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Preface

Quantization of physical systems includes a correct definition of physical
observables (such as the Hamiltonian and the momentum) as self-adjoint operators
in an appropriate Hilbert space and their proper spectral analysis. A solution of
this problem is not a straightforward and unambiguous procedure for nontrivial
quantum systems (systems on nontrivial manifolds, in particular on manifolds
with boundaries or with singular interactions). Quantum-mechanical models with
singular potentials, both relativistic and nonrelativistic, and/or with boundaries,
play an important role in physics. A consistent treatment of nontrivial quantum
systems is beyond the scope of the mathematical apparatus in standard textbooks
on quantum mechanics (QM). But a “naive” treatment based on finite-dimensional
linear algebra or even on the theory of bounded operators can result in paradoxes
and incorrect results. Some paradoxes due to a “naive” treatment demonstrate that
even simple physical models can be nontrivial from the mathematical standpoint.
It is well known that a rigorous pure-mathematical approach to constructing
physical observables in nontrivial quantum systems leads to a result that is not
unique. Additional physical arguments must eventually be used to choose a proper
quantization for a given physical system. An application of the technique of
self-adjoint extensions of symmetric operators makes the inherent nonuniqueness
obvious and facilitates a physically proper choice.

In this book, we focus on the problem of a correct definition of quantum-
mechanical observables, which is an important part of operator quantization. We
show how this problem can be solved for comparatively simple but nontrivial
quantum-mechanical systems. The solution of the above problem requires invoking
some nontrivial notions of functional analysis concerning the theory of linear
operators in Hilbert spaces, in particular, the notions of unbounded self-adjoint
operators and their spectral analysis and of self-adjoint extensions of symmetric
operators. The general theory is then illustrated on a number of physical examples.
In particular, it is shown how the problem of a correct definition of observables is
solved for a free one-dimensional particle on the whole axis, on a semiaxis, and
on a finite interval. In addition, various nontrivial quantum systems are treated
in accordance with the general mathematical theory of self-adjoint extensions
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and a rigorous spectral theory. These are the one-dimensional particles in the
Calogero potential and in the potentials localized at the origin, in particular, deltalike
potentials. Additionally, a rigorous treatment of the Schrodinger operators with
all the so-called exactly solvable potentials is given, and the relativistic problem
for an electron in the Coulomb field of arbitrary (including supercritical) charge
is considered in detail. A similar analysis is carried out for nonrelativistic and
relativistic electrons in the Aharonov—Bohm field and in the so-called magnetic-
solenoid field.

The book is addressed to readers who are interested in deepening their under-
standing of mathematical problems in QM beyond the scope of standard textbooks.

Sédo Paulo, Brasil Dmitry Gitman
Moscow, Russia Igor Tyutin and Boris Voronov



Acknowledgments

We are grateful to M. A. Soloviev, A.G. Smirnov, V.G. Bagrov, and S.P. Gavrilov for
fruitful and stimulating discussions. We thank the Brazilian foundation FAPESP,
whose financial support allowed the authors to work together in Brasil for a long
time to finish this book. Gitman is grateful to the Brasilian foundation CNPq for
permanent support, to his family and true friends who supported him during the
writing of this book, in particular, to George Keros and J. Geraldo Beggiato, who
sincerely love physics.

vii






Contents

1 Introduction ...............coooiiiiiiiii i 1
1.1 General Remarks ... 1
1.2 Idealized Scheme of Operator Canonical Quantization ............

1.3 Some Paradoxes of Naive Implementation
of an Idealized Scheme ............... ... 9
1.3.1  Paradox L.....oooiiiiiiii 10
1.3.2 0 ParadoxX 2.....cooiiiiiiiiiiii 11
1.33  Paradox 3.....ooiiii 12
1.3.4  Paradox 4......oooiiiiii 12
1.3.5  ParadoxX S.....oooiiiiii 13
1.3.6  Concluding Remarks ..., 14
2 Linear Operators in Hilbert Spaces .........................oocii 15
2.1 HAIDert SPacCes «..nnneii e 15
2.1.1  Definitions and General Remarks.......................... 15
2.1.2  Elements of Geometry and Topology...................... 17
2.1.3  The Hilbert Space L2 (@, h) .......ccvevvereinanainaninnn. 21
2.2 Linear Functionals............ooooiiiiiiiiiiiiiiii i 29
2.3 Linear OPerators.........ueeeenuuuueeeeeaieeiaiieeeeannns 31
2.3.1  Definitions and General Remarks.......................... 31
232 Graphs.....cooiii 33
2.3.3  Examples of Operators ..........c.oooiiuiiieiiiiinneneeannn. 34
2.3.4  Properties of Linear Operators ................cooeeeeennn. 36
24 Inverse OPerator..........ceeeuiuuuueeeeeiiiee e e eaaans 43
24.1  Definition and Properties ..................coooiiiiiian. 43
2.4.2  Invertibility and Boundedness ............................. 44
2.4.3 Invertibility, Extension, and Closability ................... 44
2.4.4 Inversion Operation and Algebra .......................... 46
2.5  Spectrum of an Operator .............ccooviiiiiiiiiiiiiiiie e, 47
2.6 Adjoint OPerators ...........coouuueeeeeiiiiiieeiiiiieeeanans 50
2.6.1  Definition and Properties..................cooooiiiiioa. 50

