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Preface

Thisis a textbook on geometric algebra with applications to physics and serves
also as an introduction to geometric algebra intended for research workers
in physics who are interested in the study of this modern artefact. As it is
extremely useful for all branches of physical science and very important for
the new frontiers of physics, physicists are very much getting interested in
this modern mathematical formalism.

The mathematical foundation of geometric algebra is based on Hamilton’s
and Grassmann’s works. Clifford then unified their works by showing how
Hamilton’s quaternion algebra could be included in Grassmann’s scheme
through the introduction of a new geometric product. The resulting algebra
is known as Clifford algebra (or geometric algebra) and was introduced to
physics by Hestenes. It is a combination of the algebraic structure of Clifford
algebra and the explicit geometric meaning of its mathematical elements at
its foundation. Formally, it is Clifford algebra endowed with geometrical
information of and physical interpretation to all mathematical elements of
the algebra.

It is the largest possible associative algebra that integrates all algebraic
systems (algebra of complex numbers, matrix algebra, quaternion algebra,
etc.) into a coherent mathematical language. Its potency lies in the fact that it
can be used to develop all branches of theoretical physics envisaging geomet-
rical meaning to all operations and physical interpretation to mathematical
elements. For instance, the spinor theory of rotations and rotational dynamics
can be formulated in a coherent manner with the help of geometric algebra.
One important fact is to develop the problem of rotations in real space-time
in terms of spinors, which are even multivectors of space-time algebra. This
fact is extremely important because it allows us to put tensors and spinors
on the same footing: a necessary thing when we, through torsion, introduce
spin in the general theory of relativity.

This later argument seems to be very important when we will try to con-
sider a quantum theory for gravity. Moreover, the problem of rotations in real
space-time allows us to explain the neutron interferometer experiments in
which we know that a fermion does not return to its initial state by a rotation
of 27; in fact, it takes a rotation of 4 to restore its state of initial condition.

Geometric algebra provides the most powerful artefact for dealing with
rotations and dilations. It generalizes the role of complex numbers in two
dimensions, and quaternions in three dimensions, to a wider scheme for
dealing with rotations in arbitrary dimensions in a simple and comprehensive
manner.



The striking advantage of an entirely “real” formalism of the Dirac equa-
tion in space-time algebra (geometric algebra of “real” space-time) without
using complex numbers is that the internal phase rotations and space-time
rotations are considered in a single unifying frame characterizing them in an
identical manner.

However, other important physical interpretations are based on geometric
algebra as we will show in this book. For instance, geometric algebra (GA)
and electromagnetism, GA and polarization of electromagnetic waves, GA
and the Dirac equation in space-time algebra, GA and quantum gravity, and
also, GA in the case of the Majorana—Weyl equations, to mention only a few.

Venzo de Sabbata
Bidyut Kumar Datta



Introduction

There are many competing views of the evolution of physics. Some hold the
perspective that advances in it come through great discoveries that suddenly
open vast new fields of study. Others see a very slow, continuous unfolding
of knowledge, with each step along the path only painstakingly following
its predecessor. Still others see great swings of the pendulum, with interest
moving almost collectively from the original edifice of classical physics to the
20th century dominance of quantum mechanics, and perhaps now back again
towards some intermediate ground held by nonlinear dynamics and theories
of chaos. Superimposed on all of this, of course, is the overriding theme of
unification, which most clearly manifests itself in the quest for a theory that
fully unifies the best descriptions of all the known forces of nature.

However, there is still another kind of evolution of thought and unification
of theory that has quietly yet effectively gone forward over the same scale
of time, and it has been in the very mathematics itself used to describe the
physical attributes of nature. Just as Newton and Leibniz introduced calculus
in order to provide a centralized, rigorous framework for the development
of mechanics, so have many others conceived of and applied ever-refined
mathematical techniques to the needs of advancing physical science. One
such development that is only now beginning to be truly appreciated is the
adaptation by Clifford of Hamilton’s quaternions to Grassmann'’s algebraic
theory, which resulted in his creation of a geometric form of algebra. This
powerful approach uses the concepts of bivectors and multivectors to provide
amuch simplified means of exploring and describing a wide range of physical
phenomena.

Although several modern authors have done a great deal to introduce
geometric algebra to the scientific community at large, there is still room for
efforts focused on bringing it more into the mainstream of physics pedagogy.
The first steps in that direction were originally taken by David Hestenes who
wrote what have become classic books and papers on the subject. As the
topic gets further incorporated into undergraduate and graduate curricula,
the need arises for the ongoing development of textbooks for use in covering
the material. Among the authors who have recognized this need and acted on
it are Venzo de Sabbata of the University of Bologna and Bidyut Kumar Datta
of Tripura University in India, and the publication of their book Geometric
Algebra and Its Applications to Physics is the satisfying result.

The authors are well known for their research in general relativity. The
roles of torsion and intrinsic spin in gravity have been recurring themes,
especially in the work of de Sabbata, and these topics have played a central
role in the interesting approaches that he, Datta, and others have taken to the



quantization of gravity. He has served, since its founding, as the Director of
the International School of Cosmology and Gravitation held every two years
at the Ettore Majorana Centre for Scientific Culture in Erice, Sicily. It has
been at these schools that many of the best general relativists, mathematical
physicists, and experimentalists have explored the interplay between classical
and quantum physics, with emphasis on understanding the role of intrinsic
spin in relativistic theories of gravity. Datta, a mathematician, is a familiar
figure at these schools, and with de Sabbata has published several of the
seminal papers on the application of geometric algebra to general relativity.
The Proceedings of the Erice Schools contain a number of their relevant papers
on this subject, as well as interesting works in the area by others, including
the Cambridge group consisting of Lasenby, Doran, and colleagues.

