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Preface

This work will introduce the wave equations in higher dimensions at an advanced
level addressing students of physics, mathematics and chemistry. The aim is to put
the mathematical and physical concepts and techniques like the wave equations,
group theory, generalized hypervirial theorem, the Levinson theorem, exact and
proper quantization rules related to the higher dimensions at the reader’s disposal.
For this purpose, we attempt to provide a comprehensive description of the wave
equations including the non-relativistic Schrodinger equation, relativistic Dirac and
Klein-Gordon equations in higher dimensions and their wide applications in quan-
tum mechanics which complements the traditional coverage found in the existing
quantum mechanics textbooks. Related to this field are the quantum mechanics and
group theory. In fact, the author’s driving force has been his desire to provide a
comprehensive review volume that includes some new and significant results about
the wave equations in higher dimensions drawn from the teaching and research ex-
perience of the author since the literature is inundated with scattered articles in this
field and to pave the reader’s way into this territory as rapidly as possible. We have
made the effort to present the clear and understandable derivations and include the
necessary mathematical steps so that the intelligent and diligent reader is able to fol-
low the text with relative ease, in particular, when mathematically difficult material
is presented. The author also embraces enthusiastically the potential of the LaTeX
typesetting language to enrich the presentation of the formulas as to make the log-
ical pattern behind the mathematics more transparent. In addition, any suggestions
and criticism to improve the text are most welcome. It should be pointed out that
the main effort to follow the text and master the material is left to the reader even
though this book makes an effort to serve the reader as much as was possible for the
author.

This book starts out in Chap. 1 with a comprehensive review for the wave equa-
tions in higher dimensions and builds on this to introduce in Chap. 2 the fundamen-
tal theory about the SO(N) group to be used in the successive Chaps. 3-5 includ-
ing the non-relativistic Schrédinger equation, relativistic Dirac and Klein-Gordon
equations. As important applications in non-relativistic quantum mechanics, from
Chap. 6 to Chap. 12, we shall apply the theories proposed in Part II to study some
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important quantum systems such as the harmonic oscillator, Coulomb potential, the
Levinson theorem, generalized hypervirial theorem, exact and proper quantization
rules and Langer modification, the Schrodinger equation with position-dependent
mass and others. We shall illustrate two important applications in relativistic Dirac
and Klein-Gordon equations with the Coulomb potential in Chaps. 13 and 14. As
crucial generalized applications of Dirac equation in higher dimensions, we shall
study the Levinson theorem, generalized hypervirial theorem and Kaluza-Klein the-
ory in Chaps. 15-17. Some conclusions and outlooks are given in Chap. 18. Some
useful reference materials such as group theory, group representations, fundamental
properties of Lie groups and Lie algebras, the angular momentum theory and the
confluent hypergeometric functions are sketched in Appendices A-E.

This book is in a stage of continuing development, various chapters, e.g., on
the quantum gravity, on the Kaluza-Klein theory, on the supersymmetry and string
theory, on the high dimensional brane will be added to the extent that the respective
topics expand. At the present stage, however, the work presented for such topics
should be complete enough to serve the reader.

This book shall give the theoretical physicists and researchers a fresh outlook
and new ways of handling some important and interesting quantum systems in sev-
eral branches of physics. This book can be used by graduate students and young
researchers in physics, especially theoretical and mathematical physics. It is also
suitable for some graduate students in theoretical chemistry.

Mexico city, Mexico Shi-Hai Dong
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Chapter 1
Introduction

1 Basic Review

The exact solutions of wave equations with a spherically symmetric potential have
become an important subject in quantum mechanics [1-6]. It should be noticed that
many works along this line have been carried out in the usual three dimensional
space. However, what extra dimensions could there possibly be if we never see
them? It turns out that we do not really know yet how many dimensions our world
has. Nevertheless, all that our current observations tell us is that the world around
us is at least (3 + 1) dimensional space-time as illustrated in general relativity.

The idea of extra dimensions has a rich history, dating back at least as far as
the middle of 1910s and earlier 1920s when the Nordstrom-Kaluza-Klein theory' —
usually named as the Kaluza-Klein theory—was proposed [8—11]. This theory is a
physical model that seeks to unify two fundamental forces of gravitation and electro-
magnetism. More precisely, the idea of additional spatial dimensions is from string
theory, the only self-consistent quantum theory of gravity so far. For a consistent
description of gravity, scientist needs more than (3 4 1) dimensions, and the world
could have up to 11 or more spatial dimensions. The reason why we do not feel these
additional spatial dimensions in our life is because they are very different from the

IThe theory was first proposed by the Finnish physicist Gunnar Nordstrom in 1914. Before Ein-
stein’s general relativity theory was presented, Nordstrom proposed a relativistic theory for grav-
ity. He unified his gravity theory with Maxwell’s electromagnetism through introducing a 5-vector
gauge field where the first four components are identified with Maxwell’s vector potential A*
and the 5th component with the scalar gravity field. After that in 1919 a German mathematician
Theodor Kaluza performed similar calculations but with Einstein’s gravity theory and Maxwell’s
electromagnetism. In terms of a circular extra dimension Kaluza obtained a 4-dimensional action
from a 5-dimensional one. The 4-action contained a graviton, an Abelian gauge boson identified
as the photon and a scalar field that Kaluza put to be constant. The resulting equations can be sep-
arated out into further sets of equations, one of which is equivalent to Einstein’s field equations,
another set equivalent to Maxwell’s equations for electromagnetic field and the final part an extra
scalar field now termed the “radian”. In 1926, it was Swedish physicist Oskar Klein who focused
on the resulting higher modes of the particles and the size of the extra dimension [7].
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three dimensions. It is possible that our world is “pinned” to a three-dimensional
so-called brane located in a higher dimensional space. We could be restrained to a
usual three-dimensional world, which is in fact a part of a more complicated multi-
dimensional universe.? Perhaps, we could feel these extra dimensions through their
effect on gravity. While the forces such as the electromagnetic, weak, and strong in-
teractions that hold our world together are constrained to the (3 + 1) dimensions, the
gravitational interaction always occupies the entire universe, thus allowing it to feel
the effects of extra dimensions. Unfortunately, since gravity is a very weak force
and the radius of extra dimensions is tiny and as large as 1 mm so that the gravi-
tational interaction between them becomes very weak. Until now, no evidence for
extra dimensions was found from the high-energy particle accelerators experiments,
but we cannot say that they do not exist at all. The search for extra dimensions is
not over yet. On the contrary, it has only just started. Scientists have been look-
ing for the effects of extra dimensions in collisions that produce different types of
particles, such as quarks and searching events where gravitons are produced in the
collisions and then leave our three-dimensional world, traveling off into one of the
other dimensions [12].

We have noticed that almost all works about higher dimensional wave equations
addressed the generalized orbit angular momentum [13-15], in which Louck stud-
ied the harmonic oscillator potential as an exactly solvable model. In fact, such a
generalization should go back to the earlier works by Appel, Fock, Bargmann, Som-
merfeld et al. [16—19], the notes left by Bateman edited by Erdélyi in 1950s [20] and
others [21]. Most of them paid more attention to the harmonic oscillator [13-15,
22, 23] than hydrogen atom [24-29]. Following Louck’s work, de Broglie and his
collaborators [30] proposed the generating bases as the hyperspherical harmonics to
analyze the higher dimensional harmonic oscillator and molecular vibration. They
considered the rotator model of elementary particles as relativistic extended struc-
tures in Minkowski space under the assumption that elementary particles are not
pointlike, but are rather, extended structures in Minkowski space. Two years later,
Granzow presented orthogonal polar coordinate systems in N dimensional space
and showed explicit representations for total orbital angular momentum operator
[31]. He also proved that the transformation from polar coordinates to Cartesian
ones has a unique form x" = Rf"(#), n € Z; 6 = (91,92,...,9N_1), where x”
could be interpreted as the wavefunction in quantum system. Based on the gener-
alized orbital angular momentum theory, Bergmann and Frishman established the
relation between the hydrogen atom and multidimensional harmonic oscillator by
performing simple transformations on wave equations and wavefunctions [32]. Fol-
lowing this, Cizek and Paldus presented a relation between them for the special
case of even dimensions [33]. Kostelecky, Nieto and Truax obtained a more general

2This is just like an insect crawling on a sheet of paper. For this insect, the universe is pretty
much two-dimensional since it cannot leave the surface of that paper. As a result, the insect only
knows the surface, but up and down does not make any sense as long as it has to stay on the sheet
of that paper. These extra spatial dimensions, if they really exist, are thought to be curled-up, or
“compactified”.
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mapping for arbitrary d and even D that involves a free parameter along with the
corresponding mappings to the supersymmetric partners of these systems [34], in
which they adopted the results about the D-dimensional oscillator with spin-orbit
coupling obtained by Balantekin [35]. One decade later, Kostelecky and his collab-
orator Russell restudied this topic, but following the supersymmetry-based quantum
defect theory [36]. Among the special cases is an injection from bound states of the
three-dimensional radial Coulomb system into a three-dimensional radial isotropic
oscillator where one of two systems has an analytical quantum defect. Also, they
considered the issue of mapping the continuum states [36]. It should be pointed out
that most of contributions about the relationship between the hydrogen atom and
harmonic oscillator in D dimensions are based on the transformation of the radial
equations.

Closely related to this, however, Zeng, Su and Li have made use of algebraic
method, i.e., an su(1, 1) algebra as a bridge to establish a most general and simplest
relationship between their energy levels and eigenstates [37]. Similar to this, Lévai,
Kénya and Papp proposed a unified su(1, 1) algebraic treatment to the Coulomb and
harmonic oscillator potentials in D dimensions by using Green’s operator calculated
from a Hilbert basis and the generalized Coulomb-Sturmian basis [38]. Except for
these relations, it is noticed that there exist the degeneracies between the hydrogen
atom and harmonic oscillator. For example, Shea and Aravind studied the degen-
eracies of the spherical well, harmonic oscillator and hydrogen atom in arbitrary
dimensions from the view point of group theory [39]. In a similar way, Jafarizadeh,
Kirchberg and their coauthors investigated the degeneracies of the Coulomb poten-
tial in higher dimensions d by using the irreducible representations of the group
SO(d + 1) [40, 41]. The reason why the harmonic oscillator and hydrogen atom
are taken as typically soluble models is because their study represents an interesting
field of mathematical physics in itself, but more importantly results from them are
essential for the description of realistic physical problems.

Obviously, there are no more essential advances on the higher dimensional wave
equations in 1970s. On the contrary, the study on this field has revived and attracted
much attention to many authors in 1980s, e.g., the eigenvalues of the Schrodinger
equation for spherically symmetric states for various types of potentials in N dimen-
sions by using perturbative and non-perturbative methods [42], the 1/N expansion
technique for the Schrodinger equation [43-53], the generalized D-dimensional os-
cillator [54]. It should be noticed that the special case about the 1/N method was
extended by Papp [55], who dealt with the g-deformed radial Schrédinger equa-
tion in N dimensions through the underlying SO(N) group realized in Refs. [56,
57] and opened a new way to derive g-deformed 1/N-energy formulas for arbitrary
spherically symmetrical potentials such as the harmonic oscillator and the Coulomb
potential.

Except for these, the higher dimensional Schrodinger equation are also concerned
with the following scattered fields such as the position and momentum informa-
tion entropies of the D-dimensional harmonic oscillator and hydrogen atom [58],
the Fermi pseudo-potential in arbitrary dimensions [59], the uncertainty relation
for Fisher information of D-dimensional single-particle systems with central po-



6 1 Introduction

tentials [60], the dimensional expansion for the Ising limit of quantum field the-
ory [61], the scalar Casimir effect for an N-dimensional sphere [62], the multidi-
mensional extension of a WKB improvement for the spherical quantum billiard zeta
functions [63], the study of bound states in continuous D dimensions [64], the sup-
persymmetry and relationship between a class of singular potentials in arbitrary di-
mensions [65], the bound states and resonances for “sombrero” potential in arbitrary
dimensions [66], the renormalization of the inverse squared potential in D dimen-
sions [67], the generalized coherent states for the d-dimensional Coulomb prob-
lem [68], the quantum particles trapped in a position-dependent mass barrier [69,

70], the harmonic oscillator in arbitrary dimensions with minimal length uncertainty
relations [71], the stable hydrogen atom in higher dimensions [72], the relation be-
tween dimension and angular momentum for radially symmetric potential in D-
dimensional space [73], the D-dimensional hydrogenic systems in position and mo-
mentum spaces [74], the first-order intertwining operators and position-dependent
mass Schrédinger equation in d dimensions [75], intertwined isospectral potentials
in arbitrary dimensions [76], convergent iterative solutions for a sombrero-shaped
potential in any space dimension and arbitrary angular momentum [77].

On the other hand, a number of contributions related to the higher dimensional
Schrddinger equation have been carried out in atomic physics. For example, Hosoya
investigated the hierarchical structure of the set of atomic orbital wavefunctions of
D-dimensional atoms by using the set of their rectangular coordinate expressions
[78]. In terms of group theory Dunn and Watson developed a formalism for the N
electron D-dimensional Schwartz expansion and applied it to study the Schrédinger
equation for two-electron system [79, 80]. However, their method seems rather com-
plicated. To overcome the difficulty occurred in [79, 80], Ma and his coauthors made
use of the group theory method [81] to develop a different formalism to separate the
D-dimensional rotational degrees of freedom from the internal degrees of freedom.
They have studied quantum three-body system [82], interdimensional degeneracies
for quantum three-body and N-body systems [83, 84], the quantum four-body sys-
tem [85] and the D-dimensional helium atom [86].

As illustrated above, we find that most of contributions have been made to
higher dimensional Schrodinger equation. In comparison with the non-relativistic
Schrodinger equation case, undoubtedly the studies of relativistic Dirac and Klein-
Gordon equations in higher dimensions seem less than those in the Schrodinger
equation case. Nevertheless, there are considerable works appearing in the liter-
ature. For example, Nieto dealt with the hydrogen atom in arbitrary dimensions D
and particularly studied the Klein-Gordon equation case [87]. This might be the ear-
liest contribution to the generalized Klein-Gordon equation, to our best knowledge.
In fact, such a generalization can be easily achieved from the Schrédinger equa-
tion since the same Laplacian is involved for both equations. On the other hand,
Joseph made a great contribution to self-adjoint ladder operators [88—90], in partic-
ular he applied this method to study the solutions of the generalized angular momen-
tum problem. This revealed many interesting aspects of this approach to eigenvalue
problems and specially its relationship to the addition of angular momentum. In that
work, he obtained a complete set of irreducible unitary representations of the under-
lying algebra so(n) and calculated the corresponding Clebsch-Gordon coefficients
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(CGCs) for the addition of spin and angular momentum in arbitrary dimensions.
Without doubt, this shall provide some useful preliminaries including the spin al-
gebra and Dirac operators to study the Dirac equation in higher dimensions [91],
which was derived by using the fundamental properties of symmetry group SO(N).
Unfortunately, we have not recognized his work [88-90] before our study [91]. In
the middle of 1980s, Bollini and Giambiagi extended the Wess-Zumino model to
higher dimensions, which led to a generalized Klein-Gordon equation [92]. In terms
of the 1/N expansion technique, the relativistic Dirac and Klein-Gordon equations
were performed [93-98]. Lin carried out the path integration of a relativistic parti-
cle on an N-dimensional sphere [99]. Recently, we have studied the Klein-Gordon
equation with a Coulomb potential in N dimensions by traditional approach [100].
Others related to the Klein-Gordon equation with the Kratzer and pseudoharmonic
potential potentials as well as the comparison theorems for the Klein-Gordon equa-
tion [101-103] have also been studied.

For solvable higher dimensional wave equations, since the energy levels depend
on the dimension N and then bound state energy levels in different dimensions
would be of interest. With this spirit we have studied the effect of dimension N on
the energy levels for some interesting and important quantum systems. For exam-
ple, we have dealt with the higher dimensional Klein-Gordon equation case [100],
the Dirac equation with a Coulomb potential [104], the D-dimensional relativistic
equations with a Coulomb plus a scalar potential [105, 106], the D-dimensional
Schrodinger equation with the pseudoharmonic potential and the Coulomb plus an
inverse squared potential [107, 108]. On the other hand, we have established the
Levinson theorem?® for the Schridinger equation and Dirac equation in N dimen-
sions [111, 112] and obtained the generalized hypervirial theorem [113, 114].

One of the reasons why the higher dimensional theories have attracted much
attention to many authors is that the higher dimensional theories allow us to re-
duce enormous amounts of information into a concise, elegant fashion that unifies
the two great theories of the 20th century: Quantum Theory and Relativity. It is
evident to show that the contributions mentioned above are made within the frame-
work of quantum theory. Consequently, it is necessary to review the development
of the relativity and gravity in higher dimensional wave equations for complete-
ness. For example, based on our recent work [91] Lin studied the Friedel sum
rule, the Levinson theorem and the Atiyah-Singer index [115, 116]. Such method
was also generalized to quantum modes of the scalar field on AdS;1 space-time
[117] as well as geometric models of the (d + 1)-dimensional relativistic rotating
oscillators [118]. More importantly, it should be noted that the generalization of
the Dirac equation to higher dimensions might shed light on the solution of the
Kaluza-Klein theory in higher dimensions if the extra dimensions are space-like.
This theory has become a focus of attention for many particle physicists in past
several decades. Its revival stems from the work on the string theory and also from

31t was first proposed by Levinson in 1949 [109] and reviewed by Ma [110]. The Levinson theorem
establishes the relation between the number of the bound states and the phase shift of the scattering
states at the zero momentum.
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Schrédinger
Equation

Equation

Central Field

Fig. 1.1 The relations among the SO(N) group, central fields, non-relativistic and relativistic
equations

the supergravity theory. Until now, the study of gravity theory and other relevant
fields has become a main and interesting topic. These contributions can be summa-
rized as follows: the brane models [119], scalar field contribution to rotating black
hole entropy [120], brane cosmology [121], N-dimensional Vaidya metric with a
cosmological constant in double-null coordinates [122], the spherical gravitational
collapse in N dimensions [123], the motion of a dipole in a cosmic string back-
ground [124], repulsive Casimir effect from extra dimensions and Robin boundary
conditions [125], extremal black hole/CFT correspondence in gauged supergravity
[126], massive fermion emission from higher dimensional black holes [127], mag-
netic and electric black holes [128], fermion families from two layer warped extra
dimensions [129], quasinormal behavior of the D-dimensional Schwarzschild black
hole [130], the study of the Schrodinger-Newton equations in D dimensions [131],
rotating Einstein-Maxwell-Dilaton black holes in D dimensions [132], the Kaluza-
Klein theory in the limit of large number of extra dimensions [133], gauge invari-
ance of the one-loop effective potential in (d + 1)-dimensional Kaluza-Klein theory
[134] and the multicentered solution for maximally charged dilaton black holes in
arbitrary dimensions [135].

Heretofore, it should be emphasized that the symmetry group SO(N) for the sym-
metrically central fields plays an important role in higher dimensional wave equa-
tions. Therefore, we shall outline this group in next Chapter. The relations among
those related topics are shown in Fig. 1.1.

2 Motivations and Aims

The motivations of this work are as follows. Since the literature related to this field
is inundated with scattered articles on this topic we try to give a comprehensive re-
view of the wave equations in higher dimensions and their wide-spread applications
in quantum mechanics, which shall fill the gap in the existing quantum mechanics
textbooks. In particular, we attempt to make use of fundamental properties of the
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rotational group SO(N) to study the higher dimensional wave equations with sym-
metrically central fields. In this book, we are going to put the mathematical and
physical concepts at the reader’s disposal and to pave the reader’s way into this
territory as rapidly as possible.
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Chapter 2
Special Orthogonal Group SO(N)

1 Introduction

Since the exactly solvable higher-dimensional quantum systems with certain central
potentials are usually related to the real orthogonal group O(N) defined by orthog-
onal n x n matrices, we shall give a brief review of some basic properties of group
O(N) based on the monographs and textbooks [136—140]. Before proceeding to do
so, we first outline the development in order to make the reader recognize its impor-
tance in physics.

We often apply groups throughout mathematics and the sciences to capture the
internal symmetry of other structures in the form of automorphism groups. It is
well-known that the internal symmetry of the structure is usually related to an in-
variant mathematical property, and a set of transformations that preserve this kind
of property together with the operation of composition of transformations form a
group named a symmetry group.

It should be noted that Galois theory is the historical origin of the group con-
cept. He used groups to describe the symmetries of the equations satisfied by the
solutions of a polynomial equation. The solvable groups are thus named due to their
prominent role in this theory.

The concept of the Lie group named for mathematician Sophus Lie plays a very
important role in the study of differential equations and manifolds; they combine
analysis and group theory and are therefore the proper objects for describing sym-
metries of analytical structures.

An understanding of group theory is of importance in physics. For example,
groups describe the symmetries which the physical laws seem to obey. On the other
hand, physicists are very interested in group representations, especially of the Lie
groups, since these representations often point the way to the possible physical the-
ories and they play an essential role in the algebraic method for solving quantum
mechanics problems.

As a common knowledge, the study of the groups is always related to the corre-
sponding algebraic method. Up to now, the algebraic method has become the sub-
ject of interest in various fields of physics. The elegant algebraic method was first
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introduced in the context of the new matrix mechanics around 1925. Since the in-
troduction of the angular momentum in quantum mechanics, which was intimately
connected with the representations of the rotation group SO(3) associated with the
rotational invariance of central potentials, its importance was soon recognized and
the necessary formalism was developed principally by a number of pioneering sci-
entists including Weyl, Racah, Wigner and others [136, 141-144]. Until now, the
algebraic method to treat the angular momentum theory can be found in almost all
textbooks of quantum mechanics.

On the other hand, it often runs parallel to the differential equation approach due
to the great scientist Schrodinger. Pauli employed algebraic method to deal with the
hydrogen atom in 1926 [145] and Schrddinger also solved the same problem almost
at the same time [146], but their fates were quiet different. This is because the stan-
dard differential equation approach was more accessible to the physicists than the
algebraic method. As a result, the algebraic approach to determine the energy levels
of the hydrogen atom was largely forgotten and the algebraic techniques went into
abeyance for several decades. Until the middle of 1950s, the algebraic techniques
revived with the development of theories for the elementary particles since the ex-
plicit forms of the Hamiltonian for those elementary particle systems are unknown
and the physicists have to make certain assumptions on their internal symmetries.
Among various attempts to solve this difficult problem, the particle physicists exam-
ined some non-compact Lie algebras and hoped that they would provide a clue to the
classification of the elementary particles. Unfortunately, this hope did not material-
ize. Nevertheless, it is found that the Lie algebras of the compact Lie groups enable
such a classification for the elementary particles [147] and the non-compact groups
are relevant for the dynamic groups in atomic physics [148] and the non-classical
properties of quantum optical systems involving coherent and squeezed states as
well as the beam splitting and linear directional coupling devices [149-153].

It is worth pointing out that one of the reasons why the algebraic techniques
were accepted very slowly and the original group theoretical and algebraic meth-
ods proposed by Pauli [145] were neglected is undoubtedly related to the abstract
character and inherent complexity of group theory. Even though the proper under-
standing of group theory requires an intimate knowledge of the standard theory of
finite groups and of the topology and manifold theory, the basic concepts of group
theory are quite simple, specially when we present them in the context of physical
applications. Basically, we attempt to introduce them as simple as possible so that
the common reader can master the basic ideas and essence of group theory. The
detailed information on group theory can be found in the textbooks [138—140, 154].

On the other hand, during the development of algebraic method, Racah alge-
bra techniques played an important role in physics since it enables us to treat the
integration over the angular coordinates of a complex many-particle system analyti-
cally and leads to the formulas expressed in terms of the generalized CGCs, Wigner
n-j symbols, tensor spherical harmonics and/or rotation matrices. With the devel-
opment of algebraic method in the late 1950s and early 1960s, the algebraic method
proposed by Pauli was systematized and simplified greatly by using the concepts
of the Lie algebras. Up to now, the algebraic method has been widely applied to
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various fields of physics such as nuclear physics [155], field theory and particle
physics [156], atomic and molecular physics [157-160], quantum chemistry [161],
solid state physics [162], quantum optics [149, 151, 163—-168] and others.

2 Abstract Groups

We now give some basic definitions about the abstract groups! based on textbooks
by Weyl, Wybourne, Miller, Ma and others [136, 137, 139, 140, 169].

Definition A group G is a set of elements {e, f, g, h, k, ...} together with a bi-
nary operation. This binary operation named a group multiplication is subject to the
following four requirements:

e Closure: if f, g € G, then fg € G too,

o Identity element: there exists an identity element e in G (a unit) such that ef =
fe= f forany f € G,

o Inverses: for every f € G there exists an inverse element f~! € G such that
fri=r"f=e,

e Associative law: the identity f(hk) = (fh)k is satisfied for all elements
fihkeG.

Subgroup: a subgroup of G is a subset S € G, which is itself a group under the
group multiplication defined in G, i.e., f,heS— fheS.

Homomorphism: a homomorphism of groups G and H is a mapping from a group
G into a group H, which transforms products into products, i.e., G — H.

Isomorphism: an isomorphism is a homomorphism which is one-to-one and
“onto” [169]. From the viewpoint of the abstract group theory, isomorphic groups
can be identified. In particular, isomorphic groups have identical multiplication
tables.

Representation: a representation of a group G is a homomorphism of the group
into the group of invertible operators on a certain (most often complex) Hilbert
space V (called representation space). If the representation is to be finite-
dimensional, it is sufficient to consider homomorphisms G — G L(n). The G L (n)
represents a general linear group of non-singular matrices of dimension n. Usually,
the image of the group in this homomorphism is called a representation as well.

Irreducible representation: an irreducible representation is a representation
whose representation space contains no proper subspace invariant under the op-
erators of the representation.

Commutation relation: since a Lie algebra has an underlying vector space struc-
ture we may choose a basis set {L;} (i =1,2,3,..., N) for the Lie algebra. In

I'There exist two kinds of different meanings of the terminology “abstract group” during the first
half of the 20th century. The first meaning was that of a group defined by four axioms given above,
but the second one was that of a group defined by generators and commutation relations.
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general, the Lie algebra can be completely defined by specifying the commutators
of these basis elements:

[Li,Lj1=) cijwle, i,j,k=1,2,3,...,N, @.1)
k
in which the coefficients ¢;;; and the elements L; are the structure constants and
the generators of the Lie algebra, respectively. It is worth noting that the set of
operators, which commute with all elements of the Lie algebra, are called Casimir
operators.

We shall constraint ourselves in the following parts to study some basic prop-
erties of the compact group SO(N) alongside the well-known compact so(n) Lie
algebra of the generalized angular momentum theory since it shall be helpful in
successive Chapters. We suggest the reader refer to the textbooks on group theory
[136-140, 144, 154, 169] or Appendices A—C for more information.

3 Orthogonal Group SO(N)

For every positive integer N, the orthogonal group O(N) is the group of N x N
orthogonal matrices A satisfying

AAT =1, A*=A. (2.2)

Because the determinant of an orthogonal matrix is either 1 or —1, and so the or-
thogonal group has two components. The component containing the identity 1 is the
special orthogonal group SO(N). An N-dimensional real matrix contains N2 real
parameters. The column matrices of a real orthogonal matrix are normal and orthog-
onal to each other. There exist N real matrix constraints for the normalization and
N(N — 1)/2 real constraints for the orthogonality. Thus, the number of indepen-
dent real parameters for characterizing the elements of the groups SO(N) is equal
to N2 — [N + N(N —1)/2] = N(N — 1)/2. The group space is a doubly-connected
closed region so that the SO(N) is a compact Lie group with rank N(N — 1)/2.

4 Tensor Representations of the Orthogonal Group SO(N)

In this section we are going to study the reduction of a tensor space of the SO(N)
and calculation of the orthonormal irreducible basis tensors [139, 140].

4.1 Tensors of the Orthogonal Group SO(N)
We begin by studying the tensors of the SO(N). For a given rank n of the SO(N),

we know that there are N components with a following transform,

R
Tepco = ORTerc, = Y, Reydy - Reya, Tayod,» R ESONN).  (23)
dy---dy
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It is noted that only one nonvanishing component of a basis tensor is equal to 1, i.e.,

(0a1»--a,,)b1-~»b,, = 8a1b1 ce 8a,lb,, = (aal )bl t (011,,)17,, s (24)
OR (0u1~-~un) = Z (001~~~c,,)Rcla1 te Rc,,u,, s (25)
Cl-+Cp

from which one may expand any tensor in such a way

Tooby = Y Tayeay@aya)byb,- (2.6)

ap--—dn

The tensor space is an invariant linear space both in the SO(V) and in the permu-
tation group S,. Since the SO(N) transformation commutes with the permutation
so that one can reduce the tensor space in the orthogonal groups SO(N) by the
projection of the Young operators, which are conveniently used to deal with the
permutation group S,,.

Note that there are several important characteristics for the tensors of the SO(N)
group:

e The real and imaginary parts of a tensor of the SO(N) transform independently
in Eq. (2.3). As a result, we need only study their real tensors.

e There is no any difference between a covariant tensor and a contra-variant ten-
sor for the SO(N) transformations. The contraction of a tensor can be achieved
between any two indices. Therefore, before projecting a Young operator, the ten-
sor space must be decomposed into a series of traceless tensor subspaces, which
remain invariant in the SO(N).

e Denote by T the traceless tensor space of rank n. After projecting a Young op-
erator, TL” = yB]T is a traceless tensor subspace with a given permutation sym-
metry. TLM will become a null space if the summation of the numbers of boxes in
the first two columns of the Young pattern” [A] is larger than the dimension N.

e If the row number m of the Young pattern [A] is larger than N /2, then the basis
tensor yE}]ebl...me... can be changed to a dual basis tensor by a totally antisym-
MELric tensor €g,...qy »

1
s rylA] —
[y e]al'“aN—mC'“ - % Z eal"'aN—maN—m-H"'aN

’ AN—m+1""aN
y[)h]eazv“‘ameHC“" 2.7

whose inverse transformation is given by

2 A Young pattern [A] has 1 boxes lined up on the top and on the left, where the jth row contains
Aj boxes. For instance, the Young pattern [2, 1] is

It should be noted that the number of boxes in the upper row is not less than in the lower row, and
the number of boxes in the left column is not less than that in the right column. We suggest the
reader refer to the permutation group S,, in Appendix A for more information.
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1

xrlA]
E €by-bpay.ian LY 0lay-ay,. e
_ | 1 mm+1 N N m+1
(N m).amﬂmaN
1

— [A]
= E €by b1 --an €an amsram--ary - Oajame

| _ ] 1 mAm+1 N AN m+14m 1 1 m

m!(N m).al__.aN

= (—)NWN=D2ylMg, o (2.8)

After some algebraic manipulations, it is found that the correspondence be-
tween two sets of basis tensors is one-to-one and the difference between them is
only in the arranged order. Thus, a traceless tensor subspace TE‘] is equivalent to

a traceless tensor subspace Tl[,)‘/] , where the row number of the Young pattern [A']
is(N—m)<N/2,
)‘"s i = (N - m),
V1=, A=1" 2.9
(A1 [A] ; {O’ SN 2.9)
where m € (N/2, N].

e If N =2/, i.e., the row number [/ of [1A] is equal to N/2, then the Young pattern
[A] is the same as its dual Young pattern, called the self-dual Young pattern. To
remove the phase factor (=HNWN=D/2 — (1! appearing in Eq. (2.8), we intro-
duce a factor (—i)! in Eq. 2.7),

(i)

“yM014, - gpe = 0 > ea-ami-ayY My aryen (2.10)

Toappay

(2 (=i sryli]

y 0a1~~~alc~~~ = T Z edl"'tllll[+1"‘02] [y e]aywal“c'uw (21 1)

Coaay

Define
1

Varae =5 Y00 -ae 2 100y - qre--}- (2.12)
We observe that 1//;; e keeps invariant in the dual transformation so that we call

it self-dual basis tensor. On the contrary, we call v, Ly the anti-self-dual basis
tensor because it changes its sign in dual transformation. For example, for even
N =2/ we may construct the self-dual and anti-self-dual basis tensors as follows:

1 i . !
v, = E{y“ 1010 £ =D)'y" 0011} (2.13)

Therefore, when [ = N /2 the representation space TE] can be divided to the
self-dual and the anti-self-dual tensor subspaces with the same dimension. Notice
that the combinations by the Young operators and the dual transformations (2.7)
and (2.13) are all real except that the dual transformation (2.13) with N =4/ 4 2 is
complex.

In conclusion, the traceless tensor subspace T%] corresponds to a representation
[A] of the SO(N), where the row number [ of Young pattern [A] is less than N /2.
When [ = N /2 the traceless tensor subspace TB\] can be decomposed into the self-

dual tensor subspace TLH] and anti-self-dual tensor subspace TE]M corresponding
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to the representation [£A], respectively. All irreducible representations [A] and [£A]
are real except for [£A] with N =4/ 4 2.

As far as the orthonormal irreducible basis tensors of the SO(N), we are going
to address two problems. The first is how to decompose the standard tensor Young
tableaux into a sum of the traceless basis tensors. The second is how to combine the
basis tensors such that they are the common eigenfunctions of H; and orthonormal
to each other. The advantage of the method based on the standard tensor Young
tableaux is that the basis tensors are known explicitly and the multiplicity of any
weight is equivalent to the number of the standard tensor Young tableaux with the
weight.

For group SO(XN), the key issue for finding the orthonormal irreducible basis is
to find the common eigenstates of H; and the highest weight state in an irreducible
representation. For odd and even N, i.e., the groups SO(2/ + 1) and SO(2!), the
generators Ty, of the self-representation satisfy

[Tuplea = —i(8acOba — Saddbe),

. (2.14)
[Tap, Teal = —i(BpeTad + 8ad Toe — Sba Tuc — SacTha)-
The bases H; in the Cartan subalgebra can be written as
Hi =Toi—nei, 1€[1,N/2]. (2.15)

As what follows, we are going to study the irreducible basis tensors of the
SO(2I + 1) and SO(2I), respectively.

4.2 Irreducible Basis Tensors of the SO(2l + 1)
It is known that the Lie algebra of the SO(2/ + 1) is B;. The simple roots of the
SO(2! + 1) are given by [139, 140]

ry=e, —eyt1, Ve L—1], r=ey, (2.16)
where r, are the longer roots with d, = 1 and r; is the shorter root with d; = 1/2.

Based on the definition of the Chevalley bases, which include 3/ bases E,, F;,, and
H, for the generators,

l
E, E_, 1 1
>~ - F,, >~ — F,, —E r,),H=—r, H— H,, 2.17
m v \/d—v v dv l=l(l))l 1 dv v v ( )
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one is able to calculate the Chevalley bases of the SO(2/ + 1) in the self-
representation as follows:

H, =Tov-1n@v) — Tv+1)v+2),
Ey = slTanevtn — iTav-nevin — iTanev+) — Ta-nev)l

k= %[T<2v)(2v+1> +iTov-naven +iTene — Tav-neal. (2.18)
H; =2Toi—non,

E;=Tonei+1 —iTei-nei+D»

Fr = Tan@+1) +iTai-n@i+1)-

Note that 6, are not the common eigenvectors of H,. By generalizing the spher-
ical harmonic basis vectors for the SO(3) group, we may define the spherical har-
monic basis vectors for the self-representation of the SO(2/ + 1) as follows:

(~)!F1 [N g +ibap). el
g =1 O2+1, B=I1+1, (2.19)
VEOuapis —iuapia).  Bell+2.20 411,

which are orthonormal and complete. In the spherical harmonic basis vectors ¢g,
the nonvanishing matrix entries in the Chevalley bases are given by

Hy¢y = ¢y, Hypvt1 = —dv+1,

Hy$o1—v+1 = $21-v+1, Hy¢o1—vi2=—¢u-vy2,

Hi¢r =24y, Hipr42 = —2¢142,

Evpvi1 =y, Ev$2i—vi2 = P21—v+1, (2.20)
Ei¢i41 =241, Eiri2 =2¢141,

Fydy = dv1, Fodoi—vy1 = po—v+2,

Figy = 2141, Fii1 = 24142,

where v € [1,] — 1]. That is to say, the diagonal matrices of H, and H; in the
spherical harmonic basis vectors ¢g are expressed as follows:

H, =diag{0,...,0,1,-1,0,...,0,1,—1,0,...,0},
— ——— N
v—1 2-2v-1 b1
H; = diag{0,...,0,2,0,-2,0,...,0}. (2.21)
——

-1 -1
The spherical harmonic basis tensor ¢g, ..., of rank n for the SO(2/ 4 1) becomes
the direct product of n spherical harmonic basis vectors ¢pg, - - - ¢g,. The standard

tensor Young tableaux y,[,”qbﬁl ..., are the common eigenstates of the H,, but gener-
ally neither orthonormal nor traceless. The eigenvalue of H, in the standard tensor
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Young tableaux ywqﬁﬂl .8, 18 equal to the number of the digits v and (2 —v +1) in
the tableau, minus the number of (v + 1) and (2/ — v 4 2). The eigenvalue of H; in
the standard tensor Young tableau is equal to the number of / in the tableau, minus
the number of (I +2), and then multiplied with a factor 2. The action F), on the stan-
dard tensor Young tableau is equal to the sum of all possible tensor Young tableaux,
each of which can be obtained from the original one through replacing one filled
digit v by the digit (v + 1), or through replacing one filled digit (2/ — v 4 1) by the
digit (2 — v + 2). But the action of the F; on the standard tensor Young tableau is
equal to the sum, multiplied with a factor v/2, of all possible tensor Young tableaux,
each of which can be obtained from the original one through replacing one filled
digit / by (I + 1) or through replacing one filled (I + 1) by (I + 2). However, the
actions of E, and E; on the standard tensor Young tableau are opposite to those
of F), and F;. Even though the obtained tensor Young tableaux may be not stan-
dard, they can be transformed into the sum of the standard tensor Young tableaux
by symmetry.

Two standard tensor Young tableaux with different sets of filled digits are or-
thogonal to each other. For a given irreducible representation [A] of the SO(2/ + 1),
where the row number of Young pattern [A] is not larger than /, the highest weight
state corresponds to the standard tensor Young tableau, in which each box in the
Bth row is filled with the digit 8 because each raising operator E, annihilates it.
The highest weight M =) @, M, can be calculated from (2.20) as follows:

My=hy—hps1, vell,D), M =2u. (2.22)

The tensor representation [A] of the SO(2] 4 1) with even M; is a single-valued rep-
resentation, while the representation with odd M; becomes a double-valued (spinor)
representation.

The standard tensor Young tableaux y[v’\]qbﬁl‘.. g, are generally not traceless, but
the standard tensor Young tableau with the highest weight is traceless because it
only contains ¢g with 8 <+ 1 as shown in Eq. (2.19). For example, the tensor ba-
sis 016 is not traceless, but ¢ ¢ is traceless. Since the highest weight is simple, the
highest weight state is orthogonal to any other standard tensor Young tableau in the
irreducible representation. Therefore, one is able to obtain the remaining orthonor-
mal and traceless basis tensors in the representation [A] of the SO(2/ + 1) from the
highest weight state by the lowering operators F, based on the method of the block
weight diagram.

4.3 Irreducible Basis Tensors of the SO(21)

The Lie algebra of the SO(2/) is D; and its simple roots are given by

rv=ey—eyy1, ve[LIl-1] rr=e—_1+e. (2.23)
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The lengths of all simple roots are same, d,, = 1. Similarly, based on the definition of
the Chevalley bases (2.17), we find that its Chevalley bases in the self-representation
are same as those of the SO(2/ + 1) except for v =1,

H; =Toi—3y0i-2) + Toi-1)@,

1 . .
E; = E[T(ZI—Z)(ZI—I) —iTa-3@i-n tiTa-2en + Tar-3)enl, (2.24)

1 . .
F= E[T(ZI—Z)(Zl—l) +iTor—3yi—1) — iToi-2@n + Tei-3)2nl-

Likewise, 6, are not the common eigenvectors of the H, . By generalizing the spher-
ical harmonic basis vectors for the SO(4) group, we define the spherical harmonic
basis vectors for the self-representation of the SO(2/) as follows:

(~ D' [Y o1 +ibap). B el

- (2.25)
Y Ouiapir — ibuapi2), Bell+ 1.2,

op

which are orthonormal and complete. In these basis vectors, the nonvanishing matrix
entries of the Chevalley bases are given by

Hyoy = ¢y, Hydvy1 = —dvt1,
Hy$o1—v = ¢21-v, Hy¢o1—v+1 = —¢21—v+1,
Higi—1 =11, Hi¢r = ¢,
Hiprv1=—di+1, Hi¢i12 = =142,
(2.26)
Evovir1 =¢u, Evdi—vi1 =2,
Eipi41 =11, Eipi42 = ¢,
Fydy = dot1, Fuodoi—y = ¢o1—v+1,
Fipi—1 = ¢r+1, Fi¢r = ¢i42,

where v € [1,] — 1]. As a result, the diagonal matrices of the H, and H; in the
spherical harmonic basis vectors ¢g are calculated as:

H, = diag{0,...,0,1,—1,0,...,0,1,—1,0,..., 0},
\q‘,—/ N — — '\q’—/

v—1 21-2v-2 v—1
H; = diag{0,...,0,1,1,—1,—1,0,...,0}. (2.27)
———
-2 1-2

The spherical harmonic basis tensor ¢g,...s, of rank n for the SO(2/) is the di-
rect product of n spherical harmonic basis vectors ¢pg, - - - ¢g,. The standard tensor
Young tableaux y{,)‘]¢ 6,---B, are the common eigenstates of the H,,, but in general nei-
ther orthonormal nor traceless. The eigenvalue of H, in the standard tensor Young
tableaux yg‘](pﬂl .8, 1s equal to the number of the digits v and (2/ —v) in the tableau,
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minus the number of (v + 1) and (2/ — v 4 1). The eigenvalue of H; in the standard
tensor Young tableau is equal to the number of the digits (! — 1) and [ in the tableau,
minus the number of (I 4 1) and (I 4 2). The eigenvalues form the weight m of stan-
dard tensor Young tableau. The action of F, on the standard tensor Young tableau
is equal to the sum of all possible tensor Young tableaux, each of which can be
obtained from the original one through replacing one filled digit (2/ — v) by the
digit (21 — v + 1). The action of F; on the standard tensor Young tableau is equal
to the sum of all possible tensor Young tableaux, each of which is obtained from
the original one through replacing one filled digit (/ — 1) by the digit (I + 1) or
through replacing one filled / by the digit (I + 2). However, the actions of E, and
E; are opposite to those of F, and F;. The obtained tensor Young tableaux may be
not standard, but they can be transformed into the sum of the standard tensor Young
tableaux by symmetry.

Two standard tensor Young tableaux with different weights are orthogonal to
each other. For a given irreducible representation [A] or [+A] of the SO(2]), where
the row number of Young pattern [A] is not larger than [/, the highest weight state
corresponds to the standard tensor Young tableau where each box in the Sth row
is filled with the digit 8 because every raising operator E, annihilates it. In the
standard tensor Young tableau with the highest weight of the representation [—A],
the box in the fBth row is filled with the digit 8, but the box in the /th row with
the digit (/ + 1). The highest weight M = )" w, M, is calculated from (2.20)
as

My = Ay — hoti, vell,l—1),

M\ =M =k—1, A =0,
(2.28)
Mi_1=h_1— M, Mp=x_1+ X, for[+A],

My =A—1+ A Mp=2x—1—x;, for[—A]

The tensor representation [A] of the SO(2/) with even (M;_; + M;) is a single-
valued representation. However, the representation with odd (M;_; + M;) is a
double-valued (spinor) representation.

The standard tensor Young tableaux are generally not traceless, but the standard
tensor Young tableau with the highest weight is traceless because it only contains ¢g
with 8 < [ 4 2. Furthermore, [ and [ + 1 do not appear in the tableau simultaneously
as illustrated in Eq. (2.25). Since the highest weight is simple, the highest weight
state is orthogonal to any other standard tensor Young tableau in the irreducible
representation. Hence, we can obtain the remaining orthonormal and traceless basis
tensors in the irreducible representation of the SO(2/) from the highest weight state
by the lowering operators F), in light of the method of the block weight diagram.
The multiplicity of a weight in the representation can be easily obtained by counting
the number of the traceless tensor Young tableaux with this weight.
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4.4 Dimensions of Irreducible Tensor Representations
The dimension dj; of the representation [A] of the SO(N) can be calculated by hook

rule [139, 140]. The dimension is expressed as a quotient, where the numerator and
the denominator are denoted by the symbols Y. }M and Y, }[l“, respectively:

[A]
di+2[SOQD] = 2YT[M ,  when A; £0,
| (2.29)
yI
di[SO(N)] = ﬁ others.

h

The first formula in Eq. (2.29) corresponds to the case where the row number of
the Young pattern [A] is equal to N /2. The hook path (7, j) in the Young pattern
[A] is defined as a path which enters the Young pattern at the rightmost of the ith
row, goes leftward in the i row, turns downward at the j column, goes downward
in the j column, and leaves from the Young pattern at the bottom of the j column.
The inverse hook path denoted by (i, j) is the same path as the hook path (i, j), but
with opposite direction. The number of boxes contained in the path (i, j), as well
as in its inverse, is the hook number #;;. The Y,EM represents a tableau of the Young
pattern [A] where the box in the jth column of the ith row is filled with the hook
number H;;. However, the Y. ;)‘] is a tableau of the Young pattern [A] where each
box is filled with the sum of the digits which are respectively filled in the same box

of each tableau Y. }Z‘] in the series. The notation Y. })‘] means the product of the filled

digits in it, so does the notation Y,EM. Here, the tableaux Y%] can be obtained by the
following rules:

) Y%”] is a tableau of the Young pattern [1], where the box in the jth column of the
ith row is filled with the digit (N + j —i).

o Let [AD]=1[]. Starting with [AD7], define recursively the Young pattern )
by removing the first row and the first column of the Young pattern [A*~D7] until
[2®)] contains less two columns.

o If [A®] contains more than one column, define Y};‘] as a tableau of the Young
pattern [A] where the boxes in the first (b — 1) row and in the first (b — 1)
column are filled with 0, and the remaining part of the Young pattern is [A®].
Let [A®] have r rows. Fill the first » boxes along the hook path (1, 1) of the
Young pattern [1(?)], starting with the box on the rightmost, with the digits
P -1, P —1),..., 0. —1), box by box, and fill the first ("’ — 1) boxes
in each inverse hook path (i, 1) of the Young pattern [A(b)], i €[1,r] with “—17.
The remaining boxes are filled with 0. If several “—1" are filled in the same box,
the digits are summed. The sum of all filled digits in the pattern Y%] with b > 0
is equal to O.
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4.5 Adjoint Representation of the SO(N)

We are going to study the adjoint representation of the SO(N) by replacing the
tensors. The N(N — 1)/2 generators Ty, in the self-representation of the SO(N)
construct the complete bases of N-dimensional antisymmetric matrices. Denote T4
by T4 for convenience, A € [1, N(N — 1)/2]. Then we have

Tr(TaTp) =2848. (2.30)
Based on the adjoint representation D*(G) satisfying
D(R)IgD(R)"' = ZJDD;;iB(R), R € SO(N), (2.31)
D

where R is an infinitesimal element, we have
N(N=1)/2
RT4R™'= Z Tp DX, (R). (2.32)
B=1

The antisymmetric tensor T, of rank 2 of the SO(N) satisfies a similar relation
in the SO(N) transformation R

(OrT)ea =Y _ReiTij(R™")ja=(RTR™ ")y, (2.33)
ij
where T, like an antisymmetric matrix can be expanded by (7'4)4p as follows:

N(N—=1)/2

1
T,y = ; (TA)ed Fa. FA=§Zd<TA>dCTCd, (2.34)
= Ci

where the coefficient F4 is a tensor that transforms in the SO(N) transformation R
as follows:

(ORT)ea = (RTR™ ")y

=Y (RTAR "eaFa

A
= Z(Tmcd{z D%dA(R)FA},
B A

(OrT)ea =Y (TB)ead OrF5.
B

(2.35)

Thus, in terms of the adjoint representation of the SO(N) we can transform Fy
in such a way

(OrF)g =Y DY) (R)Fa. (2.36)
A

The adjoint representation of the SO(N) is equal to the antisymmetric tensor
representation [1, 1] of rank 2. The adjoint representation of the SO(N) for N =3
or N > 4 is irreducible. Except for N = 2, 4, the SO(N) is a simple Lie group.
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4.6 Tensor Representations of the Groups O(N)

It is known that the group O(N) is a mixed Lie group with two disjoint regions
corresponding to det R = +1. Its invariant subgroup SO(N) has a connected group
space corresponding to det R = 1. The set of elements related to the detR = —1 is
the coset of SO(N). The property of the O(N) can be characterized completely by
the SO(N) and a representative element in the coset [139, 140].

For odd N =2/ 4 1, we may choose ¢ = —1 as the representative element in the
coset since ¢ is self-inverse and commutes with every element in O(2/ + 1). Thus,
the representation matrix D(¢) in the irreducible representation of O(2/ 4+ 1) is a
constant matrix

D(e) =cl, D()* =1, c==+l. (2.37)

Denote by R the element in SO(2/ + 1) and by R’ = &R the element in the coset.
From each irreducible representation D*1(SO(2/ + 1)) one obtains two induced
irreducible representations DM+ (021 + 1)),

DMERY = DM(R),  DWE(eR) = LD (R). (2.38)

Two representations DWME(O(21 4 1)) are inequivalent because of different charac-
ters of the ¢ in two representations.

For even N =21, ¢ = —1 belongs to SO(2/). We may choose the representative
element in the coset to be a diagonal matrix o, in which the diagonal entries are
1 except for oyy = —1. Even though o> =1, o does not commute with some
elements in O(2/). Any tensor Young tableau y&”@,gl ..p, 1s an eigentensor of the o
with the eigenvalue 1 or —1 depending on whether the number of filled digits N in
the tableau is even or odd. In the spherical harmonic basis tensors, ¢ interchanges
the filled digits [ and / 4+ 1 in the tensor Young tableau y[vk]d),gl... g.- Therefore, the
representation matrix D*1(o) is known.

Denote by R the element in the SO(2]) and by R’ = o R the element in the coset.
From each irreducible representation DM (SO(21)), where the row number of [A] is
less than I, we obtain two induced irreducible representations DHE(0(21)),

DME(R) = DM(R), D"* (5 R) = D™ (o)DM (R). (2.39)

Likewise, two representations D1 (0(2/)) are inequivalent due to the different
characters of the o in two representations.

When [ = N /2 there are two inequivalent irreducible representations DI of
the SO(2/). Their basis tensors are given in Eq. (2.12). Since two terms in Eq. (2.12)
contain different numbers of the subscripts N, then o changes the tensor Young
tableau in [£A] to that in [FA], i.e., the representation spaces of both DIFA(S0O(2D))
correspond to an irreducible representation D™ of the O(21),

D*(R) = DRy DM (R),  D™M(oR) = DM (0)D™M(R), (2.40)

where the representation matrix D*!(¢) is calculated by interchanging the filled
digits / and (I + 1) in the tensor Young tableau yW(pﬁl ..., - Two representations with
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different signs of D!*1(o) are equivalent since they might be related by a similarity

transformation
1 0
X_<O _1). (2.41)

5 T’ Matrix Groups

Dirac generalized the Pauli matrices to four y matrices, which satisfy the anticom-
mutation relations. In terms of the y matrices, Dirac established the Dirac equation
to describe the relativistic particle with spin 1/2. In the language of group theory,
Dirac found the spinor representation of the Lorentz group. In this section we first
generalize the y matrices and find that the set of products of the y matrices forms
the matrix group I'.

5.1 Fundamental Property of T Matrix Groups

First, let us review the property of the I' matrix groups [88-90]. We define N ma-
trices y,, which satisfy the following anticommutation relations

Vas vbY = vVaYe + vb¥a = 28ap1, a,be[l, N]. (2.42)

That is, yaz =1 and y,y» = — VY, for a # b. The set of all products of the y,
matrices, in the multiplication rule of matrices, forms a group, denoted by I'y. In a
product of y, matrices, two y;, with the same subscript can be moved together and
eliminated by Eq. (2.42) so that I'y is a finite matrix group.

We choose a faithful irreducible unitary representation of the I'y as its self-
representation. It is known from Eq. (2.42) that y, is unitary and hermitian,

Ya =Va'=Ya. (2.43)

whose eigenvalue is 1 or —1.
Let

2 _
i =nywy. (V) =N (2.44)

For odd N, since y;N) commutes with every y, matrix, then it is a constant
matrix according to the Schur theorem (see Appendix B):

)/(N): +1, for N =41+ 1, (2.45)
§ +il, forN=4l—1. '
Two groups with different y€(4l+1) are isomorphic through a one-to-one correspon-

dence, say

Ya< Ve a€[LAll,  vagr < —Vai- (2.46)
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On the other hand, for a given yé.(4l+l), the yzfﬁtl) can be expressed as a prod-
uct of other y, matrices. As a result, all elements both in I'4; and in I'y;41 can be
expressed as the products of matrices y,, a € [1, 4]] so that they are isomorphic. In
addition, since y;‘”_l) is equal to either i1 or —i1, I"'4;_ is isomorphic onto a group
composed of the I'y;_» and iT"4;_»,

a1~ Ty, Cay—y ~ {Ty—2,iCq-2}. (2.47)

5.2 Case N =2l

e Let us calculate the order g?” of the I'y;. Obviously, if R € 'y, then —R € 'y,
too. If we choose one element in each pair of elements £ R, then we obtain a set
I}, containing 2@ /2 elements. Denote by S,, a product of n different y,. Since
the number of different S, contained in the set I';, is equal to the combinatorics
of n among 2/, then we have

21
21
g<2l>=zz< ):2(1+1)21=22l+1. (2.48)
n=0 n

e For any element S,, € I'y; except for =1, we may find a matrix y, which is anti-
commutable with S,,. In fact, when n is even and y appears in the product S, one
has y,S, = =S, Y.- However, when n is odd there exists at least one y, which
does not appear in the product S,, so that y,S,, = —S,, v,;. Therefore, we find that

TrS, = Tr(yazSn) =—Tr(YasSnva) = —TrS, =0. (2.49)

That is to say, the character of the element S in the self-representation of the I'y;
is
+d@_ when S = +1,

8= { 0, when S # +1, 2.50)

where d@) is the dimension of the ¥4 Since the self-representation of the I'y; is
irreducible, we have

2
Selly

Based on Egs. (2.43) and (2.50), we have dety, =1 for [ > 1.
e Since 7/;21) is anticommutable with every y,, one may define y b by multiplying

y;y) with a factor such that y}zz) satisfies Eq. (2.42), i.e.,

()]

. . 2
v =0y =, () =1 (2.52)

Actually, y;.ZI) can also be defined as the matrix ;41 in I'yj41.
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e The matrices in the set I'}; are linearly independent. Otherwise, there exists a
linear relation ) g C(S)S =0, S € I'},. By multiplying it with R~'/d®D and
taking the trace, one obtains any coefficient C(R) = 0. Thus, the set I'}, contains
22! linear independent matrices of dimension d?) = 2! so that they form a com-
plete set of basis matrices. Any matrix M of dimension d® can be expanded by
S e I, as follows:

1 -1
M = SZ C(S)S, CS) = m Tr(S™ M). (2.53)
ery,

e According to Eq. (2.42), the £S5 form a class, while 1 and —1 form two classes,
respectively. The I'y; group contains (2% + 1) classes. Their representation is
one-dimensional. Arbitrary chosen n matrices y, correspond to 1 and the re-
maining matrices y} correspond to —1. The number of the one-dimensional non-
equivalent representations is calculated as

21

2\
Z(n)_z ) (2.54)

n=0

The remaining irreducible representation of the I'y; must be d"-dimensional,
which is faithful. The y, matrices in the representation are called the irreducible
¥, matrices, which may be written as:

Yim—1=1x---x1x01 X03 X -+ X 03,
n—1 I—n
ym=1x---x1x09 X03 X+ X 03,
—_— —_— (2.55)
n—1 l—n
(20
Yi =03X---X03.
K N—

l

Since y @h

is diagonal, the forms of Eq. (2.55) are called the reduced spinor
representations. Remember that the eigenvalues &1 are arranged in the diagonal
line of the y ;21) in mixed way.

e Let us mention an equivalent theorem for the y, matrices.
Theorem 2.1 Two sets of d*) -dimensional matrices y, and y, satisfying the anti-
commutation relation (2.42), where N = 21, are equivalent
Ve=X"v.X, aell,2]. (2.56)
The similarity transformation matrix X is determined up to a constant factor. If

the determinant of the matrix X is constrained to be 1, there are d@ choices for the
factor:

expl—i2nm/d®P], nel0,d?). (2.57)
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5.3 Case N =2l +1

Since y }21) and (2/) matrices y,, in 'y, a € [1, 21], satisfy the antisymmetric relation

(2.42), then they can be defined to be the (2/ + 1) matrices y, in I'y;41. In this

definition, y§(21+1) in ['y;41 is chosen as

2141
o -

yae =v [, yi- v =il (2.58)

Obviously, the dimension d @IHD of the matrices in ['7741 is the same as d @D in Iy,
d®h =4 =2, (2.59)

For odd N, the equivalent theorem must be modified because the multiplication

rule of elements in I'y;4 includes Eq. (2.45). A similarity transformation cannot

change the sign of y;yﬂ), i.e., the equivalent condition for two sets of y, and y,

has to include a new condition y; = %, in addition to those given in Theorem 2.1.
If we take ¥, = —(y4)”, then we have

Q) _ o
7 =g =~y

— (_1)l+] {yé(2l+1) }T

= (— )Ty 2D (2.60)

6 Spinor Representations of the SO(N)

6.1 Covering Groups of the SO(N)

Based on a set of N irreducible unitary matrices y, satisfying the anticommutation
relation (2.42), we define

N
Va= Y Raivi. ReSOW). (2.61)

i=1

Since R is a real orthogonal matrix, then y, satisfy
VaVo+ VoVa =Y _ Rai Rej{vivj +vivi}
ij
=2 Z R, Rpil
i

=281, (2.62)
Due to Eq. (2.42) and ), R14R2, =0, we have
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1
Z Rlcl R2C2VC] Ye, = E Z Rlcl RZCz(Vcl Ve, — VQVCl)’ (2.63)

c1e2 c1#C2

ViV2 YN = Z Rici-*RneyVe  Yen

ClCN
= Z Rl cp RNCN6C1~'CNV1 Y2 VYN

Cl*CN
= (detR)y1y2--- YN =Y1V2"""¥N- (2.64)

From Theorem 2.1, we know that y, and y, are related by a unitary similarity
transformation D(R) with determinant 1,

N
DR)™'yaD(R) =) Raiyi. detD(R)=1, (2.65)
i=1

where D(R) is determined up to a constant exp[—iZnTr/d(N)],n € [0,d"™M). In
terms of the definition of the group, the set of D(R) defined in Eq. (2.65) and op-
erated in the multiplication rule of matrices, forms a Lie group G’ . There exists a
d™)-to-one correspondence between the elements in G’y and those in SO(N), and
the correspondence keeps invariant in the multiplication of elements. Therefore, the
G'y is homomorphic to SO(N). Because the group space of the SO(N) is doubly-
connected, its covering group is homomorphic to it by a two-to-one correspondence.
As a result, the group space of the G'y, must fall into several disjoint pieces, where
the piece containing the identity element E forms an invariant subgroup Gy of
the G'y. The Gy is a connected Lie group and becomes the covering group of the
SO(N) . Since the group space of Gy is connected, based on the property of the
infinitesimal elements, a discontinuous condition can be found to pick up Gy from
the G'y.