ix



Contents

2.6.2  Adjoint and EXtensions...........c.oooeieiiiiiiiiiiiiian. 53
2.6.3  Adjoint, Closability, and Closure ................ccceeennn. 54
2.6.4  Adjoint and Invertibility ..............oooociiiiiii 56
2.6.5 Adjoint Operation and Algebra ..................ooceennn. 57
2.7 Symmetric OPeratorsS......ooeuuuuuuteeeenteeaaieeeaaanaes 58
2.7.1  Definition and Properties ...............cccovviiiiieean. 58
2.7.2  Symmetricity and Algebra ... 61
2.7.3  Symmetricity and Extensions ................oooiiiiiannn. 61
2.7.4  Symmetricity, Closability, and Closure.................... 62
2.7.5  Symmetricity and Invertibility .....................ool 63
2.7.6  Spectrum, Deficient Subspaces, and
Deficiency Indices .........oooiiiiiiiiiiiiiiiiii 63
2.8 Self-adjoint OPerators.........o.uuueeeeernniiieeeiiiiieeeannas 68
2.8.1  Definitions and Properties..............ccccoviiiieennn. 68
2.8.2  Self-adjointness and Algebra..................ooooiii. 69
2.8.3  Self-adjointness, Closability, and Extensions ............. 71
2.8.4  Self-adjointness and Invertibility .......................... 71
2.8.5  Symmetricity, Self-adjointness, and Boundedness........ 71
2.8.6  Spectrum. Essentially Self-adjoint Operators ............. 73
2.8.7  OrthOProjectors .......oevuuuuiieeeeiieeeeiiiiieeeennn. 75
2.8.8  Self-adjoint Operators of Oscillator Type ................. 80
Basics of the Theory of Self-adjoint Extensions
of Symmetric Operators ..............c.c.uvuiiiiiiiiiiiiiiiiieeaes 83
3.1  Deficient Subspaces and Deficiency Indices
of Symmetric OPerators ...........o.ueeeeeiiiiiiiieeiiiiiieeeennn. 83
3.2 Asymmetry FOrms. ... 86
3.3 Symmetric EXtensions .........o.uueeiiiiiiiiiiiiiiiiiiiii e, 89
3.4  Self-adjoint EXtensions .............ceeeiiiiiiiiiiiiiiiieeeennnnn. 94
3.5 SUMMATY ..ottt e 99
3510 The First Step ..vvveieiiii e 100
352 The Second Step ....ccovvniiiiiiiiiiiiiiiiiiiiii e 100
353 TheThird Step ....evveeiii e 100
354 TheFourth Step.....ccooviiiiiiiiiii e 101
355 TheFinal Step .....ooviviii i 102
Differential Operators ................cooiiiiiiiiiiiiiiiiiiiiiiiiiiiiia, 103
4.1  Differential Operations...........oouueeeeeeiiiiieeeeiiniiiieeeennn. 104
4.2 Some Notions on Solutions of Ordinary Differential Equations ... 112
4.3  Natural Domain ... 117
4.3.1 General Remarks ... 117
4.3.2  Physical Examples...........oooiiiiiiiiiiiiiiii 122
4.3.3  Operators of Multiplication ...............cceeeviiinnnee... 125
4.4  Initial Symmetric Operator and Its Adjoint ......................... 129

4.5  Self-adjoint Extensions in Terms of Closure
and Deficient SUbSPACes ........ooviiiiiiiiiiiiiii 139



Contents Xi
4.6  Self-adjoint Extensions in Terms of Self-adjoint
Boundary Conditions ...........coeiiiiiiiiiiiiiiiiii e 143
4.7  Asymmetry Form Method for Specifying Self-adjoint
Extensions in Terms of Explicit Self-adjoint Boundary
CONAILIONS & .. ettt et et e e 159
5  Spectral Analysis of Self-adjoint Operators............................. 177
5.1 Preliminaries. ....oooueueeeeeii e 177
5.2 Spectral Decomposition of Self-adjoint Operators ................. 180
5.2.1  Identity Resolution ...........ccooviiiiiiiiiiiiiiieeennn. 180
5.2.2  Degeneracy of the Spectrum ..............cooiveea.an. 181
5.2.3  Matrix Spectral Function.................cooiiiiiiin. 184
5.3  Self-adjoint Differential Operators .............ccovvviiieeeeniinnnn. 185
5.3.1  Guiding Functionals ..., 185
5.3.2  Inversion Formulas, Green’s Function, and
Matrix Spectral Functions ...............oocociiiiiie... 187
5.3.3  Multiplicity of Spectrum; Simple Spectrum .............. 190
5.3.4  Finding a Green’s Function ......................ooooaa. 193
5.3.5 Matrix OPerators. ....oovuuuuutieeeenieeeeaiiiieeeeennn. 195
54 APPENAIX ...ttt 197
5.4.1  Some Simple Guiding Functionals ........................ 197
542 AUseful Lemma .......oooviiiiiiiiiiiiiiiiiiiieen, 204
6  Free One-Dimensional Particle on an Interval .......................... 207
6.1  Self-adjoint Extensions and Spectral Problem
for the Momentum Operator .............c.ceveviiiieeeennnnnneee.. 207
6.1.1  Whole Real AXiS....ccovviuiiiiiiiiiiiiii e, 209
6.1.2 A SemiaxiS.......vveeiiiiiii e 211
6.1.3  AFinite Interval ..o 212
6.2  Self-adjoint Extensions and Spectral Problem
for Free Particle Hamiltonian ................coooiiiiiiiiiio... 216
6.2.1  Whole Real AXiS....coovviuiiiiiiiiiiiiiiiiiiiiiieens 217
6.2.2 A SemMIaxiS......uvitetiii e 220
6.23 AFinite Interval ... 225
6.3  Explanation of ParadoXes ...........cccoviiiiiiiiiiiiiiiiiiiiii, 231
6.3.1  Paradox L.......ooiiiiiiii 231
6.3.2  Paradox 2.t 232
6.3.3  Paradox 3. ... 233
6.3.4  Paradox ... 234
6.3.5  Paradox 5. 234
6.3.6  Some Remarks to Paradox 5 ...............ooiiiii. 235
7 A One-Dimensional Particle in a Potential Field........................ 237
7.1  Some Remarks on the Schrodinger Differential Operation ........ 238
7.1.1  FirstRemark ... 238
7.1.2  SecondRemark ................. 241

