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Preface

The premise of this book is that the principles of classical physics should follow from
a correct and complete mathematics of quantum mechanics. The opposite approach has
been taken since the origin of the “new” quantum mechanics in the 1920s, by discussing
quantum mechanics as if it could be derived from classical physics. This has resulted in
many issues of interpretation, and convoluted and incorrect mathematics. By applying
the revised mathematics of quantum mechanics that I present in this book, it is possible
to resolve some of the long standing issues in the field of quantum mechanics. As an
example, the procedure of renormalization in quantum field theory can be given a precise
meaning.

The ideas in this book evolved over forty years of physics education and practice, and
that journey is summarized below. In college, I enjoyed a wonderfully coherent education
on classical physics. The team of professors in physics, chemistry and mathematics coor-
dinated a curriculum that aligned physics concepts with mathematical foundations and
methods. This enabled me to see the beauty, elegance, and coherence of classical physics.

When I was introduced to quantum mechanics, I was disappointed by the way quan-
tum concepts such as the probability rule, the complementarity principle, particle-wave
duality, and the uncertainty principle are disconnected from the mathematics of quantum
mechanics. It appeared there was a big gap in maturity, elegance, coherence and consis-
tency between quantum mechanics and classical physics. I learned that others felt that
way and that there had been an ongoing debate about this since quantum mechanics was
formulated in 1926 (Jammer, 1966). That debate continues to this day (Wallace, 2008).
I felt a need for a theory for quantum phenomena that achieved the same coherence and
consistency as the classical theories I admired.

The existence of infinities in the theory of quantum fields was a known issue with
quantum mechanics from the very beginning. Arcane computations are needed to extract
finite numbers from formulas that lead to infinite results. These intricate spells and in-
cantations first are invoked to regularize integrals, and then to “renormalize” parameters
in the dynamical equations. While this has been accepted as a pragmatic solution be-
cause these manipulations do achieve miraculous agreement with experimental results, it
is widely recognized that this is a problem.

In the summer of 1980, while working on my doctorate, I read “Integration in Hilbert
Space” written by Skorohod (1974). It taught me the theory of measures on function
spaces, not in the widely known context of probability theory and stochastic analysis,
but as a basic part of functional analysis. Just as functional analysis appeared to me to
be the mathematical foundation for quantum mechanics of systems with a finite number
of degrees of freedom, this suggested one could formulate quantum mechanics of fields,
which are infinite systems, as a natural generalization. The idea seemed so obvious that
I was convinced that someone would quickly formulate an integrated theory of finite and
infinite quantum systems.

As a computational scientist, much of my work was creating software that modeled
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molecular reactions. I learned a method of using computers and computation as part of
exploring abstract mathematical concepts, which I applied during the preparation of this
book.

Over the years, I stayed informed about the developments in mathematics and in
the foundations of quantum mechanics. I never saw the theoretical development that I
expected from the application of functional analysis take place. This was confirmed when
I sat in on a course on functional integration methods taught in the spring of 2004 by
John Klauder. I decided to attempt to put together this theoretical development.

I started by gaining an understanding of functionals (functions of functions). This
knowledge shed a new light for me on some of the unresolved issues in quantum field
theory. I found that functionals are counterintuitive in a number of important ways. This
insight provided the foundation for developing the ideas in this book, and further enabled
me to carry out the required computations.

I consider what I am presenting to be a thorough revision of the principles of quantum
mechanics, a revised edition as it were of the book by Dirac (1930) with the same title.
There are two major areas of revision which are highlighted below.

In contrast to the traditional way of presenting quantum mechanics, I start from the
premise that quantum mechanics is a theory of wave functions and of the dynamical law,
the Heisenberg-Schrödinger-Dirac equation, that governs them as formulated in 1926. I
do not start with quantum concepts such as the probability rule, the complementarity
principle, particle-wave duality, and the uncertainty principle; instead, these are presented
as derived concepts, obtained after a very lengthy and complicated mathematical journey.