Let R be an infinitesimal element. We may expand R and D(R) with respect to
the infinitesimal parameters wgg as follows

Rap = 6ap — 0 Z @op(Top)ab = Sab — Wabs

a<pf
) (2.66)
DR)=1-—1i Z WaBSap,

a<f

where Tyg are the generators in the self-representation of the SO(N) as given in
Eq. (2.14). The Syp are the generators in G . From Eq. (2.65) one has

[Ver Sapl =Y _(Tup)eava = —i{Sacyp — 8pcVal: (2.67)
d

from which we obtain

1
Sap = 17 (Ya¥Vp ~ VpYa)- (2.68)

It is easy to prove that Syg is hermitian since D(R) is unitary.
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Define3
(N) _
_ {B , when N =4[+ 1, (2.69)
C™ . when N #41 +1.
Based on this, we have
C1SusC = —(Sup)| = —5%,,
o o op (2.70)

C'D(R)C={DR YT =DR)*.

This discontinuous condition restricts the factor in D(R) such that there is a two-
to-one correspondence between =D(R) in Gy and R in SO(N) through relations
(2.65) and (2.70). That is to say, the G y is the covering group of SO(N),

SO(N) ~ G, (2.71)

where the Gy is the fundamental spinor representation denoted by DI*I(SO(N)).
Therefore, the S,p represent the spinor angular momentum operators [88—90]. The
irreducible tensor representation [A] is a single-valued representation of the SO(N),
but a non-faithful representation of Gy because its faithful representation is a
double-valued representation of the SO(N).

Since the products S, span a complete set of the dV)-dimensional matrices, this
can be decided by checking the commutation relations of the S,, with the generators
Sqop Whether there exists a non-constant matrix commutable with all Seg. It is found

that only )/%.(N) is commutable with all Syg. The y;y“) is a constant matrix so

that the fundamental spinor representation DIS1(SO(2] + 1)) is irreducible and self-
conjugate.
2h

On the contrary, since Ve is not a constant matrix so that the fundamental spinor

representation DI*1(SO(21)) is reducible. By a similarity transformation X, the y ;«21)

can be transferred to o3 x 1 and DIS1(SO(21)) is reduced to the direct sum of two
irreducible representations

2.72)

~1ps] _ ( D'U(R) 0
XD (R)X_< 0 D[_S](R)>.

Two representations D*$1(SO(21)) are proved inequivalent by leading to an ab-
surdity. In fact, if Z~!'DI=)(R)Z = DI*SI(R) and Y = 1@ Z, then all generators
(Xy)™! Sap XY are commutable with o7 x 1, but their product is not commutable
with it,

2(XY) T (S12834 - S @) XY =Y Xy XY =03 x 1. (2.73)

which results in a contradiction.

3B is the strong space-time reflection matrix and CV is the charge conjugation matrix, which are

usually used in particle physics.
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Introduce two project operators P4 [139, 140],

1
Pr=(1+ ). PyDVY(R) = DV Py,
. 10 . DRy 0
X P+X=<O 0), X P+Dm(R)X=< 0 o) @74

—1 _ 0 0 -1 [s] — 0 0
X P_X_<O 1), X'P_DMIRX = p(r) )

From the following relation
€Ty = =iy o) " )" = D' @79

where C®) and T denote the charge conjugation matrix and the transpose of the
matrix, respectively, one has
DI (R)*Py, when N =4,

C'DYYR)PLC = {
DUY(R)*Px, when N =4l +2.

(2.76)

Two non-equivalent representations DI*1(R) are conjugate to each other when N =
41 4 2, while they are self-conjugate when N = 4/. The dimension of the irreducible
spinor representations of the SO(N) is calculated as

disy[SOQ2L + 1] =2/, di+1[SO21)] =27V, (2.77)

6.2 Fundamental Spinors of the SO(N)

For an SO(N) transformation R, W is called the fundamental spinor of the SO(N)
if it transforms through the fundamental spinor representation DI*I(R):

(OrW), = Z DR, Or¥ = DIY(R)W, (2.78)
nw
where W is a column matrix with d[;) components.

The Chevalley bases H,(S), E,(S) and F),(S) with respect to the spinor angular
momentum can be obtained from Eqs. (2.18) and (2.24) through replacing 7, by
Sap. In the chosen forms of y, given in Eq. (2.55), the Chevalley bases for the
SO(2/ 4 1) group are given by

1
H,(S)=1x---x1x={o3x1—1xo03}x1x-.-x1,
—_— 2 —_—
v—1 l—v—1
H(S) =1x---x1xo03,
———

I-1 (2.79)
T .
EV(S):lxn-xlx{a+xo_}x1x~-~x1=Fv(S) ,

v—1 I—v—1
Ei(S)=03 x --- x 03 xop = F;(S)T,
e e’

-1
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where v € [1,]). The Chevalley bases for the SO(2/) group are the same as those
for the SO(2/ + 1) except for v =1,

1
HI(S)=1><--~><1><§{a3x1+1><03},

=2 - (2.80)
E(S)=—1x---x1x{oy xor}=F/(S)".

-2

The basis spinor £[m] of the SO(N) can also be expressed as a direct product of
| two-dimensional basis spinors &(f),

Em] =&(B1, P2, ..., B) =E(BE(B2) ... E(BD), (2.81)

_(! —(° 2.82
s(+>—<0), 5(—)—(1). (2:82)

For even N, the fundamental spinor space can be decomposed into two subspaces by
the project operators Py, W+ = P4\, corresponding to irreducible spinor represen-
tations DI*!. The basis spinor in the representation space of D**] contains even
number of factors £(—), and that of D!=51 contains odd number of factors &£(—). The
highest weight states £[M] and their highest weights M are given by

E(H)...E(H)E(H), M=][0,...,0,1], [s] of the SOl + 1),
—_———— ————

-1 -1
E(H) ... E(H)EMH), M=[0,...,0,0,1], [+s] of the SO(2]),
—_— ———

-1 -2
EH)...E(H)E(—), M=][0,...,0,1,0], [—s] of the SO(2]).
—_— ———

-1 -2

(2.83)

The remaining basis states are calculated by the applications of lowering operators
Fy (S).

6.3 Direct Products of Spinor Representations

Since the spinor representation is unitary so that we have

Or¥ = wipBI(R)~1, (2.84)
VW =Y wiw, =3 W5, W,

. (2.85)
Or(¥ W) =W DRI DBI(RYW = Wiy,

which means that W@ keeps invariant in the SO(NV) transformations and is a scalar
of the SO(N). In other words, the products of \Il; and W, span an invariant linear
space, corresponding to the direct product representation DI*1* x DIS! of the SO(N).
In the reduction of DI x DI there is an identical representation where the CGCs
are 8,,,. In general, one has



6 Spinor Representations of the SO(N) 35

OR(‘I—’T)/m Y, W) = \PTD[S](R)_I)/,“ . Va,lD[S](R)‘IJ
= Z Ralcl e Ra,lc,,qﬁycl cee Vc,lqjv (2.86)
Cl..Cn

where W'y, ---y, W is an antisymmetric tensor of rank n of the SO(N) corre-
sponding to the Young pattern [1"] with n < N. Otherwise, the respective y, can be
moved together and eliminated.

When N =2/ + 1, the y }52l+1) is a constant matrix so that the product of (N —n)
matrices y, can be changed to a product of n matrices y,. Thus, the rank n of the
tensor (2.86) is less than N /2, and the Clebsch-Gordan series is given by

[T x [s]>[s]) x [s]~[0]®[11B[1%]1&---®[1'], forSOQI+1). (2.87)
The matrix entries of product of y, are the CGCs. The highest weight in product

space is given by M = [0, ..., 0, 2] corresponding to representation [1/].
When N = 2, according to the property of the project operators P,
P P_=P_P, =0, PLP. =Py, VJ(CZI)P:I:ZZEP:I:,

(2.88)
Pyby - Vb, P+ =0, Piyp, - Yy P =0,

the product of the (N —n) matrices y} can still be changed to a product of n matrices
yp. If n =1, we have

. 21
yivaev= (=0 yavaor v,

| (2.89)
vive--viPr= E{VU/Z"'J/I + (=) yuyu_1-- ys1} Pr.
If N =41, we have
[£5]* x [£s] = [£s] x [Es]= 0] @[] [1*] @ --- @ [(£])17], (290,
[Fs]* x [Es] = [Fs] x [Es] = [ [Pl [1P1@®--- & [177]. '
If N =41+ 2, one has
[£s]* x [£s] ~[Fs] x [£s] ~[0] D [1F]D[1*] @ - B [17],
(2.91)

[F1* x [£s] ~[Es] x [Es]~[1T@[1P]1D[1°]D - D [(£)1%F]].

The self-dual and anti-self-dual representations occur in the reduction of the
direct product [+s] x [%s], but not in the reduction of [+s] x [—s]. The high-
est weights are M = [0,...,0,0,2] in the product space [+s] x [+s], M =
[0,...,0,2,0]in [—s] X [=s],and M =[O0, ...,0, 1, 1]in [+s] x [—s].

6.4 Spinor Representations of Higher Ranks

In the SO(3) group, D'/? is a fundamental spinor representation. The spinor repre-
sentations D/ of higher ranks can be obtained by reducing the direct product of the
fundamental spinor representation and a tensor representation,

D2 x pl ~ p!+1/2 g pl=1/2, (2.92)
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The spinor representations of higher ranks of the SO(N) can also be obtained in a
similar way.

A spinor W, 4, with the tensor indices is called a spin-tensor if it transforms in
R € SO(N) as follows:

(ORW)ajoa, = Y, Rayer*+* Raye, DV (R)Wey . (2.93)

C1Cp

The tensor part of the spin-tensor can be decomposed into a direct sum of the trace-
less tensors with different ranks. Each traceless tensor subspace can be reduced by
the projection of the Young operators. Thus, the reduced subspace of the traceless
tensor part of the spin-tensor is denoted by a Young pattern [A] or [(£A] where the
row number of [A] is not larger than N /2. However, this subspace of the spin-tensor
corresponds to the direct product of the fundamental spinor representation [s] and
the irreducible tensor representation [A] or [£A], and it is still reducible. It is re-
quired to find a new restriction to pick up the irreducible subspace like the subspace
of DI*1/2 in Eq. (2.92) for the SO(3) group. The restriction is from the so-called
trace of the second kind of the spin-tensor which keeps invariant in the SO(N)
transformations:

N
Dyt yajsyan = Z YeWaya;_y Cajq1-an> (2.94)
c=1

and
(OR®)q, @141 +An

= Z Ralcl T Ranc,, |:Z chcc’i|D[sl(R)\pcl»--cilc’c,-H»--cn
c

cy-cpc’

= Z Ralcl T Rancn D[S] (R) I:Z Ve \ycl Ci—1€'Cig '“Cni|
Cl Cp Vel

= Z Ralcl T Ranan[S] (R)lycl"'ci—lciJrl"'cn : (2.95)
ClCp

The irreducible subspace of the SO(N) contained in the spin-tensor space, in
addition to the projection of a Young operator, satisfies the usual traceless conditions
of tensors and the traceless conditions of the second kind

D Vadedee =0 Y VaVaduc=0. (2.96)
d d

The highest weight M of the irreducible representation is the highest weight in
the direct product space. The irreducible representation is denoted by [s, A] for the
SOQI+1)

{[S]X[A]Z[S,)»]@"'a (2.97)

M=[(A1 —A2),..., (A1 — A1), 2A + D],
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and [%s, A] for the SO(2])

[+s] x [A]or [+s] X [+A] = [+s,A] D -,
M=[(h1—22), ..., (hi—1 — A1), A—1 + Ax + D,
[=s]x [AJor [=s] X [-A] = [—s,A]l®D---,
M=[(A1 =22), ..., (A—1+ A+ 1), Q-1 — A)],
[+s] x [=Al = [=s, A1, A2, s A—1, (= D] D -+,
M=[(1=22), ..., =1+ A1), M—1 — A+ D],
[=s] X [+A] = [+s, A1, A2, oo A1, (M — D] D - -,
M=[(1—22),..., M—1 — A&+ 1), Q-1 + A1)

These irreducible representations [s, A] of the SO(2/ + 1) and [+£s, A] of the
SO(2I) are called the spinor representations of higher ranks. It should be noted that
the row number of the Young pattern [A] in the spinor representation of higher rank
is not larger than /. Otherwise, the space is null.

The remaining representations in the Clebsch-Gordan series (2.97) and (2.98) are
calculated by the method of dominant weight diagram. For example, when [A] is a
one-row Young diagram, one has

SOQ2I+1): [s]x[A,0,...,0]=[s,A,0,...,0]®[s,A—1,0,...,0], (2.99)
SO2I):  [£s] x [A,0,...,0] = [£s,4,0,...,0] B [Fs, A —1,0,...,0], .

(2.98)

where [Fs,A — 1,0, ..., 0] appears because the factor y; in Eq. (2.96) is anticom-
mutable with y ¢ in Px.

6.5 Dimensions of the Spinor Representations

In a similar way, the dimension of a spinor representation [s, A] of the SO(2/ + 1) or
[£s, A] of the SO(2]) can be calculated by hook rule. The dimension is expressed as
a quotient multiplied with the dimension of the fundamental spinor representation,
where the numerator and the denominator are denoted by the symbols YS[)‘] and Y hm,
respectively:
yM
dis [SOQI + 1] =2' ==
’ Y[ 1
h
[A]

Y
dias,0[S0C2D] =27~
Yh

(2.100)

The concepts of a hook path (i, j) and an inverse hook path i, j have been dis-
cussed above. The number of boxes contained in the hook path (i, j) is the hook
number £;; of the box in the jth column of the ith row. The Y, ,E)‘] is a tableau of the
Young pattern [A] where the box in the jth column of the ith row is filled with the
hook number #;;. The YE] is a tableau of the Young pattern [A] where each box is
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filled with the sum of the digits which are respectively filled in the same box of each
tableau Yéi] in the series. The notation Yé” means the product of the filled digits in

it, so does the notation Y, }[1M~ The tableaux Y é;‘] are defined by the following rules:

) Yg)”] is a tableau of the Young pattern [A] where the box in the jth column of the

ith row is filled with the digit (N — 1 + j —i).

o Let ] =1[A]. Staring with (A1, we define recursively the Young pattern
(L] by removing the first row and the first column of the Young pattern [1®~1]
until [A(?] contains less two columns.

o If [A(b)] contains more than one column, we define Y S[M as the tableau of the
Young pattern [A] where the boxes in the first (b — 1) row and column are filled
with 0, and the remaining part of the Young pattern is [1(?)]. Let [A?)] have
r rows. Fill the first » boxes along the hook path (1, 1) of the Young pattern
[A(b)], starting with the box on the rightmost, with the digits (Agb) —1), (Ag’) —
D,..., ()»ﬁb) — 1), box by box, and fill the first (Al@ — 1) boxes in each inverse
hook path (i, 1) of the Young pattern [A(?)], i € [2, r] with “—1”. The remaining
boxes are filled with 0. If several “—1" are filled in the same box, the digits are
summed. The sum of all filled digits in the pattern ¥ 5[2] with b > 0 is equal to 0.

7 Concluding Remarks

In this Chapter we have sketched some basic properties for the Lie group SO(N)
since it shall be very helpful in successive several Chapters. The tensor and spinor
representations of the SO(N) group, the calculation of the dimensions of irreducible
tensor and spinor representations have been addressed. The more information about
the properties of the Lie groups and Lie algebras, in particular the SO(N) group as
well as the corresponding Lie algebra may refer to textbooks [136, 138—140].



Chapter 3
Rotational Symmetry and Schrodinger Equation
in D-Dimensional Space

1 Introduction

It is well known that in classical mechanics an image has rotational symmetry if
there is a center point around which the object is turned a certain number of degrees
and the object still looks the same, i.e., it matches itself a number of times while it is
being rotated. In the language of quantum mechanics, isotropy of space means that
the system Hamiltonian keeps invariant by a rotation. In our case the Schrédinger
equation with the spherically symmetric fields possesses this kind of property. If the
Hamiltonian has rotational symmetry, we can show that the angular momentum op-
erators L commute with the Hamiltonian, which means that the angular momentum
is a conserved quantity, i.e., dL./dt = 0. Thus, this constant of the motion enables us
to reduce the D-dimensional Schrodinger equation to a radial differential equation.
This may be explained well from the rotation group theory as below.

This Chapter is organized as follows. In Sect. 2 we give a brief review of the
rotation operator. In Sect. 3 we are going to study the generalized orbital angular
momentum operators in higher dimensions. The linear momentum operators and
radial momentum operator are to be studied in Sects. 4 and 5, respectively. The
generalized spherical harmonic polynomials shall be discussed in Sect. 6. We are
going to study the Schrodinger equation for a two-body system in Sect. 7. We shall
give some concluding remarks in Sect. 8.

2 Rotation Operator

We define the rotation operator Og(¢) in such a way that the rotated scalar state
Yy (r, t) follows from the initial state 4 (r, f) by

Vo (1, 1) = OR(@)Ya(r, 1). (3.1
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Consequently, the following expression has to be valid

W) DOR@)Va(r. 1)
Jat Jat
- 3 o ’ -
— 0r(®) (zh%) = OR(@) Hpa(x. 1)
= OR(@)HOR" (@)W (r, 1) = Hirg (1, 1), (3.2)

where the last step expresses the requirement of invariance of the Schrodinger equa-
tion concerning rotations or, equivalently, isotropy of configuration space. Certainly,
we have used the fact that the initial state 1, (1, t) satisfies the Schrodinger equation
ihoyy(r, 1)/t = Hi (1, t).

Therefore, for arbitrary rotation vector ¢, we have

Or(@HOL (@) =H (3.3)
or
[Or, H]=0. (3.4)
Since ¢ is arbitrary, we have
[L, H]=0, (3.5)

which means the conservation of angular momentum.
In order to construct the explicit rotation operator, we consider a rotation by an
infinitesimal rotation angle §¢ about z axis. The rotation operator can be written as

is
Or,.(6¢) =1— %LZ, (3.6)

where L, is the generator of infinitesimal rotations to be determined. Applying it to
a position eigenstate leads to

Or,. B9)|x, y) =[x — yd¢, y + x5¢). (3.7)

In a similar way, we may obtain the following relation

idg
(x, yI1 - 7Lz|1/f)=¢(x+y5<p,y—x5¢)~ (3.8)
Expanding this equation in a Taylor series yields
idg oY oY
Vx,y) — =, yILe|Y) =¥ (x, y) + ydp— — x8p——, (3.9
h ax ay
from which we have
: d a
(YL Y) =—ib| x— —y— V. (3.10)
ay ax

As a result, we find

= XDy — YPx- (3.11)
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The finite rotation operator is obtained by repeating many infinitesimally small
rotations, i.e.,

. n .
Ok, ()= lim (1— %%L> = hk (3.12)

This means that the z component of angular momentum L is a conserved quan-
tity. Similarly, we could do infinitesimal rotations about the x or y axis and shall
show that all the components of the angular momentum operator commute with the
Hamiltonian, i.e., satisfying (3.5). Thus, the rotation operator can be written out

OR,(p) = ¢ RO, (3.13)

3 Orbital Angular Momentum Operators

In this section, we study the orbital angular momentum operators [13, 14, 16, 19,
20]. The relations between the Cartesian coordinates x; and the hyperspherical co-
ordinates r and 6, in D-dimensional space are defined by

Xx] =rcosf;sinf,---sinfp_q,
Xp =rsinf;sinf, ---sinfp_q,

) ) (3.14)
Xp =rcosOp_1sinby---sinfp_q,

Xp =rcosfp_i,

where b € [3, D — 1]. The unit vector X along x is usually denoted by X = x/r. The
sum of the squares of Egs. (3.14) gives

D
rr=>"xl. (3.15)
i=1

Thus r is the radius of a D-dimensional sphere. The Laplacian is given in terms of
polar coordinates by

D—1

1 d (h 8
Vi=—Y —(—5— 3.16
b hz)aej<h§ae,-> (.16)

where

D—1 D 9 2
0y =r, h= ]‘[ hj, h? :Z(ag’) ) (3.17)
i=1 J
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By direct calculation we have
ho=1,
hy=rsinf,sinfz---sinfp_1,
hz =r sin03 sin04 s sin@D,l s

h3 =rsinf4sinfs---sinfp_1,

. . . (3.18)
hj=rsinfj1sinfjyo---sinfp_y,

hD_2 = rsin@D_l,
hp-1=r,
h=rP-1 sin 6> sin? 03 sin’ 04 - ..sin/ ! 0 sin?~2 Op_1,

for D > 3; hg =1, hy =r when D = 2. By substituting these results into Eq. (3.16),
we are able to obtain the following polar coordinate form for the D-dimensional

Laplacian
1 0 0
v2 — o (. pb-1°%
b= D=1 %y ( Br)
D-2 1

sin 9]+1s1n Ojt2-- -sin®6p_;

) Ld
x{—— [ —sin/™ GJ—
sin/=19; \ 96; 0,

41 ! P sinP29 ) (3.19)
-y sin — . .
r2 | sinP-! Op_1 \99p_1 o 00p—1

The volume element of the configuration space is calculated as

.

D D—1
]_[ dx, =rPVdrdQ, dQ= ]_[ (sin6,)*'db,, (3.20)
a=1 a=1

where r € [0, 00), 61 € [—m, ], and 6}, € [0, ], b € [2, D — 1]. The orbital angular
momentum operators L, are the generators of the transformation operators Og for
the scalar function, R € SO(D), defined as

0 0

Lup=—ix,— +ixp
a “ax,, 0x,

. d d
=il x —Xg—
baxa ”ax,,

=i[xp0s — Xq0p], (3.21)

where 0, = 0/0y,.
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It should be noted that there exists a set of commutable angular momentum op-
erators

2 2 82
L?=L —,

1 12 8912

) 1o /. 9 L}
Ly=—1— — | sinbh— | — — )

sin6, 96, 96, sin 6,
j+l 2
1 9 . 3 L5 3.22
L§: Z Lﬁb:—{f—<sin1_191—>— -]21 } o
My sin/ = 6 00; 00; sin“6;

1 3 (. . 3 L3
L2D—1:_{ D2 (st 20p-1 >_ . 2D 2 }

sin”?~*0p_1 90p—1 99p—1 sin“fp_1
jel2,D—1], L’=1L% |,

where the atomic unit i = 1 is used. The first two operators are recognized as the
ordinary orbital angular momentum operators L% and L? for the three-dimensional
case where 6] = ¢ and 6, = 6. It is interesting to note that the generalized orbital
angular momentum operators are independent of the dimensionality of space in the
sense that we obtain the same expression for L2 independently of whether it is

calculatedina (j + 1)—, (j +2)—, (j +3)—, ..., dimensional space.
Now, the Laplacian may be written as
1 9 B] L?
V2 = — (=) = 22 3.23
D= D-1y, (r ar) r? (3-23)

As what follows, we are going to show more properties about the generalized
angular momentum operators L. Let us first calculate the following commutation
relations:

[Lab, Leal = i*[(xp3a — Xadp), (xadc — xc0a)]
= i%[xp0aXade — XpdaXcdd + XadpXcda — XadpXade
— Xq0cXp0aq + Xq0cXadp + Xc0aXp0a — Xc0aXadp]
= i [xXpBadde + XbXadade — XpSacdd — XpXcdada
— Xa8bdOc — XaXdOpOc + XaBbc0d + XaXc0p0a
— Xd0cp0q — XaXp0c04 + Xa8¢aOp + XaXq 0 0p
+ Xc8dp0q + XcXp0g 0y — Xc8dq0p — XeXq040p]- (3.24)
Since [x4, xp] = [94, 0p] = 0, the terms of the form x,x,9,0p, cancel pairwise. More-
over, from the property of the Kronecker delta 8,5, = 8, we have
[Lab. Leal = i*[8ad (xpde — Xcdp) — Sac(xpda — xadp)
— 8pa (Xade — Xeda) + She(ad — ¥ada)]. (3.25)
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With the help of the angular momentum relation L; x L j = &;x Lg, where the Levi-
Civita symbol ¢; is defined as

1, for (ijk) an even permutation of (123),
gijk =1 —1, for (ijk) an odd permutation, (3.26)
0, otherwise,
we get
[Laba Lcd] = i[gachb - Bachb - deLca + 8bcha]~ (3~27)
By using the antisymmetry of the operators L,, = —Lp,, we obtain the standard
form
[Lap, Leal = il8acLpa + 8pa Lac — 8aaLpe — SpeLaal- (328)

This means that the orbital angular momentum operators L, satisfy the same com-
mutation relations as Eq. (2.14) for the generators 7, in the self-representation of
the group SO(D). What will we do next step is the calculation of the Casimir oper-
ator, which commutes with all group elements L.

Define the Casimir operator as the sum over all squares of the group elements

D
1 | B
Co=3D (Lap)® = 586" LapLea. (3.29)
a,b
Thus, we may calculate the following commutation relation
1 ac obd
[Ca, Lyg]l= 53 8" [LapLea, L gl
1 ac ¢bd
= 58 ) (Lachdeg - LfgLathd)
|
= 508" LaplLea: L 5]+ [Lab, L pg)Leal: (3.30)
By inserting the commutation relation (3.28), one gets
[Ca, L ]=iaacabd{L (8efLde +8deLef — SceLar — 84fLeg)
s Lifg ) ab\Ocf Ldg dglcf cgldf df Licg
+ ((Sabeg + SbgLaf - (Sangf - (SbfLag)Lcd}
i
=5 {Lap(8® 18P Lyg + 898" 4Ly — 89 48" Lay — 8%°8° t Leg)

+ (8¢ 829 Lpg + 8987 g Loy — 648 Ly — 89°6 £)Lea)
=0. (3.31)
This implies that the Casimir operator commutes with all group elements L.

Let us calculate the eigenvalue of the Casimir operator C; in algebraic way. As
we know, the Casimir operator C can also be written explicitly as
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1
Cr= EL“bLab
1
= —E(xba“ — x9")(xp0, — x40p)

1
= —E(xba“xbaa — xP9%x,0p — x?8°x0, + x%8°x,0p)

1
= —— (x5, + x"xp0%0, — xP8%,0p — x"x,00)

2
—x98%40, — x%x03° 9, + x8P 40 + xx,0° )
= —(x%y + x"xp3%0, — Dx%9y — x"x%3,0p). (3.32)
If we define the Euler operator as
Jzixiizxaa (3.33)
, 0x; “ '

then we have
J? =x%9,x"0)
=x%8,29) + x*x8,0),
=J +xx3,3. (3.34)
As a result, we may rewrite Eq. (3.32) as

Cy=—[J +xPxp3,0, — DJ — J(J = 1)]
= —[xbxp3,0, — J(J + D = 2)]. (3.35)
If we define a Hilbert space f(r) as the space of all homogeneous polynomials

of degree [ satisfying the Laplacian, the eigenvalue of the Casimir operator C; is
calculated as

Crf () =1+ D —2)f(r). (3.36)

This result can also be obtained by the one-row Young pattern as shown in Sect. 6.

4 The Linear Momentum Operators

Let us first examine the linear momentum operator (h = 1)

. 0

According to the polar coordinates, we have
9 200, 0

dxp PRl 30,

(3.38)
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It is known that the calculations of the first derivatives 06 /0xy are very difficult
since we would need the inverse transformation of Egs. (3.14). However, it follows
from the transformation equations and the orthogonality of our coordinate system
that

D—1 D—1
Z d060; dx; dx; dx;

R S L =8k, 3.39
—oxc 06, 206,00, (339

respectively. On multiplying the second equation by 96; /dx; and summing over i,
we obtain

90, 1 axy

Zi_ Tk 3.40
dxe 5 00, (3.40)

Thus, we find
DZ L ox (3.41)
= h2 ae ’

Explicitly, we may obtain

. d Sin90_1 0
pp=—ijcosfp_| — — ———— , D=3,4,5,.... (3.42)
ar r 0p_1

5 Radial Momentum Operator

Let us study the radial momentum operator [170]
i . .
pr:_i[v.(r...)_i_r.V], (3.43)

where the notation V - (¢ - - -) indicates that V differentiates f and everything on its
right.! On basis of the following identity

IAs an illustration, we present it in three-dimensional case. The unit vectors in spherical polar
coordinates are given by

f':?sin@cosw+fsin9sin<p+l€cos€, (3.44)
and

a a 0 i 0
— =sinfcosg— +cosfcosp— — §ll:l(p —,
ox ar 30  rsinf d¢
a 0 a 4 cosh a n cosp 0 (3.45)
— =sinfsing— 4+ cosfsing — —, .
ay “ar 990 " Tsin6 9

0 10
— =cosf — —sinf— —.
0z or r o
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VEW)=r- V¥ +V¥V.r, (3.47)
we have
p,:—%[v.f+2f~~V], (3.48)
where
r ZD_I XaXq
P=-=-=¢=""" " (3.49)

N T

()
1~ ()]

1 D
——22 M (3.50)

First, we calculate

<

">

Il
WE

)
I
_

I
NWE

a

D
From Egq. (3.15), we have
ar X4
==, (3.5
0x, r
Thus, Eq. (3.50) is simplified to
. D-1
V.r= . (3.52)

r

By definition 8/9r =t - V, we might express the radial momentum operator in D
dimensions as

p,=_i(i+D_1>. (3.53)
ar 2r
If we take into the following identity account
a D—-1 D—1
[E’ 2r i| R (359

then we have

32 D-13 (D-1)(D-3)
2

=—1— — . 3.55
Pr {8r2 roor + 4r2 } (3-35)

If we take ¥ (r, 0, ¢) = R(r)®(0)D(¢p), then we have

d 2

V-t (r,0,0) = (— + —)W(Fﬂv ®),

U (3.46)

. d
LV (r,0,9) =y (1,0, 9).
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6 Spherical Harmonic Polynomials

The Chevalley bases H, (L), E,(L), and F,,(L) can be obtained from (2.18) and
(2.24) through replacing 7,; by L. Since

D D
Lapxa =Y xi(Tap)ia»  Orba=Y_0iRia. (3.56)
i=1 i=1
then we may obtain the common eigenfunctions Xg of H, (L) in terms of ¢g given
in Eq. (2.19) for the SO(2/ 4 1) and in Eq. (2.25) for the SO(2/) through replacing
the basis vector 6, by the rectangular coordinate x.
The spherical harmonics Y,E‘ ] (X) are the eigenfunctions of the orbital angular
momentum operators H, (L) for a single particle,

H, (L)Y &) =m, Y (%), L*YMH@) = () rMe), (3.57)

where C,([1]) is the second-order invariant Casimir operator. For an irreducible
tensor representation of the SO(D), the C»([1]) or C2([£A]) can be worked out

/
Co([A]) = in(xi +D—2i), D=2+1or2l. (3.58)
i=1
Since there is only one coordinate vector X, the representation [A] for the spher-
ical harmonics Y,Ef‘ ! (X) must be the totally symmetric representation denoted by the
one-row Young pattern [A] = [A,0,...,0]. C2([A] =[A,0,...,0) =A(A+ D —2)
for the SO(D).
Generally, the highest weight state Yl&] (x) with [A] =[A,0,...,0] and M =
[A,0,...,0]is expressed by

—_1)¢ ; A
Yl&](f‘) _ CD,)J’)L{( D% (x1 +ix2) } ’

V2
20+2).—1)! (3.59)
¢ | Gy when D=21 1,
DA (et 12 when D = 2I
20=Nzhhd -
where Cp  is the normalization factor and the s is defined as
l D=2]+1,
s = + (3.60)
I—1, D=2l

The remaining spherical harmonics Y,E,A ] (X) with the weight m can be calculated by
the lowering operators F,, (L).

In fact, r! Y,[,f" ] (X) is a homogeneous polynomial of order A with respect to the
Cartesian coordinates x, and satisfies the Laplace equation

. 0?
VIrR1=0, =3 (3.61)
a=1 "4
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For a given angular momentum /, the degeneracy of the eigenfunctions of L? is
calculated as
(D+21-2)(D+1-3)!

d/(D) = -2 . (3.62)

7 Schrodinger Equation for a Two-Body System

An isolated two-body quantum system keeps invariant in the translation of space-
time and the spatial rotation. After separating the motion of the center-of-mass,
there is only one Jacobi coordinate vector for a two-body system in D dimensions,
denoted by R = x for simplicity. Note that a factor of the square root of mass has
been included in R;. The eigenfunction of angular momentum has to be proportional
to the spherical harmonics Y,[,f“ ](f(), where [A] =[X,0,...,0] is a one-row Young
pattern

o (r)

Y =gy = 2 yHx), k=2, (3.63)
X

where ¢!*!(r) is the radial function. Since the quantum system is spherically sym-

metric, we can study the wavefunction with the highest weight M. The calculation
can be simplified by using the harmonic polynomials

V2P () y @)1 = v [¢ 0y ()}
oM (r) oM (r)
:YM](X)VZ[ - }+2vx[ - :|-VY1{,i‘](x)

sfioofyrov o A 800))

dr dr| r*
LA (r)M Y[”(x)]
dr| r* r
2 _ _
=il ] S gt + L2 g
_MD - A D 1 )}

{ oMy + — ¢[“()} Y %)

=1y & ){ Lo+ 2 ¢>[”( )

_ W(p[l](”}. (3.64)
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Substituting w&] (x) into the Schrodinger equation in the coordinate system of
the center-of-mass (h=m = 1)

1
—5 VA ) + V) 090 = Evy (). (3.65)
we obtain the following radial equation

1{ d D—-1d wMD+r-2)

}cb[”(r) =[E - VIIp™M ).  (3.66)

2| dr? r o dr r2
On the other hand, if we take the wavefunction of the form
_D-1 N
U0 =r"7 MY ®), (3.67)

then substituting this into (3.65) allows us to obtain

1[d> AD+r=2)+(D—-1)(D—-3)/4]
_E{W_ r2 }¢ "

=[E = VI)1oM ). (3.68)

Let us turn to physical quantum systems. For a given angular momentum /, the

wavefunction I/I;D_zmll (x) can be now decomposed as a product of the radial func-

tion R;(r) and the generalized spherical harmonics YllD o (X)

vl 0=r"T ROYL ), (3.69)

Substitution of Eq. (3.69) into Eq. (3.66) leads to D-dimensional radial Schrédinger
equation:

d? Il+D—=2)+(D—1)(D-3)/4
L R - d+ )+<r2 D =3/4 e
+2[E — V("R (r) =0. (3.70)

8 Concluding Remarks

It is known that an isolated two-body quantum system keeps invariant in the transla-
tion of space-time and the spatial rotation in D-dimensional space. Such a quantum
system possesses an SO(D) symmetry. The ration operator, orbital angular momen-
tum operators, linear momentum operator, radial momentum operator and gener-
alized spherical harmonic polynomials are constructed. The Schrédinger equation
with central potentials has been studied in D-dimensional space.



Chapter 4
Dirac Equation in Higher Dimensions

1 Introduction

It is well known that the exact solutions of quantum systems in real three-
dimensional space play an important role in physics. As mentioned above, a number
of works have been contributed to the Schrodinger equation case. On the contrary,
the studies of the Dirac equation in higher dimensions are less than those of the
Schrodinger equation case except for the works in usual three- [171-176], two-
[177] and one-dimensional [178] space.

This Chapter is organized as follows. In Sect. 2 we show how to generalize the
Dirac equation to (D + 1) space-time and discuss the conserved angular momentum
operators and their quantum numbers [91]. In Sect. 3 we calculate the eigenfunctions
of the total angular momentums for both odd (2N + 1) and even 2N cases in terms
of the technique of group theory and present the radial equations. In Sect. 4 we
shall deal with the hydrogen-like atoms by the series method. The exact solutions
are expressed by the confluent hypergeometric functions. The eigenvalues as well
as their fine structure energy are also studied. Finally we summarize this Chapter in
Sect. 5.

2 Dirac Equation in (D + 1) Dimensions

The Dirac equation (A =c = 1) in (D + 1) dimensions can be expressed as [179]
D
i) YOt ieA) V(X 1) = MW (x, 1), 4.1)
u=0

where M is the mass of the particle, and (D 4 1) matrices y,, satisfy the anticom-
mutation relation (2.42).

Discuss the special case where only the zero component of A, is non-vanishing
and spherically symmetric:

eAo=V(r), A,=0, whena #0. 4.2)
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The Hamiltonian H (x) of the system is expressed as

130V (x, 1) = HX)W(X, 1),

D
HX) =Y wyipj+ V() +rM, 4.3)
j=1
/0 ; 0 i €[1, D]
P j= —1 i = -, J , .
ax Jj
The orbital angular momentum operators L, the spinor operators S,p, and the
total angular momentum operators J,;, are defined as follows:

. . i
Lap = —Lpg =ix,0p — ixp0g, Sab = —Spa = 5 VaVbs
Jab = Lap + Sab, l1<a<b<D,
ab ab ab (4.4)
D D D
LD S TS S R I R
a<b=2 a<b=2 a<b=2

The eigenvalue of J 2 (L? or $?) is denoted by the Casimir operator C>(M) to be
determined, where M is the highest weight of the representation to which the total
(orbital or spinor) wavefunction belongs. We will discuss the Casimir operator in
next section. It is easy to show by the standard method [179] that J,; and x commute
with the Hamiltonian H (x),

K= VO{ZiVaVbLab +(D - 1)/2}

a<b

=y{J>=L> = S*+(D—-1)/2}. (4.5)

3 The Radial Equations

As we know, for spherically symmetric potential V (r) the symmetry group of the
system is SO(D) group. To derive the Dirac equation in higher dimensions, we also
need the hyperspherical coordinates in the real D-dimensional space (3.14). It is
known in Chap. 2 that the Lie algebras of the SO(2N + 1) group and the SO(2N)
group are By and Dy, respectively, and the Chevalley bases of the SO(2N) in the
self-representation are the same as those of the SO(2N + 1) except for v =N =
[ as displayed in Egs. (2.19) and (2.25) [139, 140, 180, 181]. We do not repeat
them for simplicity. The operator J,; can be replaced by L, or S, depending on
the studied wavefunction. H, (J) span the Cartan subalgebra, and their eigenvalues
for an eigenstate |m) in a given irreducible representation are the components of a
weight vector m = (my, ..., my):

H,(J))jm) =m,m), vel[l,N] (4.6)

If the eigenstates |m) for a given weight m are degeneracy, this weight is called a
multiple weight, otherwise a simple one. E, are called the raising operators and F,
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the lowering ones. For an irreducible representation there is a highest weight M,
which is a simple weight and can be used to describe the irreducible representation.
Usually, the irreducible representation is also called the highest weight represen-
tation and directly denoted by M. The Casimir C»(M) can be calculated by the
formula as follows [182]:
N
CcM)=M-M+2p)= Z M,Ldﬂ(A_l),w(MU+2), 4.7)
w,v=1

where p is the half sum of the positive roots in the Lie algebra, A~! is the inverse
of the Cartan matrix, and d,, are the half square lengths of the simple roots.

As shown above, we have known that the orbital wavefunction in D-dimensional
space is usually expressed by the spherical harmonic Y,[,i‘ ] (X), which belongs to the
weight m of the highest weight representation [A] = [A, O, ..., 0]. For the highest
weight state Yﬁ‘] (x) where M = [A], we have obtained it as Eq. (3.59). Its partners
Y,Lk ! (X) can be calculated from Yl&] (X) by lowering operators F,(L). The Casimir
for the spherical harmonic Y,l,i‘ ! (X) is calculated by Eq. (4.7) as

L2YH @) = (Y ®),  Co(A) =A(L+ D —2). 4.8)

Since the spinor wavefunctions as well as those for the total angular momentum are
different for D =2N + 1 and D = 2N, we are going to study them separately.

3.1 The SO(2N + 1) Case

For D =2N + 1 we define

yo=o03 x 1, Vo= ({02) X Ba, a€[l,2N+1], 4.9)
where o, is the Pauli matrix, 1 denotes the 2V -dimensional unit matrix, and
(2N + 1) matrices S, satisfy the anticommutation relations [183]

BaBp + BpBa =28ap1, a,b=1,2,...,2N +1), (4.10)

which are the same as those y,, given in Eq. (2.42). The dimension of 8, matrices is
2!. Thus, the spinor operator S, becomes a block matrix

— — i
Sab=1xSap  Sab=—=75PaPp- (4.11)

The relation between Sy, and S, is similar to that between the spinor operators for
the Dirac spinors and for the Pauli spinors. The operator « becomes
—_ . D-1
K =03 XK, K:—zZﬂaﬂhLab—{—T. (4.12)
a<b

The fundamental spinor £(m) belongs to the fundamental spinor representation
[s]=1[0,...,0,1]. From Eq. (4.7) the Casimir for the representation [s] is calcu-
lated as C>([s]) = QN2 + N) /4.



54 4 Dirac Equation in Higher Dimensions

The product of Y,[,f” ! (X) and &(m’) belongs to the direct product of two represen-
tations [A] and [s], which is a reducible representation:

[Al x [s]~[A,0,...,0,1]®[A—1,0,...,0,1]. (4.13)

Besides, in order to construct a wavefunction belonging to the representation
[j/1=1[A,0,...,0, 1] there are two different ways: the combination of Y,[,f‘ ] (X)E(m")
and that of Y,E]A + (X)&€(m’). They are different in eigenvalues of k. Since the system
is spherically symmetric, we only need to calculate the highest weight state for the
representation [j] in terms of the CGCs

PR = Y] ®E[s]) = Npar (! +ixD)E([s)),

(4.14)
K| =Ca([j]) — C2([A]) — Ca([s]) + N =2 + N.
¢-k11®) =Y YR RE]—m)
x ([A+ 11 m, [s1. [j1— m|[j]. [j])
= Naw1or 2 @l i) 2V e ((s])
2N—1 - 2N T
+ (x +ix“™M)E(O,...,0,1,1] 4.15)

+ V3 iV De0, .., 0, LT, ) + - -
+ (7 +ixHE(1,T,0,...,0, 1)
+ (' +ixHE(L,0,...,0, 1D},
~IK|=Co(lj]) = Ca(lh+ 1) = Co(ls) + N =1~ N.

The wavefunction W [;1(x) of the total angular momentum belonging to the
irreducible representation [j] can be expressed as the wave function Wk [;)(x) of
the total angular momentum belonging to the irreducible representation [j] can be
expressed as

' N i FOok 1K)
Yk i) =r"e (iG(r)qﬁ_K,[j](f())’

Hi (Vg j)(x) =Wk j1(X),

Hy (NWk [j1(x) =Yg [j1(X), (4.16)
H,(H)¥k j1x)=0, vel2,N-1],

KWk (71(X) = KWk 1), K==+ N).

Their partners can be calculated by the lowering operators F,.
The radial equation depends on the explicit forms of 8, (y,) matrices. Therefore,
by considering two introduced operators

2N+1 2N+1

=" . BV=Y hi “.17)
i=l i=1

3)(,' ’
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we obtain
3 | 2N+
(B -X)ok [j1X) = - Zl Bax Pk 11(X) = p_k [j1(X),
o e 1 4.18)
B D —xtk (10 = Y Bapagtx. (1K) =K bk (1K),
a=1

Substituting W |;1(X) into the Dirac equation (4.3) allows us to obtain the radial
equations

160 K Gy =18 = viry— MIF G,
dr r

dF(r) K
— + —F@)=[E—-V(r)+ M]G(r).
dr r

(4.19)

3.2 The SO(2N) Case

As is well known, the spinor representation of the SO(2N) group is reducible and
can be reduced to two non-equivalent fundamental spinor representations [+s] =
[1,0,...,0,1] and [—s] =[1,0,...,0, 1,0]. From Eq. (4.7) the Casimir for both
spinor representations are calculated as Co([£s]) = 2N 2_N) /4. In terms of the
Ba matrices, we define the y, matrices for N = 21:

Yo = PanN+1, Ya = Bont1Ba, a€[l,2N]. (4.20)

o is a diagonal matrix where half of the diagonal elements are equal to 41 and the
remaining to —1. Because the spinor operator S, and the operator k commutes with
0, each of them becomes a direct sum of two matrices, referring to the rows with
the eigenvalues +1 and —1 of the yy, respectively. The fundamental spinors &4 (m)
belong to the fundamental spinor representations [+s] and [—s], respectively, and
satisfy

yoé+(m) = £&4(m). (4.21)
The product of Y,l,f‘ l(f() and £+ (m’) belongs to the direct product of two repre-
sentation [A] and [£s], which is a reducible representation:
[A] x [+s]~[2,0,...,0,1]&®[r—1,0,...,0,1,0],
[A] x [—=s]~[2,0,...,0,1,0]® [A —1,0,...,0,1].

There are two kinds of representations for the total angular momentum: the rep-
resentation [j1] = [X,0,...,0, 1] and the representation [j>] = [*,0,...,0, 1, 0].
Their Casimirs are the same:

4.22)

, , 2N?—N
G =Clp) =rA+2N =)+ —F—. (4.23)
There are two different ways to construct wavefunction belonging to the repre-

sentation [j1]: the combination of Y,E[,A ! (X)&, (m’) and that of Y,E,A +1](f()§_ (m'). Due
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to the spherical symmetry, we only calculate the highest weight state for the repre-
sentation [ j;] by the CGCs:

ok ®) = Y ®E (5] = Noyar !+ ixD) e ([+s)).
¢k [n® =Y YEIRE (1] —m)
X (10 1, m, (51, 1] = mi[i, L)
= Nawor 7 o+ i)Y N E ([=s])

F 2N i 2 (0,...,0,1,T,0])

_ 4.24
+ PV 4 i He_(10,...,0,1,1,0,1]) + - - (4:24)
+ 3 +ixhe_(1,1,0,...,0,1])
+ (4 ix®E_(1,0,...,0, 1]},
1
K =Cy([j1]) = C2([A + 1) — Co([+s]D) + N — 5
1
For the representation [j2] = [A,0, ..., 0, 1, 0], we have
Pk ®) =Y Yt RE (] —m)
x ([A+ 11, m, [—s], [j2] —m]|[j2], [j2])
= Nowar e i) N — iV e ([s])
+ (N3 ik 2e ([0,...,0,1,0,1))
+ (32N 4 iV He ((0,...,0,1,1,1,0) + - - -
s _ (4.25)
+ @3 +ixHEL(1,1,0,...,0,1,0])
+ (' +ixHEL(T,0,...,0,1,0D},
d—k [ ® = Y ®E_((=s]) = Npr 7 (x! +ix?)*e_([—s)).
1
K =C([2D) — Co([A + 1D — Co([+sD + N — 3
1
=—A-N+s.
In terms of the explicit forms of 8, we obtain
R 12N
B - Xk [j, X)) = - ;ﬁuxafﬁmjw](ﬁ) =¢_k.[j,1X),
. = 2N
B-pr Vo R = Z Bapar N T2 ¢k 1) R) (4.26)

a=1
=iKr V2% g 1),
w=1or?2.
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The wavefunction Wk [;,1(X) of the total angular momentum belonging to the
irreducible representation [ j,] can be expressed as

Wik, 1) = fNH/zefiEl{F(V)¢|K|,[j.](f() +iG) ok ®},
Yk (X, 1) = FN+1/2€_"E’{F(r)¢f|1<|,[j2](f() +iG ()P, [j1 X}
K\I/K,[jw](x) = K\IJK’[J'W](X), [K|=A+N—-1/2, w=1o0r2,

Hi (Vg [, (X) =AWk (%), (4.27)
Hy_1(J)¥k [j;1(x) =0, Hyn(N)WVk 1jj(x) = Yk [;1(X),
Hy 1()Wk [j,1(X) = Yk [j,1(X), Hy )Wk j,1(x) =0,

H,()Wk j,1X) =0, vel2,N-2].

Their partners can be calculated by the lowering operators F,.
By substituting Wk (;,1(X) into the Dirac equation (4.3), we obtain the radial
equations

diGm + e =@E-vey-mFw,
r . (4.28)
—ZF(r) + TF(V) =(E-V@&)+M)G(r),

which are the same as those in D = 2N + 1 case.

4 Application to Hydrogen Atom

Although the wavefunctions and the eigenvalues K are different for the cases D =
2N + 1 and D = 2N, the radial equations are unified as

d K
d_rGKE(V) + 7GKE(V) =[E—-V(r)—M]Fkg(r),

d K
—ZFKE(V)JrTFKE(V):[E— V() +MIGgEe(r), (4.29)
K =:I:%(21+D— D).
For definiteness we discuss the attractive Coulomb potential
V(r):—%, E=Za >0, (4.30)

where and later « = 1/137 is the fine structure constant. It is easy to see that the so-
lution for the repulsive potential can be obtained from that for the attractive potential
by interchanging

Fxp<«— G_g_F, V() «— —=V(r). 4.31)

From the Sturm-Liouville theorem [184], there are bound states with the energy less
than and near M for the attractive Coulomb potential and with the energy larger than
and near —M for the repulsive potential, if the interaction is not too strong.
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For convenience, we introduce a new variable p in Eq. (4.29) for bound states:

o0=2rvM?—E2, E/M € (0, 1]. (4.32)
Solving F(p) from Eq. (4.29),

F = 1,/M_E A e ke 433
KE(P)—<_§ M+E+;) [% KE(p)'f‘; KE(,O)i|» (4.33)

we obtain a second-order differential equation of G g (p):

d2G 0+ K2_$2+K+ o Gke(p)
dp? KE(P ] 2 -2 KE(P

02 IM—E)'Td K B
+{P—E M~|—E} I:%GKE(P)+;GKE(0):|—O- (4.34)

From the behavior of G g g (p) at the origin and at infinity, define

Gre(p)=p*e "?R(p), r=,/K2—£2>0,

1 [M—E EE

w= e T=———.
26V M+ E M2 — E2
Substitution of them into Eq. (4.34) leads to

(4.35)

d? d
(p = @p®)— = R(p) + [wp? = 2k + 1)p + 24 + 1]——R(p)
dp dp

t+loh—1)p+w(K+4)+7—A—1/2]R(p) =0. (4.36)

Equation (4.36) can be solved by the power series expansion method, which was
used in [175, 176] for (3 4+ 1) dimensions. The results are calculated as

Fxe(p)| _ (M*—EHYV* [(M £ E)ET (n' +2) + 1)
GKE(p)} rer+1) 2M?*t(j+tM/E)n’!

x p*e PI2{(K + TM/E)Fi(—n"; 27 + 1; p)
Fn'1Fi(1—n';21 4 1; p)}
X fOOO(IFKE(,O)I2 +1GkEe(P)Pdr =1, (4.37)
n=1t—-1=0,1,2,.... (4.38)
When n’ =0, K has to be positive. Introduce a principal quantum number
n=|K|—(D-3)/2+n"=|K|—(D-3)2+t—A=1,2,.... (4.39)

The n can be equal to 1 only for K = (D — 1)/2 and equal to other positive integers
for both signs of K. The energy E can be calculated as

52 —1/2
(VK2 —E2+n— |K|+<D—3)/2)2} '

E— M{l + (4.40)
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Expanding Eq. (4.40) in powers of £2, we have

g2 g4
Ex~Mi1-— —
{ 2[n+(D—-3)/21> 2[n+(D-3)/2]*
~ (M _ é) } (4.41)
K| 4

where the first term on the right hand side is the rest energy M (c? = 1), the second
one coincides with the energy from the solutions of the Schrodinger equation, and
the third one is the fine structure energy, which removes the degeneracy between
the states with the same n.

5 Concluding Remarks

In this Chapter we have generalized the Dirac equation to (D + 1)-dimensional
space-time. The conserved angular momentum operators and their quantum num-
bers are discussed. The eigenfunctions of the total angular momentums are calcu-
lated for both odd D =2N 4 1 and even D = 2N cases, respectively. The unified
radial equations for a spherically symmetric system are obtained. As an illustration,
we have dealt with Coulomb potential problem by the series approach. The exact
solutions are expressed by the confluent hypergeometric functions. The eigenvalues
as well as their fine structure energy have also been studied.



Chapter 5
Klein-Gordon Equation in Higher Dimensions

1 Introduction

It is known that the exact solutions of non-relativistic and relativistic equations in the
spherically central fields have become an important subject in quantum mechanics.
As illustrated above, the main contributions have been made to the Schrodinger
and Dirac equations. During the past several decades, however, the Klein-Gordon
equation with the Coulomb potential has been studied in three dimensions such as
the operator analysis [185], in an intense laser field [186], in two dimensions [187]
and in one dimension [188—191]. On the other hand, the Klein-Gordon equation
with a Coulomb potential in (D + 1) dimensions has been discussed by the different
approaches like the large-N expansion approximate method [93]. The purpose of
this Chapter is to present the Klein-Gordon equation in arbitrary dimensions and
solve the hydrogen-like atom problem.