7.1.3 ThirdRemark ..ot 243



xii

Contents
7.2 The Calogero Problem .............ccooiiiiiiiiiiiiiiiiiiiii i, 244
7.2.1  Introduction ............c..oociiiiiiiiiiiiiii 244
7.2.2 A “Naive” Treatment of the Problem and

Related Paradoxes .............oocoiiiiiiiiiiii i, 245
7.2.3  Self-adjoint Calogero Hamiltonians ....................... 248
7.2.4  Spectral Problem and Inversion Formulas................. 253
7.2.5  The Fate of Scale Symmetry ................oooovieeaa. 263

7.3 Schrodinger Operators with Potentials Localized
atthe Origin ......oooiii e 270
7.3.1  Self-adjoint Schrodinger Operators........................ 270
7.3.2  Parity Considerations..........ccoevviuiiieeiiiiiiieeeennn. 273

7.3.3  Self-adjoint Schrodinger Operators with
S-Potential ... 277
Schrodinger Operators with Exactly Solvable Potentials .............. 279
8l EBSP I . 279
8.2  BSPIL .. 284
8.2.1  RaAN@e L. 284
8.2.2  RANEE 2.ttt 287
83  ESPIIL ... 289
83.1  RaANge L. 292
8.3.2  RaANEE 2.ttt 295
8.3.3  RaANEe 3. 300
834  RaNge 4. ... 305
8.3.5  RaANEe 5. 309
8.4  ESPIV 314
4.1  RaANE A oo 315
842 Range B ... 325
8.5 EBSP Vo 332
851  RaANge L. 332
852  RaANGE 2. 338
8.5.3  RaANEe 3. 344
8.6  ESP VI 346
8.6.1  Range l......ooiiiiiiii 348
8.60.2  RaANGE 2. ...t 359
87 ESP VIL... 359
8.7.1  Self-adjoint Extension and Spectral Problem ............. 359
8.7.2  APPENdiX.......eiiiiiii 364
88 ESPVIIL....oiii 365
8.9  ESP IX i 371
8.9.1  RaAN@e L. 374
8.9.2  RaANGE 2.t 377
8.9.3  RaANEE 3. 382



Contents xiii

810 ESP X oot 390
8101 Range L..o..uuiiiiiiiii 393
8.10.2 RaANZE 2. .uniiiiiiiiiii 395
8.10.3 RaNge 3. ..ot 398
8.10.4 RaANGE 4. ..neiiiii i 403
A1 ESP XI ..ot 405
9  Dirac Operator with Coulomb Field ................................... 411
0.1  INtroduCtion.........ouuuiiiiiiii e 411
9.2 Reduction to the Radial Problem .....................ooocooii 414
9.3 Solutions of Radial Equations ...............ccoeviiiiiiiiiiiiinn. 419
9.4  Self-adjoint Radial Hamiltonians....................oooocoiiii. 424
9.4.1  Generalities ........ceeeiiiiiiie i 424
9.4.2 Nonsingular Region ...........ccccoiiiiiiiiiiiiiiiia. 426
9.4.3 Singular Region............ooooiiiiiiiiiiiiiiiiiiiii 430
9.4.4  Subcritical Region .............ccoiiiiiiiiiiiiiiii 431
9.4.5 Critical Region........oooiiiiiiiiiiiiiiiii i 436
9.4.6  Overcritical Region............ccooviiiiiiiiiiiiiiiin. 440
0.5 SUMMAIY ...ttt 444
10 Schrodinger and Dirac Operators with Aharonov—Bohm
and Magnetic-Solenoid Fields .......................oooooiiiiiiiiiii 449
10.1 INtroducCtion .......ooeunnette ettt e 449
10.1.1 General Remarks ...........ooooiiiiiiiiiiiiiiiniiiiiee... 449
10.1.2  AB and Magnetic-Solenoid Fields......................... 450
10.2  Self-adjoint Schrodinger Operators .............cocevviiiieeeeannn. 452
10.2.1 Two-Dimensional Case...........ccovvvviiiiiiiiinninee... 452
10.2.2 Three-Dimensional Case ...........c.c.ovveiiiieiiiinee... 468
10.3  Self-adjoint Dirac Operators ............ccoevviiieeeeiiiniieeeennnn. 474
10.3.1 Reduction to Radial Problem .........................o... 474
10.3.2  Solutions of Radial Equations ............................. 477
10.3.3  Self-adjoint Radial Hamiltonians .......................... 481
104 SUMMATY .. nnee e e 492
References. ............ooiiiiiii 497
NOtAtION . ... 505






Chapter 1
Introduction

1.1 General Remarks

Among different approaches to constructing a quantum description of physical
systems and its proper interpretation, operator quantization is the oldest and most-
used one. The main first-stage problem of operator quantization is the problem of
a correct definition of observables as self-adjoint operators (s.a. operators in what
follows) in an appropriate Hilbert space. The self-adjointness of observables is of
crucial importance for quantum theory (QT). An s.a. operator possesses a real-
valued spectrum and a complete orthogonal set of (generalized) eigenvectors in the
corresponding Hilbert space. These properties of any observable provide a basis
for the probabilistic interpretation of QT (in particular, quantum mechanics (QM),
which is the principal object of our consideration). The problem of a correct defini-
tion of quantum observables is generally nontrivial in the case of physical systems
with boundaries and/or with singular interactions (including QFT models). In what
follows, for the sake of brevity, we call such systems nontrivial physical systems
(or simply nontrivial systems). The interest in this problem revives periodically
in connection with studies of specific nontrivial systems such as a particle on a
finite interval or on a semiaxis, a particle in singular potential fields, in particular
in the Aharonov—Bohm or in §-like potential fields, and so on. The reason is that
the solution of the problem, and therefore a consistent QM treatment of nontrivial
systems, requires a considerable amount of preliminary information from different
advanced chapters of functional analysis. However, the content of such chapters
usually goes beyond the scope of the mathematical apparatus presented in standard
textbooks on QM for physicists,1 e.g., [32,39,44,48,64,104,109,112,136,138] and
even in recently published textbooks [23,37,63,98].