Based on the work I did with functionals, I do not define interacting quantum fields by
perturbation theory. Rather, quantum fields are defined as dynamical systems of quantum
excitations, that have an internal structure produced by unavoidable self interaction. The
methods known from and tested in nonrelativistic quantum mechanics can be generalized
to apply to quantum fields. Perturbation theory can then be used to compute properties of
quantum fields in ways that do not lead to Feynman diagrams with infinite integrals that
must be regularized. The process of renormalization becomes a well-defined mathematical
process that defines a new Hamiltonian operator, not just new parameters.

The revised principles open up new approaches to several open problems. For example,
defining quantum fields with perturbation theory has obstructed a complete formulation
of quantum chromodynamics and quantum gravity. The Yang-Mills quantum field theory
can now be defined and used to formulate a theory of quantum chromodynamics with
the property of asymptotic freedom and confinement. Similarly, a quantum theory for the
dynamics of space and the effects of gravity can be formulated.

The book is organized into three parts:

1. The first part introduces the physics concepts and explains how they work together
to make a consistent theory. The first chapter “Principles” gives an overview and
the remaining chapters provide the details. The first part is intended primarily for
physicists.

2. The second part applies the principles from the first part to give the quantum theory
of electrons and photons, of quarks and gluons, and of the geometry of space.
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3. The third part is for the reader who seeks precision and rigor. It provides the mathe-
matical and computational details. This part has a number of chapters with reference
material as well as derivations and proofs to provide the foundation for the results
obtained in the first part. The third part is intended primarily for mathematicians,
and the format reflects that.

Links and cross references between the parts should allow the reader to start with the first
part, learn things from the third part as the need arises, and then read the application of
the principles in the second part.

The reader may wish to leaf through the book at first, reading only the short “trail
markers”. They give a brief overview of what happens close to the marker and provide
guidance on how the complete story hangs together. The location of every trail marker
can be found in the Index under “trail marker.”

I hope the reader will enjoy the exploration of the consequences that have been opened
up by these updated principles of quantum mechanics as much as I did.

Erik Deumens
Gainesville, Florida

April 2017
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Notation

In general the meaning of symbols is made clear in the immediate context of where
the symbol is used, section or theorem. However, there are a number of symbols that
have a consistent meaning throughout the book. These definitions are collected here for
convenience.

Sets and spaces. The set of natural numbers 1, 2, 3, . . . is denoted N, the set of all
integers {0,±1,±2,±3, . . . } by Z, and the set of rational numbers {n/m|n,m ∈ Z,m 6= 0}
by Q. The real numbers are R and the complex numbers C.

The topological dual of a topological space X is the space of continuous linear func-
tionals on that space and is denoted by X∗.

The physical space we live in is denoted in general by Rd, where the dimension of
space d is 3, but can be 1 or 2, or even larger than 3. The dimension of spacetime is then
d+ 1.

The convention for spacetime is to put spatial coordinates first r = (~r, t) with positive
signature in the metric

η = g =


1

1
1
−1


so that the Minkowski product is

aib
i = ηija

jbi =

4∑
i,j=1

ηija
jbi = a1b1 + a2b2 + a3b3 − a4b4.

The notation for measurable square-integrable functions on a space X with a measure
µ taking values in a space Y is denoted in the literature as L2(X,µ, Y ) or as L2(X,Y, µ).
When the measure is the Lebesgue measure λ, it is often omitted, so the notation becomes
L2(X,Y ). When the functions are real- of complex-valued, Y = (R) or C, the Hilbert space
is written simply as L2(X).

The Hilbert space of real field configurations ϕ on space is denoted F = L2(Rd, λ,R) =
L2(Rd), with the last equality as a shorter specification; λ denotes the Lebesgue measure
on Rd; the final argument denotes the target space of the functions.

The Hilbert space of complex wave functionals Φ of fields is H = L2(F, γ,C), where γ
is a measure on F.

The Fock space generated with a Hilbert space X is denoted by F(X).
The standard Lie groups are denoted with capital letters: SO(3), SU(2), SO(3, 1).