The book seeks to not only present geometric algebra as a discipline within
mathematical physics in its own right but to show the student how it can be
applied to a large number of fundamental problems in physics, and especially
how it ties to experimental situations. The latter point may be one of the most
interesting and unique features of the book, and it will provide the student
with an important avenue for introducing these powerful mathematical tech-
niques into their research studies.

The structure of Geometric Algebra and Its Applications to Physics is very
straightforward and will lend itself nicely to the needs of the classroom. The
book is divided into two principal parts: the presentation of the mathematical
fundamentals, followed by a guided tour of their use in a number of everyday
physical scenarios.

Part I consists of six chapters. Chapter 1 lays out the essential features of
the postulates and the symbolic framework underlying them, thus providing
the reader with a working knowledge of the language of the subject and
the syntax for manipulation of quantities within it. Chapter 2 then provides
the first look at bivectors, multivectors, and the operators used on and with
them, thus giving the student a working knowledge of the main tools they will
need to develop all subsequent arguments. Chapter 3 eases the reader into
the use of those tools by considering their application in two dimensions, and
it presents the introductory discussion of the spinor. Chapter 4 is devoted to
the extension of those topics into three dimensions, whereas Chapter 5 opens
the door to relativistic geometric algebra by explaining spinor and Lorentz
rotations. Chapter 6 then devotes itself completely to a description of the full
form of the Clifford algebra itself, which combined the work of Hamilton and
Grassmann in its original formulation and was given its modern character by
Hestenes.

Part II of the book then provides the crucial sections on the application
of geometric algebra to everyday situations in physics, as well as providing
examples of how it can be adapted to examine topics at the frontiers.

It opens with Chapter 7, which shows how Maxwell’s equations can be
expressed and manipulated via space-time algebra, using the Minkowski
space-time and the Riemann and Riemann—Cartan manifolds. Chapter 8 then
shows the student how to write the equations for electromagnetic waves



within that context, and it demonstrates how geometric algebra reveals their
states of polarization in natural and simple ways. There are two very help-
ful appendices to that chapter: one is on the role of complex numbers in
geometric algebra formulations of electrodynamics and other covers the de-
tails of generating the plane-wave solutions to Maxwell’s equations in this
form. Chapter 9 provides the interface between geometric algebra and quan-
tum theory. Its topics include the Dirac equation, wave functions, and fiber
bundles. With the proper tools in place, the authors then go about using
them to explore the fundamental aspects of intrinsic spin and charge conju-
gation and, their centerpiece, to interpret the phase shift of the neutron as
observed during neutron interferometry experiments carried out in magnetic
fields. It is during the latter discussion that the value of geometric algebra
as applied to experimental findings becomes quite evident. The book ends
with Chapter 10, a return to the original research interests of the authors: the
application of geometric algebra to problems central to the quantization of
gravity. Spin and torsion play key roles here, and the thought emerges that
geometric algebra may well be what is needed to usher in a new paradigm
of analysis that is capable of placing the essential mathematical features of
general relativity on a common setting with those of quantum theory.

As alluded to above, it is somehow very appealing that the great quest for
a unified description of the forces of nature, started by Maxwell, should have
evolved towards its goal over essentially the same period of time that the
mathematical unification embodied by Clifford algebra and its subsequent
evolution took place. This is more than just a serendipitous coincidence, in
that the past 150 years have seen a constant striving for improvements in the
mathematical tools of physics, and the deepest structure of nature itself has
come to be understandable only in terms of the pure mathematics of group
theory and topology. We should not be surprised, then, that the very natural
mathematical synthesis inherent to geometric algebra should cause it to fit
so well with all branches of physics, and we can be grateful to de Sabbata
and Datta for encapsulating this powerful methodology in a contemporary
textbook that should prove useful to generations of students.