IThe exceptions such as [27,57, 83,84, 128, 144,147, 153] are mainly intended for mathematically
minded physicists and mathematicians.

D.M. Gitman et al., Self-adjoint Extensions in Quantum Mechanics, Progress 1
in Mathematical Physics 62, DOI 10.1007/978-0-8176-4662-2_1,
© Springer Science+Business Media New York 2012



2 1 Introduction

One of the aims of this book is of a pedagogical nature, namely, to convince the
reader—physicist that he or she must be very careful when reading standard textbooks
on QM for physicists, and particularly careful when applying the notions and
prescriptions from such textbooks to nontrivial systems as regards the mathematical
apparatus of QM.

The mathematical apparatus of QM is functional analysis, more specifically, the
theory of linear operators in Hilbert spaces. It is a quite extensive and ‘“‘subtle”
science, so it takes considerable time to master it. For this reason, standard textbooks
on QM for physicists present a rather simplified version of the relevant parts
of functional analysis in the form of brief “rules” such that many mathematical
subtleties are necessarily left aside. The simplified rules are usually based on
systematic references to our experience in finite-dimensional linear algebra, which
often proves to be misleading. We recall these rules below. They can be sufficient as
long as we examine comparatively simple QM systems. But if we follow these rules
literally in our treatment of even the simplest nontrivial systems (in what follows, we
call this approach the naive treatment), we encounter some paradoxes that may lead
us to incorrect conclusions. In this chapter, we present a number of such paradoxes,
and a resolution of them is given in subsequent chapters.

As stated above, QM generally and a consistent QM treatment of nontrivial
systems particularly require the language of the theory of linear operators in Hilbert
spaces and realizing subtleties associated with unbounded operators, in particular,
with such basic notions as a closed operator, an adjoint operator, a symmetric
operator, and an s.a. operator,” the spectrum of an s.a. operator and its spectral
decomposition, the so-called inversion formulas for s.a. differential operators, and
so on. Another aim of this book is to remind the reader—physicist of (or provide an
introduction to) these notions and some related subjects.

A crucial subtlety is that an unbounded s.a. operator cannot be defined in the
whole Hilbert space, i.e., on an arbitrary QM state, which is usually assumed in a
preliminary “idealized” scheme of operator quantization. But there is no operator
without its domain of definition: an operator is not only a rule of acting, but also a
domain in a Hilbert space to which this rule is applicable. In the case of unbounded
operators, the same rule for different domains generates different operators with
sometimes completely different properties. Provided a rule of acting is given, it is
an appropriate choice of a domain for a QM observable that makes it an s.a. operator.
The main problems are related to this point. The formal rules of operator canonical
quantization (see below) are of a preliminary nature and generally provide only
“candidates” for unbounded QM observables, so to speak, for example in the form of
the so-called s.a. differential operations,® because their domains are not prescribed
by the canonical quantization rules. Appropriate domains even are not clear at the
first stage of quantization, especially in the case of nontrivial physical systems,

2For unbounded operators, there is a crucial difference between the notions of symmetric
(Hermitian) and s.a. operators; for bounded operators, these notions actually coincide.

3S.a. according to Lagrange in mathematical terminology; see Chap. 4.
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although it is prescribed that observables must be s.a. operators. It should be noted
that the choice of domains providing the self-adjointness of all observables involved,
especially the primarily important observables such as the position, momentum,
Hamiltonian, and symmetry generators, is a necessary part of quantization resulting
in a specification of a QM description of a physical system in question. This is
actually a physical problem. Mathematics can only help a physicist in making a
choice by indicating various possibilities.

It is expected that for physical systems whose classical description includes
infinite (but finite-dimensional) flat phase spaces such as R?" and nonsingular
interactions, a quantization is practically unique: the most important physical
observables are defined as s.a. operators on some “natural” domains; in particular,
classical symmetries can survive under quantization. The majority of textbooks
for physicists begin their exposition of QM with a treatment of such physical
systems. Of course, nontrivial physical systems are also examined thereafter.
Nevertheless, the common belief is that no actual singularities exist in nature.
They are the products of our idealization of reality, i.e., are of a model nature,
which is related, for example, to our ignorance of the details of interaction at
small distances. We formally extend an interaction law known for finite distances
between finite objects to infinitely small distances between pointlike objects. We
treat boundaries as a result of infinite potential walls that are actually always
finite.* The consequence is that singular problems in QM are commonly solved
via some regularization considered to be natural and then via a subsequent limiting
process of removing the regularization. In some cases, this procedure requires the
so-called infinite renormalization (of coupling constants, for example). But in some
cases, no reasonable limit is known. (It should be pointed out that here, we mean
conventional QM rather than quantum field theory.) It may also happen that different
regularizations yield different physical results. It is precisely the case in which
mathematics can help a physicist with the theory of s.a. extensions of symmetric
operators. This was first recognized by Berezin and Faddeev [26] in connection
with the three-dimensional §-potential problem.

The practice of quantizing nontrivial systems shows that preliminary candidates
for observables can be quite easily assigned symmetric operators defined on such
domains that “avoid” problems: they do not “touch” boundaries and “escape” any
singularities of interaction; this is a peculiar kind of “mathematical regularization.”
But such symmetric operators are commonly non-s.a. The main question then is
whether these preliminary observables can be assigned s.a. operators by some
extensions of the initial symmetric operators that convert the candidates to real
observables. The answer is simple, positive, and unique if a symmetric operator
under consideration is bounded. However, if it is unbounded, the problem is
generally nontrivial.

40Of course, a flat infinite space is also an idealization, as is any infinity.



