On the other hand, using helicity degrees of freedom better reproduces the overall spectrum,
apart from the aforementioned inaccuracies and extra states. As with two-gluon glueballs [152],
it appears that constituent gluons should be treated as particles endowed with massless helicity
quantum numbers.

The previous analysis focused on the relative spectrum. To obtain a genuine energy spectrum
requires to fix the mesonic string tension ,,. The best agreement with LQCD results is achieved

for a value of o, = 0.086GeV?2, which seems a factor 2 smaller compared to the values found in
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Figure 9.5: Comparison of low-lying negative charge conjugation glueball spectra computed using
different approaches. Blue dots and squares represent the results from the LQCD calculations
from references |166, |167] and [193], respectively. Red triangles correspond to results obtained
by considering three spin-1 particles governed by the Hamiltonian ({9.42)). Finally, green crosses
are obtained by considering helicity degrees of freedoms for the constituent gluons. Masses are
normalized to the 17~ state.
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State Opt. b Opt. a E
|U; AL 05 157) 1.80 0.35 10.020
U AZ0;14)  1.95 0.45 10.269
0 A% 0:177) 1.90 0.35 10.151
U AL:0:357) 2.2 0.55 11.990
U AZ0:37)  2.30 0.55 12.090
|W; AS;0;377) 2.25 0.50 11.881
|W; AL 1;177) 2.40 0.6 12.305
T; AL 1;277) 2,40 0.6 12.742
|W; A%; 1;3%77) 2.65 0.95 14.113

Table 9.5: Display of the dimensionless three-gluon glueball spectrum obtained by using the
three-body helicity formalism. Energies are given in unit of y/o. Only a single trial state is
considered and the optimisation on variational parameters a and b is performed. Calculations
are performed until J = 3 and |u| = 1. Only one of the two states with |u| = 1 is considered
(namely, Aj). All integrals are computed with 30 point, except for those on v which use 100
points. The sum in ji5 is truncated at j;o = 20.

the literature (see for instance 39} 144} 152} 156]). This issue can be addressed by reasonably
modifying the Hamiltonian (9.37)). In baryon studies, it is common to complement the potential
with a constant term, particularly when dealing with light quarks [39]. Replacing the potential

(9.39) with

30,
2r

were 0 = 0.150GeV?, a, = 0.450 and C' = —0.375GeV results in the spectrum displayed in
Figure 0.7 The agreement between absolute spectra is as good as that for relative spectra,

V(r)=or—

+C (9.62)

and the parameters used are more consistent with values typically found in the literature. It
is also important to notice that the methodology employed in this work inherently provides
approximate results. This approximate character may also explain the discrepancies observed in

both spectra.
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Figure 9.6: Comparison of glueball spectra obtained using the helicity formalism (left, this
work) and LQCD (right, references [166, |167]). In both cases, spectra are provided in unit of the
lowest mass. Concerning calculations with the helicity formalism, a strong coupling constant

s = 0.450 has been used.
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modified potential (9.62)) (left, this work) and quenched LQCD (right, references [166, 167]). In
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9.4 Outlooks for the glueball spectrum

The previous chapters illustrated that the framework of constituent approaches combined
with the two- and three-body helicity formalism enables to explore the two- and three-gluon
glueball spectra. Especially, a definite methodology able to infer a spectrum for helicity states
and based on the variational theorem has been set up for both two- and three-body systems.

Concerning two-gluon glueballs, the spectrum obtained using the helicity formalism is
compatible with LQCD calculations. This agreement gives credit in the method and motivated
the generalisation to three-gluon glueballs. Although similar calculations are already present
in the literature |51), 152} [171], the perspective introduced in Chapter [7| proves different, and
enables a more straightforward generalisation to three-gluon systems.

The situation concerning three-gluon glueballs is less conclusive. In units of the meson
string tension, the helicity formalism proves able to reproduce the spectrum from LQCD with
a satisfying accuracy but predicts supplementary states whose origin remains elusive. The
comparison with calculations involving three spin-1 particles favoured the use of helicity degrees
of freedom. When comparing spectra in physical units, a mesonic string tension too low by a
factor of 2 compared to its standard value is to be used. This flaw can be overcome by adding a
constant term in the potential in agreement with the potential used in baryons [39]. Although
it allows to use parameter values in their physical range, it slightly deteriorates the agreement
with LQCD. In addition, this parameter was not necessary to describe two-gluon glueballs.

Additional research may help unveiling the origin of these discrepancies. Improvements about
the accuracy of the resolution method in the case of three-gluon glueballs may give credit to the
spectrum obtained using the helicity formalism. Including more trial states in the resolution
to test the convergence, truly implementing the possibility of mixing between the different
symmetrical states, increasing the number of points in the quadrature or increasing the cut-off
in 715 are all trails to reach this goal. Hamiltonian may also be refined and complemented,
for instance, with spin-based interactions. A more detailed study of the role of three-body forces
could also be considered. This may help to decide whether the extra states predicted by the
current methodology are artifacts of the resolution method or not.