George T. Gillies
University of Virginia
Charlottesville, Virginia






Contents

Part I.. ... . 1

1 The Basis for Geometric Algebra....................cooooiiiiiiii. 3

1.1 Imtroduction.............. ... 3

1.2 Genesis of Geometric Algebra..................... ool 4

1.3 Mathematical Elements of Geometric Algebra................... 10

1.4 Geometric Algebra as a Symbolic System........................ 13

1.5 Geometric Algebra as an Axiomatic System (Axiom A) .......... 18

1.6 Some Essential Formulas and Definitions ....................... 23

References. ... .....ouuiiniii 26

2 Multivectors ... .....ooouuiiii e 27

2.1 Geometric Product of Two Bivectors Aand B.................... 27

2.2 Operation of Reversion ..................cooiiiiiiiiiiii ... 29

2.3 Magnitude of a Multivector.................. .. ... .ol 30

2.4 Directions and Projections .................... ... 30

2.5 Angles and Exponential Functions (as Operators) ............... 34

2.6 Exponential Functions of Multivectors .......................... 37

References............oviiiiiiiii i 39

3 EuclideanPlane................ ..o 41

3.1 The Algebra of Euclidean Plane................................. 41

3.2 Geometric Interpretation of a Bivector of Euclidean Plane ... .... 44

33 Spinori-Plane........... ... o 45
3.3.1 Correspondence between the i-Plane of Vectors

and the Spinor Plane............. ... ... ...l 47

3.4 Distinction between Vector and Spinor Planes................... 47

3.4.1 Some Observations....................coiiiiiiii. 49

3.5 The Geometric AlgebraofaPlane............................... 50

References.........ooouiiniiiii 51

4 The Pseudoscalar and Imaginary Unit............................... 53

41 The Geometric Algebra of Euclidean 3-Space.................... 53

41.1 ThePseudoscalar of E3........cccvoiiiiiiiiiiin .. 56

4.2 Complex Conjugation......................ooiiiiiii 57

Appendix A: Some Important Results.......................... ... 57

References . . ..o 58



5 Real Dirac Algebra..............ooooiiiiiiiiiiiiiiiiiiiiiii . 59

5.1 Geometric Significance of the Dirac Matrices y,, ................. 59
52 Geometric Algebra of Space-Time.......................oo..e. 60
53 Conjugations ... 64
5.3.1 Conjugate Multivectors (Reversion) ...................... 64
5.3.2 Space-Time Conjugation ................................. 65
5.3.3 Space Conjugation.......................o. 65
5.3.4 Hermitian Conjugation........................... ... 65
54 Lorentz Rotations................... ... ... 66
5.5 Spinor Theory of Rotations in Three-Dimensional
Euclidean Space ........... ... i 69
References.......... ... 72
6 Spinor and Quaternion Algebra................ ... ..o 75
6.1 Spinor Algebra: Quaternion Algebra.................... ... ... 75
6.2 Vector Algebra........ ... ... 77

6.3 Clifford Algebra: Grand Synthesis of Algebra
of Grassmann and Hamilton and the Geometric

Algebraof Hestenes .............. ... 78
References. .........ooiiiiiii 80
Part 1. .. .. 81
7 Maxwell Equations. ..............oouiiiiiiiiiiiiiiii i 83
7.1 Maxwell Equations in Minkowski Space-Time................... 83
7.2 Maxwell Equations in Riemann Space-Time (V; Manifold)....... 85

7.3 Maxwell Equations in Riemann-Cartan
Space-Time (Uy Manifold) ..........................oo ol 86
74 Maxwell Equations in Terms of Space-Time Algebra (STA)....... 88
References...........ooooiiiiiii i 91

8 Electromagnetic Field in Space and Time

(Polarization of Electromagnetic Waves) ............................ 93
8.1 Electromagnetic (e.m.) Waves and Geometric Algebra........... 93
8.2 Polarization of Electromagnetic Waves.......................... 94
8.3 Quaternion Form of Maxwell Equations from

the Spinor Form of STA . ... ... ... . 97
8.4 Maxwell Equations in Vector Algebra from

the Quaternion (Spinor) Formalism ..................... ... ... 99
8.5 Majorana—Weyl Equations from the Quaternion (Spinor)

Formalism of Maxwell Equations.............................. 100
Appendix A: Complex Numbers in Electrodynamics................ 103
Appendix B: Plane-Wave Solutions to Maxwell Equations —

Polarization of em. Waves..........................oo 105

RefereNCeS. . ..o 107



9 General Observations and Generators of Rotations

(Neutron Interferometer Experiment) .............................. 109
9.1 Review of Space-Time Algebra (STA) ..................ooii.t. 109
911 Note.....ooiiiiiiii 110
9.1.2 Multivectors ....... ... 111
9.13 Reversion..............coiiiiiiiiiiiiiiiiiiiiiii 111
9.14 Lorentz Rotation R................ ... ... ..., 111
9.1.5 Two Special Classes of Lorentz Rotations: Boosts
and Spatial Rotations................. ... ..o oLl 112
9.1.6 Magnitude.............. i 112
9.1.7 The Algebra of a Euclidean Plane........................ 113
9.1.8 The Algebra of Euclidean 3-Space ....................... 114
9.19 The Algebra of Space-Time.............................. 116
9.2 The Dirac Equation without Complex Numbers................ 116
9.3 Observables and the Wave Function............................ 118
9.4 Generators of Rotations in Space-Time: Intrinsic Spin........... 120
9.4.1 General Observations....................coocoiiiiioa.. 121
9.5 Fiber Bundles and Quantum Theory vis-a-vis the
Geometric Algebra Approach..................ooiiiiii. 122
9.6 Fiber Bundle Picture of the Neutron Interferometer
Experiment......... ... 122
9.6.1 Multivector Algebra ...................... ... 125
9.6.2 Lorentz Rotations..............................o 127
9.6.3 Conclusion ............ooiiiiiiiiiiiii 129
9.7 Charge Conjugation .............coouiiiiiiiiiiinnannen .. 132
AppendixX A ..o 133
References. ... ... ..o 134

10 Quantum Gravity in Real Space-Time

(Commutators and Anticommutators)............................. 137
10.1 Quantum Gravity and Geometric Algebra .................... 137
10.2 Quantum Gravity and Torsion................. ..., 140
10.3 Quantum Gravity in Real Space-Time......................... 142
104 A Quadratic Hamiltonian..................................... 146
10.5 Spin Fluctuations............ ...l 149
10.6 Some Remarks and Conclusions.............................. 154
Appendix A: Commutator and Anticommutator .................... 156
References. ... ..o 158






Part 1






1

The Basis for Geometric Algebra

1.1 Introduction

Geometric algebra combines the algebraic structure of Clifford algebra with
the explicit geometric meaning of its mathematical elements at its foundation.
So, formally, it is Clifford algebra endowed with geometrical information
of and physical interpretation to all mathematical elements of the algebra.
This intrusion of geometric consideration into the abstract system of Clifford
algebra has enriched geometric algebra as a powerful mathematical theory.

Geometric algebra is, in fact, the largest possible associative division
algebra that integrates all algebraic systems (viz., algebra of complex num-
bers, vector algebra, matrix algebra, quaternion algebra, etc.) into a coherent
mathematical language that augments the powerful geometric intuition of the
human mind with the precision of an algebraic system. Its potency lies in the
fact that it develops all branches of theoretical physics, envisaging geomet-
rical meaning to all operations and physical interpretation to mathematical
elements, e.g., it integrates the ideas of axial vectors and pseudoscalars with
vectors and scalars at its foundation. The spinor theory of rotations and
rotational dynamics can be formulated in a coherent manner with the help of
geometric algebra.