4 1 Introduction

The theory of s.a. extensions of unbounded symmetric operators provides the
main tool for solving this problem. It turns out that these extensions are generally
nonunique, if they are possible at all. From the physical standpoint, this implies
that when quantizing a nontrivial physical system, we are generally presented with
different possibilities for its quantum description. The general theory describes all
the possibilities that mathematics can offer to a physicist. Of course, a physical in-
terpretation of available s.a. extensions is a purely physical problem. Any extension
is a certain prescription for the behavior of a physical system under consideration
near its boundaries and singularities. We also believe that each extension can be
understood through an appropriate regularization and a subsequent limiting process,
although this is generally a complicated problem in itself. But in any case, the right
of a final choice belongs to the physicist.

The book is organized as follows. In the introduction, we demonstrate that an
idealized scheme of operator canonical quantization applied to nontrivial systems
can lead to a number of paradoxes. Chapters 2 and 5 (purely mathematical chapters
in a sense) contain all the information about Hilbert spaces, linear operators in
such spaces, and a strict formulation of the spectral problem for s.a. operators that
physicists need and that is used in the book. This standard material is followed by the
general theory of s.a. extensions of symmetric operators presented in Chap. 3. The
traditional exposition (due to von Neumann) is accompanied by a nontraditional
approach that is based on the notion of asymmetry forms generated by adjoint
operators, see our works [156, 157]. The basic statements concerning the possibility
and specification of s.a. extensions both in terms of isometries between the deficient
subspaces and in terms of the sesquilinear asymmetry form are collected in the
main theorem. It is followed by a comment on a direct application of the main
theorem to physical problems of quantization. We outline a possible general scheme
of constructing QM observables as s.a. operators starting from initial formal
expressions supplied by canonical quantization rules. The subsequent Chap.4 is
devoted to the exposition of specific features and appropriate modifications of the
general theory as applied to ordinary (one-dimensional) differential operators in
Hilbert spaces L*(a,b) [158]. For symmetric differential operators, the isometries
between deficient subspaces specifying s.a. extensions can be converted to s.a.
boundary conditions, explicit or implicit, based on the fact that asymmetry forms
are expressed in terms of the (asymptotic) boundary values of functions and their
derivatives. We describe various ways of specifying s.a. operators by s.a. boundary
conditions depending on the regularity or singularity of the ends of the interval
under consideration. In particular, we propose a new method for specifying s.a.
ordinary differential operators by s.a. boundary conditions based on evaluation
of the quadratic asymmetry form in terms of asymptotic boundary coefficients.
A comparative advantage of the method is that it makes it possible to avoid
the evaluation of deficient subspaces and deficiency indices. Its effectiveness is
illustrated in Chaps.6—10 with examples of constructing QM observables for a
number of nontrivial systems. In Chaps. 6—8, we consider various one-dimensional
systems: a free particle on a semiaxis and on a segment of the real axis (Chap. 6),
a particle in different potential fields including the Calogero potential, deltalike
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potentials, and so-called exactly solvable potentials (Chaps.7 and 8). In Chaps. 9
and 10, we study certain one-particle three-dimensional problems. In Chap. 9, we
consider a Dirac particle moving in the Coulomb field of a point charge Ze. We
interpret the Dirac equation with the Coulomb field as the Schrodinger equation;
the corresponding quantum Hamiltonian is called the Dirac Hamiltonian. We define
the Dirac Hamiltonian with the Coulomb field as an s.a. operator for any real Z and
solve the corresponding spectral problem. In Chap. 10, we similarly examine the
Dirac Hamiltonian with the Aharonov—Bohm field and with the so-called magnetic-
solenoid field.

1.2 Idealized Scheme of Operator Canonical Quantization

For a physicist, quantization means constructing a QT for a given physical system
on the basis of an initial classical theory and in accordance with the correspondence
principle. The correspondence principle requires that the QT must reproduce the
predictions of the initial classical theory in the classical limit (large masses,
macroscopic scales, smooth potentials, and so on), which is formally the limit
h — 0, where # is the Planck constant.’ The quantization problem usually does not
have a unique solution. The only criterion for whether a constructed QT is proper
remains the coincidence of its predictions with experiment. The development of
QT began with the quantization of the simplest systems such as a free particle,
a harmonic oscillator, and a nonrelativistic particle in some potential fields. In
fact, the experience in the quantization of such systems was used to formulate a
consistent general scheme of operator quantization for an arbitrary system with
canonical Hamiltonian equations of motion for phase-space variables. It is this
scheme that was called canonical quantization. In what follows, we outline the
canonical quantization rules as they are usually expounded in standard textbooks
on QM for physicists. This is a “first approximation” to a proper quantization, so to
speak, the naive treatment, as was already mentioned before, or the idealized scheme
of operator canonical quantization. In short, this scheme is as follows.

(a) It is assumed that there exists a canonical Hamiltonian formulation of the
classical mechanics of a physical system under consideration. This means that
a state of the system at any instant of time is specified by a point of some
even-dimensional phase space; the points of this space are labeled by canonical
generalized coordinates x“ and momenta p,, a = 1,...,n, where n is the
number of degrees of freedom. The time evolution of a state of the system in
the course of time ¢ is described by the Hamiltonian (canonical) equations of
motion for the canonical coordinates x“(¢) and p,(¢):

0 ={x"H}, po={psH}.

SFor a mathematician, quantization is a quantum deformation of classical structures; the deforma-
tion parameter is the Planck constant .
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where H = H (x, p) is the Hamiltonian of the system and {, } is the canonical
Poisson bracket. The canonical Poisson bracket of two arbitrary functions f
and g on the phase space is defined by

_ df og  9df dg
{f,g}—;(@% T axu)’ (1.1)

in particular, {x“, p,} = §j. All local physical quantities (classical observables)
f are real functions of the phase-space variables, f = f(x, p). Classical ob-
servables form a real associative commutative algebra, in particular, [ f, 3] =
Nfa=hfi =0,V fa

In QM, a state of a physical system at any instant of time is specified by a vector
Y in a Hilbert space $), which is called the space of states. A scalar product of
two vectors | and ¥, is denoted by (v, ¥»). To a first approximation, it is
assumed that any state ¥ € §) can be realized physically; in particular, the
superposition principle holds: if states ¥, and y, are realizable, then the state
¥ = a1y + axy, with any a;, a, € C is also realizable.