Setting aside the question of the extra states, the solutions obtained using the helicity
formalism may also yield additional insights into glueball properties. For instance, effort could

be directed toward evaluating observables beyond the energy, such as decay rates.
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Complement 9.A Symmetry considerations about equation
(9.27))

First of all, let us have a quick look at coefficients (9.29)),

J12A12 J12A12
(CJﬁ;S\lj\g/\:;) CJ,u A1A2A3

9.63)
2712 + 1 (
:( 1)(>\2 X2)/24+(A1=A1)/2+(i—p) /2 5 dihz )\3(71-/2> Y o )\3(71-/2).

These coefficients are easily shown to stay real, independently of the spin of the particles. If u
or ji is null, properties of Wigner d matrices allows to show that, as long as J — A2 + A3 is an
odd number, the whole coefficient cancels [35]. Because A3 belongs to {41, —1} and because
the total angular momentum of a symmetric state with ;4 = 0 must be odd, whenever p or [ is
null, all terms with odd A cancel, thereby avoiding evaluating them.

The dependency on helicity quantum numbers of the ¥ function (9.28) can be investigated.
The symmetry properties of Wigner d matrices allow to equate different evaluations of .

Following equalities immediately comes out of these symmetry properties,

i’(...;jlg, )\127 A)\, ) = {I}(...;jlg, —A>\, —>\12; ) = (—1)>\12¢/<...;j12, —)\12, —A)\7 )

~ (9.64)
= (_1)A12\I’(---; J12s AN, Ai2; ...

Other symmetries require ¥ to be an even function of . In that case, performing the change of

variables © — —u allows to show that

qj(...;jlg,)\lg,A)\'...) ( ( .;jlg,—)\lg,A/\;...) = (-1)j12\ij(...;j12,—A)\,)\lg;...)

+A ~> i12+F 12T, . (9‘65)
:( 1)]12 IQ\IJ( ,jlg,A)\ )\12,...) ( 1)]12 IQ\Ij(...;jlg,)\lg,—A)\;...).

The assumption that requires ¥ to be even is consistent with the trial shape . However,
it may be invalidated if kinematic factors such as those from relations ) and - need
to be included in order to ensure the symmetry of the state. Regardless of this precaution,
relations and /or allow for the recycling of most evaluations of ¥, thereby reducing
computational cost. These eight symmetry relations can even show that ¥ cancels for some
combinations of quantum numbers, such as for A\ = 0, A5 even and j;5 odd.

Finally, the matrix element on two-body J-helicity states appearing in the integrand from
equation is also to be analysed. Its dependence on helicity quantum numbers can be
investigated by means of formula from Section [7.1] Using properties of Clebsh-Gordan
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coefficients, it can be shown that

Czjlfsf;;xl,\z = (_1)512 65;122;121;—A2—,\1 = (_1>1127j12 61]322;121;—&—,\2 (9‘66)
where C coefficients are those defined in Section [7.1] Applying this result to equation (7.11)
reveals that certain helicity quadruplets (A1, A2, A1, A2) yield identical values. Specifically, these
quadruplets can be grouped into five families, within which matrix elements on two-body
J-helicity states are equal each-other. These families are displayed in Table [9.6] Let us also
mention that, again in view of (7.11)), these matrix elements are real-valued. This allows to
freely exchange the bra and the ket,

(P12; J12M12; MAe| O(112) [p12; J1ahiz; MAe) = (p12; j12A12; MiAe| O(112) |Pi2; F12hi2; Aide). (9.67)

Observations about U and about the two-body matrix elements are to be combined to deduce
symmetry properties of the whole integral from (9.27). Simplifications occur depending on the
assumptions made on ¥ and .

A special case of prime importance in the following concerns ¥ and ¥ being two equal real
functions which are even for u. These assumptions imply two symmetry properties at the level
of the integrals. First, the equality and reality hypothesis allows to freely exchange AX and A\
by exchanging both integration variables. On the other hand, the hypothesis about the parity
in u implies that the sign of each A\ can be flipped, at worst, at the cost of a phase factor
(—1)712+22 These two properties implies that integrals line up with the five families of helicity
quadruplets from Table , except for the 5™ family in which quadruplets above and below the
dashed line differ by a (—1)7127412 phase factor. Each evaluation of an integral from for a
given helicity quadruplet provides a value valid for any other quadruplet in the same family,
potentially up to a minus sign.