1. Geometric algebra provides the most powerful artefact for dealing
with rotation and boosts. In fact, it generalizes the role of complex
numbers in two dimensions, and quaternions in three dimensions,
to a wider scheme for tackling rotations in arbitrary dimensions in
a simple and comprehensive manner.

2. The striking advantage of an entirely “real” formulation of the Dirac
equation in space-time algebra (geometric algebra of “real” space—
time) without using complex numbers is that the internal phase
rotations and space-time rotations are considered in a single unify-
ing frame characterizing them in an identical manner.

3. WK. Clifford synthesized Grassmann’s algebra of extension and
Hamilton’s quaternion algebra by introducing a new type of prod-
uct ab of two proper (non-zero) vectors, called geometric product.
He constructed a powerful algebraic system, now popularly known
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as Clifford algebra, in which vectors are equipped with a single
associative product that is distributive with respect to addition.

Geometric algebra, developed by Hestenes [1,2,3] during the decades
1966-86, though serving as a powerful mathematical language for the devel-
opment of physics, is still not widely known.

1.2 Genesis of Geometric Algebra

An account of the concept of numbers and directed numbers that had been
evolving from antiquity to the 17th century, when symbolism of algebra had
been developed to a degree commensurate with Greek geometry, is given
with full historical background. The deficiencies in the concept of number
in Descartes’ time, however, were removed with the advent of calculus that
gave a clear idea of the “infinitely small.” A transparent idea of “infinity”
and of the “continuum of real numbers” was conceived in the later part of
the 19th century by Weierstrass, Cantor, and Dedekind when real numbers
were defined in terms of natural numbers and their arithmetic without taking
any recourse to geometric intuition of the “linear continuum.” However, the
evolution of the concept of number did not stop here as it would depend more
on the geometric notion than on the linear continuum.

With a proper symbolic expression for direction and dimension came the
broader concept of directed numbers — multivectors — which is a power-
ful mathematical language for physical theories, the sine qua non for future
direction.

Euclid made a systematic formulation of Greek geometry (310 B.c.) from a
handful of simple assumptions about the nature of physical objects. This, in
fact, provided the first comprehensive theory of the physical world that led
to the foundation for all subsequent advances in physics. In accordance with
Plato’s ideal world of mathematical concepts (360 B.C.), geometrical figures
were regarded as idealization of physical bodies. The great Greek philosopher
Plato (429-348 B.c.) seems to have foreseen some of the wonderful insights,
such as

1. Mathematics must be studied for its own sake and perceived by
the exercise of mathematical reasoning and insight; its completely
accurate applicability to the objects of the physical world must not
be demanded.

2. Physical theory, on the other hand, could ultimately be developed
and understood only in terms of precise mathematics [4, 5, 6].

The mathematical concepts of Plato’s ideal world were only approximately
realized in terms of the observed features of the physical world we live in.
The central theme of Greek geometry was the theory of congruent figures that
specified a set of rules to be used for classifying bodies with a proper notion
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of size and shape. The idea of measurement could have been conceived after
Greek geometry was created, though it was not created with the problem of
measurement in mind.

In this regard we would like to be more precise and question the usual
point of view according to which, in general, Hellenism appears to be a period
of decline [7].

On the contrary, the birth of “modern science” goes back 2000 years,
namely near the end of the 4th century B.c. The most known scientists of
that time, Euclid and Archimedes (Euclid with the ability of abstraction of
a thought devoted mostly to philosophical speculations, and Archimedes as
the inventor of burning glass) were not the isolated precursors of a form
of thought that would flourish later on only in the 17th century A.D. Instead,
they were two of a large group of outstanding scientists: Erofilo of Calcedonia
(around the first half of the 3rd century B.c.), founder of scientific medicine;
Eratostene of Cirene (around the second half of the 3rd century B.c.), the
first mathematician who gave a very precise measurement of the length of
the earthly (terrestrial) meridian; Aristarco of Samo (the same epoch of the
3rd century B.c.), founder of the heliocentric system; Ipparco of Nicea (in the
2nd century B.C.), precursor of the modern dynamics and gravitation theory;
Ctesibio of Alessandria (first half of the 3rd century B.c.) who developed the
science of compressible fluids, as well as many others who were protagonists
of a sort of scientific revolution that achieved very high levels of theoretical
elaboration together with experimental practice that was not inferior to that
of Galileo and Newton.

Strangely, the scientists involved in research from the Renaissance period
to date seem to ignore the testimony of this extraordinary phenomenon.
According to Lucio Russo [7], it appears that the Roman people destroyed
the Hellenistic states after the conquest of Syracuse, the killing of Archimedes
(212 B.c.) and the destruction of Corinto (146 B.C.). The indifference of Rome
to scientific culture accounted for most of the original texts being lost.
According to Russo [7], the birth of modern science was not an indepen-
dent or a casual event; “modern” scientists gradually took possession of the
branches of knowledge as they were brought to light by the discovery of the
Greek, Arab, and Byzantine manuscripts.