In QT, each classical observable f = f(x, p) is assigned an s.a. operator f ,
f — f , acting in a Hilbert space $). It is called a quantum observable. To a
first approximation, it is assumed that any operator f , including observables, is
defined on any state ¥, i.e., f v € 9, VY € 9, and is uniquely determined by
its matrix elements (wl, f 1//2), Y, ¥, € 9, and what is more, by its matrix

on = (e, Ae,, with respect to any orthonormal basis {e,}S°, a complete
p y 1 p

orthonormalized set of vectors in §). Then any operator f is assigned its adjoint
f 7T defined by

(Wlsz"Llﬁz) = (flﬁl,%), Vi, ¥ € 9,

and thereby the involution (conjugation) f —> f T is defined in the algebra of
operators with the properties®

(f+)+=f, af)+=af+, VaeC.

+

R + N A\t R
(f+g) =fr+it, (fg) =&
The self-adjointness of f means that f = f +, or

(%,f%) = (flﬁl,%), VY1, € 9.

6The bar ~ over an expression denotes complex conjugation.
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The mean value f )y of any quantum observable f in a state ¥ and the
corresponding dispersion Af are respectively defined by

W (wrv)
U =w

ar = (7= )

The self-adjointness of observables is assumed to imply that any observable
f can be diagonalized, which means that the eigenvectors, or eigenstates, of
f form an orthonormal basis in §); the spectrum of an observable is defined
as a set of all its eigenvalues. The spectrum determines possible measurable
values of the corresponding observable, while the complete orthonormalized
set of the eigenstates of the observable provides a probabilistic interpretation of
its measurements.

(d) According to the correspondence principle, there exists a certain relation
between the Poisson bracket { 1, /2} = f3 of classical observables f; and f;
and the commutator [ fl, f;] of their quantum counterparts fl and f;, namely,
[/, /o] = ihfs + O (h%); a supplementary operator O (A?) vanishes with
vanishing % as 2. A more transparent form can be given to this correspondence:

14

Ui iy — = [ Bl + 0.

That is, according to the correspondence principle, the Poisson bracket of
classical observables i 1s assigned the commutator of their quantum counterparts
times the factor (i)' plus in general, a supplementary operator 0 (h).

The position operators X and momentum operators p* are postulated to be
s.a. and satisfy the canonical commutation relations

[£4.2°] = [Pa. Pp] = 0. [89, pp] = ih {x“, pp} = B8} . (1.2)

The correspondence principle requires that the quantum counterpart f
of a classical observable f (x, p) be of the form f = f(&, p) + O (h).
A supplementary operator 0 (h) is generally necessary to provide the self-
adjointness of f . In the general case, the correspondence principle does not
allow a unique construction of the operator function f(X, p) in terms of the
classical function f(x, p) because of the noncommutativity of X and p (the
so-called ordering problem.”)

"Numerous papers have been devoted to the study of various rules of assigning operators to
classical quantities. A substantial contribution to a resolution of this problem is due to Berezin
[25].
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To the first approximation whereby any observable can be diagonalized, it
is argued that commuting observables fl and fz have a joint spectrum, i.e., a
common set of eigenvectors, which implies the simultaneous measurability of
the observables. A complete set of observables is defined as a minimum set
of n commuting observables fk, k=1,...,n, [f;f;] = 0, Vk,I, whose
joint spectrum is nondegenerate and whose common eigenvectors provide a
unique specification of any vector in terms of the corresponding expansion
with respect to these eigenvectors. For a complete set of observables, we can
choose all the position operators X¢. The momentum operators p, can also be
chosen for a complete set of observables. Different complete sets of observables
can be considered, and their spectrum and eigenvectors specify the quantum
description of a system under consideration.
The time evolution of a state of the system in the course of time ¢ is described
by the Schrodinger equation for the state vector y(¢),

ih— = Hy, (1.3)

with an initial condition v (fy) = ¥, where the operator H, the quantum
Hamiltonian, the energy observable, corresponds to the classical Hamiltonian H.

Because the initial state v can be arbitrary, it is assumed that His certainly
applicable to any state Y € §.

A realization of the canonical commutation relations (1.2) in a specific
Hilbert space (representation of canonical commutation relations) offers a prac-
tical possibility for solving the Schrodinger equation and finding probabilities
of transitions from one state to another, means of physical quantities, and
probabilities of measurements using the accepted rules.

It was canonical quantization that was first used to construct the QT for
the simplest systems. There exist alternative formulations of QT, for example
formulations in terms of Green’s functions, functional integrals, and so on.
Each of these formulations can either be introduced independently by a set of
postulates or “derived” logically from the operator formulation based on the
canonical quantization method. In the latter case, an alternative formulation of
QT for a specific system is said to be obtained by the canonical quantization
method. It should be noted that among all the formulations, the operator
formulation based on canonical quantization is the best-developed and most
consistent one. This explains the existing tendency to quantize every classical
system canonically. We should note that for classical systems of general form,
canonical quantization is not always possible or cannot be carried out directly
as described above without an essential analysis and reformulation of the
initial classical theory. The majority of modern physical theories belong to
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the so-called singular theories, theories with constraints and extra nonphysical
variables in the initial Hamiltonian formulation (gauge theories are a particular
case of singular theories). There exist different methods for quantizing such
theories; see, e.g., [49, 75, 91]. Some of these methods are based on the
possibility of passing to physical variables, which allows the standard canonical
quantization. Canonical quantization remains the most reliable quantization
scheme.