2 The Radial Equations

For a particle moving in a spherically symmetric potential V (r), the symmetric
group of the quantum system is the SO(D) group. The time-independent Klein-
Gordon equation (h = ¢ = 1) is written as

(—v? + MW (r) = [E — V() ]P¥ (), (5.1)

where M and E denote the mass and the energy of the particle, respectively. As
shown in Eq. (3.69), we take wavefunction as

YO =T ROV R, (5.2)

Substitution of this into Eq. (5.1) allows us to obtain the D-dimensional radial
Klein-Gordon equation

> k?—1/4 2 2
P R = HIE - VO - MR, (5.3)
dr r
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where
k=|l—1+D/2| (5.4)

depends on the angular momentum / and the spatial dimension D. YllN ol (X) in
Eq. (5.2) is called the generalized spherical harmonics.

3 Application to Hydrogen-like Atom

As an illustration, we take the symmetric potential V (r) as the Coulomb-type po-
tential

V(r)=—§, E=Zau. 5.5
r
We will discuss the weak potential, say || < 1/2. The radial equation (5.3) thus
becomes
d? £2—Kk24+1/4
a2 Ri(r) + a2
Take a new variable p for the bound states:

p=2rVM2—E2, |E|<M. (5.7)

Equation (5.6) thus changes to

2E¢ 2 2
Ri(r) + TR[(r) +(E° =M )R (r)=0. (5.6)

C i+ (2 -+ N + LR — LR =0, 658)
a2 R+ g JRie)F+ D Ri(o) = 2 Rip) =0, .
with
E
o EE (5.9)
M2_E2

From the behaviors of radial function at the origin and at infinity, we take the
wavefunction of the form

Ri(p) = p" T2 PPp(p), r=,/k2—£2>0, (5.10)

where we assume «2 > £2. The ¢ (p) satisfies the following confluent hypergeomet-
ric equation

d? d 1
P==P(P)+Cr+1—=p)—¢(p)+|T—A— 5 |¢d(p)=0. (5.11)
dp dp 2
Thus, the radial function can be written out
Ri(p) = Nip* 122 Fy (L — T+ 1/2; 20+ 15 p), (5.12)

where N is the normalization factor to be determined.
We now discuss the eigenvalues. From the finiteness of the solutions at infinity,
the general quantum condition is obtained from Eq. (5.12)

1
r—A—Ezn/=O,1,2,.... (5.13)
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By introducing a principal quantum number

N
n:n/+/<—5+2=n’+l+l, (5.14)

E 1
%:t:n—l—5+,/xz—$2>0. (5.15)
M? — E
Therefore, we can obtain E with the same sign as &
£ £2 -1/2
E(n,l,D):M—{1+ } )
(n—l—%—f-\/Kz—fz)z

we obtain

(5.16)
&1
which essentially coincides with that of [87] except that the factor £/|§| was not
considered there.
For a large D, we have

E(n,D) = Mé—l[l — 262D 44822 —3)D 3 — ). (5.17)
For a small &, we have
2
E(n,l,D):Mi{l— §
€] 2[n+ (D —3)/2]?
£4(D + 61 —4n)
+4(2l—2+D)[n+(D—3)/2]4}’ (5.18)

where the first term on the right hand side is the rest energy M, the second one is
from the solutions of the Schrddinger equation with this potential, and the third one
is the fine structure energy, which removes the degeneracy between the states with
same 7.

We now calculate the normalization factor N; from the normalization condition

/ Ri(p)’dr =1. (5.19)
0

Since n’ = t — A — 1/2 is a non-negative integer, we can express the confluent hy-
pergeometric functions | Fj(—n’; B + 1; p) by the associated Laguerre polynomial

Lf, (p). In terms of the following formulas [192]:

piFila+1; 84+ 1;p)=p1Fi(a+1; B; p) — B1F1(a; B; p), (5.20)
r 1
LE(p) = Mlﬂ(—n;ﬂﬂ;p),
o  MTB+D r . (5.21)
pﬁeprg(p)Lﬁ, (/O)dp = wsnmy

we obtain through a direct calculation

(M? — E}H!/4 [ 2U (' + 20+ 1) ]1/2
rer+1 [»n!1ew+22+1 | °
A=[1—1+D/2)>—¢g2'/2

N = (5.22)
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4 Concluding Remarks

In this Chapter we have presented the D-dimensional Klein-Gordon equation and
applied it to the Coulomb-like potential as an illustration. The eigenfunctions are
analytically obtained and expressed by the confluent hypergeometric functions. The
eigenvalues as well as their fine structure are also studied.



Part 111
Applications in Non-relativistic Quantum
Mechanics



Chapter 6
Harmonic Oscillator

1 Introduction

It is well known that the quantum harmonic oscillator is analog of the classical
harmonic oscillator. It is one of the most important model systems in quantum me-
chanics. There are several reasons for its pivotal role. First, it represents one of few
quantum mechanical systems for which the simple exact solutions are known. Sec-
ond, as in classical mechanics, a wide variety of physical situations can be reduced
to it either exactly or approximately. In particular, more complicated quantum sys-
tems can always be analyzed in terms of normal modes—formally equivalent to
harmonic oscillators—of motion whenever the interaction forces are linear func-
tions of the relative displacements. Therefore, it is not surprising that the harmonic
oscillator has become very important for the quantum mechanical treatment of such
physical problems as the vibrations of individual atoms in molecules and in crystals,
in which the linear harmonic oscillator describes vibrations in molecules and their
counterparts in solids, the phonons. Third, the most eminent role of the harmonic
oscillator is its linkage to the boson, one of the conceptual building blocks of mi-
croscopic physics. For example, bosons describe the modes of the electromagnetic
field, providing the basis for its quantization. Even though the linear harmonic os-
cillator may represent rather non-elementary objects like a solid and a molecule, it
provides a window into the most elementary structure of the physical world. The
most likely reason for this connection with fundamental properties of matter is that
the harmonic oscillator Hamiltonian is symmetric in momentum and position, both
operators appearing as quadratic terms. On the other hand, the harmonic oscillator
also provides the key to the quantum theory of the electromagnetic field, whose vi-
brations in a cavity can be analyzed into harmonic normal modes, each of which has
energy levels of the harmonic oscillator type.

This Chapter is organized as follows. In Sect. 2 we first study exact solutions of
harmonic oscillator in arbitrary dimensions. Section 3 is devoted to the recurrence
relations for the radial wavefunction. We shall show the realization of dynamic al-
gebra su(l, 1) in Sect. 4. In Sect. 5 we carry out the generalized harmonic oscillator
named the pseudoharmonic oscillator, whose exact solutions, ladder operators and
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recurrence relations are presented. The position and momentum information entropy
is reviewed briefly in Sect. 6. Some concluding remarks are given in Sect. 7.

2 Exact Solutions of Harmonic Oscillator

Based on the results presented in Chap. 3, we are going to study the exact solu-
tions of harmonic oscillator. Consider a D-dimensional Schrodinger equation with
a harmonic potential

1
V()= 5kr2, k= Maw?, 6.1)

where M and w denote the mass and vibration frequency of the particle, respectively.
Let

oMy =e ¥ EPRE), E=r2 (6.2)

where « and B are the parameters to be determined. Substituting Egs. (6.1) and (6.2)
into the radial equation (3.66) where A = [ given in Chap. 3, we have (h = 1)

d*R(§) dR(£)
T (2’“_ 2 5) d
+{El[ﬂ(2ﬂ+D—2)_l(l+D—2)}

2 4

MY ME a4+ 2Y LRy =0 6.3
+§(oz ‘T)*[T‘ a<ﬁ+z>“ ©=0. (63

Take the parameters o and 8 to remove the terms of £~! and £,

~ Mk )
=—, =—. 6.4
o 3 p 7 (6.4)
Further defining a variable by
p =20k, (6.5)

we obtain the confluent hypergeometric differential equation [192]:

d*R(p) D dR(p) \/ﬁ (2l + D) B
e +<z+5—p>—dp +{ T }R(p)—O. (6.6)

Therefore, the solutions to the D-dimensional Schrodinger equation with a har-
monic potential are given by

Wl O =Nge PPl Fi(=ni 1+ D/2: p)Y] ().

M (Ql+D ©.7)
p:l"z\/m, n,=F E_(“‘;):Oal"‘w
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where N ; is the normalization factor. The consideration of the finiteness of the
solutions at infinity leads to a quantum condition that n, has to be a non-negative
integer. Hence, the energy E can be quantized by a principal quantum number #:

Eni=yk/Mn+DJ2), n=2n,+1=01,2,..., (6.8)

from which we note that

= 0,2,4,...,n, whenn%seven, 6.9)
1,3,5,...,n, whenn is odd.
The degeneracy of the states with the energy E), ; is calculated as
(n+D—1)!
=» dD)=————. 6.10
m ;z( )= D=1 (6.10)

We now determine the normalization factor Nz ; from the normalization condi-
tion

D
/ Wiy P [dxa=1. 6.11)
a=1

Notice that when n, is a non-negative integer, the confluent hypergeometric func-
tions | F1(—n,; B + 1; p) can be expressed by the associated Laguerre polynomial
L,’?r (p). Using Eq. (5.21), through a direct calculation we obtain the normalization
factor

D/8 1/2
N, (Mk) [2I‘(n, +1+ D/2)] . 6.12)

T T0+D)2)

n;!

3 Recurrence Relations for the Radial Function

It is shown from Eq. (3.66) that the Hamiltonian of the D-fold degenerate oscillator
for a given angular momentum as follows (h = 1):

1 (d> D—-1d I(D+1-2) 1 5,
H=——{— i -M 6.13
2M{dr2 r o dr r2 }+2 > (6.13)
with the property
HR(n,l)=E,R(n,l), E,=wh+ D/2). (6.14)

For convenience, define a new variable 0 = +/ Mwr. As a result, the Hamiltonian
is modified as

" a4 (6.15)
do? o do 0

1({d*> D—-1d I(D+1-2)
H<z>=—5{ 5 —92},

with the property
H()R(n,l)=¢eR(n,l), e=m+ DJ/2) (6.16)
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and
H=wH(), E, = ws. (6.17)

To obtain the recurrence relations for the radial function, we define the following
operators [14]

d 1
AT=—" 4" 4o

i~ G p-2)
R L N

de @ (6.18)
at=———+o,

do o
. d (+D-2)

do o

Based on these operators, we may obtain the following identities on the Hamiltonian

A=(+1)AT () — (2l + D),
ATI=1DA= () — QI+ D —4),
a~(I+a*t )+ (2l + D),
at(l—Da )+ QL+ D —4).

2H() = (6.19)

By multiplying A* and a* appropriately on both sides of Eqgs. (6.19), we are able
to obtain
H(l+ DAY — ATOH() =A%),
" N N (6.20)
H(£Da™()—a“()H()=Fa™ ().
Operating on the radial function R(n, /) allows us to obtain
H(l+DATDORM, ) = (e £ DATOR®M, D),
N N (6.21)
H(l £ Da“)R(n,l)=(+1)a“()Rn,I),

from which we have
AR, )=B*R(n+1,1£1),
N N (6.22)
aT(OR(,1)=CER(nF 1,1+ 1),

where
Bt =—2(n+1+ D),
B~ =-2(n+1+D-2),
Ct =2 -1,
C™ =2 —1+2).

In terms of these relations, one is able to derive a few useful recurrence relations
as follows:

(6.23)
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—J LR +1,1+ 1)

+ /SR~ 1,14 1),

— L2 R — 1,1 - 1)

+ 2R+ 1,1 - 1),

—V2m+I+D)Rn+1,1+1)
D+20-2 — V2 —T+2)R(n+1,1—1),
0

oR(n,l) = (6.24)

R(n,) = (6.25)
— 2+ I+ D=-2)R(n—1,1—1)

— V2 =DR(n—1,1+1),
(D+1-2){/ 2R+ 1,1+ 1)

dR(n, 1) | +y"TRe-11+D}

de —f L2 R(n — 1,1 — 1)

+ 2R+ 1,1 - D).

(D+21-2)

(6.26)

Before ending this section, let us review the results given by Coulson and Joseph
[89]. In a D-dimensional Euclidean space we define the Hamiltonian

1
H= 5(”2 +r2), (6.27)

where the atomic units 7 = M = w are used. Denote its eigenfunctions by v;, where
[ is the total orbital angular momentum quantum number. If o (p1) is a vector in

D-space with components o;(p+1) (i =1,..., D), then we let
A1) =T 0 (D11, B(p+1)y=—P 0 (D+1); (6.28)
where o are the generalized Pauli spin operators with the properties [88]
o s =t 2 _
ojj = 0.],, Oij =0y, crij_l, 629)
0ijOik =10k, [oij, o1l =0.

From Egs. (6.27) and (6.28) as well as the properties of o (p1), it may be verified
that

[H, Ap+n]=1iBD+1), [H,iBp+n]=AD+1), (6.30)

which are the Fourier transforms of each other apart from an irrelevant constant.
Combining them leads to an important result

[H, (Ap+1) ZiBp+1)]==x[Apr1 ZiBpinl, (6.31)

which means that (A(p41) £iB(p+1)) are the ladder operators for the Hamilto-
nian H. We should point out that the ladder operators given by Coulson and Joseph
are self-adjoint ones unlike those (6.18), which cannot be self-adjoint. This is be-
cause the adjoint of either ladder operator must be that operator which steps the
eigenfunctions in the opposite sense.
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Up to this stage the discussion of the ladder operators has been purely algebraic
without reference to any particular set of coordinates. Undoubtedly, it shall be very
interesting to determine the analytical form assumed by A(p1) and B(p41) when
expressed in terms of spherical polar coordinates. The results are given by [89, 193]

[Ap+1) £iBpsn] = Apsnlr F @/or —r~ 1)1, (6.32)
where

Apai b
A D+
Ay =720 A = ) xioip+)-

A+l —

b b = (6.33)
I, = Z L, Lipy1 = ZUi(D-H)Li(D-H)-
m=2 i=l1

This means that the operator may be decomposed into two parts. One of these
A(p+1) steps the angular part of wavefunction. The other steps the radial part.

4 Realization of Dynamic Group SU(1, 1)

In this section, we are going to realize the dynamic group SU(1, 1) for the radial
Schrddinger equation [194]. For simplicity, we may write down the D-dimensional
radial function as follows:

2n,! 2 _
RD _ r I —r /2Ll+(D 2)/2, 2 . 6.34
Y e i, Y " ) (6.34)

Making use of the following relations for the Laguerre functions [192]

nLi(x)—(m+BL_ (v,

n+ DL )=+ B+1-0)LE ) (©39
l’l+1 n )

d
Biv) —
xden(x)_{

as well as the relation (C.29) for arbitrary operators A and B (see Appendix C), we
may obtain the raising and lowering operators for the quantum number 7,

L _! + d 2+H(l):l:D (6.36)
==\ F s T 2 ) :

where H (l) is the radial Hamiltonian (6.15).
By defining Lo = H(l)/2, it is found that L+ and L satisfies the commutation
relations of an su(l, 1) algebra

[Lo, L+] ==L+, [L+,L-1=—2Lo, (6.37)
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with the following properties

D _ B D
LiR,,(r)=/(n,+D|n+1+ > R(n,+1)l(r)’

D
L_RD(r)= \/n, (n, +1+ 5 1>R(Dm_l),(r), (6.38)
[ D
LoRP (r) = (n, +2+ Z)R,ﬁ,(r).
The Casimir operator is calculated as
2 2 2 2 1
C=Lj—Li—L3=L§— Lyl +L Ly) (6.39)
with eigenvalue k(k — 1). After calculating we find the Casimir eigenvalue
204+ D (2l+ D
CRP,(r) = . < R 1>R£l(r), (6.40)

from which we have two possible solutions k = (2] + D)/4 or k = —[(2] + D)/
4 — 1]. However, we are interested only in the positive discrete representations of
the su(1, 1), D* (k). Thus, we take the former k = (2] + D) /4.

5 Generalization to Pseudoharmonic Oscillator

5.1 Introduction

It is well known that the real molecular vibrations are anharmonic even though the
harmonic oscillator model is widely used as mentioned above. For instance, some
anharmonic oscillator molecular potentials such as the Morse potential and Poschl-
Teller potential represent two typical model potentials to describe the molecular
vibrations. In this section we want to study the pseudoharmonic oscillator pro-
posed by Goldman and Krivchenkov in the early 1960s and expressed as V (x) =
Vo(x/a—a /)c)2 [195], where V) and a represent two potential parameters. It is ob-
vious to see that this potential is the sum of the harmonic oscillator and inversely
quadratic potential. For the inverse squared interaction potential, Post proposed it in
1956 when he studied the one-dimensional many-identical-particle problem for pair-
force interaction between the particles [196]. Since 1961 such a quantum system
has been studied by many authors [2, 195-209]. For example, Landau and Lifshitz
studied its exact solutions in three dimensions [2]. Hurley found that this kind of
pseudoharmonic oscillator interaction between the particles can be exactly solved
when he studied three-body problem in one dimension [198]. Several years later,
Calogero studied the one-dimensional three- and many-body problems interacting
pairwise via harmonic and inverse square (centrifugal) potential [199, 200]. Also,
this potential was generalized by Camiz and Dodonov et al. to the non-stationary
(varying frequency) pseudoharmonic oscillator potential [201-203]. In addition to
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these, such a physical problem was discussed in arbitrary dimensions D [201-205].
Recently, Sage has studied its vibrations and rotations in order to describe the di-
atomic molecule [208], in which he briefly reinvestigated some properties of this
oscillator to study the pseudogaussian oscillator. On the other hand, we notice that
the harmonic oscillator plus inverse squared potential is essentially equal to a pseu-
doharmonic oscillator except for some unimportant parameters as studied in [210].
Consequently, it is unnecessary to restudy this case for simplicity.

5.2 Exact Solutions

As shown in Ref. [3], the pseudoharmonic oscillator is taken as
I ,(r ro 2
V()= ckrg| ——— ) , (6.41)
8 ro r
where k is a force constant and the ro represents the equilibrium bond length.
It should be noted that the potential taken here is slightly different from that of

Ref. [207], but they are the same essentially except for an unimportant constant.
Let

¢ =eHETRE), s=r (6.42)
In a similar way, we may obtain the radial equation from Egs. (3.66) as follows:

2
d"R(§) +(2r D )dR(S)

& + - — 218

dg? 2 d&
N {él[r(errD—z) _l+D-2) Mxrg]
2 4 16
+g<x2 - ﬂ) + [@ | Mg 2)\(r v 2)} }R(s) —0. (6.43)
16 2 8 4
Take the parameters A and t to remove the terms of g landg,
A:“/T, r=—DT_2+%[(2I+D—2)2+MKrg]]/2. (6.44)

Further define a new variable p = 21&. We may obtain the confluent hypergeo-
metric equation [192]:

2
d"R(p) +<2t+ D p)dR(p)

0

dp? 2 dp
M r2M D

+{E,/—+r° ; £ —T—Z}R(,O)zo. (6.45)
K

Therefore, the solutions to the D-dimensional Schrédinger equation with a pseudo-
harmonic potential are written as

Ul L =Nt Fi(—nys 2t + D/ p)Y R, (6.46)
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where
vVMk ,
p= B r,
M r2v/ Mk D
n,=E—+ =2 —-71——=0,1,..., (6.47)
K 4 4
(Mk)P/® [T, +27+ D/2)7"?
Neo = D/2—1 :
't + D/2) 2D/2=1p )

Likewise, considering the finiteness of the solutions at infinity leads to a quan-
tum condition that n, has to be a non-negative integer. The quantized energy E is
calculated as

K rg Mk D
En,,l = M ny — 2 +71+ Z . (648)

The energy spectrum is equidistant for given constants T and rg.
When rg is very large, rg > 2/+/ Mk, we have

K 1 (+Dj2-1)>?
E, 1=.]— = 6.49
" vM{’“z 2/ M 4

and when rg &K 2/+/ Mk, we have

K l D i/ Mk Micr?
Epni=]—{n+-4+4—=-2 + 0 ) (6.50)
VM 24 4 16(l + D/2—1)

5.3 Ladder Operators

During the past half century, the factorization method has played an important role
in physics [3, 193, 211]. With this method, one can construct the ladder operators for
certain potentials such as the Morse and modified Poschl-Teller potentials and then
constitute a suitable algebra su(2). This approach is different from the traditional
one, where an auxiliary non-physical variable is introduced [212, 213]. In particular,
the matrix elements of some related operators, which is of significance in physics,
can be analytically evaluated from the ladder operators. Therefore, we are going to
establish the ladder operators for pseudoharmonic oscillator.

By using the recurrence relation between the confluent hypergeometric functions
and the associated Laguerre functions as well as the orthogonal relation of the asso-
ciated Laguerre functions as Eq. (5.21), we may reexpress the radial wavefunction
of pseudoharmonic oscillator as follows:

Ru(p) = Nup"e 2Ly P27 (),
, 6.51)
Ny = (Mx)P/8 - ,
n = (M) \/20/2—1r(2r+n+D/2)

where n = n, is used.
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Now, we study the ladder operators M. with the following properties

~ d ~
My = A:t(P)% + B+(p), MLR,(p) =m+R,  (p), (6.52)

where we stress that these operators only depend on the physical variable p.
For this purpose, we begin by applying the operator % on the wavefunction
(6.51)

ZPE ), (6.53)

L =% = N\ Ra(o) + NupTe L1
- (- _Z e 7T
dp n{p o 2 np nP dp
which is used to construct the ladder operators M.

To this end, if we consider useful relations (6.35) and substitute them into (6.53),

then we are able to obtain the following relations

d n+t 1 n+2t+D/2—1 N,

<_ _ —|——>R,,(p)=— ! " Ry_1(p). (6.54)
dp P 2 o Nu—1
d n+t+D/2 1 n+1 N,

<_ Lt D2 —)Rn(p) N (o), (6.55)
dp o 2 Np1

from which, together with N,, given in Eq. (6.51), we can obtain the following ladder
operators

i)

. d
M_=—-p—+1t4+n-—72,
e 2 (6.56)

M frrar 2P
=p—+Tt+0+——=,
=P 272
where we have introduced a number operator i1 with the property
iRy (p) =nRy(p). (6.57)

The ladder operators M. have the following properties
M_Ry(p) = m—Ru—1(p).

A (6.58)
My Ry (p) =my Ry11(p),

where

m_=\/n(n+2t+D/2—1),
my=+/(n+1)(n+2t+ D/2).

On the other hand, we note that the radial wavefunction can be directly obtained
by applying the creation operator M on the ground state Ry(p), i.e.,

Ru(0) = Ny M Ro(p), (6.60)

(6.59)

with

_ I'Ct+ D/2) _ ; . e
N"_\/nzr(n+2z+D/2)’ RO(p)—\/mTD/Z)p e" . (6.61)
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We now study a suitable Lie algebra associated with the operators M+ and M _
Based on the results (6.58) and (6.59), we can calculate the commutator [M_, M+]

[M_, M 1R,(p) = 2moRy(p). (6.62)

where we have introduced the eigenvalue

my = <n +T+ g) (6.63)

We can thus define the operator
N D
My = (ﬁ+r + Z) (6.64)

The operators M. and M thus satisfy the commutation relations
[M_,M1=2Mo,  [Mo, Ms]=+Mx, (6.65)

which correspond to an su(1, 1) algebra.

As we know, there are four series of irreducible unitary representations for the
SU(1, 1) group except for the identity representation [214]. Since this quantum sys-
tem has ground state, the representation of the dynamic algebra su(l, 1) belongs to
D*(j):

Iolj. vy =v|j.v),
I_|jvy =+ )Hw—j—Dljv-1),
Lljov—1) =@+ )w—j—Dljv),
v=—j+n, n=0,1,2,...,j<0.

In comparison with Eqgs. (6.58), (6.59), (6.63) and (6.64), we have j = — (7 + D/4),
v=n+7t+D/4 and R,(p) =1j, V).
Finally, from the ladder operators M4 we may obtain two related functions

(6.66)

e . d 1{-~ . D
p=2My—M_—My, p—==(Mi—M_—=), (6.67)
dp 2 2

from which, together with Eqs. (6.58) and (6.59), we have

o0 D
/ Ry (r)r’ R, (r)dr = <2n +27+ 3>5n,,n
0

—Vnm+21+D/2— Dy (1)
=+ D +2t+ D/2) 8y ui1).  (6.68)

and

/ R, (r) R (r)dr_—\/(n—l—l)(n—l—Z‘t—I-D/Z) Sl (nt 1)
0

- —\/n(n +21+D/2—1) 8y (n—1)

e (6.69)
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5.4 Recurrence Relation

To obtain the recurrence relations among the solutions R, (p) given in Eq. (6.51), it
is convenient to employ the associated Laguerre functions satisfying the following
recurrence relation

n+DL )+ n+ L )+ —2n—F-DLE@) =0,  (6.70)

from which, together with the normalization constant N, we obtain a useful three-
term recurrence relation

V@ + D@t + 1+ D/2)Rus1(p) + /0@t + 1+ D/2— DRu—1(p)
=@2n+2t+D/2— p)Ra(p). 6.71)

6 Position and Momentum Information Entropy

In this section we shall review the position and momentum information entropies of
the D-dimensional harmonic oscillator [58]. An information measure closely related
to the entropy is the Boltzmann-Shannon entropy defined by

S, =— / o(r)In p(r)d(r) 6.72)

in the position space and

Sy =— / y(p) Iny (p)d(p) (6.73)

in the momentum space. The position and momentum single-particle densities are
simply given by

pM=ymF  y@=lvEP (6.74)

where v (p) is the Fourier transform of ¥ (r). The information entropies S, and S,
give a measure of the spread of the single-particle density in position and momentum
space, respectively.

These two entropies have shown to play an important role in the quantum-
mechanical description of physical systems. For example, they have made
Bialynicki-Birula and Mycielski (BBM) find a new and stronger version of the
Heisenberg uncertainty relation. The corresponding BBM inequality for single par-
ticle is given by

Sp+ S8y, =D +1nm). (6.75)

Once the exact solutions of quantum systems are known, it is possible to study them
numerically.
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7 Conclusions

In this Chapter we have made use of previous results given in Chap. 3 to present the
exact solutions of the harmonic oscillator in arbitrary dimensions. The recurrence
relations for the radial functions have been established in terms of the Hamilto-
nian. In addition, we have shown how to realize the dynamic algebra su(1, 1) by the
factorization method. As an important generalization, we have also carried out the
pseudoharmonic oscillator case and constructed the ladder operators directly from
wavefunction by factorization method. The matrix elements of some related func-
tions have been obtained analytically from the ladder operators M. We find that
this method represents a simple and elegant approach to obtain them. On the other
hand, a useful recurrence relation among the wavefunction is derived on the basis
of the recurrence relations on the associated Laguerre polynomials. Finally, we give
a useful remark. We note that Oyewumi et al. have restudied pseudoharmonic po-
tential in N-dimensions in 2008 and carried out some expectation values for (r—2)
(r?), (T), (V(r)), (H) and (p?) as well as virial theorem obtained by means of the
Hellmann-Feynman theorems [102].

’



Chapter 7
Coulomb Potential

1 Introduction

The exact solutions of the non-relativistic and relativistic equations with a Coulomb
field have been the subject both in quantum mechanics and in classical mechanics.
The well-known exact solutions in almost all textbooks [1, 2] are important achieve-
ments at the beginning stage of quantum mechanics, which provided a strong evi-
dence in favor of the quantum theory being correct.

The purpose of this Chapter is three-fold. The first is to study the analytical so-
Iutions of the D-dimensional Schrodinger equation with a Coulomb potential in
arbitrary dimensions [26, 61-63, 78, 87, 99, 215], the relation between the radial
equations of the D-dimensional hydrogen atom and harmonic oscillator [34]. The
second is to realize the dynamic algebra su(1, 1) for the radial Schrodinger Coulomb
potential in terms of the Sturmian bases. The third is to study a generalized case, i.e.,
the Coulomb plus an inverse squared potential and then to analyze the variation of
energy levels E(n,l, D) on the dimension D [216]. As far as the potential energy
term, we use results from scattering experiments to fix its form 1/r. Indeed, since
the results of Rutherford-type scattering experiments are independent of the spatial
dimension, we can unambiguously conclude from the experimental data, that in ar-
bitrary dimension D the potential must be of the form like 1/r. This is of course
consistent with the analysis of Refs. [217, 218] that atoms with the usual kinetic
energy coupled to a modified potential of the form 1/r?~2 are not stable, where the
exponent (D — 2) is due to the requirement that Gauss’s law should be still valid in
higher dimensions.

This Chapter is organized as follows. Section 2 is devoted to the study of the
D-dimensional Schrodinger equation with a Coulomb potential. We establish the
shift operators in Sect. 3. In Sect. 4 we illustrate the mapping between the Coulomb
potential and harmonic oscillator radial functions. In Sect. 5 we show how to realize
the dynamic algebra su(1, 1) relying only on the radial Schrodinger equation. The
generalized case, i.e., the Coulomb potential plus an inverse squared potential shall
be investigated in Sect. 5. Some concluding remarks are given in Sect. 6.

S.-H. Dong, Wave Equations in Higher Dimensions, 81
DOI 10.1007/978-94-007-1917-0_7, © Springer Science+Business Media B.V. 2011
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2 Exact Solutions

The D-dimensional Schrodinger equation (A = M = 1) with a spherically symmet-
ric potential V (r) can be written as

1
) VW) =[E - V(I)]¥(x). (7.1)

For central potentials, we may separate the angular variables from the radial
one by taking the wavefunction W (x) = R; (r)YllD_z_J1 (X). Substitution of this into
Eq. (7.1) allows us to obtain the D-dimensional radial Schrodinger equation with a
spherically symmetric potential V (r)

1 d d I0+D—2
BT (rD‘l 5>Rz(r) + (2E —2V(r) - %)R,m =0, (7.2)

where the potential V (r) is taken as a Coulomb potential

Z
viy=-22=-5 ¢=za @3)
r r
Upon taking a new variable
p=r~—8E (7.4)

for the bound states, Eq. (7.2) is rearranged as

2p D—1dR 1 D-2
d 1(P)+ dRi(p) {_ +£_l(1+p—2)}R,(p)=o, (7.5)

dp? o dp 4 p
where
§ : (7.6)
T=£ ) ——. .
—2FE
From the behaviors of the radial function at the origin and at infinity, we define
R(p)=p'e " F(p). 7.7
Substituting of Eq. (7.7) into Eq. (7.5), we find that F (p) satisfies
d*F dF D—1
dp(zp) r@+D—1-piE® (r - T)F(p)zo, (1.8)

whose solutions are nothing but the confluent hypergeometric functions | 1 (a; b; p)
with

D -1
a:l—r+T, b=21+D—1. (7.9)
Thus, the eigenfunctions can be expressed as
R(p) =Np'e P'*1 F l—‘L’+T;2l+D—1;,0 , (7.10)

where N is the normalization factor to be determined.
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We now discuss the eigenvalues. From the consideration of the finiteness of the

solutions at infinity, the general quantum condition is given by
D—-1
r—l—Tznrzo,l,Z,.... (7.11)

Introduce a principal quantum number
n=n,+1+1. (7.12)

As a result, we have
& ! + D (7.13)
—_— =T =nNn _— .
—2F 2
From this we obtain the energy levels
E 2
2[n+(D—-3)/21%
Notice that the E(n, D) is independent of the quantum number /. On the other hand,
this result means that a stable hydrogen atom exists when the Coulomb-like potential

is taken as the form Eq. (7.3) in higher dimensions.
For a large D, we have

E(n, D)= (7.14)

E(n,D)~—28{D"2—22n—-3)D3+3@2n—-3)’D* —...}. (7.15)

We now calculate the normalization factor N. Note thatn, =7 —1 — (D —1)/2
is a non-negative integer. We can express the confluent hypergeometric functions

1F1(—ny; B+ 1; p) by the associated Laguerre polynomials Lﬁr (p). Based on for-
mulas (5.21), we express the radial function as

R(p) =Np'e ?2L2HP 2 (p). (7.16)

The N can be obtained from the normalization condition
o
f R(p)*rP dar =1. (7.17)
0

Before proceeding to do so, we recall a generalized Coulomb-like integral J,gf/a)

given in Ref. [219]

oo
I = / e XY (LY () Pdx
0

n

_T(+n+1) )3 (—D*Tn—k —y)Ta+k+y+1)
o ['(—k — y)T(a +k + Dk!(n —k)!

: . (7.18)
n: k=0

with Re(a 4+ y + 1) > 0. With the help of this integral formula, we are able to obtain

Cn+a+Dl(@+n+1)
n! ’

1
T =

n,

(7.19)
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where two nonzero contributions (k =n — 1, n) are made to Eq. (7.18) due to the
I" functions of the negative integers. It is shown from Egs. (7.17)—(7.19) that the
normalization factor is calculated as

_ 45 Z (n—1—1)! 1/2
N_<2"+D—3) [(2n+D—3)F(n+l+D—2)] : (7.20)

Before ending this section, we want to address the lower-dimensional case briefly
due to recent interest in the lower-dimensional field theory. When D = 1, the eigen-
values (7.14) reduce to the one-dimensional case

2
22
where we have used shifted n in order to avoid the infinitely bound ground state.
This is because the energy level E( goes to negative infinity if a principal quantum
number n = 0. That is to say, the Coulomb potential —&/|x| behaves like a negative

& (x) potential well.
The corresponding radial function is calculated as

E,= n=1,2,3,..., (7.21)

_ 2¢
R=Cpe "L, 1(p), p=""lx|, (7.22)

where C = /£ /n is a normalization constant.
Similarly, when D = 2 the eigenvalues are given by

52

En=—30= 1/2)2°

n=1,2,3,.... (7.23)

The corresponding eigenfunctions are obtained as

R(p)=< * )/ (n—lml =DV =g 2l (7,04

2n —1 2n—1Dn+|m|—1)! n—|m|—1

where p = 2&r/(n — 1/2) and the angular momentum quantum number [ is replaced
by the traditional notation |m|.

3 Shift Operators

We now study the “ladder operators” for the wavefunction by the factorization
method [3]. Generally speaking, we may apply the recurrence relations of the gen-
eralized Laguerre polynomials to obtain what appear to be the creation and annihi-
lation operators for the radial wavefunction R, ;(p), but what makes us discouraged
is we find that the variable p depends on n as shown in Eq. (7.4). In this case, we
have to apply the creation operator acting on R, ;(p) to obtain

MRy 1(pn) = Cri Rus1.0(0n) # Cri Rus1.0(0mr1))- (7.25)
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This means that we must apply a shift operator to change p(n) to p(n + 1). Such a
deep problem has been discussed by Aebersold et al. [220].

Consequently, we are going to establish the / raising and lowering operators since
the variable p does not depend on the quantum number /. That is, we attempt to look
for the shift operators which generate a group of potentials but with the same energy.
This is the so-called potential group approach.

For this purpose, we begin by acting the differential operator d/dp on the radial
wavefunction R, ;(p):

d [ 1 _ d
g Rt (P) = (; - 5>Rn,z<p) + Nyple P12 — o L2P (). (7.26)

It should be aware that the n in LS (y) corresponds to n,.
Before proceeding, let us first recall an important relation for the derivative of
the associated Laguerre functions [192]

d 1
—L%(y)=— Lt? L 7.27
p n () (a+1)[y 1) +nLy(]. (7.27)
Substituting this into (7.26) allows us to obtain the following relation
d | 1(2n+D-3 1 Nt
———4+=|=— R =— —R, . (7.28
{dp P + 2(2Z+D — 1)} n,1(p) A+ D=1 N, o) n,(+1)- (7.28)
As a result, we may define the raising operator as follows:
N d | 1(2n+D-3
M=y Lo (2P (7.29)
do p 2\214+D-—1
with the following property
M Ru1(p) = m} Ry, q+1)(p), (7.30)
with
1
+
= —1-1 [+ D —-2). 7.31
mf =5V Yn+1+D—2) (7.31)

We now proceed to find the corresponding lowering operator. First, we should
keep in mind that we need obtain a relation between d L"‘ (p) and LY, nil (,o) since

this implies a relation between < i R, .1(p) and the rad1a1 wavefunction R, —1)(p).
To achieve this task we start Wlth the relation [192]

d
yaLz(y) =nLy(y)—(m+a)Ly_(y), (7.32)

which, when taking into account the relation [192]
(m+ DLy () —@Cn+a+1=y)Ly(y)+nm+a)ly () =0, (7.33)

can be transformed into

d
YLy =(n—a—1+y)Ly(y)+ 0+ DL (). (7.34)
dy
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On the other hand, the relation

Ly~ ) = Lyy(y) = Ly ), (7.35)
together with Eq. (7.33), allows us to set up the following relation’
(x—1) (x+y—=1) _
— L =—"L¢% LY . 7.41
nta) n41() @t M +L, 7 (7.41)
This relation in turn can be substituted into Eq. (7.34) to give
d ala—1)
(@ —1D—Ly(y) = [(a +n)— 7}”‘@)
dy " y "
n+Dn+o) ,_
+ szﬂz(y). (7.42)

Finally, when this equation is substituted into (7.26), this allows us to obtain the
following relation

d 1+D-2 1/2n+D-3
S s (2 ) [Ru)
dp 0 2\2l+D -3

_ (=D +14+D—-3) Ny
- 21+ D -3 Na =1

Ry a-1)(p), (7.43)

ITo show this formula explicitly, we want to derive it in more detail. It is shown from Eqs. (7.33)
and (7.35) that

(n+ 1LY (») =2+ ) LEY) + (@ +y — DLE(Y)
+ (4 a)[LE() — LY (»]=0, (7.36)

which can be further modified to

(n+ DL () — (1 +a)LE ()
— 4+ )L ) + (@ +y—DLE () =0, (1.37)

from which, together with Eq. (7.35) again, we have

(n+ DL () — (1 + )L, () — LET ()]
— (4L () + (@ +y—1)LY(y) =0. (7.38)

Moreover, this equation can be rewritten as

(@—DLE )+ m+e)[LE () — LY ()]
—(@+y—DL(y) =0. (7.39)
Using Eq. (7.35) once again, we have
(@=L, () = (+a) LT () — (@ +y — DL (y) =0, (7.40)
which is nothing but Eq. (7.41).
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from which we are able to define the lowering operator as follows:

. d 1+D-2 1/2n+D-3
M =—+ * (2 , (7.44)
dp P 2\2/+D-3
with the property
M} Ru(p) = m; Ruq—1)(p), (7.45)
where
1
m, =——/(n—Dmn+1+D-3). (7.46)

' T @I+ D-3)
Essentially, these results (7.29) and (7.44) coincide with those given in [87].

4 Mapping Between the Coulomb and Harmonic Oscillator
Radial Functions

In this section we are going to establish a mapping between the Coulomb and har-
monic oscillator radial functions in arbitrary dimensions [34]. As shown above, the
Coulomb radial functions satisfy the following differential equation

d2R D—1dR 1 © Ii+D-2
ZEY)_i_ 1(y)+ ___i___(iz) Ri(y)=0, (7.47)

where y = p =2r&/t and T =n + (D — 3)/2 as defined in Eq. (7.13). The exact
solutions are given by

R(y) =Nyle¥2L2HP 2 (y),

B (4&)P/2 n—1-1) 7
~ (2n+ D —3)(D+D/2 '

F'n+l+D-2) (7.48)
2 2
o S | ,
272 2[n + (D —3)/2]2
n=n,+1+1.

On the other hand, the radial equation of the harmonic oscillator in arbitrary
dimensions can be written out
d*Rp(Y) d—1dR.(Y L(L
L(Y) L()+{_Y2_ (L +

d—2)
= oy T TE[RLY) =0, (749)

where Y = R, e =2N +d and N > L. The corresponding solutions are given by

_y? L—1+d/2
RL(Y)=Ne Y /21/LL(N_JLF)/2 (r?),

_[2TL(N = L)/2+1]
VTN +L+ D)2

Ex=S=n+2
N=2 =" Ty

(7.50)
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The map taking Eq. (7.48) into Eq. (7.50) is y = Y2. In particular, for integers
D,d, N,n, L and [, we find that the solutions (7.48) for R(y, D, n,[) can be related
to the solutions (7.50) R(Y,d, N, L) by

R(y,D,n,l)=coR(Y,2D —2,2n —2,21), (7.51)

1 [@&)d
co=7 (rdi)l (7.52)

The identity (7.51) establishes the following relations

where

d=2D -2, N =2n-2, L=72]. (7.53)

Therefore, we observe that the Coulomb problem in three dimensions is in one-to-
one correspondence with half the states of the four-dimensional harmonic oscillator
for even values of the quantum numbers N and L.

In affect, there exists a further degree of freedom in the map y =Y 2 e,

R(y,D,n,l)=coR(Y,2D —2 —2k,2n —2+«,2l +«), k€Z, (7.54)
from which we have the following identity
d=2D —2 — 2k, N =2n-2+k, L=2]+«. (7.55)

This is a general feature of this map that the spectrum of the D-dimensional
Coulomb problem is related to half the spectrum of the d-dimensional harmonic
oscillator for any even integer d.

5 Realization of Dynamic Group SU(1, 1)

In this section we are ready to realize the dynamic group SU(1, 1) for the radial
Schrodinger equation with the Coulomb potential [194]. For simplicity, we write
out the generalized D-dimensional Sturm basis

D—1 n,!
sPrn=27 ! 2r)te " LAHP=2(2p), 7.56
) \/r<nr+zz+1)—1)( n'e " L2TP=2(2r) (7.56)

Making use of the relations for the Laguerre functions (6.35) and formula (C.29),
we may obtain the raising and lowering operators for the quantum number r,

d D—1
My=+rlr— —r+My+ ——|, (7.57)
dr 2

where M) is given by

1{d2 D—1d I(l+D-2) 1}
r _— = — 1.

Mo=—-r] 2
0 2 | dr? r o dr r2

(7.58)
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It is found that My and M| satisfies the su(1, 1) algebra commutation relations
(Mo, My]=+My, (M4, M_]=—-2M,, (7.59)

with the following properties

M SP(r) =/ (ny + Dy +20+ D = DSE 1),
M_SP,(r) = /ny(ny + 20+ D = 2)SP 1, (), (7.60)
MoSP(r)=[n, +1+ (D —1)/21SL ().

Based on M4 = M| &+ iM>, we have

( d D-1
My =My —r, My=—ilr——+——). (7.61)
dr 2
The Casimir operator for this group is calculated by
1
C=M; - 5 MM+ M_M.), (7.62)
with eigenvalue k(k — 1). After calculating we find the Casimir eigenvalue is

D D’ 2,3\

CS,(r)= e +D({—-1)=21+1"+ 7 Sy (r), (7.63)

from which we get two possible solutions k = (2l + D —1)/2or k=3 - D —
2L)/2. However, we are interested only in the positive discrete representations of
su(1, 1), D* (k). Thus, we take k = (2 + D — 1)/2.

To establish the connection between the Sturmian functions and the radial
Coulomb functions in arbitrary dimensions D, let us write the D-dimensional ra-
dial Schrodinger equation for the hydrogen atom as

HRY, =ERD,, (7.64)
where
1(d*> D-1 D-2
If we multiply Eq. (7.64) by r, then we may write the above equation as
(H—§&)RD, =0, (7.66)
where H is named the modified Hamiltonian
H= %(M0+M1) — E(Mo — M)). (7.67)
In terms of the tilting transformation [137]
RP =cCe*" 5P (7.68)

where the normalization constant C can be calculated by Eq. (7.17). In the calcula-
tion, we consider the relation r = My — My given in Eq. (7.61).
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Multiplying Eq. (7.66) from the left by e 02 yields
(H—§)SP, =0, (7.69)
where

H = €7i€M2 HeieMz
1

= Eee(Mo + M) — Ee? (Mo — M)
=[(1/2+ E)coshf + (1/2 — E)sinh6]M;
+[(1/2 4 E)sinh6 + (1/2 — E) cosh@]Mo. (7.70)

The final expression was obtained by performing a similarity transformation on both
the compact generator My and the noncompact generator M. During the calcula-
tion, we have used the Hausdroff-Campbell-Baker formula

e M (Ao £ MM = e (Mo £ M)). (7.71)

The choice 6 = %ln(—ZE ) makes the coefficient of M; vanish. (Note that the
expression for 0 is actually n-dependent due to its definition.) Thus, we have

H=+—-2EMj. (7.72)

How to calculate the normalization constant C and the radial function? For this
purpose, we require the following condition due to different metrics for two basses

nyl

o
1=/ \RD PrP~dr = (SPr|SP)) = Ce ™ (RD | |(Mo — MY)ISD)),  (1.73)
0

from which we have C =/£/k2, k =n+ (D — 3)/2.
Now, let us obtain the radial Coulomb functions. In terms of Eq. (7.68) we are
able to write its expression as follows:

d , D—1
Rpy(r) = Ce" Vit T80, ()

N
= mSnrl(p)
QP | (m—1-D! o o
z\/zlcTH TV, e L), (174

where we have used the following relations

2
n=n+1+1, p= % MO o (r) = g(0r). (1.75)

6 Generalization to Kratzer Potential

In this section let us study a generalized Coulomb potential named Kratzer potential.
It is the sum of a Coulomb and an inverse squared potential as discussed in three
dimensions by Landau and Lifshitz [2].
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As mentioned above, the radial equation of the D-dimensional Schrédinger equa-
tion with a spherically symmetric potential V (r) can be written as

d? D-1d Il+D-2
—Ri(r)+ ———Ri(r)+{2E -2V(r) — +D-2) Ri(r)=0, (7.76)
dr? r dr r2
where the V (r) is taken as a Kratzer type potential
A B
Vir)=—=—-—. (7.77)
r r

Upon taking a new variable p = r+/—8E for the bound states, Eq. (7.76) can be
rearranged as
dle(p)+D—1dR1(p) 1 = 2A4I11+D-2)
dp? p*  dp 4 p p?
where

[ 1

From the behaviors of the radial function at the origin and at infinity, we define

}Rl (p) =0, (7.78)

R(p) = p*e™"*F(p), (7.80)
where
2—D+8A+2
= +2 T k=pi+D-2 (7.81)

The constraint condition is taken as 8A + «? > 0. Substituting of Eq. (7.80) into
Eq. (7.78), we find that F'(p) satisfies

2 —
LEQ) | b p1-pyFD <r L Q)F(p) —0. (782
dp dp 2

whose solutions are nothing but the | Fi[A — v+ (D — 1)/2;2A + D — 1; p].
Thus, the eigenfunctions can be expressed as

— A A —h)2 ., b-T1 Y
R(p)=Np*e PP Fi( 2~ 1+ =2+ D~ Lip). (7.83)

where N is the normalization factor to be determined.
We now discuss the eigenvalues. From consideration of the finiteness of the so-
Iutions at infinity, the general quantum condition is obtained from Eq. (7.83)

D—1 ,
r—A—Tzn =0,1,2,.... (7.84)
Introducing a principal quantum number
n=n+k/2—D/2+2=n"+1+1, (7.85)
from which, together with Egs. (7.79), (7.84) and (7.85), we have
1 D—1
B/—=1=n—-1—-14+X1+ > 0, (7.86)

—2E
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which leads to
2B?
(2n—21 — 14+ /8A+k2)2

En,l,D)=— (7.87)

For a large D, we have

E~-2B*D?-202n-3)D +[32n—3)> =84 — (21 =2)*ID™* — ...},
(7.88)

which implies that the energy E is almost independent of the quantum number /
for a large D, but the quantum number / devotes a small contribution to the energy
E(n,l, D) for a small D.

For a small A, we have

8A
E:—ZBZ{(2n+D—3)_2— ~—@n+D-3)"3
K

16A? _, 4842 4
5+ D=3+ =t D= =g (789)

We now calculate the normalization factor. Note n’ = 7 — A — (D — 1) /2 is a non-
negative integer. In terms of the formula (5.21), we can express the radial function
as

R(p) =Np"e PPL2HP2(p), (7.90)
where the N\ can be obtained from the normalization condition
o0
/ R(p)*rPdr =1 (7.91)
0
as follows:
4B 2
N =
(2n—21+2A+D—3)
71 172
X (i) . (1.92)
Q2n—=2l4+22+D—-3)T'(n—1+2)1+D —2)

In the calculation, the formulas (7.18) and (7.19) are used.
We now briefly address the lower-dimensional case. When D = 1, the eigenval-
ues (7.87) reduce to
2B?

E,=— . 7.93
(2n — 1+ 1+ 8A)? (7.99)

The corresponding radial function becomes

V2B (n—1)! 172
R(p) = S1e=P/2p 25115y 7.94
(0) 2n+2s1—2|:l"(n+2s1—1):| pre L, () (7.94)
with
1+/1T+8A
P (7.95)

2



6 Generalization to Kratzer Potential 93

O T T T T

7‘107\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\7
0 5 10 15 20 25 30

D

Fig. 7.1 The energy spectrum E (1,0, D) decreases with the increasing dimension D € (0, 2], but
increases with the dimension D > 2. This is a common property of the energy levels E(n, 0, D)
regardless of the quantum number . The parameters A = 1 and B = 8 are taken

Similarly, when D = 2 the eigenvalues are given by
2B?
(2n —2|m| — 1 4+ 2v2A + m2)?’

where the angular momentum quantum number [ is replaced by the traditional no-
tation |m|. The corresponding eigenfunctions are obtained as

(7.96)

Eym =

RO — 4B (n — |m| — 1)!
g S 20— |m|+s52) — 1\ [2(n — |m| + 52) — LI (n — |m| + 257)
x p2e P2L*2  (p), (7.97)

n—|m|—1
with
s2=+v2A +m?2. (7.98)

Finally, let us elucidate the properties of energy E (n,l, D) as shown in Figs. 7.1,
7.2, 7.3. We take A =1 and B = 8 for definiteness. It is shown in Fig. 7.1 that
the energy E (1,0, D) decreases with the dimension D for D € (0, 2], but increases
with it for D > 2, so do the energy levels E(n, 0, D). This is a common variation for
energy levels E(n, 0, D) regardless of the principal quantum number ». This kind
of property can be explained well by the first derivative of the energy with respect
to dimension D

9E(n,1,D) 4B%«
D V8A £ ik2(2n —21 — 1+ /8A +«2)3

This implies that 0E(n,/, D)/0D =0 due to k =2l + D —2 =0 when [ =0
and D = 2. That is to say, there exists a turning point at D =2 for [ = 0. It is

(7.99)
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E(2,/,D)
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Fig. 7.2 The variation of energy E (2,0, D) (red solid line) on the dimension D is very simi-
lar to E(1,0, D). The E(2, 1, D) (blue dashed line) increases with the increasing dimension D.
Specially, note that the £(2, 1, D) almost overlaps E(2, 0, D) for a large D
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Fig. 7.3 The variations of energy E(3,/, D) on the dimension D are very similar to E (2,1, D).
The red, blue dashed and black dotted lines correspond to the different angular momentum quan-

tum numbers [ = 0, 1, 2, respectively

found from Eq. (7.99) that dE(n,l, D)/dD < 0 for D € (0,2). On the contrary,
dE(n,0,D)/0D > 0 for D > 2. This has been shown clearly in Figs. 7.1, 7.2, 7.3
for E(n,0, D). When [ # 0, the « is always positive regardless of dimension D.
Thus, the 0E(n, 1, D)/dD is positive, too. This means that the energy E(n,!, D)
(I # 0) monotonically increases with the increasing dimension D as shown in

Figs. 7.2 and 7.3.
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Second, we study the variations of energy E(n, !, D) on the quantum number /.
It is shown in Figs. 7.2 and 7.3 that the energy E(n,[, D) is inversely proportional
to quantum number [. For a large D, however, the energy E(n,[, D) is almost in-
dependent of the quantum number / as shown in Figs. 7.2 and 7.3. This can be
explained well by series expansion for 1/D as given in Eq. (7.15). When D is very
large, the third term involving D~* can be ignored. Thus, the energy E(n, [, D) is
independent of quantum number /. However, when D is not too large, note that the
quantum number / will make a small contribution to energy E(n, [, D) as shown in
Figs. 7.2 and 7.3. In fact, the relation between E(n,/, D) and D can be explained
well by the first derivative of energy E (n, [, D) with respect to quantum number /

9E(n,1,D) 8B (k — v/8A +?)
al VA +kZ(2n — 21 — 1+ /8A +k2)3
This implies that 0 E (n,1, D)/dl < 0 regardless of the quantum number / and di-

mension D. If A =0, it is shown from Eq. (7.100) that d E(n, [, D)/dl = 0, which
means that the energy E (n,[, D) is independent of quantum number /.

(7.100)

Third, we investigate the variations of energy levels E(n,[, D) on the principal
quantum number n. We observe that the energy E (n, [, D) monotonically increases
with the increasing n. This can be explained by the first derivative of the energy
E(n, 1, D) with respect to the principal quantum number n

IE(n,1,D) 8 B2
an (2n—21 — 14 /8A+«2)3

It should be pointed out that the energy levels E (n, [, D) will gradually tend to zero
for a large dimension D, so do the energy levels E (n, [, D) for a large n.

Before ending this part, we outline a generalized Coulomb potential in arbi-
trary dimensions [38]. In that work, they proposed a unified approach to treat
the Coulomb and harmonic oscillator potentials in D dimensions. The generalized
Coulomb potential is defined as

_ ll D_3)<l D—l)
U(”)——r—2<+ 3 + >

1 3 y
* (’3 - 5) <’3 - 5)4h<r>[h<r) Fal

B a B 3y N Say
h(r)y+a  16[h(r) +a]> ~ 16[h(r) +a]®’

(7.101)

(7.102)

where h(r) is defined in terms of its inverse function

r:r(h):y_l/z[atanh_l(,/L> + h(h+a)] (7.103)
h+a
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The exact solutions of this system are given by

h2
Ey=—~"p2,
8u
" :y%p@ C(n+1) (7.104)
" "V @n+ B+ )T (n+ B)

_ pnh(r)

x [h(r) + ol i AT e 22 LD (0,0 (1)),

pn = %[ /(n+,3/2)2+% - (n+ﬁ/2)] (7.105)

Here, we give a useful remark on Eq. (7.102). It is clear to see that this po-
tential carries angular momentum dependence: its first term merely compensates
the centrifugal term arising from the kinetic term of the Hamiltonian. Its second
term also has r ~2-like singularity, and thus it cancels the angular momentum depen-
dent term in two important limiting cases that recover the D-dimensional Coulomb
and the harmonic oscillator potentials. The third term represents an asymptotically
Coulomb-like interaction, while the remaining two terms behave like »~2 and r—3
for large values of the variable r. In addition, it should be noted that half century
ago Tangherlini [215] proposed a generalized Keplerian problem when he studied
the hydrogen atom in n dimensions, i.e.,

where

62

(n —2)r=2’

which implies that it cannot be acceptable for n = 2. This is the reason why the
Coulomb potential is taken as the logarithmic form Inr in two dimensions.

Vin,r)y=-— (7.106)

7 Concluding Remarks

In this Chapter we have studied the analytical solutions of the D-dimensional
Schrodinger equation with a Coulomb potential in arbitrary dimensions. The shift
operators for the Coulomb potential have been established by factorization method.
These operators constructed a set of potentials with the same energy level, i.e., keep
the energy level fixed but change the potential shape. Additionally, the mapping
between the radial equations of the D-dimensional hydrogen atom and harmonic
oscillator has been shown. In addition to these, we have realized the dynamical
group SU(1, 1) using the Sturm basis. Finally, we have investigated the variations
of energy E(n,[, D) on the dimension D for the Kratzer potential and reviewed the
generalized Coulomb potential.



Chapter 8
Wavefunction Ansatz Method

1 Introduction

It is well known that the solutions of the fundamental dynamic equations play a
very important role in physics. The exact solutions of wave equations are possi-
ble only for a few potentials. We have to use some approximation methods to ob-
tain their solutions. Until now, many efforts have been made to solve the stationary
Schrodinger equation with the anharmonic potentials containing negative powers of
the radial coordinate [221-243]. Interest in them stems from the fact that the study
of the Schrodinger equation with these potentials provides us for insight into the
physical problem. However, most of those works have been mainly carried out in
the lower-dimensional space. The purpose of this Chapter is, by applying a suitable
ansatz to the wavefunction, to analyze the D-dimensional radial Schrédinger equa-
tion with anharmonic potentials such as the sextic potential V (r) = ar® + br* +cr?,
the singular integer power potentials V (r) = ar?+br =2 +cr~*+dr~°, the singular
fraction power potentials V (r) = ar~'/? 4+ br =3/ and others.