Euclid sharply distinguished between number and magnitude, associat-
ing the former with the operation of counting and the latter with a line seg-
ment. So, for Euclid, only integers were numbers; even the notion of fractions
as numbers had not yet been conceived of. He represented a whole number n
by aline segment that was 7 times the chosen unit line segment. However, the
opposite procedure of distinguishing all line segments by labeling them with
numerals representing counting numbers was not possible. Obviously, this
one-way correspondence of counting number with magnitude implies that
the latter concept was more general than the former. The sharp distinction be-
tween counting number and magnitude, made by Euclid, was an impediment
to the development of the concept of number. Even the quadratic equations
whose solutions are not integers or even rational numbers were regarded
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to have no solutions at all. The Hindus and Arabs were able to resolve the
problem of generalizing their notion of number by separating the concept
of number from that of geometry. By retaining the rigid distinction between
the two concepts, Euclid expressed problems of arithmetic and algebra into
problems of geometry and solved them for line segments instead of for num-
bers. Thus, he represented the product xx(= x?) by a square with each side
of magnitude x, and the product xy by a rectangle with sides of magnitude x
and y. Likewise, x> is represented by a cube with each edge of magnitude x,
and xyz by a rectangular parallelepiped with edges of magnitude x, y, and z.
However, there being no corresponding representation x" for n > 3 in Greek
geometry, the Greek correspondence between algebra and geometry could
not be extended beyond n = 3. This breakdown of Euclid’s procedure of
expressing every algebraic problem into a geometric problem impeded the
development of algebraic methods. These “apparent” limitations of Greek
mathematics were, however, overcome in the 17th century by René Descartes
(1596-1650) who developed algebra as a symbolic system for representing
geometric notions. This, in fact, led to the understanding of how subtle the
far-reaching significance of Euclid’s work was.

Also, here we would like to stress that the fact that limitation of Greek
mathematics was only apparent and not real is shown by the works of
Pitagora (~ 585-500 B.c.) after the development of mathematics by Talete
(640-546B.c.) and their disciples (called “Pythagoreans”). In fact, in Pythagore-
ans one can find a strong correspondence between mathematics (numbers)
and geometry: he and the Pythagoreans have shown that the properties of
numbers (for Pitagora, number means integer number) were evident through
geometric disposition (observe for instance that 1, 4, 9, 16, etc., were called
“squared” numbers because, as points, they can be disposed in squares). The
Pythagoreans were also shocked by the discovery that some ratios (as for
instance the ratio between the hypotenuse and one of the catheti or the ratio
between the diagonal of a square with its side) could not be represented by in-
tegers. They were so shocked that they thought that this should not be brought
to light but must stay secret! It is the first evidence of the presence of numbers
with extra reason (beyond reason), and therefore called “irrational” numbers.
However, what we like to stress is that the correspondence between mathe-
matics (numbers) and geometry was already present in the old Greek science.

After the remarkable development of science and mathematics in ancient
Greece, there was a long scientific incubation until an explosion of scientific
knowledge in the 17th century gave birth to new science, known as
Renaissance science. The long hiatus between the Greek science of antiquity
and Renaissance science can plausibly be explained by its historical evolution.
The evolution of science is determined by its inherent laws. The advances of
the Renaissance had to wait for the development of an adequate number sys-
tem that could express the results of measurement and of a proper formulation
of an algebraic language to express relations among these results. During
this period of scientific incubation the decimal system of Arabic numerals
was invented and a comprehensive algebraic system began to take shape.
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In 250 A.p., Diophantes, the last of the great Greek mathematicians, accepted
fractions as numbers. In 1540, Vieta studied rules for manipulating numbers
in an abstract manner by introducing the idea of using letters to represent con-
stants as well as unknowns in algebraic equations. This, in fact, revealed the
dependence of the concept of number on the nature of algebraic operations.
Before Vieta’s innovations, the union of algebra and geometry could not have
been accomplished. This union could have been consummated only when the
concept of number and the symbolism of algebra had been developed to a
degree commensurate with Greek geometry. When the stage of development
in two fronts — the concept of number and the symbolism of algebra — had
just been achieved, René Descartes appeared on the scene.

Though from the very beginning algebra was associated with geometry,
Descartes first developed it systematically in geometric language. Three steps
are of fundamental importance in this development. First, he assumed that
every line segment could be uniquely represented by a number that endowed
the Greek notion of magnitude a symbolic form. Second, he labeled line seg-
ments by letters representing their numeral lengths. This resided in the fact
that the basic arithmetic operations of addition and subtraction could be de-
scribed in a completely analogous way as geometric operations on line seg-
ments. Third, in order to get rid of the apparent limitations of the Greek rule
for geometric multiplication, he invented a rule for multiplying line segments,
yielding a line segment in complete correspondence with the rule for multi-
plying numbers. By introducing a symbol such as +/2 to designate a solution
of the equation x> = 2, it was possible to recognize the reality of algebraic
numbers. By taking recourse to the above steps, Descartes accomplished the
task of uniting algebra and geometry started by the Greek mathematicians.
Moreover, Descartes was able to use algebraic equations to describe geometric
curves, which heralded the beginning of analytic geometry. Indeed, this was
a crucial step in the development of mathematical language for modern
physics. The assumption of a complete correspondence between numbers
and line segments was the basis of union of algebra and geometry achieved
by Descartes. Pierre de Fermat (1601-1665) independently obtained similar
results. But Descartes penetrated into the heart of the problem by uniting
his concept of number with the Greek notion of geometric magnitude, which
opened up new vistas of scientific knowledge unequalled in the history of the
Renaissance period.

In this context it is quite relevant to note what Descartes wrote to
Mersenne in 1637:

I begin the rules of my algebra with what Vieta
wrote at the very end of his book. . ..
Thus, I begin where he left off.

Vieta used letters to denote numbers, whereas Descartes introduced letters
to denote line segments. Vieta studied rules for manipulating numbers in
an abstract manner, and Descartes accepted the existence of similar rules for
manipulating line segments and greatly improved symbolism and algebraic
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technique. Thus, it seemed that numbers might be put into one-to-one
correspondence with points on a geometric line, leading to a significant step
in the evolution of the concept of number.

The deficiencies in the concept of number in Descartes’ time could be felt
with the advent of calculus, which gave a clear idea of the “infinitely small.”
A transparent idea of “infinity” and the “continuum of real numbers” was
conceived in the 19th century by Weierstrass, Cantor, and Dedekind when
real numbers were defined in terms of natural numbers and their arithmetic
without taking any recourse to geometric intuition of the continuum. This
arithmeticization of real numbers, in fact, imparted a precise symbolic
expression to the intuitive concept of a continuous line.