1.3 Some Paradoxes of Naive Implementation
of an Idealized Scheme

In this section, we examine some simple QM systems obtained in the framework of
the above-described idealized scheme of operator canonical quantization. We show
that if we follow this scheme literally, we arrive at certain paradoxes in the form of
obvious contradictions with well-known statements.

We consider an example of a very simple system: a free nonrelativistic particle
of mass m moving on an interval (a, b) of the real axis. The interval can be finite or
infinite, a semiaxis or the whole axis. The finite ends of an interval are considered
to be included in the interval; in particular, by a finite interval, we mean a closed
interval [a, b].

In classical mechanics, the phase space of this system is a strip (a,b) x R; the
ranges of the particle position x and momentum p are respectively (a, b) and R.
The Poisson bracket (1.1) of x and p is {x, p} = 1. Free motion is defined by the
free Hamiltonian . = p?/2m. If |a| < oo and/or |b| < oo, the peculiarity of the
system is that its phase space is a space with boundaries. The behavior of the particle
near the boundaries must be specified by some subsidiary conditions such as elastic
reflection, delay, trapping, or something else.

At first glance, we may not face the problem of boundaries when quantizing this
system. The canonical observables for a QM particle are the position operator X and
the momentum operator p satisfying the canonical commutation relations

[X.%] =[p.pl = 0. [X,p] = ihi{x. p} =ih. (1.4)

For a complete set of observables, we can take the position operator X with the
prescription that its spectrum be given by spec X = (a, b). It is natural to take the
x-representation of canonical commutation relations (1.4) where the Hilbert space
$ of states is the space of functions ¥ (x) square-integrable on the interval (a, b);
$ = L?(a, b); the operator £ is the operator of multiplication by x, namely

XY (x) = xy (x):
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while the operator p is a multiple of the differentiation operator® d, = d/dx:

p=—ihds: py (x) =—ihy’ (x).

The canonical commutation relations (1.4) seem obviously to hold.
Other observables are certain differential operators

f=f(x,—ihd)+ O ().
In particular, the free quantum Hamiltonian is given by

- 132 hz 5
H = = Zmd"' (1.5)
All this appears quite natural from the following standpoint as well. If |a| < oo
and/or |b| < oo, the space L*(a,b) can be considered the subspace of functions
vanishing outside the interval (a,b) in the space L? (R) of states of a particle on
the whole real axis R, whereas all the observables defined on L?(a, b), including X
and p, can be considered restrictions to this subspace of well-known s.a. operators
defined on L? (R). For the case of a finite interval [a, b], the position operator £
becomes a bounded s.a. operator defined everywhere. Considering p as an s.a.
operator, we have a set of three s.a. operators X, p, and H with the commutation
relations

%, p] = ih, [ﬁ,@] — 0. (1.6)

If all the previous statements hold, then the following observations seem
paradoxical and cast doubt on the consistency of the adopted quantization scheme.

1.3.1 Paradox 1

Let ¥, (x) be an eigenvector of the s.a. momentum operator, py, = py,. Based
on the self-adjointness of the operators p and X, we have the chain of equalities

(Voo 1%, B1Wp) = (V. $5Y,) = (V. PRV)

which obviously contradicts the commutation relation (1.6).

81t is rather a differential operation than a differential operator; see Chap. 4. A rigorous definition
of the differentiation operator d, is given in the end of Sect. 2.3.4.
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In addition, this commutation relation implies the well-known Heisenberg
uncertainty relation

h
AxAp > 5 (1.7)

where Ax and Ap are the respective dispersions of the position and momentum for
any state ¥ of a particle. But for the case of a finite interval [a, b] and for ¥ = v,
we have Ax < b —a, Ap = 0, and therefore AxAp = 0, which contradicts (1.7).

An explanation of the above paradoxes is given in Chap.6. It is different
for different types of interval: depending on the type of interval, either an s.a.
momentum operator does not exist, or it exists but has no eigenvectors, or even if
such vectors exist, they do not belong to the domain of the operator px. In addition,
in the case of a semiaxis or a finite interval, the canonical commutation relations
together with the uncertainty principle do not hold.

1.3.2 Paradox 2

We now consider a free particle moving on a finite interval [0, /]. If we treat a motion
governed by the Hamiltonian (1.5) as a motion in an infinite rectangular potential
well, then the eigenvalues of the Hamiltonian and the corresponding eigenfunctions
are well known from any textbook:

h? )
i () = Enn (). By =5 (7). (1.8)

Y (x) = \/7$1n (nl—nx), neN. (1.9)

The set {¥, (x)}$° of these eigenfunctions is an orthonormal basis in L2 (0,1),
which confirms the self-adjointness of the Hamiltonian.

As is also well known, two commuting s.a. operators have common eigenvectors,
and if the spectrum of one of the commuting s.a. operators is nondegenerate, then its
eigenvectors must be eigenvectors of another s.a. operator. In our case, we have two
commuting s.a. operators p and H, and the spectrum (1.8) of # is nondegenerate.
Therefore, eigenfunctions (1.9) must be the eigenfunctions of p. But we have

pvfn(x)——zhf—cos T pat ()

for any n, which contradicts the above assertion.

As explained in Chap. 6, this paradox is a consequence of the incorrect assump-
tion that p and 7—[ commute; in particular, it is a consequence of the naive belief that
the Hamiltonian A can be represented as H= p*/2m.
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1.3.3 Paradox 3

As mentioned above, in standard textbooks on QM for physicists, some important
notions related to operators in Hilbert spaces are often introduced in terms of their
matrix elements with respect to an orthonormal basis, because it is believed that the
matrix elements f,,, = (em, f en) of an operator f with respect to an orthonormal
basis {e,}]° completely determine the operator f according to the following chain
of equalities:

Y= ZWnens Y = (en, V), fen = menemy
m=1

n=1
. o0 . o0 o0
fv= Zl/fnfen = Z (Z fman) €m-
n=1 m=1 \n=1
For example, the adjoint f * of f is defined as an operator whose matrix elements
are given by

(fh),, = (em,f”Le,,) = (fem,e,,) = (e,,,fem) = fom.