The universal covering group is denoted with a line over the entire name: SO(3). The Lie
algebra of the group is denoted with lowercase letters: so(3), su(2), so(3, 1). The infinite-
dimensional Lie group that is the local gauge group obtained by allowing gauge transfor-
mations change with location in space is denoted by putting a script letter “`” in front of
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the name of the global gauge group: `SU(3); The corresponding infinite-dimensional Lie
algebra is denoted `su(3).

Elements. An array of numbers is denoted with a bar over the symbol: x̄ = (x1, . . . , xn).
A possibly infinite vector µ̄ = (µ1, µ2, . . .) with each entry µm = 0, 1, 2, . . . an index

of some kind is called a multi-index.
The norm of the multi-index µ is given by |µ̄| =

∑∞
m=1 µm.

Let ε̄m = (0, . . . , 0, 1, 0, . . .) denote the multi-index with only the index 1 at location
m. Then the multi-indices µ̄ = (µ1, . . . , µm−1, µm±1, µm+1, . . .) can be written as µ̄± ε̄m.

When the meaning is clear from the context, we often omit the bar over the multi-
index symbol to simplify notation. The norm of a multi-index gives the total number of
excitations for one type of multi-index that we will use.

The set K of values of the multi-index ν is not totally ordered.
We use Roman letters for position in space and time. Vectors in d-dimensional physical

space are denoted with the arrow over the symbol: ~x =
∑
ixi~ei.

An element of a Lie algebra with generators T1, . . . , Tn and coefficients ω̄ = (ω1, . . . , ωn)
is denoted with a box superscript as ω2 =

∑
aωaTa. To be consistent, one should put

the box superscript on the generators of the algebra; but there is no such practice in the
literature, so we will not do that either.

Vectors and matrices in general linear spaces like RN and CN are denoted in boldface.
Fields in space in general are denoted by lowercase Greek letters ϕ(~x). The time

evolution of a field is then a function from the real axis of time R into F and can be
written as ϕ(t), ϕt, or ϕ(~x, t) depending on the context.

wave functions of finite systems and wave functionals of infinite systems and fields
are denoted by capital Greek letters Ψ(x) and Ψ[ϕ], respectively. The Dirac notation for
elements of the Hilbert space H is the bra-ket notation |α〉. The wave function is then
Ψ(x) = 〈x|Ψ〉.

Linear operators in H are in bold, those in F are in regular typeface, possibly with a
hat.

An F-vector-valued linear operator in H is denoted by a bold symbol with a bar over
it, when it is desirable to clearly exhibit the vector nature of the result of the operator.

The Kronecker delta is δkl = 1 for k = l and zero otherwise for k and l integer.
The Levi-Civita or permutation symbol is defined as

εijk =

 1 (i, j, k) = cyclic(1, 2, 3)
−1 (i, j, k) = cyclic(1, 3, 2)
0 otherwise

The three complex 2× 2 matrices

σ1 =

(
0 1
1 0

)
σ2 =

(
0 −i
i 0

)
σ3 =

(
1 0
0 −1

)
are called the Pauli matrices. They are a basis for the Lie algebra of the Lie group SU(2).

The 4×4 Dirac matrices (Thaller, 1992, p. 36) have a representation with real matrix
elements introduced by Majorana (1937)

α1 =

(
σ1 0
0 −σ1

)
α2 =

(
0 I
I 0

)
α3 =

(
σ3 0
0 −σ3

)
β′ = −iβ =

(
0 I
−I 0

)
.
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In that representation the gamma matrices γj = −β′αj , j = 1, 2, 3 and γ4 = −β′ become

γ1 =

(
0 σ1

σ1 0

)
γ2 =

(
−I 0
0 I

)
γ3 =

(
0 σ3

σ3 0

)
γ4 =

(
0 −I
I 0

)
.

Writing the contraction of a four-vector and the gamma matrices
∑4
ν=1 p

νγν = /p as
4× 4 spinor matrix is known as the Feynman slash notation.