The far-reaching significance of Descartes” union of number and geometric
length still resides in the fact that real numbers could be put into one-to-one
correspondence with points on a geometric line. The development of algebra
as a symbolic system for representing geometric notions was a great turning
point of Renaissance science. But the evolution of the concept of number did
not stop here, as it would depend more on the geometric notions than on the
linear continuum.

Descartes’ algebra could be used to classify line segments by length only.
The fundamental geometric notion of direction of a line segment finds no
expression in ordinary algebra. The modification of algebra to have a fuller
symbolic representation of geometric notions had to wait some 200 years after
Descartes, when the concept of number was generalized by Herman Grass-
mann to incorporate the geometric notion of direction as well as magnitude.
With a proper symbolic expression for direction and dimension came the
broader concept of directed numbers, now known as multivectors.

We have already mentioned that the theory of congruent figures was the
central theme of Greek geometry. Descartes designated two line segments
by the same positive real number, which we now call the positive scalar, if
one could be obtained from the other by a translation or a rotation or by a
combination of both. Conversely, every positive scalar was represented by
a line segment without any restriction to its position and direction, i.e., all
congruent line segments were regarded as one and the same.

In order to conceive of the idea of directed number, Herman Grassmann
generalized the concept of number by incorporating the geometric notion of
both direction and magnitude in his book Algebra of Extension in 1844. He
invented a rule for relating directed line segments to numbers. In contrast to
Descartes’ idea, he regarded two line segments as equivalent and designated
them by the same symbol, if and only if one could be obtained from the other
by a translation. On the other hand, he regarded two line segments as pos-
sessing different directions and designated them by different symbols, if and
only if one can be obtained from the other by a rotation or by a combination of
translation and rotation. Thus, Grassmann conceived of the idea of directed
line segment or directed number, called vector. A vector is graphically repre-
sented by a directed line segment and embodies the essential abstractions of
magnitude and direction without any restriction to its position.
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Through his revelation that the concept of number must be based on the
rules for combining two numbers to get a third, Grassmann invented the rules
for combining vectors, which would fully describe the geometrical properties
of directed line segments. Thus, he set down algebraic rules for addition and
multiplication of a vector by a scalar that must obey the commutative and
associative rules such as in Descartes’ algebra. The zero vector was regarded
as one and the same number as the zero scalar.

In order to endow the algebraic system for vectors with a complete
symbolic expression of the geometric notion of magnitude and direction,
Grassmann introduced two kinds of multiplication for vectors, viz., inner
and outer products. He defined the inner product of two vectors a and b,
denoted by a-b, tobe a scalar obtained by dilating the perpendicular projection
of a on b by the magnitude of b, or equivalently by dilating the perpendicular
projection of b on a by the magnitude of a:

a-b=|alcos?|b| =|b|cos?|a|="b-a, (A)

where ¥ is the angle between a and b. The inner product can as well be
defined abstractly as a rule relating scalars to vectors that has all the basic
properties provided by the above definition of inner product in terms of per-
pendicular projection. The expression (A) abstractly calls for an independent
definition of the angle ¥ between vectors a and b. The magnitude of a vector
is related to the inner product by

a-a=lal®>>0. (B)

In what follows, we shall show how the preceding arguments leading to
the invention of scalars and vectors can be continued in a natural way, which,
in turn, further extend the concept of number by the introduction of bivector
or outer product of two vectors a and b, denoted by the symbol a A b. The
fundamental geometrical fact that two distinct lines intersecting at a point
determine a plane, or more specifically, that two noncollinear directed line
segments determine a parallelogram, was considered by Grassmann who
gave it a direct algebraic expression. For this purpose he regarded a paral-
lelogram as a kind of “geometrical product” of its sides. More specifically,
he introduced a new kind of directed number of dimension two — a plane-
like object — having both magnitude and orientation, such as an oriented
flat surface and the rotation in a plane. It is graphically represented by an
oriented parallelogram defined by two vectors a and b with the head of a
attached to the tail of b, and mathematically represented by the bivector a Ab,
also called the outer product of a and b. A bivector represents the essential
abstractions of magnitude and planar orientation without any restriction to
the shape of the plane. It is to be noted that the bivector a A b is different
from the usual vector product a x b, which is an axial vector in Gibbs’ vector
algebra.
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In 1884, just 40 years after the publication of Grassmann’s Algebra of Exten-
sion, Gibbs developed his vector algebra following the ideas of Grassmann by
replacing the concept of the outer product by a new kind of product known as
vector product and interpreted as an axial vector in an ad-hoc manner. This,
in fact, went against the run of natural development of directed numbers
started by Grassmann and completely changed the course of its development
in the other direction. Grassmann’s outer product reveals the fact that the
Greek distinction between number and magnitude has real geometric sig-
nificance. Greek magnitudes, in fact, added like scalars but multiplied like
vectors, asserting the geometric notions of direction and dimension to mul-
tiplication of Greek magnitudes. This revealing feature is a reminiscence of
the distinction, carefully made by Euclid, between multiplication of magni-
tudes and that of numbers. Thus, Herman Grassmann fully accomplished the
algebraic formulation of the basic ideas of Greek geometry begun by René
Descartes.