This Chapter is organized as follows. The Schrodinger equation with these anhar-
monic potentials will be treated by the wavefunction ansatz method in Sects. 2—4.
The concluding remarks will be given in Sect. 5.

2 Sextic Potential

For simplicity the atomic units 7 = p = 1 are employed if not explicitly stated oth-
erwise. Since the Schrodinger equation with spherically symmetric central fields

1
{—§V2+V(r)}¢(r)=E¢(r) 8.1)

keeps invariant in spatial rotation, the solutions of radial Schrodinger equation can
be expressed as
Y@ =r" PV 2umy, ®), (8.2)

S.-H. Dong, Wave Equations in Higher Dimensions, 97
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where the Y, IID,I e (X) is the generalized spherical functions. Substitution of this into
the Schrodinger equation allows us to obtain the radial Schrodinger equation

d> 11+D-2)+(D—1)(D-3)/4
PRSs

}U(r) ==2[E-V@®IU(r), (8.3)

which can be rearranged as

> k?—-1/4
{ﬁ _ T}U(r) =2[E—-V@IU®), (8.4)

where « is given in Eq. (5.4).
Now, we are going to study the sextic potential
V()= ar® + br* + cr2, a>0. (8.5)

For the solutions of Eq. (8.4) with this potential, we take an ansatz for the radial
wavefunction

U(r) =explp(a, B.1)] Y _ayr® T +1/2, (8.6)
n=0
where
1,5, 1 4
pla, B, r)==pr-+ —ar”. (8.7)
2 4
Substituting Eq. (8.6) into Eq. (8.4) and equating the coefficient of r2*+<+3/2 to
zero, one can obtain
Apan + Byy1ap1 + Cpgzap42 =0, (8.8)
where
Ay =,32+2(2+K+2n)a —2c,
B, =2E +2(1 +« +2n)p, (8.9)
C,=4n(k +n),
and two constraint conditions
o? =2a, 208 =2b. (8.10)

It is shown from Eq. (8.10) that the values of parameters for p(w, B, r) can be eval-
uated as
b
o ==+ 2a, B=—.

o

8.11)

To retain the well-behaved solutions at the origin and at infinity, we choose the
physically acceptable solutions as follows:

o =—+2a, B=——. (8.12)
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On the other hand, we know that the physical solutions of (8.8) and (8.9), with
real E, require that A,,_1C, > 0 for all relevant n, because the matrix equivalent
can then be reduced to a real symmetric form by the substitution [234]

Ap_1 Ap_ A
dy= [=tin=2 D0y (8.13)
Cn Cnfl Cl

where d,, represents the basis vectors of the matrix. However, C,, > 0 for all n,
while A, becomes positive for sufficiently large n, unless the series is truncated by
the condition A, = 0. Therefore, we have

b2
2¢+2v2aQ2 4k +2p) = 3- =0. (8.14)
a

This is a restriction on the parameters of the potential and k. As our previous work
[234], A,,, B, and C,, must satisfy the determinant relation for a nontrivial solution
By Cp +++ e ees 0
Ao By Cy oo .- 0
det| . . . . . |=0. (8.15)
0 0 0 0 A,1 By
To interpret this method, we will give the exact solutions for p =0, 1 as follows:

(1): when p =0, it is found from Eq. (8.15) that By = 0, which, together with the
values of @ and 8, leads to

By = PO (8.16)

v 2a
The restriction on the parameters of the potential and x can be obtained from
Eq. (8.14)

b? —4dac ) 8.17)
K= ——77—-—2, .
4a~/2a

from which, together with ¥ we are able to obtain an important constraint on
the parameters of potential and the angular momentum quantum number / for
a given dimension D. That is to say, the choice of those parameters of potential
can be taken arbitrarily. The wavefunction for p = 0 can be written as

b V2a
O @) = agr' ex [— r?— —r4:|, (8.18)
v P 2V2a 4
where ag is the normalization constant.
(2): when p =1, we can obtain the following relation from Eq. (8.15)
BoB1 — AgC1 =0, (8.19)

from which, we have
b(2 + K)

\/b2(2 + k) —dac(l + ) — 4v/2a322 + 3k + 2).
(8.20)

El=———7+-
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Likewise, the restriction on the parameters of the potential and « can be
obtained from Eq. (8.14)

b? — 4ac
K= —"++——4. 8.21)
da~/2a (

The eigenfunction for p = 1 can be read as

w“)(r)z(aoJralrz)r’exp[— b_ 2 @r“} (8.22)

22 4
where the ag and a; are the expansion constants. Following this way, we can
generate a class of exact solutions through setting p =0, 1,2, ..., etc. Gener-
ally, if ap # 0, but ap41 =ap2 =--- =0, we have A, =0, which leads to
a restriction on the parameters of the potential and k. The eigenvalue can be
obtained from Eq. (19). The eigenfunction becomes

b V2a
PPy =(ap+arr>+ -+ a,rP)rl ex |:— r?— r4i|, (8.23)
v b Pl v 4
where a; (i =0,1,2,..., p) are the expansion constants.
3 Singular One Fraction Power Potential
This potential can be taken as
a b
V()= Y] + - (8.24)
Take the following ansatz for the wavefunction
U(r) =explar +28r'21 Y " a,r"/>H 172, (8.25)
n=0

On substituting this into Eq. (8.4) and setting the coefficient of /2+%~1/2 to zero,
we have

Apay + Bpr1apy1 + Cpgnan42 =0, (8.26)
where
An=B>+an+2c+1),
By = B(n+2ic +1/2) — 2b, (8.27)
Ch=n(k +n/4),
and

o’ +2E =0, af =a, (8.28)
from which we take the physically acceptable solutions
a

o=—v2F, =— .
P —F

(8.29)
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Similarly, taking A, =0 leads to

1 2 2/3
p a
Ef=—| ——— . (8.30)
p 2\ 2« +1+p
(1): when p =0, itis easy to obtain
1 a? 2/3
Ef=—=—— . 8.31
07 2 (2K + 1) ®-31)

Besides, it is shown from Eq. (8.15) that By = 0, which leads to a constraint
condition between the parameters of the potential and «,

(k+1/8[ac + D13 +b=0. (8.32)

The eigenfunction for p = 0 can be written as

2
W(O) r)= exp|:—‘ [—2E5r — ;E" r1/2:|a0rl. (8.33)
- 0

(2): when p =1, the eigenvalue can be obtained from Eq. (8.30) as

PO (R (8.34)
P72\ +2) ‘
On the other hand, based on Eq. (8.15) we have ByB; = AoC1, which leads
to
(B2« +1/2) — 2b1[B(2k +3/2) — 2b] = [B* + a(1 + 2i)1(k + 1/4), (8.35)
where
1/3 a’ 13
= —[2a(l , =— . 8.36
B =—[2a(1+«)] a <2+2K> (8.36)

The eigenfunction for p = 1 now becomes

2a
v D)= exp|:_\/ —2Efr — 7”/2} (ao +arr'/?yr, (8.37)
—2E¥
vV 2E]

where the ag and a; are expansion constants.
For a given p, the wavefunction can be written as

v () =exp[—\/—E}§r - Li’l/z](ao +air'? 4 ar? e,
_EK
p

(8.38)

where a; (i =0, 1,2,..., p) are the expansion constants.

4 Mixture Potential

This potential has the form

Vi)y=arl+br+<, a>0. (8.39)
r
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Take the ansatz as follows:

U(r)=explp(a, B,1)] Y anr"+1/2, (8.40)
n=0
where
pla,B.r)=pr+ %arz. (8.41)

Similarly, we can obtain the following set of equations on substituting Eq. (8.40)
into Eq. (8.4) and equating the coefficients of r*+"*1/2 to zero,

Apay + Bpr1apy1 + Cpgzapy2 =0, (8.42)
where
Ap =2E +2a(1 +n+k)+ B2,
B, =-2c+BQ2n+2k +1), (8.43)
C,=n(n+2k),
and
a? =2a, aBf =b. (8.44)
Similar to above choice, the physically acceptable solutions are chosen as
a=—+2a, ﬂ:—L. (8.45)
V2a
Let us now consider the case a, # 0, but a1 =ap 2 =--- =0. From Eq. (8.15)

we have A, =0, from which we can obtain the eigenvalue
b2
EZ=v2a(1+/<+p)—4—. (8.46)
a

For example, the exact solutions for p =0, 1 can be illustrated below.
(1): when p =0, we have

b2
Ef =~2a(l +6) = - (8.47)
a

On the other hand, it is shown from Eq. (8.15) that By = 0, which leads to
the following restriction on the parameters of the potential and «,

2¢v/2a +b(1+2¢) =0. (8.48)
The eigenfunction for p = 0 can be written as
b 2
O ) = agr! exp[—%], (8.49)

where the ag are the expansion constant.
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(2): when p =1, the eigenvalue becomes

bZ
Ef =~2a(k +2) — 1 (8.50)
a

Moreover, it is shown from Eq. (8.15) that BoB; = A¢C, which leads to a
restriction on the parameters of the potential and «

1+ 2k)b 3+ 2k)b
<2c+ M) <20+ M) —2v2a(1 + 2. (8.51)
V2a v2a
The eigenfunction for p = 1 can be read as
br + ar?
v V() = (ap + arr)r’ ex [—7] (8.52)
P 2a

where the ag and a; are the expansion constants. Similarly, if a, # 0, but
apy1 =apy2 =---=0, we have A, =0, from which we can obtain the eigen-

value. For a given p, the restriction can be determined by Eq. (14). The eigen-
function can be read as

br +ar?
U P (r) = (a0 +arr +---+apr”)rlex [—7} (8.53)
b P V2a
where the coefficients a; (i =0, 1,2, ..., p) are the expansion constants.
5 Non-polynomial Potential
This potential has the form
V) =r?+ e (8.54)
ry=r . .
1+ gr2
Take the following ansatz
1
U@r)= exp[zarz] X(:)a,,ﬂ”““/? (8.55)
n=

On substituting this into Eq. (8.4) and setting the coefficient of 2" T<+5/2 to zero,
one can obtain the following recurrence relation

Apay + Bpr1apy1 + Cpgoapy2 =0, (8.56)
where
Ay =214+ 2g[E 4+ a(l + « + 2n)],
B, =2FE4+20(2n+«+ 1) +4ng +n), (8.57)
Cp=4n(n+«),
and

o’ =2. (8.58)
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With the same reason, we choose o = —V2. Likewise, if a p#0,buta,y; =
apy2 =---=0, we can obtain A, =0, which leads to the following relation
A
EfN==+4V2(k+1+2p). (8.59)
8

To expound this method, we will give the exact solutions for p =0, 1 as follows.
(1): when p =0, itis easy to obtain
A
Ef = ot V2(k + ). (8.60)

On the other hand, it is shown from Eq. (8.15) that By = 0, which means
A = 0. This refers to harmonic oscillator case. The eigenfunction for p = 0 can
be simply written as

2
¥ O () = agr! exp[—:—fz}, (8.61)

where aq is the expansion constant.
(2): when p =1, the eigenvalue can be obtained as

EX = g +2(k +3). (8.62)

In this case, it is shown from By B — AgC1 = 0 that a constraint on the potential
parameters and « is given by

2v2g 4+ 28%(1 + k) + A =0. (8.63)
The eigenfunction for p = 1 can be read as
1
w(l)(r) = (ap + a;r)r' ex |:——r2:|, (8.64)
gV
where the a¢ and a; are the expansion constants. Generally, if a, # 0, but
apy1 =apsp =---=0, we can obtain A, = 0. The eigenfunction can be writ-
ten as
1
I/f(”) (r)=(ao+arr’+ -+ aprz”)rl exp[——rz], (8.65)
V2
where a; (i =0, 1,2,..., p) are the expansion constants.

6 Screened Coulomb Potential

For this potential

viy=24+ -2
r)y=— ,
r r+ A

a < —b, (8.66)
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take the following ansatz
UGr)=el" Y ay(r+nr"tF12, (8.67)
n=0

Substituting this into Eq. (8.4) and setting the coefficient of "% +1/2 to zero, we
have

Apan + Bpi1ant1 + Cpyoany2 =0, (8.68)
where
Ap=—2a—-2b+ 3+2n+2)B,
B, =214+ BN+« +1/2) —2ar +n(n + 2k), (8.69)
Cp = in(n + 2k),
and
g% +2E =0. (8.70)
Based on this Eq. (8.70) we take
g =—~/—2E. (8.71)
This is required by the physically acceptable solution. On the other hand, if @), # 0,
buta, 1 =ap2=api3=---=0,itis easy to obtain A, =0, i.e.,
2
E; = —%. (8.72)
To show this method, we present exact solutions for p =0 and 1 below.
(1): when p =0, it is found from Eq. (8.72) that
S () (8.73)

07 23/2+K)2
The restriction on the parameters of the potential and « can be obtained from
Byp=0as

(k +1/2)(k +3/2) = 2(2ak + bk +2a + b/2). (8.74)
The eigenfunction for p = 0 now becomes
O (r) = apr’ exp[—,/ —2E§r](r + 1), (8.75)

where ag is the expansion constant.
(2): when p =1, one can obtain the eigenvalue as follows:

b 2
. Ly (8.76)
2(5/2 +«)?
The restriction on the parameters of the potential and x can be obtained from
BoB1 = ApC|. The eigenfunction for p = 1 becomes

vV ) = (ag + arr)r’ exp[—/—2EXr](r + 1), (8.77)
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where the ap and a; are expansion constants. For a given p, if a, # 0, but

apy1 =apsp =---=0, we have A, =0. The eigenfunction can be written as
P = (a0 +arr + -+ apr?)rl exp[— [—2ESr](r + 1), (8.78)
where a; (i =0,1,2,..., p) are the expansion constants.

7 Morse Potential

Due to its mathematical advantages, the harmonic oscillator model has been widely
used to describe the interaction force of the diatomic molecule. Nevertheless, it is
well known that the real molecular vibrations are anharmonic. Among many molec-
ular potentials, the Morse potential as an ideal and typical anharmonic potential
permits an exactly mathematical treatment and has been the subject of interest since
1929 [244]. In particular, the Morse potential will reduce to the harmonic oscillator
in the harmonic limit.

Choose the separated atoms limit as the zero-point energy. The Morse potential
has the following form

V(r)=Vo(e 2" —2¢7F1), (8.79)

where Vj > 0 corresponds to its depth, 8 is related to the range of the potential, and
r gives the relative distance from the equilibrium position of the atoms.

Following approach [245] and our recent work [246], we can take the ansatz for
the wavefunction

R(r)=r'e”G(r), b=+—2E, E <0. (8.80)
Substitution of this into (8.4) leads to
d? d
L GO Y S D Y A1 GO [P S P Y
dr? dr
1
+ (B> 4+2E =2V (ir)rt — <K2 - Z)ﬂ‘Z]G(r) =0, (8.81)
which is re-arranged as
dG
[t(t = 1) — (k> = 1/HIG(r) + (Zr% — 2b1’G(r)>r
r
d? d
+(EED 5,950 vy 6o )2 =o. (8.82)
dr? dr

From the behavior of the wavefunction at the origin, it is shown from Eqs. (8.81)

and (8.82) that
1 D-—1
= B A pa— 8.83
T=K+ > + > (8.83)

where another solution 7 = 1/2 — k is ignored in physics.
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As shown in [246], we expand the Morse potential about the origin as follows:

o0
V=2V Y ar', (8.84)
=0

where we have used an important formula

R Y S N L |

o0 !
=ZZ(—1)1(2’—1 - 1)%#
=0

o0
=2 arl. (8.85)
=0
We take the standard series for G (r) with the form
o0
Gy =) nrk, w#o. (8.86)
k=0

Substituting of this, together with Eq. (8.85), into Eq. (8.82) and setting the coeffi-
cients of the powers of " (n =1 + k + 2) to zero, one can obtain

00 00 S
Z[k(ZK + k)])/krk - ZZb(k + K+ 1/2)ykrk+1 — 4V Z chykrl+k+2 =0,

k=0 k=0 k=0 =0
(8.87)
from which we have
y1 = by,
_ b2k +3)y1 +4Voyoco
V2= T , (8.88)
_ b2k +5)y2+4Vo(yico + yoc1)
V3 9 +6K :

Similarly continuing to use Eq. (8.87), we can finally obtain the expansion coeffi-
cients y, as

. b2k +2n — 1))/;1—1 +4VOSn,k

Vi n(2k +n) ’ (8.89)
with
n—2=N
Sik= Y. ayn-i. (8.90)
1=0,1>2

Accordingly, we can finally obtain the analytical solutions of the Schrodinger
equation with the Morse potential in arbitrary dimensions as

oo
R(ry=r"/2% e 3 "y #0. (8.91)
n=0
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Thus, for a given Morse potential, we can always find the suitable eigenvalue to
make the wavefunction R(r) convergent when r tends to infinity.

8 Conclusions

In this Chapter we have carried out the solutions of the D-dimensional radial
Schrodinger equation with some anharmonic potentials applying an ansatz to the
wavefunction and obtained the restrictions on the parameters of the potential and «.
These potentials include the sextic potential, singular one fraction power potential,
mixture potential, non-polynomial potential, screened Coulomb potential and Morse
potential. Before ending this Chapter, we give a useful remark on this method. As
far as all insoluble physical quantum systems, we have to treat them by different
approximate methods. By using present wavefunction ansatz method, one is able to
only obtain some so-called eigenfunctions with some constraints on the potential
parameters and quantum numbers.



Chapter 9
The Levinson Theorem for Schrodinger
Equation

1 Introduction

The Levinson theorem [109] as an important theorem in quantum scattering theory
establishes the relation between the total number n; of bound states and the phase
shift 8;(0) of the scattering states at zero momentum. For the Schrodinger equation
with a spherically symmetric potential V (r), the short-range central potential V (r)
satisfies the boundary conditions

1
/ r|lV(r)|dr < oo,
0

0 ©.1)
/ r2|V(r)|dr < 00.
1

They are required for the nice behavior of the wavefunction at the origin and the
analytic property of the Jost function, respectively.

Since 1949 the Levinson theorem has been proved by different methods and gen-
eralized to different equations and potentials [184, 247-296]. With the recent inter-
est in higher-dimensional field theory, we attempt to establish the Levinson theorem
for the D-dimensional Schrodinger equation by the Sturm-Liouville theorem.

This Chapter is organized as follows. We study the scattering states and bound
states in Sects. 2 and 3, respectively. The Sturm-Liouville theorem is carried out
in Sect. 4. The non-relativistic Levinson theorem in D dimensions is established
in Sect. 5. The general case will be discussed in Sect. 6. In Sect. 7 we present the
comparison theorem. We summarize our conclusions in Sect. 8.

2 Scattering States and Phase Shifts

Let us consider the D-dimensional Schrédinger equation

® o,
(—m VD +V(r))\ll(r)=E\lJ(r), 9.2)
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which keeps invariant in spatial rotation. Therefore, choose the wavefunction as
w)=r"PVERY, L ®). 9.3)

By separating the angular variables from the wavefunction we obtain the radial
Schrddinger equation as

d>  (1—-1+D/2)>-1/4 oM
{ﬁ - r2 }Rl(r) === (E-VOIR(M), 04

which is a real equation so that we only discuss its real solutions.
For simplicity, we first study Eq. (9.4) with a cutoff potential

V(r)=0, whenr >ry, 9.5)

where ry is a sufficiently large radius. The general case will be studied in Sect. 6.
Similar to previous works [290, 291], we introduce a parameter A for V (r)

V(r,A) =AV(r), Vi, 1) =V(). (9.6)
Thus, Eq. (9.4) can be modified as
2 n*—1/4 2M

where n = |l — 1 4+ D/2] is the same as « given in Eq. (5.4) for difference. As you
see below, we use « to denote the energy.

We now solve this equation in two regions and match the logarithmic derivative
of the radial function at rq:

1 8R1(r,k)] _[ 1 aRl(r,,\)]
r=ry r=rg

9.8)

AI(E’)‘)E[R,(r,)\) ar Ri(r. %) or

From (9.1) there exists a convergent solution to Eq. (9.7) at the region [0, r9]. When
V (r, 0) = 0 this solution is given by

Ri(r,0) = (rwkr/2)VV2 1, (kr), 9.9)
when E > 0 and k = QM E)'/?/h,
Ri(r,0) = e 2 (icr j2) V2 0, (i), (9.10)

when £ <0 and k = (—2ME)1/2/h. Jy(x) is the Bessel function and R;(r,0) in
Egs. (9.9) and (9.10) is a real function. A multiplied factor on R;(r, 0) is unimpor-
tant.

In the region (rg, 00), we have V(r, A) =0. When E > 0 the combination of two
oscillatory solutions to Eq. (9.7) can always satisfy Eq. (9.8) so that there exists a
continuous spectrum

Ri(r, 1) = (wkr/2)?[cos 8 (k, \) J,y (kr) — sin&;(k, M) N, (kr)]
2n—Drm

~ COS |:kr —
4

+ &;(k, A)], when r — oo, 9.11)
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where N, (kr) is the Neumann function. Although V (r, 1) does not depend on A in
the region (rg, 00), through Eq. (9.8), R;(r, A) and the phase shift §;(k, A) depend
on A. In fact, from Eq. (9.8) we can obtain

//(kro) 1
 Jykrg) AIEL D) — kg — 5y
tand;(k, A) = N, (kro) N; o) = (9.12)
n\Kro AI(E’)‘)_an(kro) ~ 20
8(k) =6;(k, 1), (9.13)

where the prime denotes the derivative of the Bessel function, the Neumann func-
tion, and later the Hankel function with respect to their arguments. It is found from
Eq. (9.12) that the §;(k, 1) is determined up to a multiple of 7 due to the period of
the tangent function. As usual, we may use the convention that

81(k) =0, whenV(r)=0, 9.14)
which implies that §;(co0) = 0 as defined in [1].

3 Bound States

Because when E < 0 there is only one convergent solution to Eq. (9.7) in the region
r > ro, Eq. (9.7) is not always satisfied

Ri(r,2) =02 (ricr/2) P HD (ikr) ~ e, whenr — o0, (9.15)

where H,fl) (x) is the Hankel function of the first kind. Actually, R;(r,A) in
Eq. (9.15) does not depend on A. The matching condition (9.8) may be satisfied
only for some discrete energy E, where a bound state appears. Therefore, there ex-
ists a discrete spectrum for E < 0.

It is worth paying attention to the solutions with £ = 0. If A;(0, 1) (zero momen-
tum and A = 1) is equal to (1 — 2n)/(2rp), it matches a solution of zero energy

Ri(r, 1) = r(lfzﬂ)/z’ ro<r < oo, (9.16)

from which we know the solution describes a bound state for / > 2 — D /2 and a half
bound state for/ <2 — D/2.

4 The Sturm-Liouville Theorem

Since Eq. (9.7) is a Sturm-Liouville type equation, then it must satisfy the Sturm-
Liouville theorem. For this problem, it is known that the logarithmic derivative of
wavefunction is monotonic with respect to the energy [297]. Due to this property,
the Sturm-Liouville theorem has become a powerful tool in proving the Levinson
theorem.
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Denote by R;(r, 1) the solution to Eq. (9.7) for the energy E

> n*-1/4 oM _
{m T2 }Rz(r M) ==y [E =V MIR( D). 9.17)

Multiplying Eq. (9.7) and Eq. (9.17) by R;(r,2) and R;(r, 1), respectively and cal-
culating their difference, we have

9 {Rz(r )\)m —ﬁl(r, X)M}
or ar or

= _Zh—z(E — E)R;(r, )R/ (r, 1). (9.18)

From the boundary condition, both solutions R;(r, 1) and R;(r, A) vanish at the ori-
gin. Integrating Eq. (9.18) from 0 to rg, we obtain

1 1( A) IR (r, 1)
R A R )»7
E_E[< )~ Rilr L
2M [0 _
—— / R Ry (r. 2)dr. 9.19)
n= Jo

By taking the limit E — E, we have

dA(E,2) 1 3Ri(r,2)
IE Ri(r,A)  or |-

0

M / " R, (r, 2)*dr <0 (9.20)
=— r, r <0. .
R2R;(ro, M)? Jo :

When E = h?k?/(2M) is larger than zero and tends to zero, we have
A(E, ) =A1(0,0) — k> +---, 2 <o0. 9.21)

Similarly, from the boundary condition that R;(r, A) tends to zero at infinity, we
have

a[ 1 8R1(r,k)] oM
r—r+

o0
— R, (r, \)%dr > 0. 9.22
RN or f 1r2)dr > 0-22)

~ R2Ri(ro, )2 J,,

This is another form of the Sturm-Liouville theorem [297]. As E increases, the
logarithmic derivative of the radial function at r, decreases monotonically, but
that at rJ for E < 0 increases monotonically. When E < 0 because both sides of
Eq. (9.8) are monotonic as energy changes, the variety of the A;(0, 1) determines
the number of bound states as A changes.

5 The Levinson Theorem

In this section we apply the Sturm-Liouville theorem to show that both phase shifts
and the number of bound states are related with the variety of the logarithmic deriva-
tive A;(0, 1).
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We first study relation between the n; and the A;(0,A) when the potential
changes. From the Sturm-Liouville theorem, when E < 0 the logarithmic deriva-
tive of the radial function at ro is monotonic with respect to E. From Eq. (9.15) we
obtain the logarithmic derivative

( 1 3R, A)) _ieH(ikrg) 1
Ri,ny or )ooe HM(Gkrg) 20
{ 1=21  when E ~ 0,

0

2rg
—00, Wwhen E — —o0,

(9.23)

which does not depend on A. On the other hand, when A = 0 we obtain from
Eq. (9.10)

AZ(E,O)=(

1 3R(r,0) ik Giro) 1
Ri(r,0) or r—r N

Jy(ikrg) 2_r0

2rg
00, when £ — —o00.

_ { 21l when E ~ 0, (9.24)
It is evident from Eqgs. (9.23) and (9.24) that there is no overlap between two variant
ranges of two logarithmic derivatives when A = 0 and as the energy increases from
—o0 to 0. Thus, there is no bound state except for the case of / =0 and D =2,
where a half bound state occurs at E = 0.

Second, we study the relation between the §;(0, 1) and the A;(0, A) when the po-
tential changes. The &;(0, 1) is the limit of the 8;(k, 1) as k tends to zero. Therefore,
we are interested in the &;(k, A) at a sufficiently small momentum &, i.e., k << 1/rp.
In this case we obtain from Eq. (9.12)

— 1 (krg)*"

tand;(k,\) = —————
D= e+ )
Al n) — 2
' 272 _ 1=29 - (krg)? ’ ©.23)
A0, 2) — %k = Z 7 = g !
forl>2—-D/2,
— 1 (krg)? A0, ) — 5=
tand; (k. 1) = 2 K10) ST (9.26)
4 A0, 1) — k2 + 51+ 2(kro) In(kro)]
forl=2—-D/2(D=4and/=0o0or D=2and/=1),
tan & (k, 1) = — (ko) AR — 5 (9.27)
AMOIE 4 = U0 0. 8) — k2 + K2 '
forl=3—-D)/2(D=3and ! =0), and
A0, 2) — 2k = S [1 = (kro)?]
tan & (k, 1) = ——~ 2ro (9.28)

21n(kro) A(0, 2) — ¢2k* = 31 + g1’
forl=1—D/2(D=2and!=0).
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Likewise, we can also obtain from Eq. (9.12) that the §;(k, 1) increases mono-
tonically as the A;(E, 1) decreases

a8 (k,A) | —8rpcos28;(k, 1) -

0A(E, L) |, T w{[2roAI(E, L) — 1INy (kro) — Zkr()N,’](kro)}2 -

0, (9.29)

where k = QM E)'/2/h.

Since Eq. (9.7) is analogous to that of two-dimensional case [291], we suggest
the readers refer to Ref. [291]. By repeating the proof in [290, 291], we can obtain
the Levinson theorem for the D-dimensional Schrédinger equation in non-critical
cases

81 (0) =nym. (9.30)

Similarly, in critical cases/ =2 — D /2 and [ = (3 — D) /2, the Levinson theorem
must be modified as

(nm + DHm, when!/=1, D=2, orl =0, D=4,

5(0) = { (tm +1/2)7, whenl=0, D =3, ©-31)

when a half bound state occurs. The Levinson theorems given in Egs. (9.30) and
(9.31) coincide with the results obtained in two and three dimensions.

6 Discussions on General Case

We now discuss the general case where the potential V (r) has a tail at r > rg. Let
ro be so large that only the leading term in V (r) is concerned in the region r > rp:

ﬁ2
Vr)~ ﬁbr_", when r — oo, (9.32)

where b is a non-vanishing constant and » is a positive constant, not necessarily to be
an integer. From (9.1) n should be larger than 3. However, we are also interested in
the modification of the Levinson theorem for n = 2, for which Newton [249-253]
found two counterexamples where the Levinson theorem is violated. Substituting
Eq. (9.32) into Eq. (9.7) and changing the variable r to &

kr =r~2ME/h, when E > 0,
&= (9.33)
kr=r/—2ME/h, when E <0,
we get the radial equation at the region (rp, 00)
2R (€, )) b ., 4n*—1
_— 1— —k"7— Ri(E,0) =0, 9.34
e & o [RED 9.34)
for E > 0, and
2R (€, )) b , ., 4n*-1
_1__ n—=z__ _ 1T R ’)\, :O’ 935
e { =l i } 15, 3) 9.35)

for E <O.
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When n = 2, if we define
V2= ;72 + b, (9.36)
then Eq. (9.34) becomes

Ry (r,)) [2ME v —1/4
ar2 o2

}Rl(l", A') =07 r 2r0~ (937)

If v2 < 0, there are infinite number of bound states. Here, we will not discuss this
case as well as the case with v = 0. When v? > 0, we take v > 0. Some formulas
given in the previous sections will be changed by replacing the parameter n with v
(n # v). Equation (9.23) becomes

( 1 aR,(r,x)> _ikH(ikrg) 1
r=ry

Ri(r,2)  or + H (ikrg) 210
1-2v ~
_ { Tt when E ~ 0, (9.38)
—Kk ~—00, when £ — —o0.

The scattering solution (9.11) in the region (rg, 0o) is modified as

wkr .
Ri(r,2) =,/ T{cos ni(k, A)Jy (kr) — sinn;(k, A) Ny (kr)}
~ sin(kr — % + % + i (k, A)), when r — o0. (9.39)

The &; (k) can be thus calculated from »; (k, 1)
S1(k) =ni(k, 1) + (n —v)m /2. (9.40)
The n;(k, 1) satisfies

Jy (kro) 1
Ju(kro) Al(Ev )") - ka(kVO) - m

tann;(k, \) = N7 , 941
3 (kro) 1
No(kro) A (E, ) — ky' ey — 2
and it increases monotonically as the A;(E, A) decreases:
anu(k, A —8 2k, A
ni(k, A) rocos”n(k, 1) 0. (942)

0A[(E, L) |, - m{[2roA;(E, L) — 1IN, (kro) — 2kroN/ (kro)}? =

For a sufficiently small k, the asymptotic formulas for tann;(k, A) can be obtained
from the formulas of tand;(k, A) given in Eqs. (9.25)—(9.28) by replacing ! with
v+ 1— D/2, except for the cases of 0 < v < 1/2 and 1/2 < v < 1. For the latter
cases, we have

7 (kro)?
22y (v)2
+1/2
A1(0,2) — VT

' 21,2 1-2 27 cot(vm) ckro\2p ©
A1(0,2) —ck _T()‘}+W(TO) v

tann; (k, 1) =

(9.43)
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Repeating the proof for the Levinson theorem (9.30) and (9.31), we obtain the mod-
ified Levinson theorem for the non-critical cases

5,(0) = %(2;11 +n—v). (9.44)

For the critical case where A;(0, 1) = (—v + 1/2)/rg, the modified Levinson theo-
rem (9.44) holds for v > 1, but it should be revised for 0 < v <1 as

5/(0) = %(2:11 4. (9.45)

When n > 2, for any arbitrarily given small €, one can always find a sufficiently
large ro such that |V (r)| < €/r? in the region (rp, 00). Since v2 =n% +¢€~n?, the
Levinson theorems (9.30) and (9.31) still hold in this case. This conclusion can also
be shown from Egs. (9.34) and (9.35). In comparison with the centrifugal term, the
term with a factor k"2 (or " ~2) is too small to affect the phase shift at a sufficiently
small k and the variant range of the logarithmic derivative [0 R;(r, 1) /dr]/R;(r, 1)
at r(;r . Therefore, the proof given in the previous sections is still valid for this case
and the Levinson theorems (9.30) and (9.31) still hold.

Finally, we check whether two counterexamples in three dimensions (D = 3)
pointed by Newton (see pp. 438—439 in [249-253]), where the Levinson theorems
(9.30) and (9.31) are violated, satisfy the modified Levinson theorems (9.44) and
(9.45).

Example 1

2¢2

,  whenr — oo. (9.46)

The phase shift of the S wave is §o(0) = —m/2, and there is no bound state for the
S wave, ng = 0. The Levinson theorem (9.30) is violated. However, from Eq. (9.36)
one has v = 3/2. The modified Levinson theorem (9.44) still holds.

Example 2

V(r)=—6r when r — oo, 9.47)

—_— ﬁ — ,
(C2 + r3)2 ,,2
where c is a constant. The solution of the S wave is

sinkr  3r(sinkr — kr coskr)
k k3 +rd)
= *r/(®+r%), whenk— 0. (9.48)

Rk, r) =

The phase shift §9(0) at zero momentum is equal to zero, but there is a bound state
with £ = 0. The Levinson theorem (9.30) is violated. However, from Eq. (9.36) we
have v = 5/2. The modified Levinson theorem (9.44) still holds.
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7 Comparison Theorem

In this section we are going to study the comparison theorem for the D-dimensional
radial Schrodinger equation. The comparison theorem of quantum mechanics states
that if two real potentials are ordered Vi (r) < V»(r), then each corresponding pair
of eigenvalues is ordered £ < E. Considering the relation between the Levinson
theorem and the comparison theorem, it is necessary to show how we get the com-
parison theorem. In fact, the derivation is very closely related to the Sturm-Liouville
theorem as shown above except for the difference in disappearance of the central po-
tential.

For a pair of radial functions {R1(r), R2(r)} in a second-order linear differential
equation, it is shown from Eq. (9.4) that the radial equations can be written as

d’ R C 2M
SR = S Ri() ==~ [Er = ViIOIR (1), (9.49)
. C _2M
2 Re() = 5 R(r) = ——5[E2 = V2R (1), (9.50)

where

2I+D -1+ D -3)
= 2 .
With these two equations, on multiplying Eq. (9.49) by R»(r) and Eq. (9.50) by
R1(r), and subtracting one from the other, integrating this over the variable r €
[0, 0co) leads to the following equation

C

9.51)

(E1 —Ez)/0 Ri(r)Ra(r)dr =[Vi(r) — Vz(r)]/o Ri(r)Ra(r)dr,  (9.52)

which leads to the comparison theorem
Vi(r) = Va(r) = E| < Es. (9.53)

It should be noted that the wavefunction R(0) = R(co) = 0 are used. Since the
Schrddinger equation belongs to the Sturm-Liouville type differential equation, then
this theorem is also called Sturm-Liouville’s comparison theorem.

8 Conclusions

In this Chapter we have discussed scattering states and bound states of the D-
dimensional radial Schrodinger equation with cutoff potential. The Sturm-Liouville
theorem has been used to establish the non-relativistic Levinson theorem in arbitrary
dimensions D. The general case has also been discussed. The comparison theorem
has also been presented briefly.



Chapter 10
Generalized Hypervirial Theorem

1 Introduction

There has been a long history of attempts to calculate the matrix elements and
the recurrence relations among them for some important wavefunctions such as
the Coulomb-like potential, harmonic oscillator, Kratzer oscillator and others [298—
324] because of their wide applications. For example, in order to simplify the cal-
culations of the matrix elements for the Coulomb-like potential, some methods like
the relation among the Laguerre polynomials, the Dirac’s “q-number”, the general-
ized hypergeometric function, the group theoretical approach, the Schrodinger radial
ladder operators, the hypervirial theorem and the various sum rules were used [298—
312]. The recurrence relations for the Dirac equation with the Coulomb-like poten-
tial were also discussed [320, 321]. Recently, we have studied the Klein-Gordon
equation case [322]. On the other hand, the recurrence relations for the harmonic
oscillator, Kratzer oscillator and Morse potential were studied by the generalized
expression of the second hypervirial theorem [317, 318]. Moreover, the two-center
matrix elements and the recurrence relations for the Kratzer oscillator were inves-
tigated [323], which has also been derived by means of a hypervirial-like theorem
procedure [324]. It should be pointed out that almost all contributions appearing in
the literature have been made in three dimensions.

Due to the recent interest in the higher dimensional field theory [13-15, 53, 325]
and the fact that one can easily obtain the results in lower dimensions from the
general higher dimensional results, the purpose of this Chapter is to derive general
Blanchard’s and Kramers’ recurrence relations for arbitrary central potentials in ar-
bitrary dimensions D. These relations are applied to study quantum systems like
the Coulomb-like potential, isotropic harmonic oscillator and Kratzer oscillator. In

'Tt is worth addressing that the “Coulomb-like” potential in almost all contributions mentioned
above and others [326, 327] has the form 1/r. Even though the real Coulomb-like potential in two
dimensions is taken as a logarithmic form Inr, its exact solutions have not been obtained except
for the approximate solutions [328].

S.-H. Dong, Wave Equations in Higher Dimensions, 119
DOI 10.1007/978-94-007-1917-0_10, © Springer Science+Business Media B.V. 2011
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addition, we also present the results in two dimensions because of recent interest in
lower dimensional field theory and condensed matter physics.

This Chapter is organized as follows. In Sect. 2 we first present a generalized sec-
ond hypervirial formula in dimensions D and then obtain the general Blanchard’s
and Kramers’ recurrence relations. In Sect. 3 we shall apply them to obtain the cor-
responding Blanchard’s and Kramers’ recurrence relations for those certain central
potentials. We also present the corresponding results in two dimensions. Finally,
some concluding remarks are given in Sect. 4.

2 Generalized Blanchard’s and Kramers’ Recurrence Relations
in Arbitrary Dimensions D

We begin by considering the Schrodinger equation in arbitrary dimensions D (h =
M=1)

1
HW(I‘)=—§V2¢(I‘)+V(r)lﬂ(l‘)=E1ﬁ(l'), (10.1)

where r is a D-dimensional position vector with the Cartesian components xp, x2,
..., Xp. As shown previously, we know that one is able to express wavefunction as
the product of a radial wavefunction R;(r) and the generalized spherical harmonics
Y, o, ®
Ip—2..lh
W) =R(Y, , ;R (10.2)

Substitution of this into Eq. (10.1) allows us to obtain the D-dimensional radial
Schrodinger equation

d? N D—1d I(l+D-2)

dr? roodr r2
from which we may define the radial Hamiltonian as

1d> D-1d +li(ll-+D—2)

}Rl(r) +2[E -V (r)IR;(r) =0, (10.3)

__la V), i=1.2, 10.4
! 2 dr? 2r dr 2r2 +V), (104

with the properties
Ha|nala) = Eny,nala), (nil1|Hy = Ep 1y (n1l1], (10.5)

where we have used the Dirac notation |n;l;) = Ry, (7).

Before further proceeding, we introduce an arbitrary function f(r) = f, which
is independent of the potential V () and assumed to have continuous second, third
and fourth derivatives with respect to all r. From Eq. (10.4) we have

D—1 n i —D)(24+D+1hL+1)

2r ! 2r2 ’
(10.6)

Hif— fHy=—2f" = %
2 dr

where the prime denotes the first derivative of the f with respect to the variable r. In
the calculation, we have acted the above operator on the radial wavefunction R; (7).
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Similarly, we may obtain the following expression

H\(H f — fHy) — (H\f — fH)H,

1 "y ///d 7 d2 D -1 117 D—1 //d
= I e S
r r dr
(D—l)(D—3)+(ll—lz)[4 2D — 2(11+lz)]f
4r2
h—0)(-2+D+1+1 d
i =Db)( s 1 2)fd+V(r)f
(ll—lz)( 2+D+hL+1h) . d @ T
3 d—+—f +4r4f, (10.7)
with
oa=2L(D—-5)1I,+ D —-2)
—(D—-3)[-1+D+2Dl1 +2(-2+ )], (10.8)
t=U—-D)(2+D+ 1L +D)[R+1))(—4+D+1)
— (=24 D) —13]. (10.9)

Substitution of the following identity

d? D—1d L(h+D-2)
— = — 2V (r) —2H
dr? r dr + r2 + ") 2

into Eq. (10.7) leads to

H\(H\f — fHy) — (H\ f — fH)H,

1 D—1 T
— Zf//// + 2r f/// + mf +2V(r)f// _2‘](‘//1_12 + V/(r)f/

n 34+ D? —2(=2+1) —2DQ+ 1 —3L) +6(=2+ D)l

4r2 .
o d
to 3/ B flnh (10.10)
with
d d (-b)(-24+D+hL+0Dh) ,d
I, — | = me s
(f 12 dr) dr r2 fdr
L i=B)(24 D+l +D)
—_— > ! 2f— (10.11)

Specially, if taking f = r* («x is assumed as a non-negative integer), we have

dr
(10.12)

K d K—3d
B{r ,ml,mg,a =W —Dkk—=2)—U1 =)D =241 +1)]r —.

To remove the operator d/dr appearing in Eq. (10.12), by considering f = r<~2

and Eq. (10.6), we have
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d 1
r’(*3d_r:K_2(rK72H2—H1VK72)
1T =)D —2+1, +1
+5|:(1 2)( 2+ l+2)—K—D+4i|r'(_4. (10.13)
 —

Combining Egs. (10.12) and (10.13) into Eq. (10.10) and taking f = r* result in the
following generalized second hypervirial for an arbitrary central potential V (r)

Hi(H\r* —r“Hp) — (Hir“ — r“Hy)H;
=—k(k — D(H "+ r* 2 H)

Kk—1
+ U —b)(D =240+ L) (Hyr* ™% — r*"2H)

+kr V() + 26 — DIV () 4 g (10.14)
with
—[(h = 1)* = (k =2*I(D =k + 11 + )(—=4+ D+« + 11 + 1)
n= =2 . (10.15)
i —

Based on Egs. (10.5) and (10.14), we may obtain a useful general Blanchard’s recur-
rence relation for arbitrary central potential wavefunction in arbitrary dimensions D

(Enlll - En212)2<nlll|rk|n212>

= n(nily|r**|naly)

Kk —1
+ {K — 2(11 =)D =2+ +1L)(En — Ensy)

—k(k = 1)(Enyy + Enzb)}mm =2 |naly)
+ic(mi i |V (1) naly)
+ 2k (k — D{(n 11|V (r)r 2 |naly). (10.16)

For diagonal case n; =n and [; =1 (i = 1, 2), we obtain a simple expression for
the Kramers’ recurrence relation

%(K —2)(D — k 4+ 21)(D — 4+« + 20 (nl|r**|nl)

—2(k = D Ew (nl|r*2nl) + (nl|V' (r)r* " |nl)
+2(k — D(nl|V )< 2nl) = 0. (10.17)

For k =0, 2, from Eq. (10.16) we obtain a very useful Pasternack-Sternheimer
selection rule in arbitrary dimensions D

1
5(11 —b)(D =2+ 1y + L) (nili1r 2 |n2l) = (Enyty — Enoiy)(miliIn2la), (10.18)

which means that this selection rule is independent of the central potential V (r).
Moreover, it is worth studying the recurrence relation among the off-diagonal
matrix elements of V' (r). For k = 1, it is shown from Eq. (10.16) that
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(MU |V'(")n2la) = (Enyi, — Eny)* (nil1|r|nala)
[(h—0)? =1 +b+D -1 +L+D-3)
B 4
Al r 3 naly). (10.19)

3 Applications to Certain Central Potentials

3.1 Coulomb-like Potential Case

Let us study the Coulomb-like potential V (r) = —&/r in dimensions D. The eigen-
values are given in [325]

%-2
E, =— .
’ 2[n; + (D —3)/2)

By replacing « by « + 2 in Eq. (10.16), we may obtain the general Blanchard’s
recurrence relation for this potential

4 1 1 2
K ( ) (P2 nala)

(10.20)

2 \[m+ (D =322 [n+(D—-3)/22
2
+ > Djimili | naly) =0 (10.21)
Jj=0

where

Do =&k + 1){(12 —IND -2+ +1h)

" [ 1 B 1 ]
[n2+ (D =3)/21*  [n1+ (D —3)/2]?

1 1
— 2 10.22
Kot )[[nz+(D—3>/2]2+[n1+<D—3>/2]2“’ (1022

Dy =2x&(k +2)(2c + 1),

1 s, y (10.23)
Dy = §(K+2)[(11 L) =« llh+hL+D—-2)°"—«7]
For diagonal case, we may obtain the Kramers’ recurrence relation
L 92 =2 k-1
4K[K (D 421 = 2)“Knl|r*"|nl) + EQk 4+ 1)(nl|r" " |nl)
2
1

7 +4) (nl|r|nl) = 0. (10.24)

[n+ (D —3)/2]?

Let us discuss some special cases. First, we study the case k = |l] —[| or k =

l1 + 1>+ D — 2. As aresult, it is found from Eq. (10.23) that the coefficient D, = 0.
The corresponding general Blanchard’s recurrence relation is simplified as
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K'E4 { 1 1

2
- K42
2 [nz—i- (D—3/2F  [n+ (D —3)/2]2} (il |r 2 inala)

+ZD (il 17 " naly) = (10.25)

where the parameter k appearing in the coefficients Dy and D is replaced by /' =
i =hlork' =11+ + D —2.
Second, we consider the case n1 = ny =n, but l; # 5. If so, we have

%'2
[n+ (D —3)/2]?
= &ic(1+26) (nly |[r* i)
[ —1)* = P(h + b+ D =2)* — %]
+
4
from which we may obtain a special result for « =0

k(kc + D) {(nly|r¥|nly)

(nly|r*"2|nla), (10.26)

1
(nl1|— Inly) = 0. (10.27)
r

This can also be obtained from Eq. (10.18). On the other hand, let us consider the
following two interesting cases for k = |I{ —[| and k =1 + I + D — 2. It is shown
from Eq. (10.26) that

(nly[r'""2lnly)  [n+(D—3)/27 1+2]l) — b

- . , 10.28
(nli|r'h=bI=1|nl,) 3 1+ =1 ( )
for « = |l — 5|, and
Iy |FhttD=2 D—-3)/21? 2(;+L+D)-3
(nly|r Inly)  [n+( )/217 2(li +1+ D) ’ (10.29)

(nly| P+ D=3 |nly) £ " h+b+D-1
fore =11 +1,+ D —2.
Third, from Eq. (10.19) we have for the Coulomb-like potential V (r) = —&/r
E(nili|r~2|naly)
54 1 1
{[n2+(D 3)/2P  [ni+(D=3)/2P
M=) =1G+h+D=D+h+D-3)

2
} (nil|r|nala)

(mil|r 3 nala),

4
(10.30)

from which, together with Eq. (10.27), we have
(nly|r3|nlp) = 0. (10.31)

Fourth, we study two special cases for the general Kramers’ recurrence relation
(10.24), i.e.,
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§

<”l|r_1|”l) = m, for k =0, (10.32)
(P2 +P=21nly  [n+ (D —3)/21*> 4l+2D -3
(nl[r24D=3 ]y — £ "2A+D—1"

fork =21+ D —2, (10.33)

which can also be obtained from Eqs. (10.28) and (10.29) under the condition /| =
=1l

3.2 Harmonic Oscillator

Let us study the isotropic harmonic oscillator V (r) = w?r?/2 with M = 1 in dimen-
sions D. The eigenvalues are given in [326, 327]

E,=w(D/24+n), n=2n+1,1n=01,2,.... (10.34)

We find from Eq. (10.16) that the Blanchard’s recurrence relation for the har-
monic oscillator is given by

?[(n1 — n2)* — kU nily|r* [naly)
=n(mli|r*|naly)

k—1
+ [Kjw(m —n)(lh —h)(D -2+ +1D)

—owk(k —1)(ny +ny+ D)] (n1l|r* 2 |nala), (10.35)

from which we obtain the corresponding Kramers’ recurrence relation
k=2

4
=2w(k — 1)(n + D/2)(nl|r*?|nl) — ko (nl|r*|nl), (10.36)

(D — K +20) (=4 + D + i + 21) {nl|r* *|nl)

from which, we obtain the following two identities

(D—142)(D—-3+42I)
(nl|r|nl) =
42

D)2
w2ty = "2 o =2, (10.38)
w

(nl|r=3nl), forx =1, (10.37)

For k = 1, from Eq. (10.35) we obtain a more general identity for the off-diagonal
case
2 2
o’ [(n1 —n2)” — 1 nili|r|nily)

(L1 =) =1 +b+D -0 +L+D-3) 3
= (nilylr " |n1ly).

4
(10.39)




126 10 Generalized Hypervirial Theorem

3.3 Kratzer Oscillator

Let us investigate the Kratzer oscillator [6]

b2 2b
V(r)= vo(r—2 — 7). (10.40)

The exact solutions in D dimensions are given by [322]
82V
2n —20 — 1+ /862Vy + 2l + D — 2)212

It is shown from Eq. (10.16) that the Blanchard’s recurrence relation is obtained as

Ep = (10.41)

(Enyty — Eng)* (nilh]r* [naly)

= [2Vob?k (i — 2) + nl(nily [ *naly)

Kk—1
+ [m(ll _12)(D - 2+ll +12)(En111 - Enzlz)

— K(K — 1)(En111 + Enzlz)} (n1l1|r’<72|n212)

+ 2Vobie (3 — 2ic) (m 1y [r< 3 naly). (10.42)

On the other hand, we may obtain the corresponding general Kramers’ recurrence
relation

2l+D—-k)2l+D+«k—4)
4

=2(k — D En (nl|r* ?|nl) + 2Vob 2k — 3)(nl|r*3|nl).  (10.43)

(k —2) [zvob2 + }(nllr”4|nl>

In addition, for x = 1 we may obtain other interesting and important particular
results from Eq. (10.42), i.e.,

(Enyty — Eny)*(nilh|r|naly)
= 2Vob(nili|r % |nala)

L—0)Y?—=10MD—-14+L+Db)(-3+D+1+I
+{[(1 2)” — 1( +h+h)(=3+ +1+2)_2V0b2}
4
il |r 3 nal) (10.44)
from which, we can obtain the following identity
1 Q@I+D-1)Q2I+D-3) 1
(nllr—zlnl) = {b + 8bVo }(nl|r—3|nl), (10.45)

which can also be derived from Eq. (10.43) by setting « = 1. We now study
Eq. (10.43) in detail. It is interesting to find that some useful recurrence relations
among the diagonal matrix elements can be obtained from Eq. (10.43)



3 Applications to Certain Central Potentials 127

—Vob(nl|r—Yal),
[2Vb?+ FAL=I D=1 1)1~ ) —6b Vy
E, = Inl|rinl) ) (10.46)
[2Vob? + ZED=DCIED) | 5y, (| |nl)
3(nl|r2|nl) ’

for « =2, 3 and 4, respectively.

In addition, we may obtain the recurrence relation and identity for the Morse po-
tential V (r) = D(e~2#" — 2¢7P"), as shown in Refs. [317, 318]. From Eq. (10.19),
we are able to obtain the following recurrence relation among off-diagonal matrix
elements

28D(nilile™ P — e " naly)
= (Enyty — Enyiy)* (n1l1|7|n2la)

(G —D)? =1 +L+D - +L+D-3) 3
_ (nily|r—7|nala)

4

(10.47)

and the identity between two particular diagonal matrix elements

204+ D—-1)2I+D -3
(nl|e™P" — 7267 |nl) _ @ )@+ )<n1|r*3|nl>. (10.48)
88D
Specially, when D = 3 and [ = 0 we have

(nlle P \nl) = (nl|e " |nl). (10.49)

This coincides with the result given in [329]. It should be noted that the exact so-
lutions of this system have not been obtained up to now. Nevertheless, we can pre-
dict the results (10.47)—(10.49) in theory. Particularly, we find that the formulas
(10.48) and (10.49) are independent of energy levels of this quantum system in di-
mensions D.

Before ending this section, we present the results in two dimensions. This can be
easily realized by setting D = 2 and through replacing [, I by m 1, my, respectively.
For the Blanchard’s recurrence relation, we have

! 2 K Kk—4
m[(Enlml - Enzmz) (nim|r®noma) — A{nymy|r |nomy)

— i (nymy |V (1) Hnama)]

mi —m3
= ﬁ(Eﬂlml - Enzmz) - K(Enlml + Engmz)
nimy [P nama) + 26 (mumy [V (r)r* 2 [ngmy), (10.50)
where
4 = TKLmi+m)? = (e =220 —m2)® — (c = 2)°] (10.51)
4(k —2)

For the Kramers’ recurrence relation, however, we have
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—%(K — DIk —2)> — 4m* 1 nm|r**|nm)

=2(k — D) Epp (nm|r*2|nm) — (nm|V' (r)r* ' nm)
—2(k — l)(nm|V(r)r"72|nm). (10.52)

Similarly, we may obtain similar recurrence relations for k =0, 2 and ¥ = 1 and
the corresponding general Blanchard’s and Kramers’ recurrence relations for those
physical potentials. However, we do not present them here for simplicity.

4 Concluding Remarks

In this Chapter based on the Hamiltonian identity we have presented a useful gener-
alized second hypervirial for arbitrary central potential wavefunction in dimensions
D and shown that this formula is very powerful in deriving the general Blanchard’s
and Kramers’ recurrence relations. Interestingly, we have found that the general-
ized Pasternack-Sternheimer selection rule is independent of V (r) for f = r* with
k = 0,2. We have applied the proposed general Blanchard’s and Kramers’ recur-
rence relations to study the quantum systems for three certain central potentials.
Some interesting and useful results have been obtained simply. It should be pointed
out that the present approach can be extended to consider f # r* off-diagonal ma-
trix elements for arbitrary central potential wavefunction. For example, we have
established the recurrence relations between the exponential functions and the pow-
ers of the radial function for the Morse potential. Finally, we have briefly presented
the general Blanchard’s and Kramers’ recurrence relations in two dimensions.

Before ending this Chapter, we give some useful remarks here. First, it should be
noted that Egs. (10.32) and (10.38) are two well known virial relations. Second, in
terms of Egs. (10.50) and (10.52), it is possible to obtain the general Blanchard’s and
Kramers’ recurrence relations among the matrix elements (nym1|Inr r=2|naym»)
for the logarithmic potential Inr in two dimensions. The merit of this method is
that we need not know the exact solutions of the studied quantum system, but we
may predict some useful results in theory. Third, due to the specificity of the Klein-
Gordon (KG) equation, i.e., the energy levels are involved in the potential V (r),
which arises from the KG equation [E — V (r)]?®(r) = (m*c* — K22V ®(r), it
seems that the present approach is unsuitable for this equation. Nevertheless, we
have applied the so-called Kramers’ approach to obtain the recurrence relation for
the Coulomb-like potential case [322]. Fourth, it is possible to use this method to
study the Dirac equation with the Coulomb-like potential in dimensions D.



Chapter 11
Exact and Proper Quantization Rules
and Langer Modification

1 Introduction

A fundamental interest in quantum mechanics is to obtain the right result without
invoking the full mathematics of the Schrodinger equation. Since last decade there
has been a great revival of interest in semiclassical methods for obtaining approx-
imate solutions to the Schrodinger equation. Among them, the WKB approxima-
tion and its generalization have attracted much attention to many authors [330-333]
since this method is proven to be useful in obtaining an approximate solution to the
Schrodinger equation with solvable potentials.