The Gell-Mann matrices λj are the eight complex 3×3 matrices (Burgess and Moore,
2007, p. 44) given by

λ1 =

 0 1 0
1 0 0
0 0 0

 λ2 =

 0 −i 0
i 0 0
0 0 0

 λ3 =

 1 0 0
0 −1 0
0 0 0


λ4 =

 0 0 1
0 0 0
1 0 0

 λ5 =

 0 0 −i
0 0 0
i 0 0

 λ6 =

 0 0 0
0 0 1
0 1 0


λ7 =

 0 0 0
0 0 −i
0 i 0

 λ8 =
1√
3

1 0 0
0 1 0
0 0 −2


They are a basis for the Lie algebra of the Lie group SU(2).

Operations. The composition of functions is denoted by ◦, which means that (f ◦
g)(x) = f(g(x)).

The time derivative of a function or field is sometimes denoted by a dot over the
symbol: ḟ .

The symbol ◦ is also used to denote an abstract group composition law in chapter C.
The wedge product of two one-forms is denoted ω ∧ ω.
Complex conjugation is denoted by the asterisk superscript: a∗.
The Fourier transform of a function f is denoted by Ff = f̃ and is defined as

f̃(y) =
1√
2π

∫ +∞

−∞
eiyxf(x)dx

The adjoint of an operator is denoted by the dagger superscript: A†.
In physics the convention is to place the complex conjugation on the first element in

the scalar product, whereas the mathematical literature usually places the conjugation
on the second element. We use the physics convention.

A multi-index ᾱ is an array (α1, . . . , αm) of positive integers. The sum of the compo-
nents is denoted |ᾱ| = α1 + . . .+αm. The partial derivative of a function f of m variables
can then be written as

Dαf = Dα1
1 . . . Dαm

m f =
∂|α|f

∂xα1
1 . . . ∂xα1

1

The integral of a function f with respect to a measure µ over a measurable set A ⊂ X
is written as ∫

A

fdµ =

∫
A

f(x)µ(dx)

where the variable x takes on values in the space X.
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Use of complex numbers. Complex numbers have many uses in quantum mechanics
and these uses often overlap causing some confusion. Fortunately, this rarely leads to
serious errors. We will keep the uses clearly separated.

1. Quantum mechanical wave functions and wave functionals are inherently complex
because the Schrödinger equation has i in it explicitly. We will use complex valued
wave functionals. They are elements of the Hilbert space H.

2. Classical fields ϕ, like the scalar field considered in this chapter, are assumed to be
real. The Hilbert space of field configurations F is therefore real. When we use the
Fourier transform, we use the sine-cosine form to map real functions to real functions.

3. Charged fields are often written as complex fields ϕ = ϕ1 + iϕ2 with the gauge group
U(1). This would lead to loading double use on complex numbers. We will then use
the two components (ϕ1, ϕ2) to build the Hiobert space F of configurations.

4. Spin one-half fields are naturally described by two-component, complex fields associ-
ated with the universal covering group SU(2) of SO(3). This leads to another chance
for double use of the complex numbers. The four-component Dirac field itself uses
complex numbers twice already: Once to create a charged field that is the sum of
two Majorana fields, which themselves already use complex numbers to create spin
one-half fields. As a rule we will consider real Hilbert spaces F with appropriate
multi-component, real fields.

The complex numbers can be represented as real 2× 2 matrices as follows

a+ ib←→
(
a −b
b a

)
,

such that matrix addition and multiplication correspond to addition and multiplication
of complex numbers

(a+ ib)(c+ id) = ac− bd+ i(ad+ bc) = u+ iv

←→
(
a −b
b a

)(
c −d
d c

)
=

(
ac− bd −ad− bc
bc+ ad −bd+ ac

)
=

(
u −v
v u

)
.