Correspondingly, an s.a. operator f = f T is defined as an operator whose matrix
is Hermitian f,,,, = fum.

But let us consider the matrix p,,, = (e,;, pe,) of the momentum operator p in
the Hilbert space L2(0, /) with respect to the orthonormal basis {e, }5°,

en(x) = \/?cos (Z—nx) ,neR;. (1.10)

A direct calculation by integrating by parts shows that

Pum = Pmn + ilem(Den(l) — e, (0)e,(0)] # pmn, m +n =2k + 1, (1.11)

i.e., the matrix p,,, is not Hermitian, contrary to our expectations.

As is explained in Chap. 6, the paradox is related to the fact that the orthonormal
basis (1.10) does not belong to the domain of any s.a. operator p from the whole
family of admissible momentum operators.

1.3.4 Paradox 4

Let us consider a free particle on a segment [0,/] as a particle in an infinite
rectangular potential well, and let us calculate the mean of the squared energy (E?)
for the state given by the wave function
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v (x)=Nx(x-=1), (1.12)

N2
where N is a normalization factor. Because (’H) ¥ = 0, this mean must be zero:

(E?) = (x/f, (@)zw) 0.

On the other hand, using the self-adjointness of 7/-2, we obtain a nonzero result for
the same quantity:

N2h4l
m?

(E%) = (Ry. Ay ) =

As explained in Chap. 6, a solution of the paradox is related to the fact that the
function Hy (x) does not belong to the domain of a correctly defined Hamiltonian
‘H associated with an infinite potential well, although the function v (x) does.

1.3.5 Paradox 5

We consider the Schrodinger equation for a free particle on the segment [0, /],

v (1, x) K 92
h———— = ———Y (t,x), 0,7]. 1.13
ih=— SV (L) x e 0.1] (1.13)
We recall that in the idealized quantization scheme, the time-evolution problem
in the form (1.13) can be posed for an arbitrary initial state. Let the initial state

Yo (x) = ¥ (fy, x) at to = 0 be

(1.14)

v (0.x) = Cexp(l+lkx)

N

where k is a fixed real parameter with dimension of momentum. It is easy to verify
that the solution v (¢ , x) of (1.13) with initial condition (1.14) is given by

2

¥ (t,x) = exp (—k—z) Vo (x) . (1.15)

It is surprising that the evolution of the given initial state is not unitary: the wave
function ¥ (¢, x) “vanishes” with time. This situation is evidently related to the fact
that formally, we have

)

~ ik ~ ik?
Hipo (x) = —%% (x) = Hy (t,x) = —%W (. x),
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i.e., the initial state v and the evolving state v (¢) are the eigenstates of the
s.a. Hamiltonian with a pure imaginary eigenvalue, which is impossible, as is
well known.

As explained in Chap.6, a resolution of the paradox lies in the fact that if
the function ¥ (x) does not belong to the domain of any correctly defined s.a.
Hamiltonian ‘H from the whole family of admissible Hamiltonians for a free particle
on the interval [0, /], then v (¢, x) also does not, which is irreconcilable with the
Schrodinger equation.

1.3.6 Concluding Remarks

In the foregoing, we discussed some QM paradoxes arising under a naive treatment
of simple one-dimensional systems with boundaries. The number of paradoxes can
be extended (see, for example, [31, 74]), and certain of the others are examined
below. In Chap. 7, we discuss possible paradoxes related to singular potentials with
a simple example of a particle moving on the real axis or a semiaxis in the so-
called Calogero potential field V (x) = a/x>. But even the above examples seem
to be sufficient to convince the reader—physicist that a rigorous approach to the
definition of operators and especially of observables in QM is a necessity. The
point is that up to now, we were too naive in our analysis; strictly speaking, our
arguments were incorrect, and our conclusions were wrong. The reason is that all
the operators involved are unbounded, and for unbounded operators, the algebraic
rules and the notion of commutativity are nontrivial. In fact, the above-used rules
and notions were uncritically borrowed from finite-dimensional algebra; they are
valid for bounded operators, while for unbounded operators, a special treatment is
necessary. The correct treatment removes all the paradoxes.



Chapter 2
Linear Operators in Hilbert Spaces

In this chapter, we remind the reader of basic notions and facts from the theory
of Hilbert spaces and of linear operators in such spaces which are relevant to the
subject of the present book.

2.1 Hilbert Spaces

2.1.1 Definitions and General Remarks

Definition 2.1. (A) A Hilbert space$) is a linear space over the complex numbers.
As a rule, the elements of §) (vectors or points) are denoted by Greek letters:
EnC oo, ¥, x, ... € $H, whereas numbers, complex or real, are denoted by
italic Latin letters: a,b,c, x,y,z,... € C or R. In what follows, we consider
infinite-dimensional Hilbert spaces.'

(B) The space $) is endowed with a scalar product that is a positive definite
sesquilinear form on ). This means that every pair of vectors &, 7 is assigned a
complex number (£, ), the scalar product of £ and 5, with the properties’

En)=8; (£, >0, and(£,§) =0 iff £ = 0;
(E.al+bn) = aE Q) +bEn) = (@& +bty) =aEn) +bE ).

!Finite-dimensional Hilbert spaces (or Euclidean spaces) are also encountered in QM as spaces of
states, e.g., in QM of two-level systems, finite spin systems, and so on. Finite-dimensional spaces
are free from the problems that are examined in the present book.

2We use “iff” in its standard usage for “if and only if.” For brevity, the arrow == stands for
“implies.”
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