During 1966-86, David Hestenes [1-3] constructed an algebraic system
known as geometric algebra, which combined the algebraic structure of
Clifford algebra (1876) with the explicit geometric meaning of its mathemati-
cal elements — directed numbers of different dimensions — at its foundation.
He termed these directed numbers multivectors. Thus scalars are termed as
multivectors of grade 0, vectors as multivectors of grade 1, bivectors as mul-
tivectors of grade 2, trivectors as multivectors of grade 3, etc. A volume-like
object having magnitude as well as a choice of handedness is graphically
represented by an oriented parallelepiped with handedness defined by three
vectors a, b, and ¢, and mathematically represented by trivector a A b A c.
A trivector represents the essential abstraction of volume orientation with
handedness and magnitude without any restriction to the shape of the volume-
like object. For n-dimensional space, multivectors with grade greater than n
cannot be constructed and hence they cease to exist.

In contrast to Gibbs, Hestenes retained Grassmann’s concept of outer
product of vectors, extended it in a natural way to get multivectors of higher
grade and successfully developed geometric algebra — a powerful mathe-
matical language for physics.

1.3 Mathematical Elements of Geometric Algebra

Geometric algebra for three-dimensional space consists of four types of math-
ematical elements having correspondences with geometrical or physical
objects. So, the powerful geometric intuition of the human mind and the
physical objects are built into its very foundation. We give qualitative ideas
of these four types of elements of this algebra for three-dimensional space.
Details are provided in Reference[8].
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1. First, we consider physical objects having magnitude without any
spatial extent, such as mass, temperature, specific gravity, number
of objects, etc. They are mathematically represented by scalars or
real numbers. We call these objects multivectors of grade 0.

2. Second, we consider linelike physical objects having both magni-
tude and direction, such as displacement, velocity, etc. They are
mathematically represented by vectors 4, b, ... and graphically by
directed line segments. A vector represents the essential abstractions
of magnitude and direction without any restriction to its position.
We call these linelike objects multivectors of grade 1.

3. Third, we consider planelike physical objects having both magni-
tude and orientation, such as an oriented flat surface area and the
rotationin a plane. Itis graphically represented by an oriented paral-
lelogram defined by two vectors @ and b with the head of 7 attached
to the tail of b, and mathematically represented by the bivectora AD,
also called the outer product of @ and b. A bivector represents the
essential abstraction of planar orientation and magnitude without
any restriction to the shape of the plane. We call these planelike
objects multivectors of grade 2. It is to be noted that the bivector
a A b is different from the usual product 4 x b, which is an “axial”
vector in the usual vector algebra.

4. Last, we consider volume-like objects having magnitude aswell as a
choice of handedness, such as an oriented parallelopiped with hand-
edness. It is graphically represented by an oriented parallelopiped
defined by three vectors i, b, and ¢ with the head of 4 attached to
the tail of b and with the head of b attached to the tail of ¢, and math-
ematically represented by trivectors @ A b A €. The order of vectors
ina Ab A€ determines the handedness and the sign of the oriented
parallelopiped. A trivector represents the essential abstraction of
volume orientation with handedness and magnitude without any
restriction to the shape of the volume. We call these volume-like
objects multivectors of grade 3 (see Figure 1.1).

As no mathematical elements with grades greater than 3 can be con-
structed in three-dimensional Euclidean space, the above-mentioned elements
constitute four independent mathematical objects of the geometric algebra for
a three-dimensional space. We write a multivector M of any grade as

M = |M|(unit of M),

where M is a real number representing the magnitude of M. In geometric
algebra for three-dimensional space, unit multivector may be scalar, vector,
bivector, or trivector. We take any set of three orthonormal vectors as a basis
for vectors. The three mutually orthogonal unit bivectors constructed out of
three orthonormal basis vectors are taken as a basis for bivectors. There is only
one unit scalar 1. Also, there is only one unit trivector, equal to the product
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FIGURE 1.1
Four mathematical elements of the geometric algebra for three-dimensional space are represented
graphically.

of the three orthonormal vectors considered because there is only one unit
volume with the orientation of a given handedness.

A generic multivector M is defined as a linear combination of four linearly
independent multivectors of different grades as

M= My + M + M, + M, (1.1)

where M; (i = 0, 1,2, 3) is a multivector of grade i. The addition of multi-
vectors of different grades may seem absurd at first look. The absurdity dis-
appears because one may justify Equation 1.1 in the abstract Grassmannian
way if the indicated relations and operations in mathematics are well defined.
For example, a complex number x is defined as a linear combination of a unit
scalar 1 and and a unit imaginary ; as

x=1x1 + jxo. (1.2)
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Equation 1.2 shows that x has two parts: real and imaginary; they are
linearly independent mathematical elements. Likewise, Equation 1.1 shows
that M has four parts: scalar (real numbers), vector, bivector, and trivector; all
are linearly independent mathematical elements. In the next section we shall
show that unit trivector and the unit imaginary have a close resemblance,
both being algebraically equal to ~/—1. However, the unit trivector, being a
unit volume element with orientation of a given handedness, affords more
information, geometrical and physical.

Henceforth we call the multivector of any grade a simple multivector to
distinguish it from the generic multivector consisting of four parts: scalar,
vector, bivector, and trivector.

1.4 Geometric Algebra as a Symbolic System

Mathematical objects of geometric algebra have one kind of addition rule, dif-
ferent from Gibbs’ vector algebra, and one general kind of multiplicative rule,
known as the geometric product. The importance of the geometric product
of two vectors can be visualized in the fact that all other significant products
can be obtained from it. The inner and outer products seem to complement
one another by describing independent geometrical relations.

Noting the fact that the inner and outer products of two vectors have
opposite symmetries, we define a general kind of product ab (dropping the
convention of using overline for vectors) called the geometric product of the
vectors a and b, by

ab=a -b+anb. (1.3)

By the same mathematical argument given in the previous section we can
justify the addition of multivectors of different grades: a scalar (grade 0) and
abivector (grade 2). One can give mathematical meaning to (1.3) by specifying
that the addition of scalars and bivectors satisfies the usual commutative and
associative rules.