This allows for quick transformation of any complex number into a real matrix form.
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Comptes Rendues à l’Académie des Sciences, 185, 380–382.

de Faria, Edson and de Melo, Wellington (2010). Mathematical Aspects of Quantum
Field Theory. Number 127 in Cambridge studies in advanced mathematics. Cambridge
University Press, Cambridge.

DeGrand, Thomas and DeTar, Carleton (2006). Lattice Methods for Quantum Chromo-
dynamics. World Scientific, Singapore.

Deumens, Erik (2017a). Confinement in Quantum Chromodynamics. Phys. Rev. Lett..
submitted.

Deumens, Erik (2017b). On the Interpretation of Quantum Mechanics. Science. sub-
mitted.

Deumens, Erik (2017c). Quantum Dynamics of Space. Phys. Rev. Lett.. submitted.
Deumens, Erik (2017d). Quantum Mechanics of Iinteracting Fields. Phys. Rev. Lett..
submitted.

Deumens, Erik (2017e). Quantum Mechanics of Macroscopic Systems. Phys. Rev. Lett..
submitted.

Deumens, Erik (2017f). Structures and Processes in Quantum Electrodynamics. Phys.
Rev. Lett.. submitted.

DeWitt-Morette, Cécile (1972). Feynman’s path integral. Definition without limiting
procedure. Commun. Math. Phys., 28(1), 47–67.

Dirac, P. A. M. (1925). The Fundamental Equations of Quantum Mechanics. See van der
Waerden (1968), pp. 307–320. Original: Proc. Roy. Soc. Lond., A, 109 (1925) 642-653.

Dirac, P. A. M. (1928a). The Quantum Theory of the Electron. Proc. Roy. Soc. Lond.,
A, 117, 610–624.

Dirac, P. A. M. (1928b). The Quantum Theory of the Electron. Part II. Proc. Roy. Soc.
Lond., A, 118, 351–361.

Dirac, P. A. M. (1930). The Principles of Quantum Mechanics (1958 fourth edn). Num-
ber 27 in International Series of Monographs on Physics. Clarendon Press, Oxford.



References 521

Dirac, P. A. M. (1933). The Lagrangian in Quantum Mechanics. Physikalische Zeitschrift
der Sovietunion, 3(1), 64–72. Reproduced in Feynman (1942).

Dirac, P. A. M. (1938). Classical theory of radiating electrons. Proc. Roy. Soc. Lond.,
A, 167, 148–169.

Dirac, P. A. M. (1950). Generalized Hamiltonian Dynamics. Canadian Journal of Math-
emetics, 2, 129–148.

Dirac, P. A. M. (1958). The theory of gravitation in Hamiltonian form. Proc. Roy. Soc.
Lond., A, 246, 333–343.

Dirac, P. A. M. (1964). Lectures on Quantum Mechanics. Dover Books on Physics. Dover
Publications. Unabridged reprint of the original published by Yeshiva University.

Dirac, P. A. M. (1975). General Theory of Relativity. John Wiley & Sons, New York.
Dirac, P. A. M, Fock, V. A., and Podolsky, B. (1958). On Quantum Electrodynamics.
See Schwinger (1958), pp. 29–40. Oroginal: Physikalische Zeitschrift der Sowjetunion,
Band 2, Heft 6 (1932).

Dixmier, Jacques (1977). C∗-Algebras. Number 15 in North-Holland Mathematical
Library. North-Holland Publishing Company, Amsterdam, New York. Translation of
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Mechanik innerhalb der Quantenmechanik. Zeitschrift für Physik , 45(7-8), 455–457.

Einetsin, A. and Mayer, W. (1932). Semi Vectoren und Spinoren. Sitzungsberichte der
Preussischen Akademie der Wissenschaften. Phys.-nath.Klasse, 522–550.
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Fock, V. A. (1926). Über die invariante Form det Wellen- und der Bewegungsgleichungen
für einen geladenen Massenpunkt. Zeitschrift für Physik , 39, 226–232.

Fock, V. A. (1929). Geometrisierung der Diracschen Theorie des Elektrons. Zeitschrift
für Physik , 57, 261–277.