Since the radial Schrodinger equation in three dimensions can be written in a
similar form to that of one-dimensional case it is not surprising to lead us to apply
one-dimensional quantization rule to study energy levels of quantum system in three
dimensions. However, this is not always correct and sometimes becomes invalid. For
example, when one utilizes the first-order WKB integral to derive the eigenvalues
of hydrogen atom and harmonic oscillator, the quantity (¢ + 1) has to be replaced
by (¢ 4 1/2)? in quantization rule [334]. Such study was first advocated by Young
and Uhlenbeck [335]. In 1937 this problem was re-considered and explained well
by Langer [336]. It should be noted that replacing £(£ + 1) by (£ + 1/2)? is valid
only for the first-order integral considered, but the Langer modification is no longer
valid when the second-order integral is included [337, 338]. On the other hand,
the algebraic procedure to adjust Langer modification for higher-order integral, the
discussions related to its physical nature and other studies have been carried out
[339-347].

Recently, the modified WKB method proposed by Friedrich and Trost [342] has
been found to avoid the Langer modification. This can be realized by introducing a
non-integral Maslov index. Furthermore, an exact quantization rule presented by Ma
and his coauthors has been shown to be powerful in calculating the energy levels of
some exactly solvable quantum systems [348—351]. In fact, this exact quantization
rule was relied in some sense on the previous work by Cao and his collaborators
[352-355]. This method has become one of several important formalisms to deal
with solvable quantum systems, but the integrals, in particular the calculations of the
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quantum correction term become rather complicated. To overcome this difficulty,
we have improved it and found a proper quantization rule [356, 357]. By this rule
the energy spectra of all solvable systems can be determined from its ground state
energy only. The trick and simplicity of the rule come from its meaning—whenever
the number of the nodes of ¢ (x) or the number of the nodes of the wavefunction
¥ (x) increases by one, the momentum integral fxxAB k(x)dx will increase by . This
proper quantization rule has ended the history of semiclassical quantization rules
and opened a new formalism to carry out all solvable potentials.

The purpose of this Chapter is following. We shall first give a brief review of the
fundamental development of the quantization rule including the WKB method, the
exact quantization rule and proper quantization rule. After that we shall establish
the relation between the proper quantization rule, the Maslov index and the Langer
modification. As illustrations we shall choose a few solvable potentials and study
them via these quantization rules.

This Chapter is organized as follows. In Sect. 2 we briefly review the WKB
method since it is closely related to recently proposed exact and proper quantiza-
tion rules. We shall review the exact quantization rule in Sect. 3. As an illustra-
tion, we present its application to asymmetric trigonometric Rosen-Morse potential
in Sect. 4. Section 5 is devoted to extension of the exact quantization rule, i.e.,
the proper quantization rule. In Sect. 6 the performance of the proper quantization
rule is demonstrated in four different situations, the harmonic oscillator, modified
Rosen-Morse potential, Coulombic ring-shaped noncentral Hartmann system, the
Manning-Rosen effective potential. In Sect. 7 the evaluation of the Langer modi-
fication and Maslov index in D dimensions are carried out. The results for most
exactly solvable potentials are presented in Tables 11.1, 11.2, 11.3. In Sect. 8 we
illustrate the calculations of the logarithmic derivatives of wavefunction. Finally, in
Sect. 9 we will summarize our conclusions.

2 WKB Approximation

The success of quantum theory in atomic domain prompted physicists to apply the
Bohr atomic model to complex atoms. It was soon obvious that although the Bohr
model is basically correct, it has many minor flaws. Some flaws in the details of the
Bohr-Sommerfeld-Wilson (BSW) quantization hypothesis were pointed out by Ein-
stein [358] in 1917, and subsequently corrected by Brillouin [359] in 1926 and by
Keller [360] in 1958. Schrodinger’s wave equation of quantum mechanics was pub-
lished in 1926, and in the same year Wentzel, Kramers and Brillouin developed the
semiclassical approximation now known as the Wentzel-Kramers-Brillouin (WKB)
[361-363] approximation. It is of importance because it exhibits the connection with
the older quantization rules of Bohr and Sommerfeld. Important contributions were
also made by Langer [336] in 1937 and by Maslov [364] in 1972. The modern form
of the semiempirical hypothesis, which elucidates the quantum mechanical formu-
lation of level energies, is known as the Maslov-indexed Einstein-Brillouin-Keller
(EBK) quantization [365, 366].
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Table 11.1 Some useful integral formulae

ST =r =dr =51 + 1) — 7w /rir

fr’IZ Vo =r)r2—rdr =% —r)?

SN =) =rydr = [ s =)/ —r)dr = 5 (r2 —r1)
S = =rydr = § (2 = r))(r1 +3r2)

S =)/ =r1)dr = % (r2 = r1)(3r1 +7r2)

T = = =—n+ %\/1 —nra+ A+ +r3)

j-rz dr — pid
't (a+br)/(r—ri)(ra—r) (a+bry)(a+bry)

2 ST =m0 =1 = 512~ VT = =) — T+ i 72

r

Table 11.2 Abbreviated symbols and exactly solvable potentials

Abbreviated symbols Solvable potentials Formulas

HO harmonic oscillator % Maw?x?

MP Morse potential Up(e 20 — Jye=*/2)

GMP generalized Morse potential Upl[l — b(e"* —1)~11?

SRMP symmetric Rosen-Morse potential Uy sech? (x/a)

ARMP asymmetric Rosen-Morse potential —Uo sech? (x/a) + U; tanh(x /a)
PT-1 Poschl-Teller I - Ma_ [;l;gf;x /1;) + ng(;};)]
PT-II Poschl-Teller II e [“ﬁ;‘; (x;;) - %]
EP Eckart potential Uy cschz(r/a) Uj coth(r/a)
HP Hulthén potential - j%l

STRM symmetric trigonometric Rosen-Morse ~ Ug cot?(x /a)

ATRM asymmetric trigonometric Rosen-Morse Ug cot?(rx /a) + U cot(wx /a)
HO3D harmonic oscillator in 3D 1 M w*r? + MH)FLZ

HA3D hydrogen atom in 3D - 7 + %

HOD harmonic oscillator in D dimensions %M ®*r? + hzl/(—e;;l)

HAD hydrogen atom in D dimensions erz %

The well known conventional quantization rule in the EBK method can be ex-

pressed in the form
X2 m
/ k(x)dx = <n + —)JT, (11.1)
X 4

where u is the Maslov index. It is found that when u = 0, Eq. (11.1) reduces to the
Bohr-Sommerfeld form. The most popular WKB approximation is the special case
of Eq. (11.1) with u =2, i.e.,

/xz k(x)dx = (n + %)rr (11.2)
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Table 11.3 Solvable potentials, Maslov index u and eigenvalues E,

Solvable potentials Maslov index p Eigenvalues E,,
HO 2 hw(n + é)
P 5 —%[U (2n+l)]
MU b(b+2) C+4n/aq2
GMP 4a(C — by 21WUO/}!:L) Uo — _[h7(2'+n/a) - 21 a] ’
=[14 1+ 8MUya2h?/h2]/(2a)
SRMP 4a(y/ZMUp/h - C) - —ﬁz(C{M”/ o,
C=[y/1+8MUya%/h? —11/(2a)
KA(C=n/a)? MU}
ARMP 4a(/ZMUy/h — C) == + et

C =[y1+8MUpa?/h2 — 1]/(2a)

h2(utr+2n)*
PTI 2w+ 1) Pt
—4(/u(w =1+ /A0 = 1)
2 (A—pu—2n)2
PT-II 2w — 1) — oo
—4/rw =1 - VA + 1))
MU} R (C
EP 4a(C — 2MUy/R) [W(CH/MZ 4 P2y
=[/1 +8MU0a2/h +11/Qa)
VIMTy | Bl 2
HP 4 UO[azh(nH) + Sayaite)
STRM 4 (C — V2MUp/h) 2Maz (aC +nm)? — Uy,
c=Z[J1+ SMZU;;’ +1]
4 AT R2(aC+nm)? Ma*U}
ATRM 7 (C—/2MUo/h) e~ Wacy ~ U0
C=Z[/1+Mhe 4
HO3D 3420 2JTE+ 1) hw(n +3/2)
HA3D AL +1— JTTFD) — e
HOD D+2(t— JTOF) hw(n + D/2)
HAD 4+ 1= VT@+D) -

2n+253)2R2

For a diverse class of problems and a variety of potentials, the WKB quanti-
zation rule has proven to be very useful in finding an approximate solution of the
one-dimensional Schrodinger equation. However, except for the harmonic oscillator
and the Morse potential, the WKB quantization rule fails to reproduce exactly ana-
Iytic results for other solvable potentials. Further, in the WKB analysis of the radial
Schrodinger equation, exact result can not be obtained unless the classical Hamilto-
nian is slightly modified. The Langer modification, which prescribes replacing the
angular momentum factor (¢ + 1) in the effective potential by (£ + 1/ 2)1/2 [335,
336, 367], is seen as a standard ingredient of WKB theory for the quantum systems
with radial symmetry [344, 368]. However, it emerges that the algebraic procedure
for adjusting the Langer-type corrections for higher-order approximations is quite
difficult and cumbersome [339].
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Frequently alternative methods of improving the conventional WKB approxima-
tion are proposed, such as supersymmetry quantum mechanics [369], phase loss
method [341-343] and periodic orbit theory [370, 371]. Among various versions of
the modified quantum conditions [372, 373], one of the promising methods is the
exact quantization rule approach [348, 349, 354], which allows one to determine
eigenvalues of known analytically solvable potentials without ever having to solve
the Schrodinger equation. As mentioned above, this method has become one of sev-
eral important formalisms to deal with solvable quantum systems, but the integrals,
in particular the calculations of the quantum correction term become rather compli-
cated. To overcome this difficulty we have proposed a proper quantization rule.

3 Exact Quantization Rule

Here, we give a brief and necessarily sketchy review of the exact quantization rule
method which is necessary for the subsequent sections. For more elaborate discus-
sions, the reader is referred to Refs. [348, 349].
The one-dimensional Schrodinger equation is given by
2

d 2M

WI//(X)Z—ﬁ[E—V(X)]l//(X), (11.3)

where the potential V (x) is a piecewise continuous real function of x satisfying
Vix) <E, xpa<x<uxp,
Vix)=E, x=xpo0rx=xg, (11.4)
Vix)>E, xe(—00,x4)0rx € (xp,00),

where x4 and xp are two turning points determined by E = V (x).
The Schrodinger equation is equivalent to a non-linear Riccati equation

——¢<x> [E VOl + ¢ (x)2, (11.5)

where ¢ (x) = ¥'(x) /v (x) is the logarithmic derivative of wavefunction v (x). The
exact quantization rule for one-dimensional Schrodinger equation proposed and
studied well in [348, 349] is given by

X,

kn(x) V2MIE, — V(x)]/h, EzV(x).

The first term (n + 1) is the contribution from the nodes of the logarithmic deriva-
tive of wavefunction, and the second is called the quantum correction. It is observed
that, for all well-known exactly solvable quantum systems, this quantum correc-
tion is independent of the number of nodes of wavefunction. Hence, using the sub-

(11.6)
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scription 0 to denote the ground state, it is enough to consider the ground state in
calculating the quantum correction

w G
= k . 11.7
00 / (EpTRE (11.7)

Let us turn to the three-dimensional Schrodinger equation with a spherically sym-
metric potential. After separation of the angular part of the wavefunction

¥(@®) =r~'R(NY,,06,9), (11.8)
the radial Schrodinger equation becomes
a 2M
WR (r)= —F[E — Verr. (N]R(r),
) (11.9)
h=€(€ + 1)

Vett =V
(1) = V() + =

Since Eq. (11.9) is similar to Eq. (11.3), its energy levels can be calculated by the
matching conditions of the logarithmic derivatives, where the logarithmic derivative
is defined as ¢ (r) = R’(r)/R(r). It indicates that the exact quantization rule (11.6)
still holds in this case simply by replacing the variable x with r, which is led to

z Gy
k,(r)dr = 1 r, 11.10

/rA (dr = (n + )”/rA S (11.10)
kn() = V2M[En — Ver /Ry E = Ve (), (1L.11)

where r4 and rp are two turning points determined by E = Vg (r). It should be
mentioned that some useful integral formulae are given in Table 11.1 for conve-
nience.

4 Application to Trigonometric Rosen-Morse Potential

In this section, we will show how to employ the exact quantization rule approach
to calculate the energy spectra of exactly solvable potentials. Consider, for instance,
the asymmetric trigonometric Rosen-Morse potential [5, 374] given by

V(x)=Uy cotz(nx/a) + Uj cot(rx/a), (11.12)

where Ug > 0, x € [0, a]. Introduce a new variable
y:—cot(”—x), y € (=00, 00). (11.13)
a

The turning points y4 and yp are determined by solving V (x) = E,;, where
E,=Uoy* —Uty,

Ui

YA+yB=U—0, (11.14)

E,

YAYB = _FO
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The momentum k, (x) between them is given by

V2M
a6) = 2 By — Vo2 + Uy,

11.15
: VAM Uy y—U1/QU) ()
ky(y) = — .
h VE,—Uoy*+ Uty
Ma et al. [350] found that the solution of the ground state is given by
E —hzcz U MU]Q ¢po=—-Cy+B (11.16)
=m0 apc PTTEITR ‘
where
c= T (14 [14 3MUs _ Mo (11.17)
2a 72 )’ - Cchr’ '

The integral of the momentum k, (x) is calculated to be

/XB ky,(x)dx

-
_ a2MUy/h /YB N EE)]E] —yA)d
), or+n
a2MUy/h /yB y(ya+ys) —yays+1
= —a/2MUy/h +
a o/ m o TV =00 — )

=—ay/2MUy/h+ [Re{/E, + Up — iU }|. (11.18)

The quantum correction Qg in the exact quantization rule can be calculated as fol-

lows:
B ¢>0(X)
ko (x) —=—
/XA e 0"

_a+/2MUy /” (y — B/O)y — U1/ Q2Uyp)] dy

mh Sy, A+y)HV =G —ya)
a\/WUO{ B dy

mh ya VOB=Y( —ya)
/YBy[B/C+U1/(2Uo)]+[1—BU1/(2CU0)] }
" T+ V05 =00 —a) g
a«/m{ [[Ul/(ZUo)-l-l](l—iB/C)]}
———— 1 nm+mRe

a~2M
h

mh ~—Eo/Uo+ iU /Uy — 1
a/2MU a/2MUyr
= Ut e
T

=—a\/2MUy/h+aC — 7. (11.19)



136 11 Exact and Proper Quantization Rules and Langer Modification

Substituting Eqgs. (11.18) and (11.19) into Eq. (11.6) gives

N g eV En & U — iU )| = aC + n, (11.20)

from which we obtain the eigenvalues as

h?(aC +nm)? Ma*U?
_@CHnm)” Ly, (11.21)
2Ma? 2h2(aC + nm)?
wheren =0, 1,2, .... When U; = 0, this result reduces to the symmetric case. This

result is consistent with that in Refs. [5, 375]. We find that the calculation of the
quantum correction term becomes rather complicated. As what follows, we shall
show how to simplify these tedious and complicated calculation with the help of the
proper quantization rule [356, 357].

5 Proper Quantization Rule

Let us start with the original formulation of the exact quantization rule. Notice that
if one takes n = 0 in Eq. (11.6), then one may find that

o5 08 ¢0(X)
k(x)dx=n+/ kh(x) X,
fxm 0 on g (x 0 (11.22)
ko(x) =+/2M[Eo — V(x)]/h.

Then the quantum correction term will become

X0B
/ k(0 20 / ko(x)dx — 1. (11.23)
X0A ¢0( ) X0A
Substituting this equation into Eq. (11.6), we obtain
XB X0B
/ ky(x)dx —/ ko(x)dx = (N — )t =nm. (11.24)
XA X0A

Similarly, after this important transformation for the quantization rule in three
dimensions, Eq. (11.10) can also be written in the same form

rp roB
/ k,(r)ydr — / ko(r)dr =nm. (11.25)
ra oA

Equations (11.24) and (11.25) are called the proper quantization rules. It may be
found that two integrals involved in the proper quantization rule have the completely
same mathematical form in the present version of the formulation. Therefore, when
applying it to calculate the energy levels, one needs to calculate only the first integral
with respect to the momentum k, (x) or k,(r). Then, replacing energy levels E,, in
the expression with the ground state energy E(, one immediately obtains the result
for the second integral of ky(x) or ko(r). From now on, the complicated calculations
encountered previously [348, 349, 351, 354, 376-380] will be greatly simplified.
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6 Illustrations of Proper Quantization Rule

In this section, the nice performance of the proper quantization rule will be demon-
strated in following different situations such as the modified Rosen-Morse potential,
a Coulombic ring-shaped noncentral Hartmann system and the Manning-Rosen ef-
fective potential.

6.1 Energy Spectra for Modified Rosen-Morse Potential

The modified Rosen-Morse potential is given by [381, 382]
Uy — Uj sinh(x/a)

Vx)=-— 11.26
) coshz(x/a) ( )
With y = sinh(x/a), the potential can be re-expressed as
Up—Ury
V) =——"F7"——. 11.27
e (11.27)

In our previous study [382], the ground state energy was found by solving the
non-linear Riccati equation (11.5)

1 (Go — 1)?
Egm——— 11.28
0 SMa? ( )
where
1 4Mda2U, 1 4Ma2Uo\?> [4Ma?U\*)'/?
Gi=- 4+ —— — - ) 11.29
0=5+ +{<2+ = >+< 7 )} ( )

By solving V(x4) = V(xp) = E,, we have two turning points y4 and yp satisfying

—U, - \/Uf —4E,(Uo + E»)

ya =sinh(xs/a) =

)

2E,
—Uj +\/U12—4En(Uo+En) (11.30)
yg = sinh(xp/a) = )
2E,
Yoy Ui g Uo
YATYB= E, YAYB = E,
The momentum k;, (x) between two turning points can then be written as
v—2ME
kn(x) = ——=v (B = Y)(y — ya). (11.31)

hiy/ 1+ y?

Now, let us calculate the first integral in Eq. (11.24):

XB xB 1
/ kn(x)dx =/ %\/ZM(EH —Vx))dx

A
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=a\/m/h/” VOB =N ya)
Yy

A 142

an /M —
= —may/=2ME,/h+ — Up++JUE+ U2 (11.32)

Then, replacing E, in Eq. (11.32) with E( given in Eq. (11.28), we obtain

XoB T 2av'M 2 2
/; ko(x)dxzz[l—Go+ 5 Uo+,/U0+U1:|. (11.33)

0A

Substituting Egs. (11.32) and (11.33) into Eq. (11.24) leads to

v=2E,M Go—1
e n? _ 20 — (11.34)
h 2
from which we get the eigenvalues
h*(Go —2n —1)2
E,=- G021 (11.35)

8Ma? ’

where n =0, 1,2, ..., [(Go — 1)/2]. This result is the same as that in [382]. How-
ever, the procedure in practical calculations for energy spectra for asymmetric
trigonometric Rosen-Morse potential have been greatly simplified [356, 382].

6.2 Energy Spectra for the Coulombic Ring-Shaped Hartmann
Potential

In this subsection, we wish to present that the bound states of an electron in a non-
central but separable potential can be handled as well within this proper quantization
rule frame. Consider, for example, the Hartmann potential, which is the Coulomb
potential surrounded by a ring-shaped inverse square potential. This potential was
originally considered by Hartmann [383, 384] to study ring-shaped molecules.
In spherical coordinates (r, 8, ¢), the Hartmann potential is defined by
s [ 2a na*

V(r,0) =no 80( . rzsin29)’ (11.36)
where a is the Bohr radius, a = i/ Me?, &g is the ground state energy of the hydro-
gen atom, &g = —M et /27?,2, n and o are dimensionless positive parameters which
range from about 1 to 10 in theoretical chemistry applications.

In terms of the atomic units (2M = i = 1), the ring-shaped Hartmann potential
in Eq. (11.36) can be expressed as

v v
V()= —+ ——

_, 11.37
ro r2sin%e ( )

with V| = —no2e? and V5 = n?o2.
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In order to evaluate bound-state energies of the ring-shaped Hartmann potential,
the total wavefunction can be written as

U(r,0,¢) = %R(r)Y(@)eim‘p. (11.38)

Separating the variables in analogy with the usual treatment to a spherical poten-
tial, the Schrodinger equation in spherical coordinates for a particle in the presence
of the Hartmann potential (11.37) is reduced to two ordinary differential equations

2
d Rgr) +(E—ﬁ—£(£_:l)>R(r)=0, (11.39)
dr r

p
d?Y (0) dyY (0) { m2 1 }
otf +1e+1)— —— 1Y) =0. (11.40)

c —
do? do sin6  sin%@
It is obvious that Eq. (11.39) is the same as that we obtain in solving the prob-
lem of an electron in a Coulomb-like field. Through a mapping function 6 = w(x),
Eq. (11.40) can be transformed to the form
d*Y (0) N < w’ )dy(e)

—— 4w’ cotw
w

dx?
m? %3
+ 1+ - —————1Y() =0, (11.41)
sin“w  sin“w
which seems a Schrodinger-like equation if
w// ,
-——tw cotw =0, (11.42)
w
that leads to
tan(w/2) = e, sin® w = sech’ x, x € (—00, 00). (11.43)

Using Eqgs. (11.42) and (11.43) in the expression for Eq. (11.41) we arrive at
d*y (0)

dx?
We are now ready to consider the treatment of two Eqgs. (11.39) and (11.44)

through the proper quantization rule approach, respectively.
First, we will derive the solutions for Eq. (11.44) with the effective potential

Vegr (x) = —£(£ + 1) sech? x. (11.45)

+ €€+ 1) sech®x]Y (8) = (> + Vo) Y (0). (11.44)

Let
y = tanh(x), y4 = tanh(x4), yp = tanh(xp), (11.46)
where x4 and x p are two turning points satisfying V (x4) = V(xp) = E,. This gives
E¢=—L(t+1)(1 -y,

ya+yp=0, (11.47)

— (142
YAYBE = w+n)
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From the Riccati equation (11.5) with the potential in Eq. (11.45), one may obtain
Eog=—02.
Then, the integral of the momentum k, (x) in Eq. (11.24)

/XB kn(x)dx = 7 (/€ + 1) — /= Ey). (11.48)

A

We can obtain the second integral in Eq. (11.24) from the ground state

/XOB ko(x)dx =m (/L +1) — £). (11.49)

0A

In conjunction with Eqs. (11.48) and (11.49), the proper quantization rule in Eq.
(11.24) becomes

(Ve +1) =/ —E¢) =nem + (/e + 1) - 0). (11.50)

Therefore, from above equation we could be tempted to write the exact energy
eigenvalues of the 6-dependent part for the symmetric Rosen-Morse potential
(11.45) as

E;=—( —n)>. (11.51)
In the present case E, = —(m? + V), this yields
C=n¢+ (m>+ V)2, (11.52)

Second, we consider the radial equation (11.39) where the effective potential
looks like

Vetr. (r) = % + Z(ﬂr—: 1). (11.53)
By a similar procedure, we have
ratrg= EV‘ WB=—WE:1) (11.54)
with
Eoz—L. (11.55)
406 +1)?

Then, the two integrals in the quantization rule are evaluated exactly

/ern(r)dr:n<V1/ 41E —J@(Hl)), (11.56)
rA - ny

/VOB ko(rydr = (€ +1— /e + 1)). (11.57)

0A

The proper quantization rule in Eq. (11.25) takes the following form

7T<Vl‘/ _41E — e+ 1)) =, 4w+ 1—eE+ D). (11.58)
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Therefore, from above equation one can immediately obtain the well-known energy
eigenvalues for the Coulomb potential E,, as

E, ——4—2, n=n,+0+1, (11.59)

where n is the principal quantum number. This result essentially agrees well with
that of Ref. [385], in which the corresponding energy spectra has been calculated
by the path integral method. One can also verify that the present result is consistent
with that given in other works [383, 386].

6.3 Energy Spectra for the Manning-Rosen Effective Potential

Finally, we shall apply the proper quantization rule to generate the exact solutions
of the Manning-Rosen effective potential [387-390] in D dimensions

,3(,3 _ 1)0{26‘_20” AO{ZE—ar a2e—ar£/(6/ +1
Vi =— - ,  (11.60
eff. () M |: a1- e—ar)Z 1 —e—ar a1- e—ar)2 ( )
where the modified ¢’ is given by [380]
D-3

=0+ — (11.61)

Introduce a new variable y

1 d

Y=o 1 57 =—ay(l+y). (11.62)

Denote the coefficients in the effective potential by parameters V, and Vi, respec-
tively

Vet (r) = Vay? 4+ iy,

Vi — 2)/2ﬁ2 v _a202h2

=M 2T oM (11.63)
o?=BB—-1+U+1),

y2=0W+1)-A
The integral of the momentum k, () in Eq. (11.25) gives

B YB
/ ky(r)dr = ————/ (O —ya)(yp — y)dy

A VA —ﬁay(lJr )

-V Eyg —Ey
=— —_— 11— —1). 11.64
jm( V2 V2 * \/ V2 ) ( )

After some algebraic calculation and simplification, one may arrive at an expres-
sion for the Maslov index

4 (" 1 1
w=— ko(rYdr =4(c +m), m=—+,/-+0o2. (11.65)
T Jr 2 4
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By successively using the relations in Egs. (11.64) and (11.65), the proper quanti-
zation rule in Eq. (11.25) can be expressed as

=Vi En —Eng "
— —_— = 1— —-1])= — . 11.66
no( %23 1%} + \/ V2 ) (n—i— 4)71 ( )

Hence, one can immediately obtain the exact energy eigenvalues [388, 389] for the
D-dimensional Manning-Rosen potential as

_5_2[(%9 —D+4A)a (n+m)ai|2
2M 2(n +m) 2 '

Ene = (11.67)

7 The Langer Modification and Maslov Index in D Dimensions

In the last years some attempts [341-343, 374, 391, 392] have been made to avoid
the Langer modification. For example, the Langer modification can be avoided by
introducing the concept of non-integral, energy-dependent Maslov index p. Since
there is no any correction in the application of the present proper quantization rule,
we will investigate the general relationships between the Langer modification, the
Maslov index and the proper quantization rule as follows.

As shown in previous sections, the proper quantization rule for three dimensional
Schrodinger equation with a spherically symmetric potential [348, 349] takes the
same form as that in one dimension simply by replacing the variable x with r. On
the other hand, it is shown in previous study [380] that this methodology also holds
for D dimensional Schrédinger equation with a spherically symmetric potential,
where the effective potential can be expressed as

20 +1)

Vi =V
ofr. (1) = V) + — 3

) (11.68)

where ¢’ is given in Eq. (11.61).
Thus, we have the explicit formulation of proper quantization rule in D dimen-
sions

B T0B
/ kn,(r)ydr — / ko(r)dr =nm, (11.69)
r T

A 0A

with the momentum between two turning points

kn(r) = v/2M[E, — Verz.(1)1/h,  Ep > Vesr.(r). (11.70)

Equation (11.69) may be rewritten in the form

rp l’l’ 4 roB
/ ky(rydr = <n + Z)JT, "= —/ ko(r)dr. (11.71)
r s T

A 0A
In the following, we will investigate the hydrogen atom, harmonic oscillator and
Manning-Rosen potential respectively to show the procedure to obtain the general
form of the Langer modification and Maslov index with the aid of Eq. (11.71).
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First, the effective potential for the hydrogen atom in D dimensions is
Rew+1) R

2Mr? 2Mr’
The integral of the momentum k, (r) in the quantization rule is calculated to be

/rz ky(r)dr = [%ZE -V + 1)i|71. (11.73)

1

Vetr. (r) =

(11.72)

The Maslov Index for hydrogen atom in D dimensions may be obtained

4 (r D—1
w=— | ko@dr=4{ V@ + D+~ ). (11.74)
s r

1
By using the quantization rule Eq. (11.71), one may obtain the energy expression
[37, 380]

PR (11.75)
n — 2 (n + DT%S)Z . .
The Langer modification in D dimensions may be derived as
W +1)—0+1)2, (11.76)

which is consistent with that once obtained by Watson’s method [393].

Next, the proper quantization rule is applied to study the harmonic oscilla-
tor in arbitrary dimensions. As is well known, the effective potential for the D-
dimensional harmonic oscillator is
2+ 1)

2Mr?
The integral of the momentum k() in the quantization rule Eq. (11.71) is calcu-
lated to be

1
Vet (r) = EM“’ZVZ + (11.77)

/rB K (r)dr = Z[Q _JUW T ] (11.78)

ra 2 | ho
One may also evaluate the Maslov index for harmonic oscillator in D dimensions
4 (7
w= —/ ko(r)dr =D +2(¢ — /€' (¢’ + 1)). (11.79)
T Jy
Therefore, the proper quantization rule gives the familiar result for the energy
levels of the D-dimensional harmonic oscillator
E,=hon+ D/2), n=2n,+¢, (11.80)

where n represents the principal quantum number and 7, the radial quantum num-
ber, which is equal to » in the proper quantization rule.
In the case of D = 3, one may obtain the Maslov index from Eq. (11.79)

nw=34+2[—-ELL+ D] (11.81)

This result is consistent with that =14 2[£ + 1/2 — /£(¢£ + 1)] + 1 derived by
the phase loss method [341-343] and that n =1/2+ [£ + 1/2 — VL + 1)]/2 via
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periodic orbit theory [370, 371] by noting that n = /4. Obviously, those previous
results [341-343, 370, 371] are the special cases of the general result in Eq. (11.79)
obtained by the proper quantization rule.

8 Calculations of Logarithmic Derivatives of Wavefunction

As shown above, we have illustrated how to obtain the energy levels of some solv-
able quantum potentials. For completeness, we are going to show how we calculate
the logarithmic derivative of wavefunction so that we might get the eigenfunctions.

For this purpose, we can get it by solving the non-linear Riccati equation. It is
known that the logarithmic derivative of wavefunction ¢ (x) has (N =n + 1) zeros
and n nodes, thus we might express it into an algebraic fraction. As mentioned
above, we only take the logarithmic derivative of the ground state ¢o(x) to calculate
the quantum correction since it is independent of the nodes of the wavefunction. In
fact, one is able to take the logarithmic derivative of arbitrary state of wavefunction
to calculate the corresponding quantum correction Q.

As an illustration, we present one-dimensional harmonic oscillator V (x) =
Mw?x?/2. In the case of the ground state, take ¢ (x) = —a’x. Substituting it into
the non-linear Riccati equation (11.5) allows us to obtain Ey = hw/2. For the first
excited state, we can write down the non-linear Riccati equation (11.5) as

E(pn(x):—ﬁEn +a'x —q)n(x), o = T (1182)
Define
2
pro=22F0 <o, (11.83)
X
Substituting this into Eq. (11.82) leads to the following expression
2ME Mao\?
) — co)f2 == re X2 — c%x2 —2cyc0 — c(z)xfz, (11.84)
h? h
from which we have
Mw 3%, 3
:1’ == 2, E:— :-h . 1185
o ) N o 1 o e ( )
In a similar way, for the second excited state we define
3
pr)= 25T (11.86)
X+

After substituting it into the Riccati equation (11.82), we obtain
(3C3x2 + cl)(x2 + ) — 2x(63x3 + c1x)

2ME Mo\?
= |:— = 2 + <Tw> x2] (¢ +)c2)2 — c%)c6 — 20361x4 — C%xz. (11.87)
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This allows us to obtain those coefficients as follows:
1 5 5
2
= — s = ——F, = — E Z—FI,(,U. 1188
c3=—u &) Y% c1 2=3 ( )

Now, we attempt to study the third excited state. Define

C4x4 + czx2 4+ ¢
x34c1x

P3(x) = , ca<0. (11.89)
Substitution of this into the non-linear Riccati equation (11.82) yields

(co+ 02x2 + 04)c4)2 + clczx2 — (¢ — 3c1C4))c4 + C4x6 —co(cr + 3x2)

2ME Mo\?
- [_ o+ (%) x2:|x2(cl +x2)2, (11.90)
from which we obtain
3 9 7
co=~cC] BEYE 62—5, C4=—062, E3=§ha). (11.91)

Finally, we discuss a more complicated case, i.e., the fourth excited state. We
define

C5x5 + C3x3 +c1x
x4+ cx?+ ¢

Substituting this into Riccati equation (11.82) allows us to obtain

Pa(x) = , ¢5<0. (11.92)

coct + (c% —cic + 30003))(2 + [cac3 + 1 (=3 +2¢3) + 56065]x4
+ (—c3+ c% + 2cic5 + 36‘26‘5))66 + 1+ ZC3)C5x8 + chlo

OME Mo\?
===+ (5 ) 2ot e +xh?, (11.93)
h h
from which we have
3 27
co= —a_4, c1= ——a_z, = —301_2,
4 4 9 (11.94)
c3=17, 6‘5=—Ot2, E4=5Fw).

Likewise, we are able to calculate those for the higher excited states. In general,
we may define the logarithmic derivatives of the wavefunction with the form

n+1 2m
D om0 C2mX

P11 (x) = — ,
x2n+1 4 an=lo Com1X2m+1 (11.95)
n 2m+1 ’
() = L T
x2n + an:O 02mx2’"
More precisely, they can also be unified to
H,_
0 () = —ax + 2nq 1@ (11.96)

Hy(ox) '
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from which we may obtain the wavefunction of harmonic oscillator by integrating

Un () = Ne™ T Hy (@ x), (11.97)

where N, is the normalization factor, H, (« x) denote the nth Hermitian polynomial.
The energy levels are given by E,, = (n + 1/2)hw.

As illustrated above, it indicates that the quantum correction Q is independent of
the nodes of the wavefunction. Once the logarithmic derivative of the wavefunction
¢n(x) is obtained, it is very easy to get the corresponding wavefunction ¥, (x) by
integrating with respect to variable x. Certainly, the wavefunctions of other quantum
systems could also treated in a similar way.

9 Conclusions

Since the exact quantization rule approach was proposed by Ma-Xu in 2004, this
new formalism has been applied to determine eigenvalues of most known analyt-
ically solvable potentials and find the relativistic and non-relativistic solutions for
a wide class of physical problems. The advantage of this method is to estimate the
energy eigenvalues with the logarithmic derivative ¢ (x) of wavefunction from the
ground state only, without ever having to solve the Schrodinger equation by the
standard method. As an illustration, we have solved the asymmetric trigonometric
Rosen-Morse potential by this exact quantization rule method and found that the
integral calculations become rather tedious and complicated.

To overcome this difficulty, on the basis of this exact quantization rule method,
the proper quantization rule proposed by Qiang-Dong Eqgs. (11.24) and (11.25),
more symmetric than the original one, greatly simplifies the calculations of the
complicated integrals in the previous studies. One needs to calculate only one of
two integrals. With the proper quantization rule, the ground state energy is suffi-
cient to determine the energy levels of the quantum system. Thus, due to the fact
that whenever the number of the nodes of ¢ (x) or the number of the nodes of the
wavefunction ¥ (x) increases by one, the momentum integral f;AB k(x)dx will in-
crease by .

The proper quantization rule method is shown to be convenient to investigate
one dimensional or spherically symmetric D dimensional solvable potentials. It is
verified to be also efficient for the noncentral but separable potentials. After separat-
ing the variables, the radial and the angular pieces of the Schrodinger equation can
both be treated within the same framework. It is shown that the energy levels of the
modified Rosen-Morse potential, the Coulombic ring-shaped noncentral Hartmann
system and the Manning-Rosen effective potential are derived only from the ground
state energy. The procedure is general and the extensions of the present method to
other noncentral separable potentials is straightforward.

Besides semiempirical hypothesis, this Chapter presents an alternative analytic
means for the treatment of the quantization rule, Langer modification and Maslov
index. If the correct energies are expected when one deals with radial quantum sys-
tems in WKB frame, the Langer modification is necessary. If the Langer prescription
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is to be avoided, the ansatz of the non-integer Maslov indices may be introduced as
suggested in some proposals. Within the new quantization rule scheme, the non-
integer value of Maslov indices may be directly derived in a natural way and one
may get energy eigenvalues, without any correction, as accurate as those obtained
from the conventional approaches.

For completeness, we have also shown how to calculate the logarithmic deriva-
tives of the wavefunction in terms of the non-linear Riccati equation. Once they are
available, it is not difficult to obtain the corresponding wavefunction by integrating
them with respect to the argument.

We would like to mention that the semiclassical EBK quantization rule and the
Maslov index are related to the advance of the perihelion of the classical orbit, which
is used to derive the quantum defect parameterization and Ritz expansion [394, 395].
It will be interesting to consider in future how to establish a conceptual relationship
between the present results and both the advance of the classical perihelion and the
quantum defect. It is also important to give further investigation of the properties of
Maslov index for all exactly solvable potentials.

It should also be noted that the well-known quantum Hamilton-Jacobi method
[372, 373, 396, 397], which also gives energy levels without need for solving for
wavefunction and also gives the wavefunctions for all exactly solvable models, and
the present method are not identical. Further investigations of the present method
to other quantum solvable models are necessary in order to explain in more detail
the properties of energy eigenvalues and wavefunctions of those systems. A number
of investigations of this fundamental quantum problem can be expected in the near
future.

Before ending this Chapter, we want to give some useful remarks. First, related
to present study we have noticed that any [-state solutions of the Woods-Saxon po-
tential in arbitrary dimensions within the new improved quantization rule have been
studied recently [398]. Second, Yin et al. have shown why SWKB approximation is
exact for all shape invariant potentials [399] by analytical transfer matrix theory. It
should be noted that this theory is closely related to the exact and proper quantiza-
tion rules. Third, Grandatia et al. have also shown that the exact quantization rule
results from the exactness of the modified JWKB quantization condition' proved by
Barclay [402] and proposed a very direct alternative way to calculate the appropri-

't should be noted that the validity of the Ma-Xu formula follows from a Barclay’s result. He
found that for these potentials the JWKB series can be resumed beyond the lowest-order giving
an energy-independent correction which can be absorbed into the Maslov index and written in a
closed analytical expression. Moreover, he showed equally that this result is directly correlated to
the exactness of the lowest-order STWKB quantization condition [374, 400]. The starting point
is the definition of two classes of potentials, each characterized by a specific change of variable
which brings the potential into a quadratic form. It is shown that this two classes coincide with the
Barclay-Maxwell classes [401], which are based upon a functional characterization of superpoten-
tials and which cover the whole set of translationally shape invariant potentials.
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ate correction for the whole class of translationally shape invariant potentials [403].
The SJTWKB quantization rule is written as

‘(ﬁ ky(x)dx = 2/ ’ k,(x)dx =2(nm +y), (11.98)
E, Xq

where y is an energy-independent correction characteristic of the studied potentials.
In Ma-Xu’s quantization rule, the constant y is nothing but the quantum correction
Qo. More than ten years later Bhaduri et al. [404] proposed another interesting
derivation of this result which replies on periodic orbit theory.



Chapter 12
Schrodinger Equation with Position-Dependent
Mass

1 Introduction

Generally speaking, the effective mass is taken as a constant in the traditional wave
equations. Recently, the study of the non-relativistic equation with the position-
dependent effective mass has attracted a lot of attention to many authors [405-439].
This is because such systems have been found to have wide applications in various
fields such as the electronic properties of the semiconductors [412], He clusters
[413], quantum wells, wires and dots [405, 406, 414], quantum liquids [416], the
graded alloys, semiconductor heterostructures [417] and others. Recently, the alge-
braic method has also been used to study these systems [436—438].

This Chapter is organized as follows. In Sect. 2 we employ a point canoni-
cal transformation to study the D-dimensional position-dependent effective mass
Schrodinger equation. Two typical examples such as the harmonic oscillator and
Coulomb potential are carried out in Sect. 3. Some concluding remarks are given in
Sect. 4.

2 Formalism

According to recent contributions [70, 440, 441], it is shown that the position-
dependent effective mass Schrodinger equation with physical potentials is given
by

1
VD(ZVDW(T)> +2[E -V (")]y () =0, (12.1)
where m = mom(r) = m(r). For D-dimensional spherical symmetry, we take the

wavefunction v (r) as follows:

@) =r"PVPRE)Y R (12.2)

,,,,, I
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Based on the following formula

1 1 1
Vo Vpy(r) = (W);) [Vpyr(n)] + ;V%)I/f(l‘)» (12.3)

substituting (12.2) into (12.1) allows us to obtain the radial position-dependent mass
Schrodinger equation with a spherically symmetric potential

> m'(D—-1 d\ n*-1/4
{ﬁJr;( - _5> = 2mlE — V(r)]}R(r) (124

where m' =dm(r)/dr andn=|l — 1+ D/2|.
On the other hand, it is well known that the radial Schrodinger equation with
constant mass (m = mg = 1) is given by

d? 771 - /
do?

where A denotes the angular momentum.
By performing the following transformations on above Eq. (12.5)

0=q(r), ¥(e) = f(r)R(r), (12.6)

d2 f/ q// f// q// f/
et G- 9)a(5-57)

— = 1/H (G /9)* +2q) e - U(q (r))]}R(r) =0. (12.7)

+2[e - U(0)] }w@):o, m=|A—-14+D/2|, (12.5)

we have

In comparison Eq. (12.4) with Eq. (12.7) we find that

Q) =\/Z (12.8)
m

2 2 /
n —1/4 (q) (D—1Dm
Vi - 2mr? 4m2r
— 1
MU iTa 2 14 q'/9)* + —Ilgm) — g(gh1 (12.9)
m
with
x" 3(x’>2
gx)y=——-=—1) . (12.10)
X 2\ x

In the calculation, we have used the following results

f/ _ 1 q// ml
fo2lg m]
” B 1 { 3m/2 2m//q/ 4 2m/q// (q//)2 _ /q/// }

3 - ’ q'?

(12.11)

I
f

m?2 mgq
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3 Applications to Harmonic Oscillator and Coulomb Potential

In this section, we are ready to illustrate the harmonic oscillator. The solutions are
given by

1
Ulo) = nggz,
en=Cn+ A+ D/2o, (12.12)

¥ (0) = Cp(w)MHP=D2=00"2 | By (—p: A + D/2; wg?).

where A is related to 17 given in Eq. (12.5).

Take m(r) = ar® and ¢(r) = r”, where «, T and v are non-zero real parameters.
For simplicity, we only consider the case v = 1 + 7/2 with t # 2. Thus, (¢')?/m
becomes a constant. Substituting them into Eq. (12.9) allows us to obtain

2
V@) = =Ulqr) = 3¢,
o 2
V2 T+2
En:;é\n: > c2n+ Al)+ D/2), (12.13)

R(r) = ¢y (Br) 1HT/DNAD+D=1/214t/4 (=prTD /2
x 1 Fi[=n; A() + D/2; pr+?),

where c is a real potential parameter, w = 8 = 2ac/(2 + ) and A(I) satisfies a
constraint

16(0> = 1/4) =42+ 1)*(n7 — 1/4) — 31>+ 8D — 12)7. (12.14)

When t =0, m is independent of position r and then A =[. Thus, it is straight to
see that Egs. (12.13) agree with Egs. (12.12) completely.
Finally, we briefly carry out the Coulomb potential. The solutions are given by

Ulo) = _§’

0

&-2
2+ (D-3)2P (12.15)
¥ (0) = By(Bo) TP~ D/2ePe

x 1Fi[—(n — A —=1);2A + D —1; 2B0],

Epn =

where

£

= n=1,23,.... (12.16)
n+(D-3)/2

B
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With the same process as that of the harmonic oscillator, we have

d
V()= _rl—i-—r/2’
_ 2ad? 1
T T2+ 02 +(D-3)21 (12.17)

R(r) = by, 1T/ DA D+D=1) /214 T/4 =yr /2

x 1Fi[—(n1 — A(l) — 1); 2A() + D — 1; 2pr'+7/2],
where
ny=nr+Al)+1,

4od 1
YT et 0in+0-3)2 (12.18)
g 2+D%

da

where the A (/) satisfies the same constraint as Eq. (12.14).

Before ending this section, we give a useful remark on the recent work [442].
The authors Ballesteros et al. claimed that they have found a new exactly solvable
quantum model in N dimensions with the Hamiltonian

h2 ) w2r2

=— v )
2(1 4+ ar?) + 2(1 4+ Ar?)

They addressed that the spectrum of this model is shown to be hydrogen-like
(should be harmonic oscillator-like), and their eigenvalues and eigenfunctions are
explicitly obtained by deforming appropriately the symmetry properties of the N-
dimensional harmonic oscillator. We pinpoint that such an understanding is incorrect
since the kinetic energy term was not defined as Eq. (12.3). This means that the
operator V does not commute with the position-dependent mass m(r). Therefore,
this system does not permit exact solutions at all. Furthermore, the choice of the
position-dependent mass m (r) = (1 4+ Ar?) has no physical meaning since the mass
m(r) — oo when r — o0. In particular, the mass m(r) was taken as 1/(1 + ar?) =
1/m(r) for the harmonic oscillator term.

(12.19)

4 Conclusions

In this Chapter we have employed a point canonical transformation to study the D-
dimensional position-dependent effective mass Schrédinger equation. By mapping
this wave equation into a well-known solvable D-dimensional Schrodinger equation
with a constant mass, the exact bound state solutions have been derived for a given
spatial dependent mass distribution. As illustrations, we have carried out two typical
examples such as the harmonic oscillator and Coulomb potential. Before ending this
Chapter, we give two useful remarks on this topic. The advantage of this method is
easy to obtain the corresponding solutions for given position-dependent mass m (r)
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and variable g (r). However, some constraints on the parameters will be appearing
unavoidably. On the other hand, note that Ikhdair and Sever have worked over the
exactly solvable effective mass D-dimensional Schrodinger equation for pseudo-
harmonic and modified Kratzer problems [443]. However, it should be pointed out
that these problems are essentially same as the harmonic oscillator and Coulomb
potential except for a slight modification.



Part IV
Applications in Relativistic Quantum
Mechanics



Chapter 13
Dirac Equation with the Coulomb Potential

1 Introduction

The exact solutions of quantum system with a 1/r type potential are of impor-
tance in quantum mechanics [1, 2, 444]. Due to the recent interest of the higher-
dimensional field theory, many problems related to the Schrodinger equation and
Klein-Gordon equation in (D + 1) dimensions have been discussed. To fill in the
gap between them, we have carried out the Dirac equation with this potential in
(D + 1) dimensions [91].

The purposes of this Chapter are two-fold. First, we exhibit the exact solutions
of the hydrogen atom by the confluent hypergeometric equation approach. The sec-
ond is to investigate the variations of energy difference AE(n,l, D) and the energy
levels E(n, [, D) on the dimension D [87] and also to study the variations of energy
levels E(n, [, &) on the potential strength & = Z« for a given D.

This Chapter is organized as follows. The exact solutions of the radial equations
will be displayed via the confluent hypergeometric equation approach in Sect. 2.
The variations of energy difference AE(n,/, D) and energy levels E(n,[, D) on
the dimension D as well as the variations of energy levels E(n,/,£) on the po-
tential strength £ = Zo shall be elucidated in Sect. 3. The Dirac equation with a
Coulomb potential plus a scalar potential will be discussed in Sect. 4. Some con-
cluding remarks are given in Sect. 5.

2 Exact Solutions of Hydrogen-like Atoms

As demonstrated in Chap. 4, the D-dimensional radial Dirac equations are written
as

d K
EGKE(”) + 7GKE(”) =[E—-V(r)—M]Fgg(r),

J X (13.1)
_ZFKE(I’) + 7FKE(") =[E—-V(@)+M]IGgg(r),
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with
K=£Q2I+D-1)/2. (13.2)
Let us study the solutions of radial equations (13.1) by the confluent hyperge-
ometric equation approach. This is different from power series expansion method

used in Chap. 4.
Consider the Coulomb-like potential, i.e.,

V(r):—g, E=Za. (13.3)
r
Introduce a new variable p for bound states |E| < M,
p=2rvyM?— EZ (13.4)
Substitution of this, together with Eq. (13.3), into Eq. (13.1) leads to
L Gke+E ke ( : M_E+$>F (o)
——GkE(P —GkepP)=\—3 — |I'KEP),
dp 0 2YM+E p (13.5)
dF() KF()— 1M+E§G()
deEP pKE,O— WNM—E KEP).
Define the wavefunction & (p) of the forms
Gke(p) =vM — E[P4(p) + P_(p)], 13.6)
Fxe(p) =vM + E[P4(p) — P_(p)].
Substitutions of them into Eq. (13.5) allow us to write down
d d K
=D (p) + —D_(p) | + —[D1(p) + D_(p)]
dp dp o
1 & IM+E
={—=4+= D —d_ ,
{ 2T M_E}[ +(p) (p)]
13.7)
d d K
— () = —P_(p) | — =[P+ (p) — P_(p)]
dp dp P
L N R 5)
12 pNmyre TR
Their addition and subtraction yield
d D4 ( )3F< i 1>¢ (p)
- P+ e_s +(p
dp ovM?2—E2 2
(K + §M )CD (p) (13.8)
=—|—% — 0). .
p - pvMI—E2) T
Define the following notations
E M
= __SE , T = __tM . (13.9)
M2 — E2 M2 — E2
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Equation (13.8) is simplified to

d Tt 1 K+7
—PL(P)F| = — 5 )P£(p)=— D (p), (13.10)
dp p 2 p
from which we can obtain an important second-order differential equation
> 1d 1 412 72
—+ —— —= - = ;@ =0, 13.11
{dp2+pdp+< 4+ 5 pz)} +(p) ( )
where
n’=K?>—¢g2. (13.12)

For a weak potential, we have

n=,K*—£2>0. (13.13)

It indicates that Eq. (13.11) is a special case of the Tricomi equation [20]

%+(a+§)j—i+(a+§+%)y=0. (13.14)
From the behaviors of the wavefunction at the origin and at infinity, we define
®1(p) = p"e "*Ri(p). (13.15)
Substitution of this into (13.11) leads to
a* R L 1+2n\d
a2 i(P)‘l‘( 1+ )dpRi(P)
LI REL2 =0, (13.16)

whose solutions are the confluent hypergeometric functions
Ry (p) =ao1 Fi(n —t:2n+ 15 p),
R_(p)=bo1 F1(1+n—1;2n+1; p).
It is shown from Eqgs. (13.6), (13.15) and (13.17) that Gk g(p) and Fgg(p) can be
directly obtained by the combinations of the confluent hypergeometric functions.
We now study the relation between the coefficients ag and bg. Before proceeding,

we recall the following recurrence relations between the confluent hypergeometric
functions [192]

(13.17)

d
Vd—lFl(a;y;z) =aiFi(la+1;y+1;2)
Z

=y 1A+ Lyia) —yi Ayl
i Flla+ly+1i0)=@—y)1Fy+L)+y Fiay;z), (1318
arFila+1y;20) =G@+2a0 -y Fi(a;y;2)
+ @ —anFi(e—1y;2).



160 13 Dirac Equation with the Coulomb Potential

It is shown from Eqs. (13.11), (13.17) and (13.18) that

-1 '+ K
("p a+— b0)1F1(1+n—r;2n+1;p)=0. (13.19)

Since both ag and bg cannot be vanishing, we obtain the following relation between
them
bp=——1 (13.20)
0= T K agp. .

From Eq. (13.6) we thus have
GkEe(p) = Nkpv/M — Epe™”/?
x [+ KN Fi(n—1;2n+ 15 p)
+@—mFA+n—1:2n+1;p)],
Fxe(p) = Nxkpv/M + Eple™P/?
x[(2" 4+ K) 1Fi(n—7;2n+ 1 p)
— (=1 +n—1:2n+1;p)],
where the normalization factor
Nkg=ao(' + K)"' (VM2 — E?)7'? (13.22)

is to be determined.
We now study the eigenvalues of this quantum system. The quantum condition is
obtained from the finiteness of the solutions at infinity

1—n=n"=0,1,2,.... (13.23)
Whenn' =0, n=r, and

(13.21)

K?=12+£> =)~ (13.24)

Therefore, K has to be positive to avoid a trivial solution.
Introduce the principal quantum number n

n=|K|—(D—-3)/2+n
=|K|—(D-3)2+7—1
=l4+1+n=12,.... (13.25)

The n may be equal to 1 only for K = (D — 1)/2 and is equal to other positive
integers for both signs of K. The energy E can be obtained from Eqgs. (13.9), (13.11)
and (13.25)

3 g2 12
En,I,Dy=M—=>—11+ ) 13.26
4 ) Iél{ (,/K2—§2+n—1—1)2} ( )
For a large D, we have
E(n, D) ~ Mé—|[1 —26’D 24+ 4£%°Qn—3)D 7 — -1, (13.27)

which implies that the energy is independent of / for a large D.
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Fig. 13.1 The energy difference AE(1,0, D) decreases with the dimension D € (0, 0.9], while
increases with the dimension D € [1.1, 1.9] and then decreases again with the dimension D > 2.1.
The AE(1,0, D) is symmetric with respect to the point (1.5, 0), so are those AE (n,0, D). The
parameter £ = 0.05 is taken here and also in Figs. 13.2-13.6

For a small &, we have

2
E(n,l,D):M{l— s
2[n+ (D —3)/2]?
4 _
~ £ (2n+D 3_;)}, (13.28)
2n+(D—-3)2P\21+D—-1 4

where the first term on the right hand side is the rest energy M (¢ = 1), the second
one is from the solutions of the Schrodinger equation, and the third one is the fine
structure energy, which removes the degeneracy between the states with the same »n.
It is found from Eq. (13.28) that the energy levels E(n, [, D) are almost independent
of the quantum number / for a small potential parameter £ as shown in Fig. 13.1.

‘We now determine the normalization factor Ng g from the normalization condi-
tion

/wLEwKEdv: 1. (13.29)

Since n’ = t — n is a non-negative integer, we may express the confluent hyperge-
ometric functions by the associated Laguerre polynomials (5.21). Through a direct
calculation, we obtain the normalization factor

(13.30)

(M? — EY)1/4 C(t+n+1) 172
NkgEg =

F2n+1) [2M7(K +1/)(t —n)!
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3 Analysis of the Eigenvalues

We now analyze the properties of eigenvalues. Recently, Nieto has made use of the
concept of the continuous dimension D to study the bound states of quantum system
with a special potential [87]. With this spirit, we attempt to discuss what happened
to a continuous dimension D as shown in Ref. [100].