Apart from this special case, a second simplification turns out relevant for the upcoming
developments. In the first family from Table both AX and A\ are always zero. As a result
and without further conditions, calculations for both helicity quadruplet in this family will yield
identical values for integrals. This result will prove valuable, as the two helicity quadruplets in

question are precisely those encountered during calculations with A} states.

Complement 9.B Potential for three-gluon glueballs

The confining interactions between three gluons can be described in two main geometries.

From the perspective discussed in the main text, each gluon generates two flux tubes that
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1°¢ family (+,+,++) (——,—-)

274 family (+,+,——) (= —,+,+)

3*4 family (—+,—+) (+—+,-)

4% family (+,— —+) (—++,-)

50 family | (+,—, +,4+) (++, 4+ —) (+—,——) (= — +, —)
(-t FHHoH) o) (o)

Table 9.6: Table of the different helicities quadruplets ()\1,_)\2_, A1, A2) that give rise to the same
matrix element on JCWO—bOdy J—heh(ﬁlty states <p12; j12)\12; )\1)\2| O(Tlg) ’plg; j12>\12; )\1)\2>.

Figure 9.8: Schematic representation of a Y junction modelling three-gluon glueballs. The three
gluons bound at once by pooling their three 8 flux tubes.

transform with the fundamental and the anti-fundamental representation of SU(3). These flux
tubes merge pairwise, in a so-called A junction. Alternatively, each gluon can be viewed as
producing a single flux tube in the adjoint representation of SU(3). In that case, the three flux
tubes merge in a so-called Y junction [142], as illustrated in Figure . The Y junction consists
in a genuine three-body interaction. In contrast with baryons, for glueballs, the A junction is
not necessary an approximation of the Y one as both can be obtained by combining flux tubes
in a globally colour-neutral configuration. Differences between Y and A junctions are discussed
in [85, [195], with the conclusions favouring the A junction.

For comparison, let us consider here a Y junction. In this configuration, the interaction

potential used in constituent approaches writes down as follows,

Vi rara) =g 3o (F2) - ¥+ 30 2 ) (9.68)
r1,72,73) =min » o (F°)|r; — _— 7 .
1,T2,73 W A

=1 1<J
Here, o is the fundamental string tension, and «; is the strong coupling constant. In agreement
with the notations from Section [5.1.2] the factor (F?) corresponds to the SU(3) Casimir operator

acting on the 7" particle. Including this factor in the confining potential was referred to as the
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Casimir scaling hypothesis in this section [150} 151} [149]. For flux tubes transforming under
the fundamental or the anti-fundamental representation of SU(3), this factor is shown to equal
4/3, while for flux tubes transforming with the adjoint representation of SU(3), it is shown to
equal 3. The one-gluon exchange term includes a factor (F; - Fj) which combines the SU(3)
generators of particles ¢ and j. In Section [5.1.1} it was computed using Gell-Mann matrices, as
in equation . Its value can also be deduced from those of the Casimir,

((F; + Fy)?) — (F?) — (F})

J
9 )

(Fi- Fy) = (9.69)
where (F; 4+ Fj)? is the SU(3) Casimir operator for the pair of particles i and j. Substituting

these factors for a system of three gluons leads to the following expression,

3 3
. 3o
V(ry1,r2,73) = 30 m}}nz lri = Y| — Z _ (9.70)

i—1 i<j 2lrs — 5l

The Y junction introduces a genuine three-body interaction, which is incompatible with the
formalism developed in the current work. As proposed in reference [147|, this three-body
interaction can be approximated by three effective two-body interactions with a rescaling

parameter close to 1/2. The interaction then becomes

3

3
3 3o
V(ry,ra,rs) = 502 i =il =) (9.71)

i<j i<j 2r; — 7]

To compare this with the potential used in the A junction, one must relate the mesonic
and the fundamental string tensions. For mesons, the Casimir scaling factor is 4/3 for both the
quark and the anti-quark flux tubes,

Om = %0. (9.72)

Expressing the interaction potential in terms of the mesonic string tension gives

3 3
9 3o,
I MRS 079
1<j 1<J
This potential differs from the A junction potential (9.39)) by a factor of 9/8. This factor, a little
higher than 1, slightly increases the overall energy of the glueball if Y junction is considered.
This conclusion aligns with the LQCD arguments from reference [195|. For this reason, a A

junction is preferred in the present work.
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This chapter in the context of a thesis

This final chapter concludes the document by reviewing the core innovative results obtained
during my PhD thesis. All results presented in this section are original and directly address
the central research question that guided the work [158]. These calculations also open the
way to exploring properties beyond the glueball spectrum, which could serve as the basis of

future research.