Foias, C., Manley, O., Rosa, R., and Temam, R. (2001). Navier-Stokes Equations and
Turbulence. Volume 83, Encyclopedia of Mathematics and its Applications. Cambridge
University Press, Cambridge.
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tarteilchen. Zeitschrift für Physik , 120(7), 513–538.

Heisenberg, W. (1943b). Die beobachtbaren Größen in der Theorie der Elemen-
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in 1893.

Politzer, H. David (1973). Reliable Perturbative Results for Strong Interactions. Phys.
Rev. Lett., 30(26), 1346–1349.

Press, William H., Teukolsky, Saul A., Vetterling, William T., and Flannery, Brian P.
(2007). Numerical Recipes: The art of Scientific Computing (third edn). Cambridge
University Press.

Reed, Michael (1976). Abstract Non-Linear Wave Equations. Number 507 in Lecture
Notes in Mathematics. Springer, Berlin.

Reed, Michael and Simon, Barry (1972). Methods of modern mathematical physics:



530 References

Functional Analysis. Volume I. Academic Press, New York.
Reed, Michael and Simon, Barry (1975). Methods of modern mathematical physics:
Fourier Analysis, Self-Adjointness. Volume II. Academic Press, New York.

Reed, Michael and Simon, Barry (1978). Methods of modern mathematical physics:
Analysis of Operators. Volume IV. Academic Press, New York.

Reed, Michael and Simon, Barry (1979). Methods of modern mathematical physics:
Scattering theory. Volume III. Academic Press, New York.

Regge, T. and Teitelboim, C. (1974). Role of surface integrals in the Hamiltonian for-
mulation of general relativity. Ann. Phys., 88(1), 286–318.

Rickles, Dean (ed.) (2008). The Ashgate Companion to Contemporary Philosophy of
Physics. Ashgate Publishing Company.

Robert E. Greene, Howard Jacobowitz (1971). Analytic Isometric Embeddings. Annals
of Mathematics, 93(1), 189–204.

Robinson, James C. (2001). Infinite-Dimensional Dynamical Systems. Cambridge Texts
in Applied Mathematics. Cambridge University Press, Cambridge.

Ronveaux, A. (ed.) (1995). Heun’s Differential Equations. Oxford University Press,
Oxford New York Tokyo.

Rovelli, Carlo (1996). Relational Quantum Mechanics. Int. J. Theor. Phys., 35(8),
1637–1678.

Rovelli, Carlo (2004). Quantum Gravity. Cambridge Monographs on Mathematical
Physics. Cambridge University Press, Cambridge.

Ruelle, D. (1962). On the Asymptotic Condition in Quantum Field Theory. Helv. Phys.
Acta, 35(3), 147–163.

Saad, Nasser, Hall, Richard L., and Ciftci, Haken (2006). Sextic anharmonic oscillators
and orthogonal polynomials. J. Phys. A: Math. Gen., 36, 8477–8486.

Sakurai, J. J. (1967). Advanced Quantum Mecahnics. Addison-Wesley Series in Advanced
Physics. Addison-Wesley Publishing Company.

Saunders, Simon (2005). What is Probability? See Elitzur, Dolev and Kolenda (2005),
Chapter 12, pp. 209–238.

Schatz, George C. and Ratner, Mark A. (1993). Quantum Mechanics in Chemistry.
Prentice Hall, Engelwood Cliffs, New Jersey.

Schechter, Joseph (1976). Yang-Mills particles in ’t Hooft’s gauge field. Phys. Rev.
D , 14(2), 524–527.

Schmid, Rudolf (2010). Infinite-Dimensional Lie Groups and Agebras in Mathematical
Physics. Adv. Math. Phys., 2010, 280362, 35 pages.

Schmidt, E. (1907). Zur Theorie der linearen und nichtlinearen Integralgleichungen.
I. Teil: Entwicklung willkürlicher Funktionen nach Systemen vorgeschriebener. Math.
Annalen, 63, 433–476.
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