It is shown from Eq. (13.25) that n =1,2,3,...and [ =0,1,...,n — 1. If the
principal quantum number n and the angular momentum quantum number / are
fixed, the energy difference AE(n,[, D) between eigenvalues for dimensions D
and D — 1 can be calculated by

AE@n,l,D)y=E@n,l,D)—E@n,l,D—1)

& 1 1
=M — , (1331
€1 m £ 1+ g2
(0++/K2—£2)2 (o+ /K12—§2)2
where
oc=n—1-1, Ki=Ql+D-2)/2. (13.32)

It is found from Eq. (13.31) that the relation between AE (n, [, D) and dimension D
is more complicated than that of the Schrodinger equation case [87]. The problem

arises from the factor /K2 — &2 (or \/ K7 — £2). Therefore, for a weak potential it
is shown from Eqgs. (13.2), (13.13) and (13.31) that
>142|&], whenl/=0and K > |&],

D=201/2—-1+K 13.33
A/ + ){51—2|§|, when/=0and K < —|&|, ( )

and

D=21—I+K >2+2|¢&|, when/=0and K; > [§], 13.34
= + ){52—2|g|, when ! =0and K| < —|&]|. (13.34)

We present the variations of energy difference AE(n, [, D) on the dimension D
in Figs. 13.1, 13.2, 13.3. We take the parameters M = 1 and & = 0.05 for definite-
ness. It is shown from Fig. 13.1 that there exist two singular points around D ~ 1
and D ~ 2 for AE(1,0, D). As the dimension D increases, the energy difference
AE(1,0, D) first decreases with the dimension D in the region (0, 0.9] and then
increases with the dimension D in the region [1.1, 1.9], and finally decreases again
with the dimension D > 2.1. In particular, it is found that the energy difference
AE(1,0, D) is symmetric with respect to the point (1.5, 0). The singular points can
be easily explained from Eqs. (13.31), (13.33) and (13.34). That is, notice that there
exist singular points for K2 = £2 and K12 = £2. Thus, it is shown from Egs. (13.33)
and (13.34) that D =1 £ 2& and D = 2 £ 2£ for [ = 0, respectively. It is shown in
Fig. 13.2, where n =2 and [ = 1, 0O, that there are no bound states for D < 0.1. This
can also be explained by Eqs. (13.33) and (13.34). As the dimension D increases, the
energy difference AE(2, 1, D) monotonically decreases with dimension D > 0.1.
Finally, we show the AE (3,1, D) as a function of dimension D in Fig. 13.3, where
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Fig. 13.2 The plot of energy differences AE(2,1, D) (I =0, 1) as a function of dimension D.
Note that AE(2, 1, D) decreases with the increasing dimension D > 0.1 and the variation of the
AFE(2,0, D) on the dimension D is very similar to AE(1,0, D)
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Fig. 13.3 The plot of energy difference AE(3,[, D) as a function of dimension D. The red
dashed, green dotted and blue solid lines correspond to [ =2, 1, 0, respectively

the red dashed, green dotted and blue solid lines correspond to [ =2, 1, 0, respec-
tively. Note that the energy difference AE (3,2, D) decreases monotonically with
the dimension D. The variations of the AE(n, 2, D), AE(n, 1, D) and AE(n,0, D)
are very similar to the AE(3,2, D), AE(2,1, D) and AE(1,0, D), respectively.
Second, we display the variations of energy E(n,[, D) on the dimension D in
Figs. 13.4, 13.5, 13.6. It is shown from Fig. 13.4 that the energy E (1,0, D) de-
creases with the increasing dimension D € (0, 0.9], but increases with the dimen-
sion D > 1.1. Likewise, this singular point can be explained by Egs. (13.26) or
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Fig. 13.5 The variation of energy E (2,0, D) (red dotted line) on the dimension D is very similar
to E(1,0, D). The energy E(2, 1, D) (blue dashed) increases with the increasing dimension D.
Specially, for D > 1 the energy E (2, 1, D) almost overlaps E(2,0, D)

(13.33), i.e., K2 > £2. This means that there are no solutions in D € (1 —2&, 142&).
Figure 13.5 shows the properties of E(2,[, D), in which the red dotted and blue
dashed lines correspond to / = 0, 1, respectively. The variation of the E (2,0, D)
on D is similar to energy E(1,0, D). But energy E(2, 1, D) increases monoton-
ically as the dimension D increases. It is found that, when D > 1 the energies
EQ2,1,D) (I =0,1) are almost overlapped. This kind of phenomenon occurs in
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to E(2,1,D) (I =1,0). The energy E(3,2, D) almost overlaps energy E(3, 1, D). This can be
explained well by Eq. (13.28). When D > 1, the energies E(3,/, D) (I = 2,1,0) are almost
overlapped. The red dotted, blue dashed and green solid lines correspond to quantum numbers
1=2,1,0, respectively

1.0 == 1

0.8+ S

E(1,0,¢)
’

00 L 1 1 1 1 1
0.0 0.2 04 0.6 0.8 1.0

&

Fig. 13.7 The energy E(1, 0, &) decreases with the increasing potential parameter £ < 1

n=3({=0,1,2) as shown in Fig. 13.6. This can be explained well through the
series expansion for 1/D as given in Eq. (13.27).

Third, we exhibit the variations of energy E(n,l, &) on the potential strength
& in Figs. 13.7, 13.8, 13.9. It is found from Fig. 13.7 that the energy E(1,0,%)
decreases with & < 1. This can be explained by Eq. (13.26). Thatis tosay, § <[+ 1.
Figures 13.8 and 13.9 show the variations of the E(2,[,&) and E(3,[,&) on the



166

EQ2,L,¢)

1.0

0.8

0.6

0.4

0.2

0.0

13 Dirac Equation with the Coulomb Potential

L RN "“r.L.._,‘
-~
~
-~
~

0.0

0.5

1.0
¢

1.5
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Fig. 13.9 The energies E(3,1,&) (I =0, 1, 2) decrease with the increasing potential parameter &.
Note that & < 1 for [ =0 (blue solid line), while & < 2 for [ = 1 (green dotted line) and & < 3 for
| =2 (red dashed line). Generally, the energies E(n,[, £) decrease with the potential parameter

& <]+ 1 foragiven!

potential parameter £. The energies E(n,[, &) decrease with potential parameter
& <1+ 1. In Fig. 13.8, the green dotted and red dashed lines correspond to [ =
0, 1, respectively. In Fig. 13.9, the blue solid, green dotted and red dashed lines
correspond to [ = 0, 1, 2, respectively. Generally, the energies E(n,[, &) decrease

with the potential parameter £ </ 4 1 for a given /.
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Fourth, it is worth pointing out the interest of the singularity at |K| =&, i.e.,
[+ (D —1)/2 =& = Zu. This is a famous phenomenon to make the energy formula
broken down for potential strength with Zo > 1 in three dimensions. When the
Dirac equation with the 1/r potential is generalized to the (D + 1)-dimensional
case, however, the singularity survives and moves to big values for Zo, e.g., Za =
3/2 for D = 4. Such a kind of phenomenon has been addressed in Ref. [445].

Finally, we want to briefly address the one-dimensional hydrogen atom as dis-
cussed by Moss [189]. The interest arises from its relevance to the behavior of
hydrogen-like atoms in the strong magnetic fields and to hydrogenic impurities con-
fined in the quantum-well wire structures [188]. It is found that when D = 1 and
Z = 1, the energy spectrum (13.26) does not exist at all since the factor v/ K% — &2
becomes imaginary. This is because from the definition |[K| =14 (D — 1)/2, K is
equal to zero regardless of the value of potential parameter £ if D =1 and / = 0.
This conclusion agrees well with that of Ref. [189].

4 Generalization to the Dirac Equation with a Coulomb
Potential Plus a Scalar Potential

4.1 Introduction

The Dirac equation with a Coulomb potential has been discussed above. Recently,
the bound states and the S-matrix in the quantum scattering theory of the Dirac
equation with a Coulomb plus a scalar potential have been investigated in 3 + 1
dimensions [446-448]. Apart from this, the bound states of the Dirac equation with
the Coulomb plus scalar potential have been carried out both in two dimensions and
in D dimensions [105, 449]. In this section we are going to study the Dirac equation
with a Coulomb potential plus a scalar potential.

4.2 Exact Solutions

We now consider the Dirac equation with a mixed potential including a Coulomb
potential and a scalar potential. The Coulomb potential is taken as

v

Ve=—-. (13.35)
r
Also, the scalar potential is chosen as
Vo=—2, (13.36)
r

which is added to the mass term of the Dirac equation. The v and s denote the
electrostatic and scalar coupling constants, respectively.
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After some algebraic manipulations, we observe that the radial components
Fkg(r) and Gk g (r) satisfy the following first-order differential equations [105]

d K v+
—Gge(r)+—Ggelr) = (E - M+ —)FKE(V),
dr r r

(13.37)
d K vV—s
——Fxkp(r)+ —Fxkp(r)=(E+ M+ —— |Gke).
dr r r

Because this equation keeps invariant by interchanging Fxg <> G_x_g and
Ve(r) < —V.(r), we only discuss the attractive Coulomb potential case V.(r)
(v > 0). The solutions for the repulsive Coulomb potential V.(r) (v < 0) can be
obtained from the former by interchanging Fxg <> G_g_g. The scalar potential
Vs, however, has to be discussed by two different cases s > 0 and s < 0.

Likewise, we introduce p = 2r~/M?2 — EZ for the bound states |E| < M. Thus,
Eq. (13.37) becomes

d K 1 IM—E v+s
—Ggke(P)+—Gke(p)=|—3 + Fxe(p),

dr Jo 2V M+ E 0 (13.38)
d Fep (o) KF (o) = 1  M+E v—s Grr(o)

ar KE\P P KEP)= 2‘/M—E P KE(P).

Similarly, define the wavefunction W4 (p) with the forms

Gke(P)=vM - E[VY,(p)+VY_(p)],

(13.39)
Fge(p) =vM + E[V,(p) —¥_(p)].

Substitution of them into Eq. (13.38) leads to

d d K

—Vi(p)E —V_(p) £ —[Vi(p) = V_(p)]
dp dp P

2 P MFE

1 vts ML+ E
[ + ][‘If+(p):F‘1’—(p)]. (13.40)

Their addition and subtraction allow us to obtain

vE +sM 1

2 Wi(p)
M2—E2 2

_ <K:|: vM +SE

 \p " pSMP—E?

Take the following conventions

E M M+sE
r:ﬁ, T’:i. (13.42)
M2 — E2 M2 — E2

Then, Eq. (13.41) is simplified to

d\IJ()
dpip:F

>\I/;F(,0). (13.41)

d T 1 T'+K
—Wi(p) F <— - _)‘lji(P) =F V= (p). (13.43)
dp P2 P
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Based on this relation, we are able to obtain the following important second-order
differential equations’

d 1d 1 t41/2 A2
Sl S - \lw =0, 13.44
{dp2+pd,0+< 4+ p ,02>} +(p) ( )
where
A2 =K?—v? 4% (13.45)

For a weak Coulomb potential, we take

A=vVK?—v2+s52>0. (13.46)
From the behaviors of the wavefunction at the origin and at infinity, we define
V(o) = p e 2 Re(p). (13.47)
Substitution of this into (13.44) yields
42
TR+ -1+
n T—XA— 1/2:|:1/2R

—R+(p)

1421\ d
dp

+(p) =0, (13.48)

whose solutions are the confluent hypergeometric functions
Ri(p)=ap 1F1(A — ;22 + 1; p),
R_(p)=bo1F1(1+A—1;20A+1; p).

Let us study the relation between ap and by. With the same technique as above,
we have

(13.49)

A—T T+ K
ap + bo | 1Fi(1+A—1;20+1; p)=0. (13.50)
P o
Since both ag and b are not equal to zero, we obtain
b= % (13.51)
= aop. .
0= 7 + K 0

From Eq. (13.39) one has
GkE(p) = Nkpv/M — Epte™"/?
x [T+ K)1Fi(h—1;20+ 15 p)
+ @ =M 1Fi(1+A—1;204+1; p)],
Fxe(p) = NxkgN'M + Epte™/?
x[(t"+ K) 1 Fi(A —1;20 4 1; p)
— T -1+ A=1204+1; p)],

(13.52)

INotice that Eq. (13.44) is a special case of the Tricomi equation as given in Eq. (13.14).
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where Nxg = ao(t’ + K) ' (2v/M?2 — E2)~1/2,
We now study the eigenvalues of this quantum system. The quantum condition is
given by

T—A=n'"=0,1,2,.... (13.53)
Whenn' =0, A =1, and
K2=124+102—s2= ()2 (13.54)

Therefore, K has to be positive to avoid a trivial solution.
Introduce a principal quantum number

n=I|K|—(D-=3)/2+n
=[K[-(D—=3)2+1—A

=l+1+n'=12,.... (13.55)
Based on Eqs. (13.42) and (13.53), we have
E M D -3
K+ 2 e famn—l—14A=k  (13.56)
M2 — E2 2

The energy E can be solved from Eq. (13.56)

{ Vs [( Vs )2 s2—K2i|1/2}
E(n,1,D)=M + . (13.57)

U2+K2 U2+K2 U2+K2

We now consider a few special cases. First, if v =0, then A =+ K 2 4+ §2. Thus,
the energy becomes

2 1/2
s
E(n,l,D):j:M{l— } . (13.58)
(n—1—1+~VK?+s%)?
It implies that there are two branches of symmetric solutions for the positive and
negative energies.
For a large D, we have

E(n,D)~+M[1—2s’D? +4s*2n—-3)D> — .. ], (13.59)

which implies that the energy is independent of / for a large D.
For a small s, we have

2
E(n,l,D):j:M{l— i
2[n+ (D —3)/21
st 2n+D -3 1
+ 2[n + (D —3)/2]4(21+D -1 Z)}’ (13.60)

where the first term on the right hand side is the rest energy M (¢ = 1), the second
one is from the solutions of the Schrodinger equation, and the third one is the fine
structure energy, which removes the degeneracy between the states with the same n.
On the other hand, it is shown from A given in (13.46) that the scalar potential
parameter s can be taken arbitrarily for the vector potential parameter v = 0.
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Second, if s = 0, then A = /K2 — v2. It is found from Eq. (13.46) that E has
the same sign as v when K2 > v2. For the attractive Coulomb potential (v > 0) we
have the positive energy E (n,[, D)

2 —1/2
v } (13.61)

(n—1—14+VKZ=2)2

This coincides with the conclusion from the Sturm-Liouville theorem for a weak
attractive potential [184, 247, 248]. For a large D we have the similar result as
Eq. (13.59) (s is replaced by v).

For a small v, we have

E(n,l,D):M{1+

v U2
E(n,l,D):M—{l—
[v] 2[n+ (D —3)/21?
4 _
_ v (2”“) 3_§>}. (13.62)
dnt+(D—3)27\2+D—1 4

Similarly, the physical meanings of three terms are similar to those of Eq. (13.60)
except for the different expansion coefficients. This case has been studied in our
recent work [104, 450], to which the reader can refer for more information.

Third, if v =s, from Eq. (13.56) both v and s have to be positive, > = | K|, and
the positive « is given by

n DT_3» when K > 0,
o 11D (13.63)
n—2l—+52, when K <0.
The energy is written as
M{l_%}, for K >0,
E(n,1,D) = 2 (13.64)
M- 2% gk o,

v (n—21—-5P)2

which implies that the energy is independent of the angular momentum quantum
number / for K > 0, but for K < 0 it depends upon /. If we choose the negative sign
in the result, we have E = —M, which is a singular solution of Eq. (13.56).

‘We now determine the normalization factor Ng g from the normalization condi-
tion

/\y'}'{quKEdv =1 (13.65)

Similarly, through a direct calculation we get

(MZ _ E2)l/4
N =
KE="Tar+1) [

F(t+r+1) }”2 (13.66)

2Mt (K +1/)(t — 1)!



172 13 Dirac Equation with the Coulomb Potential

1.0———— T T A e ————
L ’—————
»
,’
—\\ ’/ J
0.5 Y, i
F \\\ II J
5 \\ II
S 007 \ 'l
S
\ I
\ I
\ /
[ v !
-051 v/ b
r \/
A {
T S S RS S RS S S |
0 1 2 3 4 5
D

Fig. 13.10 The energy E(1,0, D) decreases with the increasing dimension D € (0, 1), but in-
creases with the increasing dimension D > 1. The parameters v = 0.2 and s = 0.3 are taken here
and also in Figs. 13.11 and 13.12

4.3 Analysis of the Energy Level

We now analyze the variation of the energy E(n,l, D) on the dimension D. It is
shown from Eqgs. (13.46) and (13.56) that the energy E(n, [, D) given in Eq. (13.57)
is closely related with the following two conditions,

s+ K2 > v?, Ev+ Ms > 0, (13.67)

from which we can determine whether the energy is positive or negative. Recall that
we only consider the case with positive v. For the case of negative v, the energy
E(n,l, D) changes its sign. For simplicity, we take sign “+” for the second term
in Eq. (13.57). In fact, the energy levels are also valid if we take sign “—"" for the
second term, while the variations shall change with the different choice of the signs.

First, we consider the case s > 0. We discuss the energy E (n, [, D) in two cases
s > v and s < v. For the first case s > v, due to Eq. (13.67) the bound states with
0 < E < M are physically acceptable. We take v = 0.2 and s = 0.3 for the weak at-
tractive Coulomb potential. It is shown in Figs. 13.10, 13.11, 13.12 that the energies
E(n,0, D) first decrease for D € (0, 1) and then increase with the increasing di-
mension D > 1, while the energies E (n, [, D) (I # 0) are almost independent of the
quantum number /. Also, the energies E(n, !, D) are almost overlapped for a large
D. Tt is shown that the energies E(n,0, D) are symmetric with respect to D =1
for D € (0, 2). For the second case s < v, we take v = 0.3 and s = 0.2. It is found
that there does not permit bound state for [ = 0 and D € (0.55, 1.45). This can
be explained well from Eq. (13.46), i.e., (D — 1)/2)?> 4+ 52 > v? for [ = 0. Conse-
quently, there exist the bound states for D > 14+2+/v2 —sZand D < 1 —2+/v2 — 52,
The corresponding variations of energies E(n, [/, D) on the dimension D are il-
lustrated in Figs. 13.13, 13.14, 13.15, 13.16. It is shown in Fig. 13.13 that the
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Fig. 13.11 The variation of energy E (2,0, D) (red dashed line) on the dimension D is similar to
E(1,0, D). The energy E(2, 1, D) (blue solid line) increases with the dimension D. For D > 2 the
energy E (2,1, D) almost overlaps E(2,0, D)
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Fig. 13.12 The variations of energy levels E (3,1, D) (I =2,1,0) on dimension D are similar
to E£(2,1, D) (I =1,0). The energy E(3, 2, D) almost overlaps energy E(3, 1, D). For D > 2, the
energies E (3,1, D) (I =2, 1, 0) are almost overlapped. The blue dotted, green dashed and red solid
lines correspond to [ =0, 1, 2, respectively

energy E(1,0, D) decreases with the increasing dimension D € (0, 0.55], but in-
creases with the increasing dimension D > 1.45. There does not exist bound state
for D € (0.55, 1.45). It is shown in Figs. 13.15 and 13.16 that the variations of en-
ergies E(n,0, D) (n =2, 3) are very similar to E(1,0, D). The energies E(n, 1, D)
(n =2, 3) increase with the dimension D. Note that the energies E(n,[, D) are al-
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Fig. 13.13 The energy E(1,0, D) decreases with the increasing dimension D € (0, 0.55], but
increases with the increasing dimension D > 1.45. There are no bound states for D € (0.55, 1.45).
The parameters v = 0.3 and s = 0.2 are taken here and also in Figs. 13.15 and 13.16
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Fig. 13.14 The plot of energy spectra E(1,0, D) as a function of dimension D. Two signs “£”
are considered. Note that their variations are absolutely different from each other

most independent of the quantum number / for a large D. It should be addressed
that the variation range of dimension D without permitting bound state depends on
the values of the potential parameters v and s. On the contrary, if we choose the sign
“—" for the second term of Eq. (13.57), the variation will be opposite to that of the
sign “+” as illustrated in Fig. 13.14.

Second, we consider the case v > 0 and s < 0. If —s = |s| > v, there is no bound
state according to Eq. (13.67). However, if —s = |s| < v, the variations of ener-
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Fig. 13.15 The variation of energy E (2,0, D) (green solid line) on the dimension D is similar
to E(1,0, D). The energy E(2, 1, D) (red dashed line) increases with dimension D. The energy

E(2,1, D) almost overlaps E (2,0, D) for D > 2
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Fig. 13.16 The variations of energy levels E(3,/, D) on the dimension D are similar to E(2,1, D)
(I =1,0). For D > 2 the energies E(3,/, D) (I =2, 1,0) are almost overlapped. The red dashed,

green dotted and blue solid lines correspond to the I =2, 1, 0, respectively

gies E(n,l, D) are similar to those of the case 0 < s < v as studied above (see

Figs. 13.13, 13.14, 13.15, 13.16). We do not show them for simplicity.

We now consider some special cases. First, for special case s = 0 and v # 0,
i.e., the Dirac equation with the Coulomb potential has been investigated in our re-
cent work [104, 450]. Second, for special case v =0, but s # 0, it is shown from
Eq. (13.67) that there are bound states for s > 0, say s = 0.2. The variations of the
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Fig. 13.17 The energy E(1,0, D) decreases with the increasing dimension D € (0, 1), but in-
creases with the increasing dimension D > 1. The parameters v = s = (.2 are taken here and also
in Figs. 13.18 and 13.19
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Fig. 13.18 The variation of energy E (2,0, D) (green solid line) on the dimension D is similar
to E(1,0, D). The energy E (2,1, D) (red dashed) increases with the dimension D. The energy
E(2,1, D) completely overlaps E(2,0, D) for D > 1

energies on the dimension D are similar to those of the case s = 0.3 and v =0.2
given in Figs. 13.10, 13.11, 13.12. Likewise, we do not show them here. Third,
for special case v = s, there are bound states for positive s = v > 0. The corre-
sponding variations of the energies E(n,l, D) on the dimension D are displayed
in Figs. 13.17, 13.18, 13.19. Basically, the variations of the energies on the dimen-
sion D are similar to those of the case v = 0.2 and s = 0.3 given in Figs. 13.10,
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Fig. 13.19 The variation of energy E(3,0, D) on the dimension D is similar to E(n,0, D)
(n = 2,1). The energy E(3,2, D) overlaps E(3,1, D) completely. For D > 1 the energies
E@3,1,D) (I =2,1,0) are completely overlapped. The red dashed, green dotted and blue solid
lines correspond to [ =2, 1, 0, respectively

13.11, 13.12. However, the energies E(n, [, D) (I # 0) are completely independent
of quantum number /. This can be explained well from Eq. (13.64) for K > 0. For
D > 2 the energies E(3,1, D) (I =2,1,0) are overlapped. However, the energy
E(n,0, D) is closely related to the quantum number / as shown in Figs. 13.17,
13.18, 13.19. Also, this can be explained well by Eq. (13.64) for K < 0. It should
be pointed out that there exists a singular solution £E = —M = —1 for D =1 and
[=0.

We now briefly study the variations of energies on the potential strengths v
and s for a given D = 3 even though such a study which is not less important in
physics. The constraints on the potential parameters v and s are closely related
to the A defined in Eq. (13.46). That is to say, v> < K2 + 52 = (I + 1)? + 52 but
s2 > v? — K? =v? — (I + 1)%. Generally speaking, there is no constraint on the
potential strength s for a small v (weak potential strength). However, there is a con-
straint on the potential strength v, i.e., |v] < VK2 +s2 = /(I + 1)2 + s2. These
features are shown in Figs. 13.20 and 13.21. The detailed study for the constraint on
the potential strength v can be found in Ref. [450].

5 Concluding Remarks

In this Chapter we have studied the (D + 1)-dimensional Dirac equation with the
1/r type potential through the confluent hypergeometric equation approach. This
is different from the method used in our previous work [91]. The eigenfunctions
are analytically obtained. The eigenvalues and the fine structure energy have also
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Fig. 13.20 The plot of energy levels E(3,1,v) (Il =0, 1,2) as a function of parameter v. They
decrease with the parameter v. The v < /(I + 1)2 + 52 for D = 3. The red dashed, green dotted
and blue solid lines correspond to [ =2, 1, 0, respectively. The parameters D = 3 and s = 0.2 are
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Fig. 13.21 The plot of energy levels E(3,/,s) (I =2,1,0) as a function of parameter s. The
energy decreases with s. The red dashed, green dotted and blue solid lines correspond to/ =2, 1, 0,
respectively. The parameters D = 3 and v = 0.2 are chosen

been studied. The present work has paid more attention to the variations of energy
differences AE(n, [, D) and the energy levels E(n,/, D) on the continuous dimen-
sion D. The variations of energy differences AE (n,/, D) on the dimension D have
been analyzed. Generally speaking, there exist three different kinds of variations.
First, note that the energy difference AE (n,0, D) first decreases, then increases,
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and finally decreases as the dimension D increases. That is, the AE(1, 0, D) is sym-
metric with respect to the point (1.5, 0). Second, we have found that AE(n, 1, D)
decreases with the D, but there are no bound states when D < 0.1. Third, notice
that AE(n, [, D) decreases monotonically with the dimension D.

For the energy E(n,l, D), we have following properties. For the energy levels
E(n, 0, D), there exists a singular point at D = 1. That is, the E(n, 0, D) is symmet-
ric with respect to axis D = 1 for D € (0, 2). The energies E (n, 0, D) first decrease
with the dimension D and then increase with it. The energies E(n,[, D) (I > 0) are
almost independent of quantum number / for a large D.

The variations of energy levels E(n, [, £) on potential strength £ have also been
analyzed. For a given dimension D = 3, the energy E(n,l, &) decreases with the
potential parameter & <[ + 1.

As a generalization, we have studied the Dirac equation with a Coulomb po-
tential plus a scalar potential. The eigenvalues and some special cases have been
carried out. We have elucidated the variations of energies E(n,[l, D) on the di-
mension D and found following typical properties. First, the energies E(n, 0, D)
first decrease with the dimension D and then increase with it. The energy levels
E(n,1, D) (I #0) increase with the dimension D. Second, the energies E(n, !, D)
are almost independent of quantum number / and the E(n, I, D) (I # 0) are almost
overlapped for a large D. Third, the energies E(n,0, D) are symmetric with the
respect to D =1 for D € (0, 2). This is different from the case without the scalar
potential. The variations of energies on potential parameters v and s are also stud-
ied for D = 3. We have found that the constraints on the potential parameters v
and s are closely related to the parameter A, i.e., vE<K?24+52= I+ 1)2 + 52 but
s2 > v? — K? = v? — (I + 1)%. Generally speaking, there is no constraint on the
potential strength s for a small v. However, there is a constraint on the potential
strength v, i.e., [v| < VK2 + 52 = /(I + 1)> 4+ s2. We have found that the energy
levels E(n,l,v) and E(n,l, s) decrease with the parameters v and s. In particular,
it is interesting to observe that the E (n, [, v) decreases with parameter v <[ + 1 for
a given [.




Chapter 14
Klein-Gordon Equation with the Coulomb
Potential

1 Introduction

The exact solutions of non-relativistic and relativistic equations with the Coulomb
potential have become an important subject in quantum mechanics. During the past
several decades, the Klein-Gordon equation with the Coulomb potential has been
studied in three dimensions such as the operator analysis [185], in an intense laser
field [186], in two dimensions [187] and in one dimension [188-191]. With the in-
terest of the higher-dimensional field theory, the Schrodinger equation and the Dirac
equation with a Coulomb potential have been studied in (D + 1) dimensions. The
Klein-Gordon equation with a Coulomb potential in (D + 1) dimensions has been
discussed by the different approaches such as the large-N expansion approximate
method [93] and the associated Laguerre equation approach [64], which paid more
attention to the hydrogen atom case than the relativistic pi-mesonic atom one. The
purposes of this Chapter are two-fold. The first one is to re-study this problem fol-
lowing the confluent hypergeometric equation approach. The another one, which is
the main purpose of this Chapter, is to analyze the variations of the eigenvalues on
the dimension D [64, 87].

This Chapter is organized as follows. Section 2 is devoted to the derivation of
the eigenfunctions and eigenvalues. The properties of the eigenvalues are analyzed
in Sect. 3. The Klein-Gordon equation with the Coulomb potential plus a scalar
potential will be considered in Sect. 4. The comparison theorem is studied in Sect. 5.
Some conclusions are given in Sect. 6.

2 Eigenfunctions and Eigenvalues

For simplicity the atomic units 7 = ¢ = 1 are employed if not explicitly stated other-
wise. Considering the motion of a particle in a spherically symmetric potential V (r)
in D dimensions, the time-independent Klein-Gordon equation is taken as

(=2 +MHW(r) =[E — V() ]P¥(r), (14.1)

where M and E denote the mass and the energy of the particle, respectively.
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As illustrated in previous Chapters, take the wavefunction of the form

W) =r"PVER (Y, ®). (14.2)
Substitution of this into Eq. (14.1) yields
d*>  kr—1/4
{p - T/}Rm) = —{lE - V)P = MR, (14.3)

where k =1 — 1+ D/2.
For the present work, the symmetric potential V (r) is taken as the Coulomb-type
one

V() = —%, £=Za. (14.4)

We will discuss the weak potential, say |§| < 1/2. The radial equation (14.3) thus
becomes

d’R okt 1/4 2E
zz(r)+é < /4 Ry + 2EE
dr

It is convenient to take a new variable p for the bound states:

p=2rvM?*—E2, |E|<M. (14.6)

As a result, Eq. (14.5) is changed to

— R+ (E* = MH)Ri(r)=0. (14.5)

CR) 2y Vet Trio - Lrw =0, aa7)
with
E
T= 75 (14.8)
M2 — E2
From the behaviors of the radial function at the origin and at infinity, we define
Ri(p) = p**12e7 P (p), 1= [k =82 >0, (14.9)

where we assume k2 > £2. ¢(p) satisfies the following confluent hypergeometric
equation

d? d
P ¢(2p) +(2)‘+1—P)M+(T—K—1/2)¢(,0)=O. (14.10)
dp dp
Finally, the radial function can be expressed as
Ri(p) = Nip*t 12 P12\ Fy (L — T+ 1/2; 20 + 1; p), (14.11)

where N is the normalization factor to be determined.
We now discuss the eigenvalues. From the consideration of the finiteness of the
solutions at infinity, the general quantum condition is obtained from Eq. (14.11)

T—A—1/2=n"=0,1,2,.... (14.12)
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Introduce a principal quantum number
n=n'"+x—-D/2+2=n"+1+1. (14.13)
Based on Eqs. (14.8) and (14.12), we obtain

ES — 7 = /42 2

Therefore, we can obtain E with the same sign as &

£ §2 2
E(n,l,D):M—{l—i— } , (14.15)
1§ (n—1—1/2+ k2 —£2)2
which essentially coincides with that of Ref. [§7] except that the factor £/|&| was
not considered there.
For a large D, we have

E(n,D)= Mé—|[l —262D2 4422 —3)D 3 — -] (14.16)
For a small &, we have
2
E(n,l,D):Mi{l— §
3 2[n+ (D —3)/2)%
4 _
N £4(D + 61 — 4n) } (14.17)
42l =2+ D)[n+ (D — 3)/2]*

where the first term on the right hand side is the rest energy M (¢ = 1), the second
one is from the solutions of the Schrodinger equation with this potential, and the
third one is the fine structure energy, which removes the degeneracy between the
states with the same n.

‘We now calculate the normalization factor /N; from the normalization condition

/ Ri(p)dr =1. (14.18)
0

Since n’ = t — A — 1/2 is a non-negative integer so that we can express the confluent
hypergeometric functions | Fj(—n’; B + 1; p) by the associated Laguerre polyno-
mial Lf ,(p). Based on Eq. (5.21) and through a direct calculation, we obtain

(M?—E)VAT 2r (' + 20+ 1) ]2
F@r+1) |n'@n' +20+1)]
A=[(—14D/2)>—§£1"/2

Ni = (14.19)

3 Analysis of the Eigenvalues

We now analyze the properties of eigenvalues. It is shown from Eq. (14.14) that
n=1,2,3,...and [ =0, 1,...,n — L. If the principal quantum number n and the
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angular momentum quantum number / are fixed, the energy difference AE (n, [, D)
between eigenvalues for dimensions D and D — 1 is written as

AE®,l,D)=E®n,l,D)— E®n,l,D—1)

=M|§__|{ : = - ! }, (14.20)
N R A==
where
c=n—1-1/2, k1 =Q@l+D—-3)/2. (14.21)

It is found from Eq. (14.20) that the relation between A E (n, [, D) and the dimension
D is more complicated than that of the Schrodinger equation for the hydrogen atom.

The problem arises from the factor /2 — &2 (or ,/k? — £2). For a bound state, it is

found from Eq. (14.2) that A has to be a real number. Therefore, for a weak potential,
|&] < 1/2, we obtain from Egs. (14.3) and (14.9)

>2+2|&], when/=0and«k > |&],

D=2(1—1+x) <2-2|&], when/=0andk < —|&|, (14.22)
- > 2J€], when /=1, '

>0, when [ > 2.

Now, we first show the variation of the energy difference AE (n, [, D) on the di-
mension D in Figs. 14.1, 14.2, 14.3. We take the parameters M = 1 and £ = 11/137
(Z = 11) for definiteness. Recall that the energy and £ has the same sign as shown
in Eq. (14.15). These three figures display three typical variations of AE(n, [, D)
on D.

It is shown from Fig. 14.1 that there exist two singular points at D ~2 and D ~ 3
for E(1,0, D). As the dimension D increases, the energy difference AE(1,0, D)
first decreases with the dimension D in the region (0, 1.8] and then increases with
the dimension D in the region [2.2,2.8], and finally decreases again with the di-
mension D > 3.2. Recall that the variant range of dimension D is related with the
parameter £ as shown in Eq. (14.22). The variation of AE (2, 0, D) on the dimension
D is very similar to AE(1,0, D). We do not show AE(2,0, D) for simplicity. In
Fig. 14.2 we find that there exists one singular pointnear D = 1 for AE(2, 1, D). As
the dimension D increases, the energy difference AE (2, 1, D) first increases with
the dimension D and then decreases with it. We show the AE (3,1, D) (I =2,1,0)
in Fig. 14.3. Notice that the energy difference AE (3,2, D) decreases monotoni-
cally as the dimension D increases. In particular, it is found that AE(n, 0, D) is
symmetrical with respect to point (2.5, 0).

Second, we analyze the variations of the energy E(n, [, D) on the dimension D
in Figs. 14.4, 14.5, 14.6. First of all, we emphasize that there is no bound state for s
wave (/ = 0) in two-dimensional space D = 2, because from Egs. (14.3) and (14.2)
we find that x = 0 and A is imaginary. Notice that if the two-dimensional space is
considered as a special case of three-dimensional space where all physical quantities
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Fig. 14.1 For D € (0, 1.8), the energy difference AE(1,0, D) decreases with the increasing di-
mension D, while increases with the increasing dimension D € [1.8, 2.8) and then decreases again
with the increasing dimension D > 3.2. There exist two singular points around D =2 and D = 3.
Note that AE(1, 0, D) is symmetrical with respect to point (2.5, 0). The parameter £ = 11/137 is
taken here and also in Figs. 14.2-14.6
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Fig. 14.2 Note that the energy difference AE(2, 1, D) increases with the increasing dimension
D € (0,0.8), and then decreases with the increasing dimension D > 1.2

do not depend upon the coordinate in one direction, the Coulomb potential becomes
logarithmic instead of .

It is shown from Fig. 14.4 that the energy E(1, 0, D) decreases as D increases in
the region (0, 1.8), but increases with it in the region D > 2. Figure 14.5 shows the
properties of E (2,1, D) (I =1 or 0). The variation of the E(2, 0, D) on D is similar
to energy E (1,0, D). However, the energy E(2, 1, D) increases monotonically as
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Fig. 14.3 The variation of energy difference AE (3,1, D) on the dimension D. It is noted that
AE3,2,D) (red solid line) decreases monotonically with the increasing dimension D > 0.
The AE(3,1, D) (green dashed line) and AE (3,0, D) (blue dotted line) are very similar to
AE2,1,D) and AE(1,0, D), respectively
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Fig. 14.4 Note that the energy E(1, 0, D) decreases with the increasing dimension D € (0, 1.8),
but increases with the increasing dimension D > 2.2. It should be stressed that there exists a sin-
gular point around D ~ 2. Note that the energy E(1, 0, D) is symmetric with respect to axis D =2
for D € (0, 4), so are those energy levels E(n, 0, D)

D increases. It is found that the E (2, 1, D) is almost overlapped with the E(2, 0, D)
when D > 2. This kind of phenomenon occurs to # = 3 as shown in Fig. 14.6. That
is to say, the energy E (3,2, D) almost overlaps with the energy E(3, 1, D). This
can be explained well through the series expansion for 1/D as given in Eq. (14.16).
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mension D. Specially, it is found for D > 2 that the energy E (2, 1, D) almost overlaps E(2,0, D)
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Fig. 14.6 The variation of E(3,1, D) (I =2,1,0) on the dimension D is similar to E(2,1, D)
(I = 1,0). Note that the energy E (3,2, D) (red dashed line) almost overlaps that of the energy
E3, 1, D) (green dotted line). When D > 2 the energies E(3,/, D) (I =2, 1,0) are almost over-
lapped

Before ending this part, we turn to one-dimensional hydrogen atom case due to
its importance in physics. Actually, this problem has been studied by many authors
[188-191]. When D =1 and Z =1 (§; = 1/137), the energy spectrum (14.15)
reduces to the one-dimensional hydrogen atom,
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3
E=M—i1
ol T

2 —1/2
dl } , (14.23)

1,1 2
—5+t3 1 — 4¢; )2
which coincides with the result given by Spector and Lee [188], in which Eq. (3)
has a typo on S. The correct expression should be S = 1/2 4 1/2(1 — 4Z%a%)!/2.
Here we only take the positive sign for S if considering the behavior of the radial

function at the origin. The quantum number n’ used here is n in [188]. The energy
spectrum of the ground state (n = 1) can be obtained as

&1 4g} }1/2

:M—{1+— (14.24)
&1 1+.,/1 _4%-12)2

4 Generalization to the Klein-Gordon Equation with a Coulomb
Potential Plus a Scalar Potential

4.1 Introduction

As mentioned above, the Klein-Gordon equation with the Coulomb potential has
been carried out widely in three dimensions. Motivated by our recent work on the
Dirac equation with a Coulomb plus a scalar potential in two dimensions [449] and
in D dimensions [105], we are going to study the exact solutions of the Klein-
Gordon equation with a Coulomb plus a scalar potential in D dimensions. On the
other hand, we attempt to analyze the variations of the eigenvalues E(n,l, D) on
the continuous dimension D.

4.2 Eigenfunctions and Eigenvalues

Considering the motion of a particle in a spherically symmetric Coulomb potential
V.(r) and the scalar potential V(r) in D dimensions, we take the time-independent
Klein-Gordon equation as [451]

(=9 +HIM + V()W (r) = [E — V.() PP (r), (14.25)

where M and E denote the mass and the energy of the particle, respectively. The
Coulomb potential and the scalar potential are taken as
v s

Ve=—-, Ve=—-. (14.26)
r r

It is evident that Eq. (14.25) keeps invariant by interchanging V.(r) — —V,.(r) and
E — —E. For simplicity we only discuss the attractive Coulomb potential case
V.(r) (v > 0). The solutions for the repulsive Coulomb potential case V.(r) (v < 0)
can be obtained from the former by changing the sign of the energy E. The scalar
potential V;, however, will be discussed in two different cases s > 0 and s < 0.
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Following Refs. [20, 112, 242], take the wavefunction as
W) =r"PVERMY, L ®). (14.27)

Substitution of this into Eq. (14.25) allows us to obtain the radial Klein-Gordon
equation in D dimensions

d*R;(r)
dr?

Take a new variable p for the bound states:

p=2rVM2—E2, |E|<M. (14.29)

Equation (14.28) becomes

d*Ri(p) 1 1 T 1
d;z +p(vz—sz—x%rZ)Rz(p)Jr;Rz(p)—ZRz(p)=O, (14.30)

v —s2—k2+ g +2(Ev+Ms)
r

+ {E2 Mt _ }Rz(r) —0. (14.28)
r

with
Ev+ M
ro v MS (14.31)
M2 _ E2

From the behaviors of the radial function at the origin and at infinity, we define
Rl(p)zp“'%e_p/qu(p), Ar=vVk2+52—0v2>0. (14.32)

We only consider the weak Coulomb potential case, i.e., k> +s> > v2. Otherwise the
solution becomes oscillatory. ¢ (p) satisfies the following confluent hypergeometric
equation

da’¢(p) deé(p) 1 _
s +(2)L+1—,0)W+(1’—)»—5)¢(,0)_0, (14.33)

from which we finally obtain

1
Ri(p) = Njp*+ 36~/ lFl(x—r+§;2x+1;p), (14.34)

where N is the normalization factor to be determined.
We now discuss the eigenvalues. As before, the general quantum condition is
obtained from Eq. (14.34)

1
r—k—zzn’=0,1,2,.... (14.35)
Introduce a principal quantum number
D
n:n’—l—K—E—{—Z:n’—i—l—l—l. (14.36)

It is shown from Eqgs. (14.31), (14.35) and (14.36) that

Ev+M 1
J%ﬂ:n_z_f/mﬂbo. (14.37)
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The energy E can be solved from Eq. (14.37)

vs vs \? s2-p272
E(n,l,D)ZM{—mi[<v2+ﬁ2> _v2+182} } (1438)

We now consider some special cases. First, if v =0, s has to be positive due to

Eq. (1437)so A = k2 + s2. Thus, we have a pair of solutions +E(n, [, D) for the
energy

o %
E(n,l,D):j:M{l _ } . (14.39)
(n—1—%+Vk2+s2)2

For a large D, we have
E(n,1,D)~M[1 —2s*D™? +4s*(2n —3)D> — .. ], (14.40)
which implies that the energy is independent of the / for v = 0.

For a small s, we have

S2

" 2[n+ (D —3)/2P

s (2n+D—3 1>} (144D)
+2[n+(D—3)/2]4 2+D-2 4| '

Second, if s = 0, then A = v/k2 — v2. Due to Eq. (14.37), the energy E has the
same sign as v when «? > v2. For the attractive Coulomb potential (v > 0), we have
the positive energy

E(n,l,D):M{l

2 J— l

v 2
En,lI, D)=M{1+ } . (14.42)

(n—1—5+Vk2—v2)?

It coincides with the conclusion from the Sturm-Liouville theorem for a weak at-

tractive potential [184]. For a large D, we have the similar result to Eq. (14.40) (s is

replaced by v).

For a small v, we have
2

E(n,l,D):Ml{l— v
[v] 2[n+ (D —3)/2]?
4 _
- v (2”+D 3—§>}. (14.43)
dn+(D—3)2F\20+D—-2 4

Third, if v = s, from Eq. (14.37) both v and s have to be positive, A = |«|, and
the positive B is given by

1 n+%, when « > 0,
B=n—1—=-+|k|= 1—D (14.44)
2 n—2l+ 5=, whenk <O0.
When « > 0, we obtain from Eq. (14.37)
E(.1,D) M{l 207 } (14.45)
n,l, D)= - .
v2 4 (n + 253)2
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The energy is independent of the /. However, when « < 0, the energy depends
upon /.
‘We now calculate the normalization factor N; from the normalization condition

/ ” Ri(p)*dr=1 (14.46)
0

as

(M2 — E2)1/4 [ 28(n’ +20+ 1) F
N[ = )

BCA+1) | n1@n +2x+1)
1

D\? 2
X:{(l—l—i—E) +s2—v2}.

4.3 Analysis of the Energy Levels

(14.47)

‘We now analyze the variation of energy E (n, [, D) on the continuous dimension D.
It is shown from Eqgs. (14.32) and (14.37) that the energy E(n,l, D) given in
Eq. (14.39) is closely related with the following two conditions,

s2+1c2>v2, Ev+ Ms >0, (14.48)

from which we can determine whether the energy is positive or negative. Recall
that we only consider the case with positive v. For the negative v case, the energy
E(n,1, D) changes its sign. For simplicity we take M = 1.

First, we consider the case s > 0. We discuss the energy E(n, [, D) in two cases
with s > v and s < v. When s > v, due to Eq. (14.48) the bound states with 0 < E <
M is an acceptable solution. We take v = 0.2 and s = 0.3 for the weak attractive
Coulomb potential. On the other hand, the sign “4” is taken for the second term
of Eq. (14.38). If we take the sign “—”, the variations are absolutely different from
each other. It is found from Figs. 14.7, 14.8, 14.9 that the energy E(n, 0, D) first
decreases for D € (0,2) and then increases with the dimension D > 2, while the
energy E(n,l, D) (I # 0) is almost independent of the angular momentum quantum
number /. Also, the energy E(n,[, D) are almost overlapped for a large D. It is
shown that the energy E (n, 0, D) is symmetric with respectto D =2 for D € (0, 4).
When s < v, we take v = 0.3 and s = 0.2. Note that there is no bound state for [ =0
and near D ~ 2 since A < 0. The corresponding variations of energy E(n,l, D)
on the dimensions D are illustrated in Figs. 14.10, 14.11, 14.12. It is shown from
Fig. 14.10 that the energy E(1, 0, D) decreases with the increasing dimension D €
(0, 1.4], but increases with the increasing dimension D > 2.4. There is no bound
state for D € [1.6,2.4]. It is shown from Figs. 14.11 and 14.12 that variation of
the energy E(n,0, D) (n =2, 3) on the dimension D is very similar to E(1, 0, D).
For the same reason (A < 0), there is no bound state when / =1 and D € (0, 0.4].
The energy E(n, 1, D) (n = 2, 3) increases with the dimension D > 0.4. It is found
that the energy E(n,l, D) is almost independent of the quantum number / for a
large D. It should be pointed out that the variant range of the dimension D in which
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Fig. 14.7 The energy E(1,0, D) decreases with the dimension D € (0,2), but increases with
the increasing dimension D > 2. The parameters v = (0.2 and s = 0.3 are taken here and also in
Figs. 14.8 and 14.9. Note that the energy E(1, 0, D) is symmetric with respect to axis D =2
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Fig. 14.8 The variation of energy E (2,0, D) (green dashed line) on the dimension D is very simi-
larto E(1,0, D). The energy E (2, 1, D) (red solid line) increases with the increasing dimension D.
For D > 2 the energy E(2, 1, D) almost overlaps E (2,0, D)

the bound state is not admissible is closely related with the values of the potential

parameters v and s.

Second, we consider the case v > 0 and s < 0. If —s = |s| > v, there is no bound
state due to Eq. (14.37). However, if —s = |s| < v, the variation of the energy
E(n,l, D) on the dimension D is similar to that of the case 0 < s < v as shown
above (see Figs. 14.10, 14.11, 14.12).
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Fig. 14.9 The variations of the E(3,/,D) (I = 2,1,0) on the dimension D are similar to
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Fig. 14.10 The energy E(1,0, D) decreases with the increasing dimension D € (0, 1.6], but in-
creases with the increasing dimension D > 2.4. There are no bound states for D € [1.6,2.4]. The
parameters v = 0.3 and s = 0.2 are taken here and also in Figs. 14.11 and 14.12

We now consider some special cases below. First, for the special case s = 0 and
v # 0, namely, the Klein-Gordon equation with the Coulomb potential has been
carried out in our recent work [100]. Second, for the special case v = 0 but s # 0,
it is shown from Eq. (14.48) that there are bound states for s > 0, say s = 0.2.
The variations of energy levels on the dimension D shown in Figs. 14.13, 14.14,
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Fig. 14.11 The variation of the energy E (2,0, D) (green solid line) on the dimension D is
very similar to E(1,0, D). The energy E(2, 1, D) (red dashed line) increases with the dimension

D > 0.4. The energy E(2, 1, D) almost overlaps E(2,0, D) for D > 2.6
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Fig. 14.12 The variation of the E(3,/, D) (I =2, 1, 0) on the dimension D is similar to E(2,1, D)
(I =1,0). For D > 2.6 the energies E (3,1, D) (Il =2, 1, 0) are almost overlapped. The red dashed,

green dotted and blue solid lines correspond to [ =2, 1, 0, respectively

14.15 are similar to those of the case s = 0.3 and v = 0.2 in Figs. 14.7, 14.8,
14.9. Third, for the special case v = s, there are bound states for the positive
s = v > 0. The corresponding variations of energy E(n,l, D) on the dimension
D are shown in Figs. 14.16, 14.17, 14.18. Basically, their variations are similar
to those of case v = 0.2 and s = 0.3 as shown in Figs. 14.7, 14.8, 14.9. How-
ever, the energies E(n,l, D) (I # 0) are completely independent of the quantum
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Fig. 14.13 The energy E(1,0, D) decreases with the increasing dimension D € (0, 2), but in-
creases with the increasing dimension D > 2. The parameters v = 0 and s = 0.2 are taken and
also in Fig. 14.14. Note that its variation is very similar to that illustrated in Fig. 14.7 except for a
different amplitude
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Fig. 14.14 The variation of energy E (2,0, D) (green solid line) on the dimension D is very simi-
larto E(1,0, D). The energy E(2, 1, D) (red dashed line) increases with dimension D. The energy
E(2,1, D) almost overlaps E(2,0, D) for D > 2.6

number / since k > 0 for [/ # 0. This can be explained well from Eq. (14.45). For
D > 2.6 the energies E(3,/, D) (I =2, 1,0) are almost overlapped. However, the
energy E(n, 0, D) is closely related with the angular momentum quantum number /
as shown by Figs. 14.16, 14.17, 14.18.
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Fig. 14.15 The variations of the E(3,/, D) (Il =2,1,0) on the dimension D are similar to
E2,1,D) (I =1,0). The energy E(3,2, D) (red dashed line) almost overlaps energy E(3, 1, D)
(green dotted line). For D > 2.6, the energies E(3,/, D) (I =2, 1, 0) are almost overlapped
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Fig. 14.16 The energy E(1,0, D) decreases with the increasing dimension D € (0, 2), but in-
creases with the increasing dimension D > 2. Note that it is symmetric with respect to the axis
D = 2. The parameters v = s = 0.2 are chosen here and also in Figs. 14.17 and 14.18

We now briefly study the variations of energy levels on the potential strengths
v and s for D = 3. The constraints on the potential parameters v and s are closely
related to the A given in Eq. (14.32). That is, v2<k?4+s2=(01+ 1?2+ 52 but
2> 02 — k2 =92 - a+1/ 2)2. In general, there is no constraint on the potential
strength s for the small v (weak potential strength). However, there is a constraint

on the potential strength v, i.e., [v] < vk2 4+ s2 = /(I + 1/2)2 + s2. These features
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Fig. 14.17 The variation of the energy E (2,0, D) (green solid line) on the dimension D is

very similar to E(1,0, D). The energy E(2, 1, D) increases with the dimension D. The energy
E(2,1, D) (red dashed line) completely overlaps E (2,0, D) for D > 2
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Fig. 14.18 The variation of the E (3,0, D) (blue solid line) on the dimension D is similar to
E(n,0,D) (n =2,1). The energy E (3,2, D) (red dashed line) overlaps the E(3,1, D) (green
dotted line) completely. For D > 2 the energies E (3,1, D) (I =2, 1, 0) are completely overlapped

are displayed in Figs. 14.19 and 14.20. It is interesting to notice that the energy
E(n,l, v) decreases with the parameter v <[ 4 1 for a given /.

Let us turn to one-dimensional case. When D = 1, the energy E (n, [, D) reduces
to a similar expression to Eq. (14.39), but with a different 8

1
ﬂ:n—§+‘/1/4+s2—v2. (14.49)
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1 =2,1,0, respectively. The parameters D = 3 and s = 0.2 are taken
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Fig. 14.20 The variation of the energy levels E (3,1, s) on the parameter s. The energy decreases
with the v. The red dashed, green dotted and blue solid lines correspond to the [ =2, 1, 0, respec-
tively. The parameters D = 3 and v = 0.2 are taken

The energy E(n, [, D) is determined by two conditions

1
4_1+S2>U2’ Ev+ Ms > 0. (14.50)

The discussion is similar to that of the general case as studied above. We do not
mention them for simplicity.
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Fig. 14.21 The plot of energy levels E (2,1, D) as a function of dimension D for energy (14.38)
with sign “—". The red solid and green dashed lines correspond to [ = 1, 0, respectively. The
v=0.3 and s = 0.2 are taken
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Fig. 14.22 The plot of energy levels E (3,1, D) as a function of dimension D. The red solid, green
dashed and blue dotted lines correspond to [ = 2, 1, 0, respectively. Same parameters are taken as
those in Fig. 14.21

Before ending this section, let us mention the case of Eq. (14.38) with sign “—".
To show this, we are going to illustrate it in Figs. 14.21, 14.22, 14.23, 14.24 by
choosing suitable parameters. It is found that its variation is absolutely different
from the case with “+” sign. Their absolute values of energy spectrum are same but
with different signs.
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Fig. 14.23 The plot of energy levels E(3, [, D) as a function of dimension D. The red solid, green
dashed and blue dotted lines correspond to [ = 2, 1, 0, respectively. The parameters v = 0.2 and
s = 0.3 are taken
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Fig. 14.24 The plot of energy levels E(3, [, D) as a function of dimension D. The red solid, green
dashed and blue dotted lines correspond to [ =2, 1, 0, respectively. Here the parameters v = 0.6
and s = 0.3 are chosen

5 Comparison Theorem

Finally, we present the comparison theorem for Klein-Gordon equation in arbi-
trary dimensions D. In non-relativistic quantum mechanics, this theorem is an im-
mediate consequence of the variational characterization of the bound state spec-
trum as shown in Chap. 9. In the Klein-Gordon equation case, recently Hall and
Aliyu have dealt with this problem [103]. It is found that if yr; and v are node-
free ground states corresponding to positive energies E; > 0 and E> > 0 and
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Vi(r) < Va(r) <0, then one has E| < E>. On the other hand, if V (r, a) depends
on a parameter a € (a1, a2), and E(a) is any positive eigenvalue, then one has
0V /da >0= E'(a) >0and 0V /da < 0= E’(a) < 0. This can be easily proved
by using Eq. (14.3). For ordered central potentials Vi (r) < Va(r), suppose that the
respective ground states {1 (r), Y2(r)} in Eq. (14.3) are node-free and write the
corresponding energy levels as { E1, E»}. The two eigenfunctions are written by

C

=y () + S ={E1 =V (N = MYy (r), (14.51)
c

=Yy (r) + ¥ () ={lE2 - Va ()P = M* W (r), (14.52)

withC=Q2l+ D —1)(2I + D —3) /4.

With these two equations we calculate the difference between Eq. (14.51) mul-
tiplied by v¥»(r) and Eq. (14.52) multiplied by v1(r) and integrating it over the
argument r € [0, 0o) to give the following equation

(E2 — El)/o W)y (n)v2(r)dr

Z/O [(Va(r) = Vi) IW (r) ¥ (r) 2 (ridr, (14.53)
with
W(r)y=E + Ex—Vi(r) — Va(r). (14.54)

Thus, for positive energy levels E, E; belonging to node-free ground states 1 (r)
and Y (r), we have E| < E; if V1 (r) < Va(r) <O0.

6 Concluding Remarks

In this Chapter we have studied the D-dimensional Klein-Gordon equation with a
Coulomb potential. The exact solutions have been analytically obtained. It is worth
pointing out that when the Coulomb potential is not very strong, an attractive poten-
tial leads to the bound states with positive energies, and a repulsive potential leads
to those with negative energies.

The variation of the energy difference AE (n,[, D) on the dimension D has been
analyzed in detail. In general, there are three kinds of variations. First, the energy
difference AE(n, 0, D) first decreases, then increases, and finally decreases as the
dimension D increases. In other words, we have found that AE(n, [, D) is sym-
metric with respect to the point (2.5, 0). Second, it is seen that AE(n, 1, D) first
increases and then decreases as D increases. There exists a singular point around
D = 1. Third, we have noticed that AE (n, 2, D) decreases monotonically as D in-
creases. As far as the energy E(n, [, D) is concerned, the following properties are
displayed. First, when [ = 0 there is no bound state around D =2, i.e., E(n, 0, D)
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first decreases and then increases with D > 2.4. More precisely, E (n, [, D) is sym-
metric with respect to axis D = 2. The energy E (n,/, D) with [ > 0 is almost inde-
pendent of the quantum number / for a large D.

As a generalization, we have also studied the D-dimensional Klein-Gordon equa-
tion with a Coulomb plus a scalar potential. The eigenfunctions have been gotten
analytically. We have investigated the variation of the energy E (n,[, D) on the di-
mension D in some detail. We have observed following typical properties. First, the
positive energy E (n, 0, D) first decreases with the dimension D and then increases
with it. We have found that E(n, 0, D) is symmetric with respect to axis D = 2.
When v < s, there is no singular point at D = 2, while there exists one singular
point when v > s. Second, the positive E(n, [, D) (I # 0) increases with the di-
mension D. Third, the variations of the negative E(n,0, D) and E(n,[, D) (I #0)
on the dimension D are completely opposite to those of the positive cases. Fourth,
the energy E(n,l, D) is almost independent of the angular momentum quantum
number [/ for a large D and the E(n, [, D) (I # 0) are almost overlapped. Also, the
variations of the energy levels E(n,/,v) and E(n,[, s) on the parameters v and s
have been studied. It is found that the energy levels decrease with those parameters.
Interestingly, we have found that the energy E(n, [, v) decreases with the parameter
v <Il+1foragivenl.

Finally, the comparison theorem has been established by the traditional method.
It is found that for positive energy levels E1, E; belonging to node-free ground
states 1 (r) and Y (r) we have E; < E5 if Vi(r) < Va(r) <O0.