Conclusion and Outlooks

As a concluding section, let us briefly revisit the central thread that has run throughout this
document. The journey began within the framework of non-relativistic quantum mechanics.
After a short review of the formalism, a key tool for solving its equations, the variational theorem,
was introduced. From this technique emerged the oscillator bases expansion (OBE) [29], a
concrete and general method capable of solving the Hamiltonians encountered in the subsequent
chapters. In the present work, the method was developed explicitly for three-body systems, in
line with the scope of this document. Larger systems were addressed using the second resolution
method explored herein, the envelope theory (ET). This user-friendly technique allows for the
computation of approximate spectra in N-body systems at particularly low computational cost
[65]. With some experience and intuition, gained by applying the method to various systems,
the ET proves to be a reliable tool when fully precise energies are not required [54} 55|. This
concluded the chapters devoted to general quantum mechanics.

The next two chapters focused the physics of hadrons. Following a brief historical overview,
the classification of hadrons and their interpretation in terms of quarks were discussed. The
concepts of flavour and colour were introduced following the historical sequence of their discovery.
The chapter then offered a concise review of QCD, emphasising key features of the theory
rather than delving into the technicalities of QFT. Topics such as the gluonic field, the one-
gluon exchange transfer matrix, the running coupling constant, dynamical mass generation,
the potentials derived from lattice QCD (LQCD), and the existence of exotic states were all
briefly covered to provide a comprehensive overview of the low-energy QCD landscape. The
subsequent chapter leveraged this background to establish a framework for studying hadrons,
namely the constituent models. In these, hadrons are treated as bound states of constituent
quarks and/or gluons governed by a phenomenological QCD-inspired Hamiltonian. After a
detailed justification of this Hamiltonian, the framework was applied to baryons, illustrating its
use by reproducing the experimental spectrum and examining the baryon internal structure.

In the third and final part, constituent approaches were applied to the study of glueballs.

The framework was adapted to better accommodate special relativity and extended to handle

277
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massless particles. This was done by employing the helicity formalism. Two-gluon states
with definite symmetry properties were decomposed using a Lorentz covariant helicity basis.
The variational theorem was then applied to evaluate the spectrum of the phenomenological
Hamiltonian in the two-gluon centre of mass frame (CoMF). A comparison with LQCD results
showed good agreement between the two approaches |158]. The remainder of the text focused
on extending the model to three-gluon glueballs. This endeavour was more technical due to the
additional degrees of freedom, the interplay between multiple reference frames, and the presence
of two distinct helicity bases. After developing and reviewing the three-body helicity formalism,
a spectrum for three-gluon glueballs was obtained. In this case, the agreement with LQCD
was less definitive than for two-gluon systems. The global energy correspondence was more
qualitative, and some states predicted by the model were not observed in LQCD. Nevertheless,
the use of helicity formalism clearly improved the overall spectrum compared to traditional
spin-based models [15§|. It is also hoped that enhancing the resolution methods and refining
the phenomenological Hamiltonian could improve this agreement. Beyond energy spectra, both
two- and three-gluon calculations also offer access to eigenstates, which can be used to infer
additional glueball properties.

Echoing to the introduction, I hope the reader is convinced that the initial objective, studying
of two-gluon and three-gluon glueballs within constituent models, has been successfully addressed
during this thesis. Of course, many open questions remain, and several future directions can be
envisaged in the short- and medium-term to deepen the understanding of glueball properties.
Although only briefly mentioned here, experimental efforts are currently underway to detect
glueballs in particle accelerators. Achieving theoretical consensus across models and frameworks
would provide a robust foundation for experimentalists in interpreting their data. This work
contributes to that broader scientific effort. More generally, the tools developed herein can
be applied to a range of other problems in hadronic physics. In the short term, the OBE will
be used to investigate the internal structure of baryons, particularly in testing the validity of
the diquark hypothesis. In the medium term, the OBE combined with the helicity formalism
will be used to study hybrid baryons. These prospects, along with continued investigation into

glueballs, suggest a promising future for constituent approaches in hadronic physics.



List of Abbreviations

12-CoMF . . . . .. ... Centre-of-mass frame of particles 1 and 2
atull. . . e Atomic units
CoMF . . . e Centre-of-Mass frame
DGA . . Double Gaussian approximation
DOSM . . . . Dominantly orbital state method
ECoMF . . . ... ... Centre-of-Mass frame of the entire many-body system
ET Envelope theory
HHE . ... .. Hyperspherical harmonic expansions
LMM . Lagrange mesh method
LQCD . . . . Lattice quantum chromodynamics
MS . Modified minimal subtraction
OBE . . . . Oscillator bases expansions
PA Poincaré algebra
PG Poincaré group
PMP-coordinates . . . . . . ... ... ... .. Pseudo-momentum perimetric coordinates
QCD . Quantum chromodynamics
QFT . e Quantum field theory
SDE . . . Schwinger-Dyson equations
SGA Single Gaussian approximation
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