Chapter 15
The Levinson Theorem for Dirac Equation

1 Introduction

The Levinson theorem [109] is an important theorem in the quantum scattering the-
ory, which sets up the relation between the number of bound states and the phase
shift at zero momentum. It has been generalized and applied to different fields in
modern physics [184, 247-296]. With the interest of higher-dimensional field the-
ory, the Levinson theorem for the Schrodinger equation in arbitrary D dimensions
was studied [112].

As mentioned in Part I, we have generalized the Dirac equation with a spherically
symmetric potential to arbitrary (D + 1) dimensions and constructed the eigenfunc-
tions of the total angular momentum. We have also derived the radial equations [91].
It is found that the total (or orbital, spinor) angular momentum in D-dimensional
space can be described by an irreducible representation of the SO(D) group denoted
by the highest weight, instead of only one parameter j (or /, s) in three-dimensional
space.

In this Chapter we shall uniformly study the Levinson theorem for the Dirac
equation in (D + 1) dimensions by the Sturm-Liouville theorem. In Sect. 2 we
study the generalized Sturm-Liouville theorem. The number of bound states will
be calculated in Sect. 3. In Sect. 4 the Levinson theorem is established by proving
the number of bound states to be equal to the sum of the phase shifts of the scat-
tering states at E = =M with the given angular momentum. The critical cases are
also analyzed there. Some discussions are given in Sect. 5. Due to the connection
between the Levinson theorem and the Friedel theorem, we shall present in Sect. 6
the Friedel theorem in arbitrary dimensions D. We shall outline the comparison the-
orem for radial Dirac equations in arbitrary dimensions D in Sect. 7. Finally, we
conclude this Chapter in Sect. 8.

S.-H. Dong, Wave Equations in Higher Dimensions, 203
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2 Generalized Sturm-Liouville Theorem

As shown in Chap. 4, we have obtained the radial equations as follows:

iG(F) + EG(V) =[E—-V(r)—MIF(),
drd " (15.1)
—EF(F) + 7F(V) =[E-V(r)+M]G(r),

with K = F[j + (D — 2)/2]. For example, in three-dimensional case we take
K =x=—(+1) for spin-up j =1+ 1/2 while x = for spin-down j =1 — 1/2.
When D = 4, the SO(4) group is homomorphism to SU(2) x SU(2), and the rep-
resentations j; and j, belong to two different SU(2) groups, respectively. When
D =2, the SO(2) group is an Abelian group, and K = +j = +1/2,£3/2,....
However, Eq. (15.1) still holds for these cases.

The spherically symmetric potential V (r) has to satisfy the boundary condition
at the origin for the nice behavior of wavefunction

1
/ r|V(r)|ldr < oo. (15.2)
0

For simplicity, we firstly discuss the case where the potential V (r) is a cutoff one
at a sufficiently large radius rg:

V(@r)=0, whenr>ry. (15.3)

The general case where the potential V (r) has a tail at infinity will be discussed in
Sect. 5.
Introduce a parameter A for the potential V (r):

V(r,A) =AV(r), Vir,1)=V{). (15.4)

As A increases from zero to one, the potential V (r, A) changes from zero to the given
potential V (r). If A changes its sign, the potential V (r, A) changes sign, too.

Although the spherical spinor functions and eigenvalues K are different for the
D =2N + 1 case and the D = 2N case, the forms of the radial equations are uni-
form:

d K
d_rGKE(V» A)+ TGKE(F, MN=[E—-V(@ L) —M]Fgg(r,A),

d K
—EFKE(V, A+ TFKE(V, M=[E-V@ A +M]|Gge(r,A),
K==£1/2,4+1,+3/2,....

(15.5)

It is easy to see that the solutions with a negative K can be obtained from those
with a positive K by interchanging Fx g (r,A) <— G_x_g(r, —A), so that in the
following we only discuss the solutions with a positive K. The main results for the
case with a negative K will be indicated in the text.

The physically acceptable solutions are finite, continuous, vanishing at the origin,
and square integrable:
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Fxp(r,A)=Ggg(r,\) =0, whenr =0, (15.6)
o0
f dr{|Fke(r, V> + |Gk e(r, MI*} < 0. (15.7)
0

The solutions for |E| > M describe the scattering states, while those for |E| < M
describe the bound states. We will solve Eq. (15.5) in two regions, 0 <r < rg and
ro < r < 00, and then match two solutions at ry by the matching condition:

Fxe(r,2) _ Fke(r,A)

Ak (E, ) = = :
GKE(ra )") r:ro_ GKE(r’ )") r:r(')"

(15.8)

When ry is the zero point of G g g (7, 1), the matching condition can be replaced by
itsinverse G g g (r, M)/ Fg g (r, 1) instead. The merit of using this matching condition
is that we need not care the normalization factor in the solutions.

The key point to prove the Levinson theorem is that Fgg(r,A)/GgEg(r, A) is
monotonic with respect to the energy E. From Eq. (15.5) we have

d
Z{FkEl (r,\)Gke(r,\) — Gk, (r,\)Fxkg(r, 1)}
=—(E1— E){Fkg, (r, ) Fke(r,\) + Ggg, (r,\)Gge(r,\)}. (15.9)

From the boundary condition that both solutions vanish at the origin, we integrate
Eqg. (15.9) in the region 0 < r < rg and obtain

{Fkp, (n MGk A) = Grp (M Fre(r MY, -,

ro
=—(£; —E)/O {(Fke,(r, M Fkg(r,A) + Gkg,(r, \)Ggg(r, A)}dr.

(15.10)
Taking the limit E; — E, we have
lim Fre,(r,\)Gkg(r,A) — Ggg, (r,\)Fgg(r,A)
E\—~E E,—-E r=ry
={GgEe(n ,\)}ZiA (E,\)
- KE 07 8E K £
ro
=—/O {FZ.(r,0) + G% g(r, \)}dr <. (15.11)
Thus, when |E| > M we have
Ag(E,2)=Ag(M,x) —c}k*+---, when E> M, i1
(15.12)
Ag(E,0) = Ag (=M, A) +c5k* +---, when E < —M,

where c% and c% are non-negative numbers, and the momentum k is defined as fol-
lows:

k= (E*— MH'/2, (15.13)
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Similarly, from the boundary condition that the radial functions Fx g (r, A) and
GkEg(r,A) for |[E| < M tend to zero at infinity, we obtain by integrating Eq. (15.9)
in the region rop <r < 00

(Greto D) 0 (M)

GgEe(r,))

=/OO{F,2<E(r, A) + G g (r, A)}dr > 0. (15.14)
ro

Thus, as the energy E increases, the ratio Fxp(r,1)/Ggg(r, A) at r, decreases
monotonically, but the ratio Fxg(r,A)/Ggg(r, 1) at rg' increases monotonically
for |E| < M. This is called the generalized Sturm-Liouville theorem [297].

3 The Number of Bound States

Now, we solve Eq. (15.5) for the energy |E| < M. In the region 0 < r < ry, when
A =0 we have

Fip(r,0) = " K=1/27/2 [y 4 E)mkir/2J_1 (ikir),

. (15.15)
GiEg(r,0)=e {K=3/27/2 [y — Eyrkir/2J g, 1 (ikir),
where J,, (x) is the Bessel function, and
ki =M?>— EH/2. (15.16)
When A =0 the ratio at r =7, is
M4+E 1/2JK_%(ik1r0)
Ak (E,0) = -
M—-FE JK+%(lk1r0)
_w,\,_oo when E ~ M,
= kiro (15.17)
—221;;01, when E ~ —M.

In the region ry < r < 00, due to the cutoff potential we have V (r) =0 and also
Fp(r,3) = EV272 J(M + Eynkir/2H ) \ (k).
Gip(r,1) = KH3DT2 /(M — Eywkir/2 H( 0’ 1y,

where H,ﬁ, )(x) is the Hankel function of the first kind. The ratio at » = r(;“ that does
not depend on A is given by

(15.18)

Fgg(r,A)
Ggg(r,))

<M+E 1/2H ](1k1r0)
M E) 0
HK_’_%(lk]ro)

—t
r=r,



3 The Number of Bound States 207

%, when E ~ M and K > 1,
—2Mrylog(kiro) ~ 0o, when E~ M and K = 1/2,
— 2
%~0, when E~ —M and K > 1,
12
WNO, when £~ —M and K =1/2.
(15.19)

It is evident from Eqgs. (15.17) and (15.19) that as the energy E increases from —M
to M, there is no overlap between two variant ranges of the ratio at two sides of rg
when A = 0 (no potential) except for K = 1/2 where there is a half bound state at
E = M. The half bound state will be discussed in next section.

As X increases from zero to one, the potential V (r, 1) changes from zero to the
given potential V (r), and Ag (E, A) changes, too. If Ax (M, ) decreases across the
value 2Mro/(2K — 1) as A increases, an overlap between the variant ranges of the
ratios at two sides of g appears. Since the ratio Ag (E, A) of two radial functions at
ro decreases monotonically as the energy E increases, and the ratio at r(;“ increases
monotonically, the overlap means that there must be one and only one energy where
the matching condition (15.8) is satisfied, namely, a bound state appears.

As X increases, Ag (M, L) decreases to —oo, jumps to 0o, and then decreases
again across the value 2Mry/(2K — 1), so that another bound state appears. Note
that when rg is a zero point of the wavefunction Gxg(r, A), Ax(E, X) goes to in-
finity. It is not a singularity.

On the other hand, as X increases, if Ag (—M, A) decreases across zero, an over-
lap between the variant ranges of the ratios at two sides of rq disappears so that a
bound state disappears. Therefore, each time Ag (M, 1) decreases across the value
2Mry/(2K — 1) as A increases, a new overlap between the variant ranges of the
ratios at two sides of ry appears such that a scattering state of a positive energy
becomes a bound state, and each time Ax (—M, A) decreases across zero, an over-
lap between the variant ranges of the ratio at two sides of ry disappears such that
a bound state becomes a scattering state of a negative energy. Conversely, each
time Ax (M, )) increases across the value 2Mry/(2K — 1), an overlap between the
variant ranges disappears such that a bound state becomes a scattering state of a
positive energy, and each time Ag(—M, A) increases across zero, a new overlap
between the variant ranges appears such that a scattering state of a negative energy
becomes a bound state. Now, the number ng of bound states with the parameter K
is equal to the sum (or subtraction) of four times as A increases from zero to one: the
times that Ag (M, L) decreases across the value 2Mry/(2K — 1), minus the times
that Ax (M, A) increases across the value 2Mry/(2K — 1), minus the times that
Ak (—M, X)) decreases across zero, plus the times that Ag (—M, 1) increases across
Zero.

When K = 1/2, the value 2Mry/(2K — 1) becomes infinity. We may check the
times that A x (M, 2)~! increases (or decreases) across zero to replace the times that
Ak (M, A) decreases (or increases) across infinity.
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4 The Relativistic Levinson Theorem

We turn to discuss the phase shifts of the scattering states. Solving Eq. (15.5) in the
region ro < r < oo for the energy |E| > M, we have

wkr\'/?

fxe(r, ) = B(E)
{cosdg (E,\)J_1(kr) —sindk (E, )N _1(kr)},
" 2 2 (15.20)
mkr\Y
gkEe(r,A) = T
. {cosSK(E, )L)JKJF%(kr) —sindg (E, )L)NKJF%(kr)},
where N,,(x) denotes the Neumann function, and B(E) is defined as
B(E) { (E=ip)% - when B> M. (15.21)
= |E|=M\1/2 :
—(m) /2, when E < —M.
The asymptotic form of the solution (15.20) at r — o0 is given by
fxkEe(r,A) ~ B(E)cos(kr — Km /2 + 8k (E, 1)),
(15.22)
gkE(r,A) ~sin(kr — Km /2 + 8k (E, 1)).

Substituting Eq. (15.20) into the matching condition (15.8), we obtain the formula
for the phase shift 5 (E, 1):

Iy -1 (kro)
K+2(k”0) Ag(E,3) = B(E)J l(k’(’)
tandg (E,A) = K+ L (kro) NK,l (kro)
2 Ak (E, L) — B(E)N l(kr())
J o 1 (kro)
1 1 K+7
1(kro) Ak(E N~ 55 Jk_%(k”’)
_ (15.23)
krg)
K_l(k ro) 1 Mg
) Ag(E, )7 = 55 N @)

The phase shift 5 (E, A) is determined up to a multiple of 7 due to the period of the
tangent function. We use the convention that the phase shifts for the free particles
V (r) = 0 vanish

Sk (E,0)=0. (15.24)

Under this convention, the phase shifts §x (E) are determined completely as A in-
creases from zero to one:

Sk (E) =8k (E, 1). (15.25)

The phase shifts 6x (=M, 1) are the limits of the phase shifts §x (E,A) as E
tends to =M. At the sufficiently small k, k < 1/rp, when E > M, we have
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7 (kro/2)*K !
(K +1/2)(K —1/2)!
Ak (M, 3)(kro/2)* = Mro(K + 1/2>

tandg (E,A) ~ —

— (15.26)
AK(M )‘)_Cl T K 01[1"‘(21( 1)(2K 3)]
when K > 3/2,
tan S (E. 1) kro\*
an ~—— —=
K 2\ 2
Ax (M, ))(kro/2)> —2M
, k(M. 1kro/D? — 2Mry as2n
Ak (M, 2) — k2 — Mro[1 — “2" log(kro)]
when K =3/2,
Ax (M, ))(kro/2)? —3Mrg/2
tan 8 (E, 1) ~ (kro) K ( )2( r0/2) /2 (15.28)
Ak (M, ) — 2k2 = 2Mro[1 — (kro)?]
when K =1,
Ax (M, 0) " 4 c1k? — k?ro/(4M
tandx (E, 1) ~ — k(M. }) o o/GM) 559
2log(kro) Ag (M, 2)~1 + c2k2 4 [2Mro log(kro)]~!
when K = 1/2. When E < —M we have for a sufficient k
k 22K+1
tandg (E. 1) ~ — —Kkr0/2)
(K + 1/2)1(K —1/2)!
Ak (=M, 2) + QK +1)/2M
K ( )+(2 + )/(kr ro)’ (15.30)
Ag (=M, 1) + c5k? +2M(2KO 0
when K > 1,
k Ax (=M, 2+ 1/(M
tan 8k (E, A)N—n( ’0) xCM. D) + /(k2 r;’) . (15.31)
2 ) Ak(=M,3) + 32 — e

when K = 1/2. The asymptotic forms (15.12) have been used in deriving above
formulas. In addition to the leading terms, we include the next leading terms in
some of Eqgs. (15.26)—(15.29), (15.30) and (15.31) to be used only for the critical
case where the leading terms are canceled to each other.

First, from Egs. (15.26)—(15.29), (15.30) and (15.31) we see that, except for some
critical cases, tandg (E, A) tends to zero as E goes to £M, i.e., x (=M, )) are al-
ways equal to the multiple of . In other words, if the phase shift §x (E, 1) for a suf-
ficiently small k is expressed as a positive or negative acute angle plus n, its limit
Sk (M, A) or gk (—M, X) is equal to nm. This means that §x (M, A) or 6x (—M, 1)
changes discontinuously when §x (E, A) changes through the value (n + 1/2)7.
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Second, from Eq. (15.25) we have

Bk(E. )| (E+M\'?
dAK(E, N | \E-M
2[cos Sk (E, M)]?
JTkro[NK+% (krg)Ag (E, L) — B(E)NK_% (kro)]?
<0, E>M
(15.32)

98k (E, ) _<|E|—M)”2
dAK(E, M) | \|E|+M

2[cos Sk (E, M)]?
ﬂkro[NK+% (kr))Ag (E, \) — B(E)NK_% (kro)1?
>0, E<-—M.

Equation (15.32) shows that, as the ratio Agx(E,X) decreases, the phase shift
Sk (E, A) for E > M increases monotonically, but 6x (E, A) for E < —M decreases
monotonically. In terms of the monotonic properties we are able to determine the
jump of the phase shifts §x (=M, 1).

We first consider the scattering states of a positive energy with a sufficiently small
momentum k. As Ak (E, A) decreases, if tan§g (E, ) changes sign from positive to
negative, the phase shift x (M, A) jumps by 7. Note that in this case if tandx (E, 1)
changes sign from negative to positive, the phase shift dx (M, A) keeps invariant.
Conversely, as Ax (E, A) increases, if tan§x (E, 1) changes sign from negative to
positive, the phase shift 6x (M, A) jumps by —m. Therefore, as A increases from
zero to one, each time the Ax (M, 1) decreases from near and larger than the value
2Mry/(2K — 1) to smaller than that value, the denominator in Eq. (15.32) changes
sign from positive to negative and the rest factor keeps positive, so that the phase
shift §x (M, 1) jumps by 7. We have shown in the previous section that each time the
Ak (M, A) decreases across the value 2Mry/(2K — 1), a scattering state of a positive
energy becomes a bound state. Conversely, each time the A x (M, A) increases across
that value, the phase shift §x (M, 1) jumps by —m, and a bound state becomes a
scattering state of a positive energy.

Then, we consider the scattering states of a negative energy with a sufficiently
small k. As Ak (E, A) decreases, if tan§x (E, 1) changes sign from negative to posi-
tive, the phase shift §x (—M, 1) jumps by —m. However, in this case if tandx (E, 1)
changes sign from positive to negative, the phase shift éx (—M, 1) keeps invariant.
Conversely, as Ag (E, X) increases, if tandx (E, 1) changes sign from positive to
negative, the phase shift §x (—M, A) jumps by 7. Therefore, as A increases from
zero to one, each time the Ax (—M, X) decreases from a small and positive num-
ber to a negative one, the denominator in Eqgs. (15.30) and (15.31) changes sign
from positive to negative and the rest factor keeps negative, so that the phase shift
Sk (—M, X) jumps by —m. In the previous section we have shown that each time the
Ak (—M, X)) decreases across zero, a bound state becomes a scattering state of a neg-
ative energy. Conversely, each time the A x (—M, A) increases across zero, the phase
shift §x (—M, A) jumps by 7, and a scattering state of a negative energy becomes a
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bound state. Therefore, we obtain the Levinson theorem for the Dirac equation in D
dimensions for non-critical cases:

k(M) +8x(—M) =ngm. (15.33)

It is obvious that the Levinson theorem (15.33) holds for both positive and negative
K in the non-critical cases.

For the special case K = 1/2 and E ~ M, where the value 2Mro/(2K — 1) is
infinity. Since {Ag (E, 1))~ ! increases as Ag (E, A) decreases, we can study the
variance of {Ax (E,2)}~! in this case instead. For the energy E > M where the
momentum k is sufficiently small, when {Ax (M, 1)}~ increases from negative
to positive as A increases, both the numerator and denominator in Egs. (15.26)—
(15.29) change signs, but not simultaneously. The numerator changes sign first, and
then the denominator changes. The front factor in Egs. (15.26)—(15.29) is negative
so that tanég (E, A) first changes from negative to positive when the numerator
changes sign, and then changes from positive to negative when the denominator
changes sign. It is in the second step that the phase shift 6x (M, A) jumps by .
Similarly, each time {Ag (M, 1)}~ 1 decreases across zero as A increases, Sx (M, 1)
jumps by —r.

For A =0 and K = 1/2, the numerator in Egs. (15.26)—(15.29) is equal to zero,
and the phase shift §x (M, 0) is defined to be zero. In this case there is a half bound
state at E = M. If {Axg (M, »)}~! increases (Ax (M, ) decreases) as A increases
from zero, the front factor in Egs. (15.26)—(15.29) is negative, the numerator first
becomes positive, and then the denominator changes sign from negative to positive,
such that the phase shift éx (M, A) jumps by 7 and simultaneously the half bound
state becomes a bound state with £ < M.

Now, we turn to study the critical cases. First, we study the critical case for
E = M, where the ratio Ax (M, 1) is equal to the value 2Mry/(2K — 1). It is easy
to obtain the following solution of £ = M in the region ry < r < 00, satisfying the
radial equations (15.5) and the matching condition (15.7) at r¢:

frm(r, 1) =2Mr K+ gxkm(r, )= QK — Dyr X, (15.34)

It is a bound state when K > 3/2, but called a half bound state when K < 3/2.
A half bound state is not a bound state, because its wavefunction is finite but not
square integrable.

For definiteness, we assume that in the critical case, as A increases from a number
near and less than one and finally reaches one, Ag (M, L) decreases and finally
reaches, but not across, the value 2Mry/(2K — 1). In this case, when A = 1 a new
bound state of E = M appears for K > 3/2, but does not appear for K <3/2. We
should check whether or not the phase shift §x (M, 1) increases by an additional &
as X increases and reaches one.

It is evident from the next leading terms in the denominator of Eqgs. (15.26)—
(15.29) that the denominator for K > 3/2 has changed sign from positive to nega-
tive as Ax (M, A) decreases and finally reaches the value 2Mry/(2K — 1), i.e., the
phase shift §x (M, A) jumps by an additional & at A = 1. Simultaneously, a new
bound state of E = M appears for K > 3/2, but only a half bound state appears
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for K = 3/2, so that the Levinson theorem (15.33) holds for the critical case with
K > 3/2, but it has to be modified for the critical case when a half bound state
occurs at E =M and K =3/2:

Sk (M) + 8k (—=M) = (ng + D. (15.35)

For K = 1, the tand8x (E, 1) tends to infinity as {Ax (M, 1)}~ increases and
finally reaches 2Mry, i.e., the phase shift §x (M, 1) jumps by 7 /2. Simultaneously,
only a new half bound state of E = M for K = 1 appears, so that the Levinson
theorem (15.33) has to be modified for the critical case when a half bound state
occursat E =M and K = 1:

Sk (M) + 8k (—M) = <n1<+%>7r. (15.36)

For K = 1/2 the next leading term with log(krp) in the denominator of
Egs. (15.26)—(15.29) dominates so that the denominator keeps negative (does not
change sign!) as {Ax (M, 21)}~! increases and finally reaches zero, namely, the
phase shift §x (M, 1) does not jump, no matter whether the rest part in Eq. (15.29)
keeps positive or has changed to negative. Simultaneously, only a new half bound
state of E = M for K = 1/2 appears, so that the Levinson theorem (15.33) holds
for the critical case with K = 1/2.

This conclusion holds for the critical case where Ag (M, A) increases and finally
reaches, but not across, the value 2Mry/(2K — 1). Therefore, for the critical case
when a half bound state occurs at E = M and K < 3/2 the Levinson theorem has
to be modified as follows

1
k(M) 4+ dg(—M) = (nK+K—§)n. (15.37)
Second, we study the critical case for E = —M, where the ratio Ax (—M, 1) is
equal to zero. It is easy to obtain the following solution of £ = —M in the region

ro < r < 00, satisfying the radial equations (15.5) and the matching condition (15.7)
atro:

Fxm(r, 1) =0,  grm(r,x)=r"K. (15.38)

It is a bound state when K > 1, but a half bound state when K = 1/2.

For definiteness, once again we assume that in the critical case, as A increases
from a number near and less than one and finally reaches one, A g (—M, A) decreases
and finally reaches zero, so that when A = 1 the energy of a bound state decreases
to E = —M for K > 1, but a bound state becomes a half bound state for K = 1/2.
We should check whether or not the phase shift §x (—M, 1) decreases by m as A
increases and reaches one.

For the energy E < —M where the momentum k is sufficiently small, one can
see from the next leading terms in the denominator of Egs. (15.30) and (15.31)
that the denominator does not change sign as Ax(—M, A) decreases and finally
reaches zero, namely, the phase shift §x (—M, A) does not jump by an additional
—m at A = 1. Simultaneously, the energy of a bound state decreases to E = —M
for K > 1, but a bound state becomes a half bound state for K = 1/2, so that the
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Levinson theorem (15.33) holds for the critical case with K > 1, but it has to be
modified when a half bound state occurs at E = —M and K =1/2:

Sk (M) + 8k (—M) = (ng + D). (15.39)

Combining Eqs. (15.33), (15.37), (15.39) and their corresponding forms for the
negative K, we obtain the relativistic Levinson theorem in D dimensions.

5 Discussions on General Case

Now, we discuss the general case where the potential V (r) has a tail at r > ry. Let
ro be so large that only the leading term in V (r) is concerned:

V(r)y~br™", r=>r, (15.40)

where b is a non-vanishing constant and # is a positive constant, not necessary to be
an integer. Substituting it into Eq. (15.5) and changing the variable r to &:

(15.41)

é_{krzr E? —M?, when|E|> M,

kr =r+/M? —E2, when|E| <M,

we obtain the radial equations in the region ry <r < oo:

4 e+ X (5)—(3,/E_M—3k”‘1>f @)

g SKE sk =\GE ey = kE(), 152
d K _(E [E+M b, '
—d—erE(f)‘F?fKE(E)—(E E—M_E_” >8KE(‘§),

for |E| > M, and

D okr® + S grp® (,/M_E bx”*)f ®
—— 8KE - 8KE =\ — __n KE )
d& & M+E & (15.43)

d K ([ [M¥E b,
_d_erE(S)"‘?fKE(g)—( M—E_.‘;-'_”K )gKE(é),

for |E| < M. As far as the Levinson theorem is concerned, we are only interested
in the solutions with the sufficiently small k£ and «. If n > 3, in comparison with
the first term on the right hand side of Eq. (15.42) or Eq. (15.43), the potential term
with a factor k"1 (or ¥"~1) is too small to affect the phase shift at the sufficiently
small k and the variant range of the ratio f;g(r,1)/g;e(r, A) at ro+ . Therefore, the
proof given in the previous sections is valid for those potential with a tail so that the
Levinson theorem (15.33) holds.

When n =2 and b # 0, we will only keep the leading terms for the small param-
eter k (or k) in solving Eq. (15.42) (or Eq. (15.43)). First, we calculate the solutions
with the energy £ ~ M. Let

1
a:(K2—K+2Mb+1/4)1/2;£K—§. (15.44)



214 15 The Levinson Theorem for Dirac Equation

If @2 < 0, there is an infinite number of bound states. We will not discuss this case
as well as the case with @ = 0 here. When o? > 0, we take o > 0 for convenience.
Some formulas given in the previous sections will be changed.

When E < M we have

frer 2 = @tVT2oM (rier /)2 HP Giker),

grE(r 1) = DT e rier /)12

(15.45)
: {—d(fr) Hy(ixr) + K12 Hoﬁ”(m)}_
Hence, the ratio at r = rO+ for E =M is
A oM
fke(r,X) _ N p—um. (15.46)
gkE(r, ) rer} K+a—1/2
When E > M we have
fxe(r,2) =2M (kr/2)"/*{cos 1 (E, 1) Jo (kr) — sin g (E, 1) No (kr)},
gk E(r,A) = k(kr/2)!/?
d K—1/2 (15.47)
. {COSUQ(E, )‘)<_m-]a(kr) + T/Ja(kr)>
inng (E, ) d N(k)+K_1/2N(k)
— sin s - r _ r .
Tle dkr) @ ke e

When (kr) tends to infinity, the asymptotic forms of the solutions are given by
Sk, X)) ~2Mcos(kr —am /2 —mw/4+ no(E, X)),
gxkE(r, A) ~ksintkr —an /2 — /4 4+ nu(E, A)).

In comparison with the solution (15.22) we obtain the phase shift §gx (E, 1) for
E>M:

(15.48)

Sk(E,A)=ng(E, X))+ (K —a—1/2)/2, E>M. (15.49)
From the matching condition (15.8), for the sufficiently small k we obtain
—n(kro/2)** (K —a—1/2
tan g (. 1) ~ m(kro/2) a—1/
Mo+ DI'@)\K +a—1/2

A (M, 2) —2Mro/(K —a — 1/2)
CAx (M, L) —2Mro/(K +a—1/2)°

Therefore, as A increases from zero to one, each time the Ag (M, A) decreases from
near and larger than the value 2Mry/(K + o — 1/2) to smaller than that value, the
denominator in Eq. (15.50) changes sign from positive to negative and the rest factor
keeps positive, so that 7, (M, L) jumps by 7. Simultaneously, from Eq. (15.46) a
new overlap between the variant ranges of the ratio at two sides of rg appears such
that a scattering state of a positive energy becomes a bound state. Conversely, each
time the A (M, A) increases across that value, 1y (M, A) jumps by —m, and a bound
state becomes a scattering state of a positive energy.

(15.50)
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Second, we calculate the solutions with the energy E ~ —M. Let

1
,3=(K2+K—2Mb+1/4)1/27£K+§. (15.51)

Similarly, we only discuss the cases with 8% > 0, and take g > 0.
When E > —M we have

FfrE@r, A) = —e BTV 2 (ricr 2)1/2

A g Hyier) + Kj—j/zHg”(m)}, (15.52)
gk (r,3) = e FHOT2aM Grier/ )2 HY Gikr).

Hence, the ratio at r = rg' for E =—M is
L, A K — 1/2
M _L/’ E—=—M. (15.53)
SKE(,A) [, 2Mry
When E < —M we have
frE(r A = —k(wkr/2)!/?
E (=L aper + K2 1
- §cos —_— _ r
15N d k) kr
K+1/2 (15.54)
- E, A k ——Ng(k s
sinng( )(d(k ) p(kr) + o g( r))}

gke(r,A) =2M(wkr/2)'/?
{cosng(E, A)Jg(kr) —sinng(E, A)Ng(kr)}.
When (kr) tends to infinity, the asymptotic forms for the solutions are:
JkE(r,A) ~ksintkr — B /2 — /4 +np(E, 1)),
8kE(r, A) ~2Mcos(kr — Br /2 — /4 + ng(E, 1)).

(15.55)

In comparison with the solution (15.22) we obtain the phase shift §x (E, 1) for
E<—-M:

Sk(E,AN)=ng(E,\)+ (K —-B+1/2)n/2, E<-—-M. (15.56)
From the matching condition (15.8), for the sufficiently small k we obtain

2
—rkro/%  Ax(=M, )+ KEEHE

FB+DT(B)  Ag(—M.2) + EEHE2

tanng (E, 1) ~

(15.57)

Therefore, as XA increases from zero to one, each time the Ax(—M, \) decreases
from near and larger than the value —(K — 8 + 1/2)/(2Mr() to smaller than that
value, the denominator in Eq. (15.57) changes sign from positive to negative and
the rest factor keeps negative, so that ng(—M, 1) jumps by —m. Simultaneously,
from Eq. (15.53) an overlap between the variant ranges of the ratio at two sides
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of rq disappears such that a bound state becomes a scattering state of a negative en-
ergy. Conversely, each time the A (—M, 1) increases across that value, ng(—M, )
jumps by 7, and a scattering state of a negative energy becomes a bound state.

In summary, we obtain the modified relativistic Levinson theorem for non-critical
cases when the potential has a tail (15.40) with n = 2 at infinity:

Sk(M)+6gk(—M) =ngn + 2K —a — B)m/2. (15.58)

We will not discuss the critical cases in detail. In fact, the modified relativistic
Levinson theorem (15.58) holds for the critical cases of @ > 1 and § > 1. When
O<a<lor0<pB<1,ne(M,1) or ng(—M, 1) in the critical case will not be
multiple of 7, respectively, so that Eq. (15.58) is violated for those critical cases.

Furthermore, for the potential (15.40) with a tail at infinity, when n > 2, even if
it contains a logarithm factor, for any arbitrarily small positive €, one can always
find a sufficiently large ro such that |V (r)| <€/ rZ in the region ro < r < 0o. Thus,
from Eqs. (15.44) and (15.51) we have for the sufficiently small €

1
a:(KZ—Kj:ZMe+1/4)1/2~K—§,

1 (15.59)
B=(K*+ K F2Me+1/H'>~K + 5

Hence, Eq. (15.58) coincides with Eq. (15.33). In this case the Levinson theorem
(15.33) still holds for the non-critical case.

6 Friedel Theorem

The Levinson theorem is closely related to the Friedel theorem [452] in three di-
mensions described by

o
AN = 2Z(zlJr D8I(EF). (15.60)
™10
It states that the change of the number of states AN around a potential barrier can
be expressed as the Friedel sum rule [453], which sets up the relation between AN
and the phase shifts at the Fermi energy. It provides a powerful method in calcu-
lating some of the important properties of electron structure. Recently, this theorem
has been generalized to the system of Dirac fermions [454, 455] in two and three
dimensions as well as in arbitrary dimensions [456].
As shown in Ref. [456], the generalized Friedel theorem for Dirac fermions in D
dimensions is given by

%ZiK Z?io Zd(DJrzl_z)
-(Bx (EF) —8x (M) + 8k (—E) — 8k (—M)]
AN = + ex (=DK1 Z[sin? g (—M) —sin® Sk (M)]), D =2d+1,
%Z:I:K pRyans 2d_l(DﬁIQ)

Bk (EF) — 8k (M) + 8k (—E}) — Sk (—M)], D=2d,
(15.61)
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where S (EF)[8x (—E/, 7)] and 8 (M) are the phase shifts of scattering states at
Fermi energy E) = E F(E » = —E;) for Dirac fermions (antifermions) and the crit-
ical points Ej = £M of zero momentum with &M being effective mass of fermion
(antifermion). The notation ), - denotes the summation over the quantum num-
bers K = +|K|, and ex = +1 (—1) for K > 0 (K < 0). The total angular momen-
tuam K =+Q2/+ D —1)/2.

7 Comparison Theorem

Before ending this Chapter, we are going to give a brief sketch of the comparison
theorem for Dirac equation in arbitrary dimensions due to its interest. For the Dirac
problems, this theorem has been discussed by some authors [457-461].

We consider two different attractive potentials V,(r) and Vj(r) satisfying
Va(r) < Vp(r). If we write the corresponding pairs of radial wavefunction as
{F,, G,} and {F}, G}, then in terms of Egs. (15.1) we have

dG,(r)

ar +— Ga(r) =[Eq — Va(r) — M1F,(r), (15.62)
dF,(r)
dr + — F r)=I[E;s—Va(r)+ M]G,(r), (15.63)
dG
dbr(r) —Gb(r) [Ep — Vp(r) — M]Fp(r), (15.64)
de(r)
ar + — Fb(”) =[Ep — Vp(r) + M]Gp(r). (15.65)

The difference between Eq. (15.62) multiplied by Fj,(r) and Eq. (15.65) multiplied
by G, (r) leads to the following formula
d
5[Ga(7’)Fb(”)] =[-M —Vo(r) + Eq]Fa(r) Fp(r)
+[—M + Vi(r) — EplG,(r)Gp(r). (15.66)
In a similar way, the difference between Eq. (15.64) multiplied by F,(r) and
Eq. (15.63) multiplied by G (r) allows us to obtain
d
d—r[Fa(r)Gb(r)] =[-M —Vs(r) + EplFa(r) Fp(r)
+[—M +V,(r) — EJ1G.(r)Gp(r). (15.67)
In terms of Egs. (15.66) and (15.67) we have
[(Eq — Ep) — (Va(r) = Ve(rDIFa(r) Fp(r) + Ga(r)Gp(r)]
d
= _E[Fa(r)Gb(r) = Gu(r)Fp(r)]. (15.68)

By integrating this equation with respect to argument r € [0, co) and considering
the boundary conditions F(0) = G(0) =0 and F(c0) = G(00) =0, we have
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00
/ (Ea — Ep)[Fa(r)Fp(r) + Ga(r)Gyp(r)ldr
0

2/0 (Va(r) = VoD Fa(r) Fp(r) + Ga(r)Gp(r)ldr.  (15.69)

Therefore, two integrals have the same sign for the node-free wavefunctions
{F(r), G(r)}. It should be emphasized that the potentials and eigenvalues are both
real. On the contrary, if the potential parameters stray into a region such that the
corresponding energy level becomes complex, then Eq. (15.69) will no longer lead
to the expected result V,(r) < V,(r) = E, < E}p since the complex energy levels
cannot be well ordered.

Recently, Hall has supposed that the potential V = V (r, a) depends smoothly on
a parameter a and restated this theorem [460, 461]. For the real attractive central
potential V (r, a) and the corresponding discrete Dirac eigenvalue E (a) = Ex,(a),
one has

, %

E'(a)>0, for— >0,

g‘ﬂj (15.70)

E'(a) <0, for — <0.
da

Moreover, if we suppose that E }(n and E %(n are Dirac eigenvalues corresponding
to two distinct attractive central potentials V,(r) and V,(r), then we have

EQ <EY. for Va(r) < Vp(r). (15.71)

Finally, it should be pointed out that those attractive central potentials V,(r) and
Vi (r) are time-independent.

8 Concluding Remarks

In this Chapter we have uniformly studied the Levinson theorem for the Dirac equa-
tion in (D + 1) dimensions by the Sturm-Liouville theorem. Thus, the Levinson
theorem have been established by proving the number of bound states to be equal
to the sum of the phase shifts of the scattering states at £ = =M. The general case
where the potential V (r) has a tail at r > r¢ has also been analyzed. Finally, we
have discussed the Friedel and comparison theorems for the radial Dirac equation
in arbitrary dimensions D.



Chapter 16
Generalized Hypervirial Theorem for Dirac
Equation

1 Introduction

The recurrence relations for matrix elements are very useful in quantum calcula-
tions, but their direct computation are generally very cumbersome. An interest-
ing and useful recurrence formula is the Blanchard’s relation for arbitrary non-
relativistic matrix elements of the form (n1l|r*|n»l,), where the symbol |nl) stands
for non-relativistic hydrogenic radial eigenstate.

As shown in Chap. 10, we have generalized the hypervirial theorem for the non-
relativistic equation case in arbitrary dimensions D. In this Chapter we attempt to
present the generalized hypervirial theorem for relativistic Dirac equation case.

This Chapter is organized as follows. In Sect. 2 we are going to derive the gen-
eralized hypervirial theorem for Dirac equation in off-diagonal case. Section 3 is
devoted to the diagonal case. We summarize our conclusions in Sect. 4.

2 Relativistic Recurrence Relation

D)/2 is built into each radial

1

Based on the study in Chap. 4, when the factor r(1~
function W [1(x, t) we may write out the relativistic radial Hamiltonian

Haz—iar<j—r+§l(a> +MB+V(r), (16.1)
where
a,:lali:(() —1>’ ﬁ:(l 0>’
r -1 0 0 -1 (16.2)
Ko =Flja+ (D —-2)/2]
Note that the first derivative d/dr comes from the radial momentum operator p, = —ihi[d /dr +

(D —1)/2r] as given in Eq. (3.53). Due to the introduction of the factor r(1=D)/2 the second term
(D —1)/2r in p, is canceled each other.
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with the property o, 8 = —Ba,. For example, we have in three dimensions
—U+1), j=l+3,
K:K:{ t+1 / 2 (16.3)
l, J :l X

and K =0 in one dimension.
As a result, the reduced radial Dirac Hamiltonian H can be written as a matrix
form

M+V() (L2
a=|. a4 | K, (16.4)
i(;+54 Vin-—-M
with the property
Haoy (r) = Eq¥ (1), (16.5)
where we have introduced purely radial wavefunction
_( G0
Y(r)= <iF(r)>' (16.6)
For bound states, they may be normalized by the relation
oo
W), ¥ () = /0 [G*(r) + F*(n)ldr = 1. (16.7)

We use inner products without the radial measure r?~! because the factor r(1=2)/2
is already built into each radial function as mentioned above.
The corresponding radial equations are written as

dG(r) K
+—G(r)=[E—-V(@)+ M]F(r),
dr r

dF(r) K
_ +—F(@r)=[E -V (r)— MIG().
dr r

It is found that this set of radial equations are slightly different from those given in
Chap. 4 due to the exchange between M and —M. Such a modification does not

affect the final result at all.
By using the definition of the Hamiltonian H, given in Eq. (16.1), we have

(16.8)

. B -
Hy f(r)— f(r)H1 = —io (f’(r) + 7A21f(r) , (16.9)
where A;FI = K> F K. Thus, acting this relation on the eigenfunctions yields
. B
(Ey — E1)(n2Ka| f(r)|n1 K1) = —io (na K| f'(r) + 7A21f(r)|n1K1), (16.10)

where the matrix elements of radial functions are calculated as follows:

(naKa| f(r)lni1 K1) = / FOIFES(r)Fi(r) + G5(r)Gy(r)]dr,
(16.11)
(naKa|Bf (r)In1 K1) = f FOLF;(r)Fi(r) — G5(r)G(r)]dr.

In a similar way, one is able to obtain the following relations
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d
Hy§ = —{f”(r)+f/(r)5 - :%Az_lf

+§A21<f’+fi> —EK [f + 21,3f(r)]}

—ia, (V(r) — Mﬁ){f( )+ 21/3f(r)} (16.12)
and
A d
£H; =—{f’<r> - lﬂf(r)}—
— —ﬁKl{f (r) — 21ﬁf( )}
—zar{f () + 22 ﬂf(r)}(MﬁJrV(r)), (16.13)
where
§=Hyf(r)— f(r)H,. (16.14)

The difference between (16.12) and (16.13) leads to

Hys —EH =—f"(r )+ ﬁf(r)

( )’ 2 . d
A0 = A [

2Ky : / Ay
+ r ﬂf (V)+2wer/3{f (r)+7ﬂf(r)}, (16.15)
from which we have

(Ex — E*(maKa | f(r)In K))
= (n2Ka|Hp§ — $H1|n1K1)

(A 21>2 28

d
= (n2Kz|— f”(r)+ LB+ 2= F () - TA{]f(r)d—r

2K, ’ . ’ 21
+Tﬂf (r) + 2o, Mp f(r)+7ﬁf(r) ln1K1), (16.16)

where the first derivative d/dr in (16.16) can be substituted by the Hamiltonian
given in (16.1).

On the other hand, the addition between (16.12) and (16.13) allows us to obtain
the following off-diagonal matrix elements

(E3 — ED(nmaKa|f (1)n1 K1)
= (n2Ka|H26 +&Hy|n 1 Kq)
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d
= (mKa|—f"(r) — 2f’<r>5 ﬁf( )4 22t 2‘ )

. / A2_1
—2za,{f(r)+Tﬂf(r)}V(r)|n1K1). (16.17)

Due to the presence of Dirac matrices, we also need to calculate off-diagonal
matrix elements of expressions involving «, f(r) and Bf(r), i.e.,

d
Hy(—ia, f(r)) = —{f/(r) + f(r)d—r}

K
+ TZﬁf(r) +ia,(MB—V @) f(r) (16.18)

and
(—io f(r)Hy = —f(r)< + —ﬂ) —iar(MB+ V() f(r). (16.19)
Summing and subtracting them lead to

(Ex + E1)(maKo|—ia, f(r)|n1 K1)
= (n2Ka| Ha(—ia, f (r)—ie, f () HiIn K1)
d A7
= (2K |= ') =2/ (1) + —ZLBf (1) = i, V() f()m K1),
(16.20)
(B2 — E1)(mKa|—ia, f(r)|n Ky)

= (na Ko|Ha (=i, f(r)) +ia, f(r)Hi|n1 Ky)
A+
= (mKs|—f'(r) + %ﬂf(r) + 20, BM(r) f(r)In1Ky).  (16.21)

In addition, one has

A-
HoBf (r) + Bf () Hy = —ic, { —2Lfr) + ﬂf%r)}

+2M + BV () f(r), (16.22)

from which we have
(E2+ ED)(naKo|Bf(r)|n1 Ky)
. A2_1 /
= (n2Ko|—ia, { Tf(r) +Bf (r)}
+2(M + BV () f(r)|n1 Ky). (16.23)

Equations (16.10)—(16.23) are the basic results of our problem. Even though we
might consider, as in the non-relativistic case, radial functions of the form f(r) = r*
and insert the explicit expression for the Coulomb potential, we do not show them
for simplicity.



3 Diagonal Case 223
3 Diagonal Case

Let us study the diagonal case A, =0, i.e., K» = K. In this case, it is shown from
Eq. (16.10) that

(Ey — ED)(maK 1| f(r)|n1 K1) = —ia, (n2 K1 f(r)|n1 K1). (16.24)
Similarly, Egs. (16.16) and (16.17) are simplified as
(Ex — EN*(maK | f (r)|n1 K1)
= (mK1|H§ —§Hy|n1 K1)

2K
= (mKa|—f"(r) + Tlﬂf/(r) +2ia, MBF (I K1),  (16.25)
(E3 — ED)(noK 1| f (r)|In1 K1)
= (m K |H2§ +&H |n1Ky)

= (mK|-f"(r) - 2f/(r)% —2ia, f'(NV(@)|n Ky). (16.26)
Likewise, Egs. (16.20) and (16.21) become
(E2 + Ep)(maKy|—iay f(r)|n1Ky)
— (K|~ f'(r) — 2f(r)j—r —2ia, V() £ (1) n1 K1), (16.27)
(E2 — Ey)(n2Ky|—io, f(r)[n1 Ky)
= (mK1|—f'(r) + iﬁﬁf(r) +2ie, M (r) f(r)In1 K1),  (16.28)
(E2+ EV)(n2K1|Bf (r)|niKy)

= (n2K1l—ia, Bf'(r) +2(M + BV (r) f (") |n1 K1). (16.29)
Finally, let us consider a very special case f(r) =1 and V(r) = —Za/r. If so,
we have
Za
(E2+ ED)(n2Ki|BIn1 K1) = (n2K1|2(M - ,37) In1K1). (16.30)

Before ending this section, we want to give a few useful remarks on the radial
Hamiltonian H given in (16.4). First, it is found that this Hamiltonian is hermitian
if we consider (d/dr)% = —d/dr,ie., H™ = H. Therefore, the eigenvalues of the
Hamiltonian are reals. Second, it might be noted that there are other two forms of
the radial Hamiltonian. The first one is given by

H=—ia,| —+—B|+MB+V(F), ar=o0r=|". , (16.31)
dr r i 0

whose matrix form becomes

_[MAVe) —G - é)} (16.32)

_[<;’—,+%> V(r)—M
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satisfying
G(r)
Hy(r)=Ey (), )= : (16.33)
F(r)
The second is the formalism used by Davydov [462]
H:otrpr—i—ia,EK—i—Mﬁ—i—V, oy =073, (16.34)
r
satisfying
HY(r)y=E¥(r), (16.35)
where
_ F(r)
W (r) = (1-D)/2 , 16.36
(n=r G ( )

and p, is given by Eq. (3.53).

4 Conclusions

In this Chapter we have generalized hypervirial theorem for the relativistic Dirac
equation both in off-diagonal case and in diagonal case. The key issue is to construct
the radial Dirac Hamiltonian. Three different expressions of the Hamiltonian have
been given.



Chapter 17
Kaluza-Klein Theory

1 Introduction

The model of higher-dimensional space-time is a powerful ingredient to be needed
to unify the interactions of various fields in nature. Before starting out the higher-
dimensional Kaluza-Klein theory, let us first consider the five-dimensional Kaluza-
Klein theory. Almost ninety years ago Kaluza put forward the issue that our universe
has more than four dimensions [9-11]. Kaluza introduced an extra compactified di-
mension to unify two fundamental forces of gravitation and electromagnetism in our
world. Kaluza began by taking as action the five-dimensional pseudo-Riemannian
manifold, and he imposed a so-called cylinder condition: the components of the
metric g7y should not depend on the space like Sth dimension, i.e., he neglected
the effect of the Sth or scalar potential, and set all derivatives of four-dimensional
quantities with respect to the 5th coordinate to zero. The 5 x 5 metric introduced by
him is given by
)
©) v @Ay
=(5 %)
with 9s5g;; = 0. The g'h, A,,, V and o = /2Gy represent the metric of the four-
dimensional space-time, the gauge field from electrodynamics, the dilaton and the
coupling constant related to the Newton constant G y, respectively. He evaluated the
Ricci tensor for linearized fields
Ry =4T! Rsy = —ad"F,,, Rss = —0V. (17.2)

uv?

The Kaluza’s theory was, up to the point where he introduced the particle, a vac-
uum theory. It did not contain an additional term in the action besides the five-
dimensional Ricci scalar: the field equations are given by setting the Ricci tensor
(17.2) equal to zero.

This theory can be separated into further sets of equations, one of which is equiv-
alent to Finstein field equations, another set equivalent to Maxwell electromagnetic
field equations and the final part an extra scalar field now termed the “radion”. It
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should be noted that such a splitting of five-dimensional space-time into the Ein-
stein’s equations and Maxwell’s equations in four dimensions was first discovered
in 1914 by Gunnar Nordstrom, in the context of his theory of gravity, but subse-
quently forgotten [8].

Five years later, shortly after the discovery of the Schrodinger equation, in 1926
Oskar Klein improved and extended Kaluza’s treatment, and revealed a very inter-
esting geometrical interpretation of gauge transformations [10, 11]. He proposed
that the fourth spatial dimension is curled up in a circle of very small radius, so that
a particle moving a short distance along that axis would return to where it began.
The distance a particle can travel before reaching its initial position is said to be the
size of the dimension. This extra dimension is a compact set, and the phenomenon
of having a space-time with compact dimensions is referred to as compactification. !
The extension of extra dimension turned out to be comparable to the Planck length.
In Klein’s theory, he proposed a more fruitful interpretation of the five-dimensional
metric

1J VA,AL 1% . .

He then varies the action and recovers the full field equations of general relativity,
with the energy-momentum tensor of the electro-magnetic fields, and the source-
free Maxwell’s equations

Guy=kTyy,  V,F* =0. (17.4)

So Kaluza’s vacuum theory with the cylinder condition contains the full field equa-
tions. However, this vacuum theory cannot produce non-singular rotation symmetric
particle solutions.

After that, this theory was developed by some authors. For example, Einstein in-
vestigated this theory most intensively from 1938 to 1943. This was performed by
himself and his coauthors Bergmann and Bargmann in the classical Kaluza-Klein
theory with constant dilaton [463-466]. One of their primary objectives was to find
a nonsingular particle solution. Unfortunately, in the full theory this search got frus-
trated. In 1943, Einstein and Pauli argued that solitons cannot exist in this theory,
a result that Einstein may have been disappointed with [466]. Since there are prob-
lems with this theory it predicts the existence of a massless scalar, which has not
been seen so the theory is not phenomenologically acceptable even if it works as
the first model of unified theory. Extra dimensions were then abandoned from a
phenomenological point of view and looked upon as mathematical tools. When the
string theory was invented in the 1980s [467], the extra dimensions were considered
to have some importance from the physical point of view [468, 469]. String theory

'Up to now, there exist two main types of compactifications of an extra dimension. The first is
a circular compactification. With this extra dimension the entire space can be denoted My x S',
where My is the regular Minkowski space and S! is the circle with a radius R. It is chosen to
be small enough to avoid detection. Another type is an orbifold compactification by imposing the
discrete Z, symmetry, where y — —y on the circle.
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attempts to address the question of merging quantum mechanics with general rel-
ativity into a consistent theory. In the original formulation of those string models,
the size of the extra dimensions where supposed to be compactified to manifolds
of small radii with sizes is about the order of the Planck length 10736 m, such that
they remain hidden to the experiment, thus explaining the reason why we see only
four dimensions. It is believed that the relevant energy scale where quantum gravity
effects would become important is given by the Planck mass defined through the
fundamental constant as

hcd
8 GN

Mpc* = ~2.4x 10" GeV. (17.5)
Clearly, this is much above any energy scale we have ever tested. If this is the correct
description of nature, then extra dimensions do exist but they have little influence in
physics at the electroweak scale. Nevertheless, the possibility of extra dimensions
at the weak scale was put forwarded and a new research direction started.

Up to now, two main types of extra dimensions by regarding the fields that live
on them can be clarified as large extra dimensions and TeV flat extra dimensions.
The first case corresponds to extra dimensions where only gravity can propagate,
i.e., gravity has only been tested up to scales ~1 pm so these types of dimensions
must have a size of a micron or less. The second corresponds to those there are con-
straints coming from collider and indirect tests that force this kind of extra dimen-
sions to be at the TeV scale or more. Another type is the warped extra dimensions
[470—472], of which a more famous model is Arkani-Hamed, Dimopoulos and Dvali
(ADD) model.” Unfortunately, current search shows no signals of extra dimensions
[473—-477]. The extra dimensions has evolved from a single idea to a new general
paradigm with some authors applying it as a tool to address the large number of key
issues that remain unanswerable within the standard model context. However, the
search for extra dimensions is not over yet. On the contrary, it has only just started.
This is because its discovery would produce a fundamental change in how we view
the universe and also some surprising results.

Since the solitons were described in the Kaluza theory in the 1980s, the modern
versions of Kaluza-Klein theory have allowed the 5th coordinate to play an impor-
tant physical role. Space-time-matter theory dates from 1992, and is motivated by
the old idea of Einstein to give a geometrical description of matter [478—481]. This
is realized by embedding the 4-dimensional Einstein equations with sources in the
apparently-empty 5-dimensional Ricci-flat equations, so there is an effective or in-
duced energy-momentum tensor in which properties of matter like the density and
pressure are given in terms of the Sth potential and derivatives of the 4-dimensional

2The large extra dimension scenario of ADD was proposed as a potential solution to the hierarchy
problem, i.e., the question of why the reduced Planck scale Mpl ~2.4-10" is so much larger than
the weak scale ~1 TeV. They propose that we live on an assumed to be rigid 4D hypersurface (also
named a wall or brane). The gravity is allowed to propagate in a (4 + D)-dimensional n-torus 7",
whose radii are equal to R.
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space-time potentials with respect to the 5th coordinate. Membrane theory appear-
ing in 1998 is motivated by explaining the strength of particle interactions compared
to gravity, or alternatively the smallness of particle masses compared to the Planck
value [482-484]. This is done by embedding 4-dimensional space-time as a singu-
lar hypersurface in a 5-dimensional manifold, so particle interactions are confined
to a sheet while gravity is diluted by propagating into the bulk of the 5th dimen-
sion.> Both space-time-matter theory and membrane theory are in agreement with
observations. We suggest the reader refer to those review papers to recognize their
developments [485, 486].

Even in the absence of a completely satisfying theoretical physics framework,
the idea of exploring extra, compactified, dimensions is of considerable interest in
the experimental physics and astrophysics communities. A variety of predictions,
with real experimental consequences, can be made in the case of large extra di-
mensions or warped models. For example, on the simplest of principles, one might
expect to have standing waves in the extra compactified dimension(s). If the ra-
dius of a spatial extra dimension is given by R, then the invariant mass of such
standing waves would be M,, = nh/Rc, where n is an integer, & the Planck’s con-
stant and ¢ the speed of light. This set of possible mass values is often called the
Kaluza-Klein tower. Similarly, in thermal quantum field theory a compactification
of the Euclidean time dimension leads to the Matsubara frequencies and thus to a
discretized thermal energy spectrum. On the other hand, examples of experimen-
tal pursuits include work by the Collider Detector at Fermilab (CDF) collaboration,
which has re-analyzed particle collider data for the signature of effects associated
with large extra dimensions/warped models. Brandenberger and Vafa have specu-
lated that in the early universe, cosmic inflation causes three of the space dimensions
to expand to cosmological size while the remaining dimensions of space remained
microscopic.

Until now, the higher-dimensional generalizations of this theory to include weak
and strong interactions have attracted much attention for many particle physicists
in the past few years [487-491]. For instance, to unify gravity with the strong and
electroweak forces, the symmetry group of standard model, SU(3) x SU(2) x U(1)
was used. However, in order to convert this interesting geometrical construction
into a true model of reality founders on a number of issues, then the fermions must
be introduced in nonsupersymmetric models. Nevertheless, Kaluza-Klein theory re-
mains an important milestone in theoretical physics and is often embedded in more
sophisticated theories. The revival of interest in Kaluza-Klein theory arose in the
first instance from work in string theories [492, 493], and then from the usefulness

3In modern geometry the extra Sth dimension can be understood as a circle group U(1) since the
electromagnetism can be formulated essentially as a gauge theory on a fiber bundle, the circle
bundle, with gauge group U(1). If one is able to understand this geometrical interpretation, it is
relatively straightforward to replace U(1) by a general Lie group. Such generalizations are often
called Yang-Mills theories. If a distinction is drawn between them, then the Yang-Mills theories
occur on a flat space-time, while Kaluza-Klein treats a more general case of curved space-time.
The base space of Kaluza-Klein theory need not be four-dimensional space-time; it can be any
pseudo-Riemannian manifold, or even a supersymmetric manifold or orbifold.
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of extra spatial dimensions in the construction of N = 8 supergravity theory [494,
495]. In these contributions, it would have been possible to regard the extra spatial
dimensions as a mathematical device. Although the order of the compactification
scale of the additional dimensions has not been confirmed and are also of consid-
erable interest recently, larger extra dimensions were invoked in order to provide a
breakthrough of hierarchy problem in some approaches [483, 496, 497]. It is be-
lieved that the research on higher-dimensional space-time is valuable and become a
focus in the physical community, therefore the theory needs to be explored deeply,
extensively and in various directions.

Due to limited space, many other topics are not being covered, including brane
intersecting models, cosmology of models with extra dimensions both in flat and
warped bulk backgrounds; Kaluza-Klein dark matter; an extended discussion on
black hole physics; as well as many others. The interested reader that would like to
go beyond the present note can consult any of the excellent reviews [469, 485, 498].

As what follows, we shall review the development of the high-dimensional
Kaluza-Klein theory. In particular, (4 4+ D)-dimensional Kaluza-Klein theories and
the particle spectrum of Kaluza-Klein theory for fermions are to be discussed.

2 (4 + D)-Dimensional Kaluza-Klein Theories

As mentioned above, in order to unify gravitation, not only with electromagnetism
but also with weak and strong interactions, it is necessary to generalize the five-
dimensional theory to a higher-dimensional theory so as to obtain a non-Abelian
gauge group [485].

For the moment, remember that gravity is a geometric property of the space.
Then, the first thing to notice is that in a higher-dimensional world, where Einstein
gravity is assumed to hold, the gravitational coupling does not necessarily coincide
with the well known Newton constant G y. To explain this more clearly, let us as-
sume that there are N extra space-like* dimensions which are compactified into
circles of the same radius R so the space is factorized as an My x K with K =TV
manifold. The higher-dimensional gravity action can be written as

1
S=- d*Nx/lgarm Rasny, (17.6)
167G,

where G, is the fundamental gravity coupling, gu+y) the metric in the whole
(4 + N)-dimensional spaces.5 We assume that the extra dimensions are flat with-
out curvature, thus the metric has the form

ds? = gy (x)dx"dx’ — Sapdy*dy?, (17.7)

4The choice of a time-like extra dimension shall lead to the tachyon. Tachyons are well known to
be very dangerous in most theories. This seems to imply that we should only pick the space-like
solution.

SIn fact in (4 + D) dimensions a gauge field can be decomposed into a 4D gauge Kaluza-Klein
tower plus D distinct scalar towers.
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where the metric g, depends only on the four-dimensional coordinates x* for u =
0,1,2,3 and «Sabdy“dyb denotes the line element on bulk, a € [1, N]. Thus, it is

easy to see that \/|gu+n)| = +/|g4] and R4 ) = R4 so that we might integrate out
the extra dimensions in Eq. (17.6) to obtain an effective 4 D action

Vi’l 4
S=———|d R4, 17.8
16nG*_/ x+/ |84l Ry (17.8)

where V,, denotes the volume of the extra space. This equation is precisely the stan-
dard gravity action in 4D if one makes the following identification

Gn=Gx/Vy, (17.9)

which is given by a volumetric scaling of the truly fundamental gravity scale.

We denote by y” the coordinates of the compact manifold K. An isometry of K
is a coordinate transformation y — y; which leaves the form of the metric g, for
K invariant:

Y= V15 &y 1) = Ema (1) (17.10)
The general infinitesimal isometry is given by
I+is%se:y" — y" =y"+6°¢ (), (17.11)

where s, are the generators. The infinitesimal parameters ¢ are independent of y,
and the Killing vectors ¢/, which are associated with the independent infinitesimal
isometries, obey the Lie algebra

Cp OmS! — ¢ 0y = —Chelys (17.12)
where Cj are the structure constants with the following property
[sq, 5] =iCjpsc. (17.13)

For example, the D-dimensional sphere S? has isometry group SO(D + 1).
Now, let us consider the non-Abelian gauge transformations [499]. The ground-
state metric for the compactified (4 4 D)-dimensional theory may be written as

gap = diag @ {n,0, —&mn ()} (17.14)

where n,, = (1, =1, =1, —1) is the metric of Minkowski space M4 and g, (y) the
metric of the compact manifold. The non-Abelian gauge fields of the theory may be
expressed by the expansion about the ground state

an e (g,wm ~GmMBLBL B
By —&mn(y)
Non-Abelian gauge transformations come from considering the effect on the

components g,, of the metric of the infinitesimal isometry with x-dependent pa-
rameters:

), Bl =l (0)AL().  (17.15)

Y= Y G (e (). (17.16)
It shall be found that
A% — AY = A% + 9,6 () + Cohel (1) AS,. (17.17)
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If taking CZb =gf ;b and s, = g5, one finds that this transformation is just the usual
Yang-Mills gauge transformation. Consequently, we have

[(Sa. Spl=if;pSc. (17.18)

Thus, non-Abelian gauge transformations are generated by x-dependent infinitesi-
mal isometries of the compact manifold K .

3 Particle Spectrum of Kaluza-Klein Theories for Fermions

In this section we are going to give a review of the particle spectrum of the Kaluza-
Klein theories for fermions [500]. We consider, for example, a massless spinor par-
ticle ¥ in (4 + D) dimensions. The Dirac equation can be written as

[(Yudp + Taey Vi) =0 (17.19)
with
. [ 1.
Vm = am — LWy, Wy = E(l)m Maﬁ, Maﬁ = Zl[Fa, Fﬂ], (17.20)

where w is an antisymmetric tensor and Mg the spinor representation of the tangent
space group SO(D) of the compact manifold K. The y,, are (22H+DP/2  22+D/2y
gamma matrices satisfying

V-l =vurv +nyu =28, wn,v=0,1,2,3. (17.21)
The gamma matrices of the compact space satisfy
(T, Tg} =260, a,p=4,....,34+D (17.22)
and
{Ta, vu}=0. (17.23)
Accordingly, we have
V= (am - %ia)ngo,,g)w. (17.24)
Obviously, M = —il'ye]} V,, plays the role of the mass operator since its eigenval-

ues give the particle masses in four dimensions. It may be shown that the operator
M has no zero eigenvalue [501, 502]. Note that the observed fermions are in fact
zero modes of the Dirac operator, and that their small non-zero masses arise from
physics at a much lower energy scale. Thus, we must change some assumptions
made in deriving Lichnerowitz’s theorem. One possibility, which has been explored
by Destri et al. [503] and by Wu and Zee [504], is to introduce torsion on the in-
ternal manifold K. Even so their explorations have shown that this possible escape
route is also unattractive. This is because there is the arbitrariness of precisely how
the torsion should be introduced.
Next, suppose that D is even, i.e., D =2N. Define I" matrices as follows

Fr=r..Tp=io3 x 03 x -+ x 03, (17.25)
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which anticommutes with all matrices I'(, I'p, ..., I'p. The gamma matrices for full
tangent space group SO(1, 3 + D) are given by
_ x I, A=u=0,1,2,3,
o= H (17.26)
iys xTa—3, A=4,...,D+3.
In full (4 + D)-dimensional space the “chirality” x is defined by
x=ToTiT...Tpyz=—i(—=D)Vys x T (17.27)
and x anticommutes with all matrices T, I'1, T, ..., [p43 since ys and T' are

the pseudo-orthogonal group SO(1, 3) and SO(D), respectively. Therefore, x com-
mutes with all generators M4 of SO(1, 3 + D) and can be used to label inequiva-
lent spinor representations. Since

x> =—(ys)* x [y = +1, (17.28)

where &1 correspond odd and even N, respectively. The corresponding eigenvalues
are given by

+i, N=
:{ i even, (17.29)

+1, N =odd.

Let us consider a special case. For odd N, one has x = £1, we have spinor
representations with y5 = +1,T" = —i or y5 = —1, T = +i. Thus, fermions with
left-handed physical chirality have internal chirality +i, and satisfy a different Dirac
equation from the right-handed fermions. Thus, the zero modes might have different
quantum numbers. Actually, the only possibility of this happening is for odd N.
This is because for even N the complex conjugate of the spinor representation with
X = -+i is equivalent to the spinor representation with y = —1. It is known from
Eq. (17.27) that for even N we have

ys = =+1, r==l1 (17.30)
for x = +i, while

ys = %1, =+l (17.31)
for x = —i. The complex conjugate of the y5 = 1 spinor is the 5 = —1 spinor as

usual in SO(1, 3). But the complex conjugate of I' = —1 spinor of SO(2N) is equal
to itself for even N.

Even so we still have to arrange that the zero modes of the Dirac operator with
I' = 4i form a complex representation of the symmetry group. That is to say, we
must arrange that the I' = 4-i zero modes transform differently from I' = —i zero
modes. Unfortunately, the possibility of achieving this, even in (4n 4-2) dimensions,
is severely constrained by a theorem of Atiyah and Hirzebruch [505], which requires
that in the absence of elementary gauge fields, the zero modes of the Dirac operator
form a real representation (in any even number of dimensions). The detailed dis-
cussed was done by Witten [500] by introducing gauge fields in order to arrange for
the zero modes to form a complex representation.
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The most comprehensive study of complete fermion spectrum, not just the zero
modes, has been carried out by Schellekens [506, 507]. He has expressed the eigen-
values of the fermion mass-squared operator M2, in the presence of a general in-
stanton background gauge field configuration on a symmetric coset space G/H, in
terms of the Casimir invariants of G and H. For massless fermions the problem is
that given a fermion transforming according to some representation of H C Gyy
to determine in which representation of G the zero modes occur. This has been
done in general for the hyperspheres S and the complex project planes C PV .
In the former case when D is even, and the fermion is in an irreducible represen-
tation of H = SO(D), then the zero modes form an irreducible representation of
G =SO(D + 1). This generalizes a previously known result [S08] for D = 4.

Watamura [509, 510] has also provided a general treatment of compactification
in the case K = CP" in the presence of a monopole U(1) gauge field, and has
shown how for a particular choice of the monopole charge, the fermionic zero modes
belong to the fundamental representation of G = SU(N + 1).

4 Warped Extra Dimensions

Up to now we have been working in the simplest picture where the energy density
on the brane does not affect the space time curvature, but rather it has been taken
as a perturbation on the flat extra space. However, for large brane densities this may
not be the case. The first approximation to the problem can be done by considering
a five-dimensional model where branes are located at the two ends of a closed 5th
dimension. Hence, the 5th dimension would be a slice of an Anti-de Sitter space
with flat branes at its edges. As a result, one can keep the branes flat paying the
price of curving the extra dimension. Such curved extra dimensions are usually re-
ferred as warped extra dimensions. Historically, the possibility was first mentioned
by Rubakov and Shaposhnikov in Refs. [511-514], who suggested the cosmological
constant problem be understood under this light: the matter fields vacuum energy on
the brane could be canceled by the bulk vacuum, leaving an almost zero cosmologi-
cal constant for the brane observer even though no specific model was given there. It
was actually Gogberashvili [515] who provided the first exact solution for a warped
metric. Nevertheless, these models are best known after Randall and Sundrum (RS)
who linked the solution to the hierarchy problem [470]. Later developments sug-
gested that the warped metrics could even provide an alternative to compactification
for the extra dimensions [470].

5 Conclusions

It is hard to address too many interesting topics of the area in detail, as we would
have liked, without facing trouble with the limiting space of this book. In this Chap-
ter we have reviewed the development of the high-dimensional Kaluza-Klein theory.
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The contents are concerned with traditional five-dimensional Kaluza-Klein theory,
(4+ D)-dimensional Kaluza-Klein theories and the particle spectrum of the Kaluza-
Klein theory for fermions.

One of the most direct ways to observe the extra spatial dimensions may be in
the cosmological context. Here, Kaluza-Klein theory can give a satisfactory late-
time cosmology, and also suggests various mechanisms for achieving the desired
cosmological inflation at early times, though none of these has so far proved entirely
compelling when detailed calculations have been performed.

In summary, it seems quite likely that even if the original pure Kaluza-Klein
theory cannot be sustained, extra spatial dimensions will play an important role in
the eventual unified theory of interactions, and in understanding early cosmology.
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Chapter 18
Conclusions and Outlooks

1 Conclusions

We are now in the position to draw conclusions for this work. Motivated by the
physical laws in higher dimensions leading to insight concerning those in lower
dimensions, we have introduced wave equations in higher dimensions and put the
mathematical and physical concepts and techniques like the wave equations and
group theory related to the higher dimensions at the reader’s disposal. In some sense
we have provided a comprehensive description of the wave equations including the
non-relativistic Schrédinger equation, relativistic Dirac and Klein-Gordon equations
in arbitrary dimensions and their wide applications in quantum mechanics.

We have introduced the fundamental theory about the SO(N) group which has
been used in the successive Chaps. 3-5 including the non-relativistic Schrodinger
equation, relativistic Dirac and Klein-Gordon equations. As important applications
in non-relativistic quantum mechanics, we have applied our theories proposed in
Part II to study some quantum systems such as the harmonic oscillator, Coulomb
potential, wavefunction ansatz method, Levinson theorem, generalized hypervirial
theorem, exact and proper quantization rules and Langer modification, position-
dependent mass Schrodinger equation. As for as those important generalized appli-
cations to relativistic quantum mechanics in higher dimensions, we have studied the
Levinson theorem and generalized hypervirial theorem for the Dirac equation, the
Klein-Gordon equation and Kaluza-Klein theory. A number of previous results are
summarized and some new materials are presented.

2 Outlooks

Considering the interest in higher dimensional quantum physics, some new appear-
ing fields could be studied. For example, the superstring theory, supergravity shall
become interesting and challenging. On the other hand, the searching of the extra
dimensions both in theory and in experiment also becomes exciting.
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Appendix A
Introduction to Group Theory

In this Appendix we are going to outline some basic definitions of the groups based
on textbooks by Weyl, Wybourne, Hamermesh, Miller and others [136—138, 169].

Definition A group G is a set of elements {e, f, g, h, k, ...} together with a binary
operation which associates with any ordered pair of elements f, g in G a third el-
ement fg. The binary operation named the group multiplication is subject to the
following four requirements:

e Closure: if f, g are in G then fg is also in G,

e Identity element: there exists an identity element e in G (a unit) such that ef =
fe= f forany f € G,

e Inverses: for every f € G there exists an inverse element f~! € G such that
fl=f"f=e

e Associative law: the identity f(hk) = (fh)k is satisfied for all elements
fihkeG.

As far as those basic concepts such as Abelian group, subgroup, homomorphism,
isomorphism, representation, irreducible representation and commutation relation
has been reviewed in Chap. 2. Accordingly, as what follows we want to give a few
typical examples to indicate the variety of mathematical objects with the structure
of groups. For more examples, we suggest the reader refer to textbooks by Miller
[138, 169].

Example 1 For the real numbers R, we consider the addition as the group product.
The product of two elements a, b is their sum a + b. We may take O as an identity
element. The inverse of an element c is its negative —c. The set odd real number
R constructs an infinite Abelian group. Among the subgroups of R are the integers,
the even integers and the group consisting of the element 0 alone.

Example 2 For a given group G, two elements {0, 1} € G, the group multiplication
isgivenby0-0=0,0-1=1-0=1,1-1=0. We choose 0 as the identity element.
This is an Abelian group with order n = 2. It has only two subgroups, {0} and {0, 1}.
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Sometimes it is very convenient to present the law of combination in the form
of a group table, i.e., we label the rows and columns of a square array in terms of
the elements of the group. In the box in the nth row and mth column, we record the
product of the element labeling the nth row by the element labeling the mth column.
An explicit example for the group of order 2 is given as

e a
e e a (A1)
e
For the group of order 3, one has
(A2)
where b = a2.
There are two distinct structures for abstract groups of order 4:
e a b c
e e a b c
@) a a e ¢ b (A.3)
b b ¢ e a
c c b a e
where a> = b, ab = ¢ = a>, a* = b> = e. This group corresponds a cyclic group
{a, a’,a3, a* = e}.
e a b c
e e a b c
(i) a a b c e (A4)
b b ¢ e a
c c e a b

where a? = b? = 2

group V.

=e,ab=c,ac=>b, bc =a. This group is called the four-

1 Subgroups

If we select from the elements of the group G a subset H, we use the notation H € G
to symbolize that H is contained in G. If the subset H forms a group, then we say
H is a subgroup of the group G. There are two trivial subgroups for every group:
the group consisting of the identity element alone and the whole group G itself.
These two subgroups are said to be improper subgroups. The problem of finding all
other proper subgroups of a given group G has become one of the main problems
of the group theory. It should be noted that H forms a group under the same law of
combination as G. Testing a subset H to see whether H is a subgroup requires that
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e the product of any pair of elements of subset H be in H;
e H contain the inverse of each of its elements.

A good example refers to the rational numbers. As we know, the rational numbers
form a group G under addition. The positive rational numbers form a group G
under multiplication, but G is not a subgroup of G even though the elements of
G are a subset of the elements of G. This is because G are not satisfied with the
second condition. For a finite group only the first requirement is needed. However,
both requirements are needed for infinite groups.

If H is a subgroup of G, and K is a subgroup of H, then K is a subgroup of G.
This transitive relation leads to the idea of sequences of subgroups, each contain-
ing all those preceding it in the sequence. Each group contains all the successive
subgroups, i.e., G € H € K € ---; and in this case, all these groups are isomorphic:
G ~ H =~ K = ---. Therefore, a group can be isomorphic with one of its proper sub-
groups, but this is impossible for groups of finite order. The symmetry groups S,,,
which are the permutations of degree n, are important because they actually exhaust
the possible structures of finite groups as shown by Cayley’s theorem:

Cayley’s theorem Every group G of order n is isomorphic with a subgroup of the
symmetry group Sy.

Thus, S,,—1 is isomorphic with the n subgroups of S,. The permutations asso-
ciated with each group element can be obtained by looking at the group table. For
example, in the four-group V' given above, to find the permutation corresponding
to, say the element a, we write in the top line the symbols (e a b ¢) and enter below
them the symbols as they appear in the row where we multiply by a on the left, i.e.,
(aechbh)so

a e ¢ b

a—>na:<e a b C). (A.5)

If we label the elements (e, a, b, ¢) as (1,2, 3,4), the permutations corresponding
to (e, a, b, ¢) are given by

4

4 )

4
3) = (12)(34),

4
2) = (13)(24),

j‘) — (14)(23),

5
<>
Il

—_

Tle

S
I

(A.6)

[OSINE- N O I
N RN =N NN

1
4 3

where (12) or (34), (13), (24), (14), (23) is called a transposition. The permutation
groups formed in this way have two special features:

D W = L AW WW

T =

e They are subgroups of order n of the symmetry group S,,.
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e It is seen that, except for the identity e, the permutations leave no symbol un-
changed since m;, takes a; into ba;, which is equal to a; only if b is the identity e.

Permutations in S,, with these two properties are called regular permutations.

2 Cosets

Lagrange’s theorem The order of a subgroup of a finite group is a divisor of the
order of the group.

Suppose two sets of i distinct elements each, H and a H contained in G. If G has
not been exhausted, choosing some element b of G which is not contained in either
H or aH. Thus, the set bH will again generate & new elements of the group G.
Continuing this process, we can exhibit the group G as the sum of a finite number
of distinct sets of & elements each

G=H+aH+bH+---+mH. (A7)
Thus the order g of the group G is a multiple of the order & of its subgroup H, i.e.,
g=mh, (A.8)

where m is the index of the subgroup H under the group G. This means that & is
a divisor of g so that the orders of all elements of a finite group must be divisors
of the order of the group. The sets of elements of the form a H in (A.7) are called
left cosets of H in G. Of course, we are able to multiply H on the right to yield the
corresponding right cosets as follows

G=H+Hay +Hby+ -+ Hmj. (A.9)

It is seen from Eq. (A.8) that a group, whose order is a prime number, has no proper
subgroups and is necessarily cyclic. Such a group can be generated from any of its
elements other than the identity element.

Lagrange’s theorem can be used to find the possible structures of groups for a
given order. Here we present an explicit example, say order 6, to show its advan-
tage. Since the order of the group is 6, then the order of each of its elements is
a divisor of 6, i.e., 1, 2, 3 or 6. If the group contains an element a of order 6,
then the group is the cyclic group {a,a?, a3, a*, a>, a® = e}. To find other possible
structures, let us assume that the group contains no element of order 6, but has an
element a of order 3. Thus this group contains the subgroup H € {a, a?, a’ = e}.
If the group also contains another element b, then it contains six different elements
{e,a, a, b, ba, baz}. The element b has order 2 or 3. After analyzing its order care-
fully, it is found that the order of element b cannot be 3 and it must be 2. This is
because b3 = e if the order of b is 3, then element b must be one of the six ele-
ments listed above. Obviously, we cannot have b’ =e. Assuming that b2 =b, ba or
ba’ implies that b = e, a or a?, which contradicts the assumption that b is different
from these elements. Moreover, if we assume that b = a or a? implies ba = e or
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ba* = e, respectively. Both of them contradict our assumptions b> = e. As a result,
the order of element b must be 2. Consequently, we are able to construct the group
table as follows [138]:

e a’> b ba  ba®
a 2 e ba* b ba

2 2
a e a ba ba” b

A.10

b ba ba® e a a’ ( )
ba ba* b a® e a
ba* b ba a a’> e

with a® = b? = (ab)? = e. This group is isomorphic with permutation group Sj.

3 Conjugate Classes

An element b € G is said to be conjugate to element a if we may find an element
v € G such that

vav ! =b. (A.11)

In order to separate the group into classes of elements which are conjugate to one
another we shall use an equivalence relation to separate a set into classes. An im-
portant feature of all elements in the same class is that they have the same order. For
example, the distinct classes in S4 are given by

e c;

e (12), (13), (14), (23), (24), (34);

e (12)(34), (13)(24), (14)(23);

e (123), (132), (124), (142), (134), (143), (234), (243);
e (1234), (1243), (1324), (1342), (1423), (1432).

The permutations of S,, operate on a total of n symbols. Assume that we resolve
the permutations into independent cycles and let the number of 1-cycle be vy, of
2-cycle be vy, ..., of n-cycles be v,,. Due to the conservation of the total number n
of symbols, we have the following relation

n
> ivi=n. (A.12)
i=1
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If we let

n (A.13)
i=3
Uy = Ay,
then we have
n
Yohi=n MZh=A3ze 22,20 (A.14)

The splitting-up of n into a sum of n integers as in (A.14) is called a partition
[A1, A2, ..., Ay] of n. Therefore, the problem to find the number of conjugate classes
in S, is reduced to the problem to partition n. Conversely, there is a corresponding
cycle structure for a given partition as in (A.14)

V] = A] — A2,
V) = A — A3,

(A.15)
Uy = Ay

Here we list the partitions for a few simple S,, and the total number r of classes
Si: [1; r=1,
St 211K r=2,
Ss: [BL21LIPE r=3,
Sat [411311.12°L 1217, 1% r =5,

(A.16)

where [1?] = [11] and also others. These distinct classes can also be shown by
Young table.

4 Invariant Subgroups

Starting with a subgroup H C G, we can form a set of elements aHa~' where
a € G. This set of elements is again a subgroup of G and is said to be a conjugate
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subgroup of H in G. By choosing various elements a from G, we are able to obtain
different conjugate subgroups. It may happen that for all a,

aHa '=H, (A.17)

which means that all the conjugate subgroups of H in G are identical with H. Thus,
we say that H is an invariant subgroup. On the other hand, it is shown from (A.17)
that this equation can be written as

aH = Ha, (A.18)

which leads to another definition of an invariant subgroup: the subgroup H is in-
variant in G if the left and right cosets formed with any element a € G are the same.
This implies that the subgroup H commutes with all elements of the group G.

A group which has no invariant subgroups is said to be simple. Otherwise,
a group is said to be semisimple if none of its invariant subgroups are Abelian.
All the subgroups of an Abelian group are clearly invariant. There are four special
properties for invariant subgroups:

e The product of two cosets of an invariant subgroups is again a coset, i.e.,
(aH)(bH) = (ab)H;

e Multiplying any coset of H by H yields the coset;

e For a coset aH, we find the coset which is its inverse, i.e., (a~'H)(aH) =
alaHH=H ;

e The invariant subgroup contains elements of G in complete class, i.e., for any
class of G, H contains either all or none of the elements in the class.

When we consider the cosets of H as elements and define product as the result
of coset multiplication, the cosets of the invariant subgroup form a group which is
called the factor group G/H, whose order is the index of H in G.



Appendix B
Group Representations

Before starting with group representations [138] we sketch a basic definition related
with the equivalent matrices. The so-called equivalent matrices mean that the matrix
representations of the linear operator 7 in different bases are equivalent. If a linear
operator T is defined in the space L, the mapping S induces a linear operator 7’
inL:

T'=STS™ . (B.1)

The operator 7" is well defined: S~! takes vectors X' € L’ into vectors X € L, opera-
tor T transforms vectors X € L into vectors y € L, and finally S takes vectors y € L
into vectors y' € L’. The final result is that T’ takes vectors X’ € L’ into vectors
y’ € L’. This means that the operator T’ is the transform of T by the operator S. In
the matrices representatives, the S is referred as a similarity transformation.

By mapping an arbitrary group G homomorphically on a group of operators
D(G) in the vector space L, we say that the operator group D(G) is a matrix repre-
sentation of group G in the representation space L. The operator corresponding to
the element R € G is denoted by D(R). Given the elements R and S of group G,
then we have

D(RS)=D(R)D(S), (B.2)
DR =[DR] (B.3)

and
D(E)=1. (B.4)

The corresponding matrix representations of group G are given by

Dij(E)=8ija i,jE[l,n], (B.5)
Dij(RS) = ZDik(R)ij(S) = Dir(R) Dy (S). (B.6)
k

(W)

Sometimes we use D; ; (R) to distinguish those different representations.
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If the homomorphic mapping of G on D(G) reduces to an isomorphism, then we
call the representation as the faithful representations. Thus, the order of the group
of matrices D(G) is equal to the order g of group G.

1 Characters

If the matrices D(R) will be replaced by their transforms by some matrix S, then
the matrices

D'(R)=SD(R)S™! (B.7)

also provide a representation of group G, which is equivalent to the representation
D(R). Note that equivalent representations have the same structure even though the
matrices look different.

By taking the sum of the diagonal elements of the matrix, we find that the trace
of a matrix D(R) is invariant under a transformation of the coordinate axes. The
trace is defined by

X(R)=)_Dj;(R). (B.8)
J

We see that equivalent representations have the same set of characters. For conve-
nience, we use x ) (R) to denote the character of R in the u representation. When
we describe a group by listing the characters of its elements in a given representa-
tion, the same number character is assigned to all the elements in a given class since
the conjugate elements in the group G always have the same character. If we label
the classes of the group G by K;, i €[1, v], the representation will be described by
the set of characters x;, where v is the number of the classes in G.

2 Construction of Representations

In physics we start not from an abstract group, but from a group of transformations
of the configuration space of a physical system. One of our problems is to determine
how to go about constructing representations of group G. Another is to see what
connection representations have with physics.

For a transformation 7 belonging to the group of transformations G, the repre-
sentations can be constructed by x’ = T'x. Suppose an associated linear operator Oy
acting on the functions 1 (x):

V') =0ry )=y x), x'=Tx. (B.9)

This means that the transformed function ¥’ = O7 takes the same value at the
image point x’ that the original function v had at the object point x. In fact, Eq. (B.9)
can also be written as

Ory(Tx) =y (x), or Ory(x)=vy (T 'x). (B.10)
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Based on this, we shall find that the operators also satisfy the same relations as the
group elements, i.e., Ost = OsOr and Og-1 = (OS)’l. Therefore, if we can find
a representation for the operators, we automatically obtain a representation of the
group G. Here, we give a useful remark on (B.10). This formula implies that O
operating on ¥ replaces x by 7~ 'x. If Or is identical with ¥, i.e., O (x) =
Y (x) so that ¥ (Tx) = ¥ (x). In this case the function ¢ is invariant under the
operator Ot or under the transformation 7.

Let us give a simple example to show how this method works [138]. Consider
the symmetry group C; with two elements E and /. Given any function ¥ (x), from
(B.10) we have

¥ (x) = Oy (Ex) = Oy (x), V(=x) = Oy (=Ex) = Oy (—x), (B.11)

which means that O is an identity operator. Similarly, we have

Y (x) =01y Ux) =01y (—x), Y(=x) =01y (—1x) =01y (x), (B.12)
which means that the operator I changes the sign of x in .
As aresult, Oy (£x), Ojy¥(£x) can be expressed by linear combinations of
¥ (£x) as follows:
{ Oy (x) =¥ (x)+0- ¢ (—x),
Oy (=x)=0-¥(x) + ¢ (=x);
{ O1y(x) =0y (x) + ¢ (—x),
O1y(=x) =y (x) +0-¢(—x),
which implies that the operators transform the functions 1 (+x) among themselves.
Therefore, by taking ¥ (x) = g1, ¥ (—x) = g», we may write

(B.13)

2
Orgi =) &Du(R), i=1.2. (B.14)
k=1
When compared with (B.13), we find that
1 0 0 1
D(E)—(0 1>, D(I)—<1 0>, (B.15)

which give a two-dimensional representation of the group C;:

P2—E. [D(I)]2=<(1) é) (? é)z(é ?):D(E). (B.16)

The general procedure to construct representations can be summarized as fol-
lows. We start from any set of linearly independent functions and apply all the op-
erators Op corresponding to elements R of the transformation group G to each of
the functions. Then we get a set of functions which can all be expressed linearly in
terms of n of them, say ¥;, i € [1, n]. In mathematical language, we may express it
as

n
OrYv =) VuDuw(R), v=1,...n, (B.17)
n=1
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from which we may get a proper homomorphism of G on D(G), i.e.,
n
Dsy(SR) = ZDGM(S)D,W(R). (B.18)
n=1
3 Reducible and Irreducible Representations

In general, if we may find a basis in which all matrices D(R) of an n-dimensional
representation can be brought to the form

(B.19)

(&) M
D(R):|:D (R)| A (R)}

0 |[DP®)

where D (R) are m-by-m matrices, the D® (R) are (n —m)-by-(n —m) matrices,
AWM (R) is a rectangular matrix with m rows and (n — m) columns and 0 represents
a matrix with (n — m) rows and m columns all of whose elements are 0, then we
may say that the representation D(R) is reducible. Successively, we may transform
the basis in the m dimensional space of D) and try to bring all matrices D" (R)
to the following form

3) @
oo | PVR[AP(R)
D (R) — |: 0 ‘D(4)(R) s (BZO)

where D@ (R) is g-dimensional, and D® is (m — g)-dimensional and also apply
the same procedure to the matrices D® (R). The repeated process clearly comes to
an end. Finally, we may obtain k sets of matrices D(l)(R), ....D® (R), which are
irreducible representations of dimension m; (n = Zf-;] m;).

We give an intrinsic criterion of reducibility as follows: If there exists some sub-
space of dimension m < n which is invariant under all transformations of the group,
the representation is reducible. For example, in the case of (B.19) the subspace of
the first m components is invariant:

D(”(R)|A(1)(R):| X DW(R)x

(B.21)

D(R) = |: 0 ‘D(Z)(R) -

0 0
If there is no proper subspace which is invariant, the representation is irreducible. If

it is possible to find a basis in which all the matrices of the representation have the
following form

m
DRy 0 } (B.22)

bRy = [ 0 DR

then we say that this representation is fully reducible. It can be written as D =
DU (R) + DA (R).



4 Schur’s Lemmas 251
4 Schur’s Lemmas

There are two main purposes of these lemmas. The first is to find some simpler
criteria for irreducibility. The second is to give some restrictions on the number of
non-equivalent representations.

Lemma 1 If D(R) and D'(R) are two irreducible representations of a group G,
having different dimensions, then if the matrix A satisfies

D(R)A=AD'(R) (B.23)
forall R € G, it follows that A = 0.

Lemma 1.1 If D(R) and D'(R) are irreducible representations of a group G hav-
ing the same dimensions, and if the matrix A satisfies

D(R)A=AD'(R) (B.24)
for all R € G, then either D(R) and D'(R) are equivalent or A = 0.

Lemma 2 [f the matrices D(R) are an irreducible representation of a group G,
and if

AD(R) = D(R)A (B.25)

forall R € G, then A = constant - 1.

That is to say, if a matrix commutes with all the matrices of an irreducible repre-
sentation, the matrix must be a multiple of the unit matrix 1.

5 Criteria for Irreducibility

Let us consider an arbitrary representation D(R), which can be expressed in terms
of irreducible representations as

D(R) = ZaMD(M)(R), (B.26)
"

where p are integers. By taking its trace, one gets the compound character
X :Zaﬂx;ﬁ (B.27)
"

We see that the compound character is a linear combination of simple characters
with positive integral coefficients calculated by

1
a, :EZW;’”*XJ-. (B.28)
j
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On the other hand, based on (B.27) we have
Yoxixigi=y auay gix x =g al. (B.29)
J n,v Jj v

In particular, if the representation is irreducible, all the coefficients a, = 0 except
for one which is unity. Therefore, if the original representation is irreducible, its
characters must satisfy the following relation

D gilxiP =g (B.30)
J

This gives us a simple criterion for irreducibility.

It should be pointed out that (B.29) and (B.30) are extremely useful tools for cal-
culating the character x ;. If by some means we find a representation of the group G,
we may calculate the compound character x and evaluate

1
2 28l =2 ai. (B.31)
i v

If this quantity is unity, then the representation must be irreducible. In practice, we
may use the orthogonality relations for the characters to calculate them. That is, the
scalar product with weight factors g; of any two rows or any two columns is equal
to zero

,
g

Yo xS e =88 YA = o0 (B.32)
j n=1 J

General theorem The number of nonequivalent irreducible representations of a
group G is equal to the number of classes in the group.

6 Expansion of Functions in Basis Functions of Irreducible
Representations

As we know, any function ¥ can be expressed as a sum of functions which can act
as base functions in the various irreducible representations

ny

y=3 >y, (B.33)

woj=1

where the base functions for the wth irreducible unitary representation satisfy the
equations

Ory =" w,ﬁng.‘)(R). (B.34)
k
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We now try to find the condition that a given function must satisfy in order that it
may belong to the ith row of a given representation. It is found that a set of functions

n
y = " Y D (R Oy (B.35)
R

satisfy (B.34) and become a sufficient and necessary condition to make the given
function belong to the ith row of a given representation. That is to say, they form a
basis for the pth irreducible representation.

We now return to (B.33) and ask how to find the 1,0](” ) for a given function ,
i.e., how do we resolve the given function into a sum of functions, each of which
belongs to a particular row of some irreducible representation? This can be realized
by introducing a projection operator

PO =23 DRy O (B.36)
8 R
with property
Pi(v)wj('ﬂ) _ w,»(”)z?w&f (B.37)

Applying it to (B.33), we obtain the following result

v ny *
Yl = - > DR OrY. (B.38)
R

In analogy to the above, we say that a function belongs to the uth irreducible
representation if it is a sum of functions belonging to the various rows of that repre-
sentation, i.e.,

My
i=1
If we sum over i from 1 to n;, we find that the projection operator becomes
PO =23 xRy O (B.40)
8§ R
with the property
POy =y s, . (B.41)

Therefore, we have

V= Z¢(M)’ w(u) — P(M)W- (B.42)
"



Appendix C
Fundamental Properties of Lie Groups and Lie
Algebras

In this Appendix we are ready to outline some fundamental properties of Lie groups
and Lie algebras since they are very helpful for studying quantum systems with
central physical potentials.

Up to now, we have dealt exclusively with finite groups. However, the symmetry
groups for many physical systems consist of an infinite rather than a finite num-
ber of elements. Thus physical problems require that we examine the theory of the
representations of groups with an infinite number of elements.

The infinite groups include two main types such as the infinite discrete and con-
tinuous groups [138]. The elements of infinite discrete group, R, are labeled by a
subscript a which runs through the integers 1, 2, ..., co. The group manifold is a
countable set of “point” R,. As what follows, we shall pay more attention to con-
tinuous groups since the Lie groups are closely related to them.

1 Continuous Groups

We say the group is continuous if some generalized definition of “nearness” or con-
tinuity is imposed on the elements of the group manifold. For instance, the set of
transformations x” = ax + b forms a group, where two parameters a, b € (—00, 00).
We say that such a group is a two-parameter continuous group. Generally, an r-
parameter continuous group has its elements labeled by r continuously varying real
parameters a;, i € [1, r] so that the elements of the group are R(ay, ...,a,;) = R(a).
The continuity is expressed in terms of distances in the parameter space. Two group
elements R(a) and R(a’) are “near” to each other if the distance [ ;_, (a; — a;)z]l/2
is very small.

The requirements that the elements R(a) form a continuous group are the same
as for finite groups. There must be a set of parameter values a° such that

R(@®)R(a) = R(a)R(@°) = R(a),

R(a)R(a) = R(a)R(a) = R(0), (C.1)
R@) =[R@]", R(c) = R()R(a),
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where R(ao) is the identity element of the group, and R(a) is the element inverse to
R(a). The c are real functions of the real parameters a and b

cj=¢jal,...,ar;b1,...,by), je[l,rl (C.2)

Even though the requirements are the same as for finite groups, we require that
the parameters of a product be analytic functions of the parameters of the factors;
i.e., the function in (C.1) shall possess derivatives of all orders with respect to both
variables. Also, we require that the @ in R(a) be analytic functions of the a. We then
get an r-parameter Lie group.

When we say that we have an r-parameter group, this implies that the r pa-
rameters are essential. An r-parameter Lie group of transformations is a group of
transformations

xl'/zgi(xla"'axn;ala"'aa}’)v le[lan]v (C'3)
or symbolically
x'=g(x;a). (C4)

If the parameters are not essential, then there exist parameter values a; + €1,
..., ar + &, where the ¢’s are arbitrarily small quantities which are functions of the
a; with

gi(x;a)=gi(x;a+e) (C.5)

for all values of the argument x. The necessary and sufficient condition for the r
parameters a; to be essential is that it shall be impossible to find r functions xi(a)
which satisfy

d dgi(x; a) ,
E Xk(a)T =0, forallxanda, i €[l,n]. (C.6)
ag
k=1

Starting with (C.4), we can differentiate the x’s with respect to the x’s and obtain
a set of equations from which the finite set of parameters a can be eliminated. We
shall then be left with a finite set of partial differential equations for the x"’s which
no longer contain any arbitrary elements. Moreover, the general solution of this set
of partial differential equations will rely on just r arbitrary constants. We say that
the group is finite and continuous. Otherwise, we get an infinite continuous group.
Here we give several typical examples of Lie groups. The first is the one-
parameter Abelian group x’ = ax, a # 0. Its identity element is a = 1, and inverse
element a = 1/a. Its product element is ¢ = ba. The second is the orthogonal group
in two dimensions O(2). This group is concerned with those transformations which
leave x2 + y? invariant. This invariance condition
X4y = (a1x + a2y)* + (a3x + asy)? =x* + %,
2, 2 2 2 €7
ay +as =1, a) +ay=1, ajay +azas =0

imposes three conditions on the four parameters. Thus we have a one-parameter

group written as
x"\ _[cosg —sing) («x C8)
y' ) \sing cosg y /)’ ’
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where ¢ € [0, 2] is the angle of rotation about the z-axis. This group is Abelian.
The angle of the resultant of two transformations is the sum of the angles of the in-
dividual transformations. Finally, we consider the orthogonal group in n dimensions
O(n). This group leaves > |, )cl.2 invariant. Thus, we impose [n +n(n — 1)/2] con-
ditions on the n? parameters, which leave us with [n(n — 1) /2] essential parameters.

So far we have considered only real transformations of real variables. As what
follows, let us consider a typical example with complex variables. It is the unitary

group in two dimensions U(2)

/
()-(2 2)(2)
X5 az; ax X2

where x, a are complex and det A # 0. This group is in fact a unitary group with
AAT=1. Similarly, the unitary group in n dimensions U(n), i.e., r’ = Ar, AAT =1,
imposes [ + 2n(n — 1)/2] conditions on the 2n> real parameters, leaving us with

n? essential real parameters.

2 Infinitesimal Transformations and Lie Algebra

The transformation x’ = f(x; a) takes all points of the space from their initial po-
sitions x to final positions x’. It is natural to introduce the concept of infinitesimal
transformations when we consider the gradual shift of the points of the space. It
can also be proved that a one-parameter continuous group is equivalent to a group
of translations and must be Abelian. Due to the infinitesimal transformations, we
introduce the infinitesimal operators of the group as follows

n
3
xj:Zwi,(x)a—xi. (C.10)
i=l1

The operator 1+ ) i X jéaj is close to the identity operator. On the other hand, the

infinitesimal operators X ; have the property that their commutators satisfy
[Xo» Xp] 0 2 R "X (C.11)
, = Wiy —W;j —wj Wig — =C, , .
* P o 3X,’ i BXJ' iP 3x]' o axi ap Y

where cZﬂ are called the structure constants of the Lie group with the property cZﬂ =
Y

Cg(fli)stituting (C.11) into the Jacobi identity
[[Xo. Xp1. X, 1+ [[Xp. X, 1. Xal +[[X,. Xl X1 =0, (C.12)
we find
ClpCry +ChyCra +ChoCg =0. (C.13)

Based on this, we have

x{:|:1+ZXj8aj:|xi:x,-+Zw,-j(x)8aj. (C.14)
J J
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Consider an example in order to show how to define the infinitesimal operators.
For example, the orthogonal transformations are characterized by the statement that
the transpose AT of the matrix A of the transformation is its inverse AA” = 1. The
proper rotations have determinant unity so that the infinitesimal rotations have a
matrix of the form A =1+ B where B has all its elements in the neighborhood of
zero. The orthogonality condition requires 1 = A AT = 14+ B)(1+BT) ~1+ B+
BT, which leads to B + BT = 0. Therefore B has a skew-symmetric matrix with
the form

0 ¢ -
B=|-¢ 0 & |, (C.15)
n & 0

where &, n and ¢ are constants.
The infinitesimal rotations are given by

dx =¢y —nz, dy=—¢x+E&z, dz=nx—£&y, (C.16)

and the infinitesimal operators are

0 d

X1 =Za —ya—z,

Xzzxi—zi, (C.17)
0z 0x
d 0

X3 =ya— —xg,

which correspond to the angular momentum operators for three coordinate direc-
tions and satisfy familiar commutation relations

[X1, X2] = X3, [X2, X3]= X1, [X3, X1]=Xo. (C.18)

This means that the commutators of the infinitesimal operators are linearly express-
ible in terms of the infinitesimal operators. If we set i X, = J,,, then we have

[J1, 2] =iJ3, [J2, 3l =il [J3, Jil=ils. (C.19)

We have known that for an r-parameter transformation group there are r linearly
independent infinitesimal operators X ;. Linear combinations of these quantities can
be formed to give an r-dimensional vector space. If we are considering problems
concerned with the structure of the Lie group, we should take only linear com-
binations with real coefficients. The r-parameter Lie group has associated with it
a real r-dimensional vector space of quantities ) jajX; which is closed under a
multiplication defined by (C.11). This is the Lie algebra of the Lie group. To every
Lie algebra there corresponds to a Lie group; the structure constants determine the
Lie group locally. To deduce all possible structures of Lie algebra is a formidable
mathematical problem. We do not address it here and suggest the reader refer to
Ref. [138].
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3 Structure of Compact Semisimple Lie Groups and Their
Algebras

When we use the term “closed” to describe Lie groups whose parameters vary over
a finite range, the group manifold itself is then said to be compact. Generally speak-
ing, a set M is compact if every infinite subset of M contains a sequence which
converges to an element of M. The Lie algebra of a compact Lie group is also said
to be compact.

Cartan theorem The necessary and sufficient condition for a Lie algebra to be
semisimple is that detg,,,, # 0, where g,,, = Cﬁacﬁ‘ﬂ.

A necessary and sufficient condition for a semisimple Lie algebra to be compact
is that the matrix g,,,, be negative definite. Finally, note that for a compact semisim-
ple Lie algebra we can choose the basis so that g,, = —d,,. The actual analysis
of the structure of compact semisimple Lie algebras is beyond the scope of this
Appendix.

4 Irreducible Representations of Lie Groups and Lie Algebras

For simplicity, we restrict ourselves to compact Lie groups in order to prove that
every representation of a compact is equivalent to a unitary representation and can
be fully reducible to a sum of irreducible representations, all of which have finite
dimensions. The regular representation contains all irreducible representations.

Theorem For semisimple Lie groups, every representation of finite degree is fully
reducible.

Casimir theorem The operator C = g'/ X; X j commutes with all operators of the
representation and is a multiple of the unit operator.

For compact groups g;; = —4;; in a suitable basis, so that the Casimir operator
becomes

C= Z X3, (C.20)
J

For rotation group O(3) with the operators J,, where u =1, 2, 3, the Casimir
operator is calculated as

C=Y J2 i=123. (C.21)
i
The number of operators which are required to give a complete set is equal to the

rank of the studied algebra. This can be defined as follows: for any element A, we
look for all independent solutions of the equation [A, X] = 0, which always has at
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least the one solution X = A. We now vary A to reduce the number of independent
solutions of this equation to a minimum number / called the rank of the algebra. The
[ operators of the Casimir type are required to characterize an irreducible represen-
tation.

Before ending this Appendix, let us review a few useful commutator identities
to simplify the commutation relations. We often use the following well-known rela-
tions

[AB,C]=A[B,C]+[A,C]B, [A,BC]=B[A,C]+[A,B]C (C22)

to simplify the commutators involving the products of the operators. On the other
hand, it is shown that for arbitrary polynomial functions r, ¢ of the indicated opera-
tors,

r(A)t(A), Bl=11(A), r(A)B], [A,1(B)]r(B) =[Ar(B),1(B)] (C.23)
can be effectively used to move the operators in and out of the commutators. In
particular, we find that the following formula is very useful

m—1
[A.B"]=)_ B[A B]B" ", (C.24)
i=0
which can be proved by induction on m.

In addition, we have to calculate the operator transformations of the form
e~ B Ae? in scaling transformations. For this purpose, let us define

g(a) =e B A8, (C.25)
By differentiating, we have
g@) =e“B[A, B1e*B,  g(a)" =e *B[[A, B], Ble*® (C.26)
and in general
g™ (@) =e¢*B[...[[A,B],Bl,..., Ble®5, (C.27)

where the multiple commutator contains B exactly m times. Let us expand the g (o)
in Taylor series

o]

1
g@) =) —g"O0a". (C.28)

m=0

If setting o = 1, we get the following identity
1 1
e"PAef =A+[A, Bl+ 5[4, B], B+ 3/[[[A, B, BI Bl + -+, (C29)

which can be used to obtain some scaling transformations.



Appendix D
Angular Momentum Operators in Spherical
Coordinates

In this Appendix we give a brief review of the angular momentum operators in
spherical coordinates [462, 516] due to its wide applications in angular momentum
theory.

It is well known that the expressions for the components of the angular momen-
tum operator L. =r x p in Cartesian coordinates can be easily written as

Lx=ypz—zpy=—ih<y%—z%), (D.1)
Ly:pr_po:—ih<Zi_.xi>, (D.2)
ax 0z
Ly =Xxpy —ypx= —ih(xi - yi>, (D.3)

dy ox

from which we can obtain the following commutation relation
[Li, Lj]l=ihe;jiLg, (D.4)

where the indices i, j, k can be x, y, or z, and the coefficient ¢;;; is named Levi-
Civita symbol (3.26). Thus we establish the commutation relations for the compo-
nents of the angular momentum of a spinless particle.

We now want to find the form of these operators in spherical coordinates. By
using the following transformation equations

Xx =rsinfcosg, y=rsinfsing, z=rcoséb, (D.5)

then we have

r=./x2+y2 422, cosh =2, tan(p:X, (D.6)
r x

where r € [0, 00),0 € [0, 7], ¢ € [0, 27].
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Consequently, we have

ar . ar . . ar

— =sinfcosg, — =sin# sing, — =cos0,

ox ay az

%Zcosecosq)’ @Zcosesmq), %Z_sme’ (D.7)
dax r dy r 9z r

dp  sing dp  cosg agp _0

dx  rsinf’ dy  rsin@’ 9z

Making use of these relations, we are able to obtain the following expressions

L i | sin 9 +cos€ cos 9
=1 ing— — ],
* Y36 T sine %%

d cosf | ad
L,= —ih(cosw% ~nd smgo%), (D.8)

L,= —ihi,
dg
from which we have
2
L2=L)2C+L§+L§=—h2{$%<sin0%>—l—ﬁaa—(pz}, (D.9)
with the following properties
[L?, Li1=0, i=x,y,z (D.10)

Instead of the operators L, and L, we often use the linear combinations of the
operators L, and Ly as

. ; a0 . 0
Li:Lx:I:lLy:hei“p[:I:% +lCOt0@j|, (Dll)

which are called the ladder operators for the magnetic quantum number m but leave
the angular momentum quantum number / unchanged, that is,

LiY"0,9) =h/I0+ 1) —mm+ DY 6, ),

L_Y"©®,¢) =h/IU+ 1) —m@m — DY "6, ¢),

where Y;" (6, ) is the spherical harmonics and becomes the common eigenfunction
of L? and L. They correspond to the eigenvalues /(I 4+ 1)A? and m/i, respectively

L2Y" (0, 9) =11+ DY, ¢),
L.Y["(0,9)=mhY" (6, ¢).

If we use the properties of the ladder operators L4, then we may express the
spherical harmonics as

l+m)!
Y0, 9) = ﬁ@—)l*mﬁ(@, ®),
(1. g : (D.14)
—n)!
Y0, 9) = m(LHHmYl_Z(@, ®).

(D.12)

(D.13)
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It is well known that these ladder operators Ly together with the operator L,
satisfy the following commutation relations
[L,,Li]==%L+, [Ly,L_]1=2L,, (D.15)
which correspond to an SU(2) group. On the other hand, it is not difficult to see that
L*=LyL_+L2-L,
=L_L,+L}+L.. (D.16)

Finally, let us calculate the mean values and root-mean-square deviations of the
operators Ly and Ly in the state ¥" (6, ¢) in terms of the ladder operators L. By
inverting formulas (D.11), we have

1 1
Ly= E(L-i- + L), L)’ = E(L"r —L.). (D.17)

Thus we see that L, Y" (6, ¢) and Ly Y;" (0, ) are linear combinations of the states

Y, lm"H 6,¢9)and Y lm_l (6, ). As aresult, we are able to obtain their mean values as
follows:

(Lx> = <Ly> =0,
2 2 hz 2
(Ly)=(L})= 7[l(l+1)—m I, (D.18)

h
ALy =ALy=—I(l+1)—m?.
V2



Appendix E
Confluent Hypergeometric Functions

In this Appendix we shall give some basic properties of the confluent hypergeo-
metric functions for the sake of easy reference. It is well known that the confluent
hypergeometric functions are defined by the series

a(a+l)z a(a+l)(a+2)z

B =1 G e s ne o T D

where the parameter « is arbitrary, but the parameter § is supposed not zero or a
negative integer.

The confluent hypergeometric functions 1 Fj(c; B;z) satisfy the differential
equation

dz‘f + (B - z)—¢ —a¢p=0. (E.2)
Substitution of ¢ = z! P ¢; into (E.2) leads to
dz‘/;lﬂz p-0 — @~ p+ Doy =0, E3)
Therefore, the general solution of (E.2) can be expressed as
p=anFi(o; ;) +axx' P Fi(a— B+ 1;2— B;2), (E.4)

which implies that the second term, unlike the first, has a singular point at z = 0. It
should be noted that (E.2) is of Laplace’s type and its solutions can be represented as
contour integrals as shown by Landau et al. [2]. The function | F1(«; B; z) is regular
at z = 0 and has the value 1 there; it satisfies the following relationship

1Fi(a; B:2) =€ 1 F1(B—a; B; —2), (E.5)
which is called the Kummer transformation. On the other hand, this function
1 F1 (o B; z) also satisfies the following recurrence relations [462]

B-—anFi@—12)+ Qa—B+21Fi(e; f;2) =1 Fi(a + 1; B 2),

(@a—B+DiFi(a; B52)+(B—Di1Fi(a; B—1;2) =a1 Fi(a + 1; 8; 2),

(E.6)
d o
—1Fi; i) = 1File+ 15 B+ 152).
dz B
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By successive applications of (E.6), we have

Ny S PG LA G Ly ) (E7)
- a;p;2)= o T+ n; n;z), .
dn PO T rargan ! ¢
where I' (x) is the Gamma function.

On the other hand, the polynomials | F1(—n;m; z)(m € [0,n]) are associated

with the generalized Laguerre polynomials defined by

m w (D?
L/@)=)"———=1Fi(=[n—mlim+1;2)
m!(n —m)!
n! d’
— Z —Z n—m
_(n—m)!e dz”(e )
n! di’l*n’l
=(=1)"—— ¢ty M, E.8
(" e o (e (E.8)
from which we may obtain the following relation [192]
F'h+m+1)
L") = ——= 1 Fi(—n; 1; 2). E.9
n (2) NCETSE 1(=n;m+1;2) (E.9)
When m = 0, the polynomials L (z) are called simply Laguerre polynomials
di’l
Ly(2) =¢* FET (e7%2"). (E.10)
Based on Eqgs. (E.9) and (E.10), we have

'n+1

Ln(Z)=¥1F1(_n;1;Z). (B.11)
I'(n)

We are now in the position to indicate the asymptotic behavior of the confluent
hypergeometric functions. For small values of z, the asymptotic value of the function
1F1(a; B; z) is given immediately by the first terms of the series (E.1). For large
values of the |z|, we have

1Fi(e; B:2) = Lﬁ)Z‘H’eZ[l +0(zI™H, Ne z — o0,
[ (E.12)
r'(B) —w _1 :
1Fi(a; B52) = =———— (=27 “[1+O0(z|7 )], Nez— —oo.
B —a

On the other hand, for bounded values of z and infinitely large values of one
of the parameters we have more asymptotic values of the confluent hypergeometric
functions | F («; B; z)

VFi(a; B;2) =14+ 0817Y, if z and o are bounded, B — o0,

\Fi(e; B;2) =1+ O(BI™")), if B —« and z are bounded, B — oo.
(E.13)

It should be noted that the great significance of the confluent hypergeometric
functions in physics is connected with the fact that the solutions of many homoge-
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neous differential equations can be expressed in terms of this function. For example,
consider the following second-order differential equation

d2¢ d¢
(oy + /30) 5 +(y+ ,31)— + (a2y + B2)p =0. (E.14)

By taking the followmg substitution

p=e”y, y=2xrz+n, (E.15)
we may transform (E.14) into the form
d? d
(aoz+bo)—lg+(alz+b1)—w+(a2z+b2)w=0, (E.106)
dz dz
where
Qo
a0 = - ap=Ay, ar=AAs,
_aon+fo _nAi+ B _
by = 2 by = o by =nAz + Bs, (E.17)
Al =2a0v + o, A2=(¥0U2+(¥]U+O{2,

By = B1+2Bov, By = Bov? + biv + by.
If we define the parameters v, 7 and X so that
aon + Bo =0, ap=—AAj, Ay =0, (E.18)

then (E.16) coincides with (E.2). Therefore, if we select values of the parameters
v, 1 and A, which satisfy the constraint condition (E.18), and then use the transfor-
mation (E.15), then we find that an arbitrary equation of the type (E.14) reduces to
the equation for the confluent hypergeometric functions (E.2).

By substituting

v=zPPw, a=1/2—k+n, = B=1+2, (E.19)
we may transform (E.2) into the Whittaker equation
d*w —
—1/4 + et/ ) —0, (E.20)
dz2 22

whose solution is denoted by Wy ,. The connection between the confluent hyperge-
ometric functions 1 Fi («; B; z) and the Whittaker function Wy , is defined by (E.19).
Many mathematical functions which are used in physics can be expressed in terms
of the Whittaker function. The asymptotic value of the Whittaker functions for large
values of z and | arg z| < 7 is given by

Wi, =e 250+ 0E™h). (E.21)
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