As the inner product obeys commutative rule, we can obtain from (1.3)

ba=b-a+bra=a-b—anb. (1.4)

Here we assume that both the inner and outer products are bilinear in their
arguments. So, the geometric product defined by (1.3) is also bilinear in its
two arguments.

The geometric product is not generally commutative:

ab = ba, (1.5)
unlessa A b = 0, for which

ab=a-b=>b-a =ba, (1.6)
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nor is it anticommutative:
ab # —ba, (1.7)

unlessa - b = 0, for which

ab=a ANb=—-bAra=—ba. (1.8)

The product ab inherits a geometrical interpretation from those already
accorded to the inner and outer products. It is, in fact, an algebraic measure
of the relative direction of the vectors a and b as we note that

1. Equation 1.6 implies that the vectors are parallel if and only if their
geometric product is commutative.

2. Equation 1.8 implies that the vectors are orthogonal if and only if
their geometric product is anticommutative.

As the inner and outer products have opposite symmetries, they can be
extracted from (1.3) and (1.4):

a-b=(1/2)(ab + ba) (1.9)
and
aAnb=(1/2)(ab — ba). (1.10)

Now, instead of regarding (1.3) as the definition of the geometric product ab,
we consider it as a fundamental product and take (1.9) and (1.10), respectively,
as the definitions of the inner and the outer products of a2 and b in terms of
ab. Thus, in geometric algebra, the composite geometric product is the funda-
mental algebraic operation with its symmetric and antisymmetric parts being
endowed with prime geometrical or physical significance. In this connection
one must note that

1. The commutability of the inner product is imparted by the com-
mutability of addition.

2. The anticommutability of the outer product is imparted by the
anticommutability of subtraction.

Multiplication of the geometric product ab by a scalar A gives
Aab) = (a)b = a(AD), (1.11)

which follows from the bilinear property of the geometric product.

The above multiplications are mutually commutative and associative. If
the commutative rule is separated from the associative rule by dropping the
round brackets in (1.11) we get

ra=ah, (1.12)

which is the conventional commutative product of a scalar and a vector.
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The geometric product obeys the left and right distributive rules:

a(b+c) =ab+ac, (1.13)
(b+c)a=ba+ca (1.14)

for any three vectors a, b, and c.
We give the proof of (1.13):

alb+c)y=a-(b+c)+an(b+c) [definition of geometric product]
=@-b+a-c)+@Anb+anc) [associative rules for addition]
=(@-b+anb)+(@a-c+anc) [rearrangement of terms]
=ab+ac [definition of geometric product].

In the same way, we can prove (1.14). One must note that the distributive
rules (1.13) and (1.14) are independent of one another because the geometric
product is, in general, neither commutative nor anticommutative.

In any algebra the associative property is extremely useful in algebraic
manipulations. For this purpose we assume that for any three vectors 4, b,
and ¢ the geometric product is associative:

a(bc) = (ab)c = abc. (1.15)

Thus, we have ascertained all the basic algebraic properties of the geo-
metric product of vectors including the associative rule.

By exploiting these algebraic properties of the geometric product we will
show in what follows that for any three vectors a, b, and ¢ the outer product
a Ab A c is also associative (see the following Equation 1.22). This can be
visualized geometrically by the fact that the mathematical objecta Ab Acisa
volume element with orientation of a given handedness, independent of how
the factors of the object are grouped provided the order of the vectors in the
product is retained.

One can see easily that the outer product of a vector 2 and a bivector
A =D Acis symmetric:

anA=an(bArc)=(anb)Ac
=—MbAra)rc=-bA(aAc)
=+4+bAa(crna)=(bAc)Aa
= AAa. (1.16a)

Now we are in a position to extract the inner and outer product of a vector
a and a bivector A = b A ¢ from the geometric product 2 A by using the
associative rule (1.15) and noting that a - A and a A A must have opposite
symmetries, i.e.,

aNA=AANa, (1.16a)
a-A=—-A-a. (1.16b)
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The anticommutability of the inner product a - Amay be seen in the result
a-A=a-(bAac)=(@-b)c—(a-c)b

calculated later (see the following Equation 1.23).
First we express the geometric product 4A as a sum of symmetric and
antisymmetric parts:

aA = (1/2)(aA + aA) + (1/2)(Aa — Aa)
= (1/2)(aA — Aa) + (1/2)(aA + Aa) (1.17)
and write
aA=a-A+a A A (1.18)
where we set in view of (1.16a,b)
a-A=(1/2)@aA—Aa)=—A-a (1.19)
and
a A A= (1/2)(aA + Aa) = Ana. (1.20)

All these basic algebraic properties except the associativity of the outer
product have already been ascertained. In order to derive the associative rule
for the outer product of vectors, we consider the definitions (1.10) and (1.20)
and the associative rule (1.15) for the geometric product. Thus we have

(anb)yrc=(1/2)[(a Ab)c +c(a AD)]
= (1/4)[(ab — ba)c + c(ab — ba)]

= (1/4)[abc — bac + cab — cbal. (1.21a)
Likewise,
anbnac)=1/2)a Ac)+(bAc)al]
= (1/4)[a(bc — cb) + (bc — cb)a]
= (1/4)[abc — acb + bea — cbal. (1.21b)
From (1.21a,b) we get

(anb)yrc—a n(bArc)=(1/4)(cab+ acb) — (1/4)(bac + bca)
= (1/4)(ca + ac)b — (1/4)b(ac + ca)
= (1/2)(c -a)b — (1/2)b(a - ¢)
=(1/2)(a -c)b — (1/2)(a - c)b
=0.
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Thus we have
(anbyrc=an(bnc), (1.22)

which gives the associative rule for the outer product of vectors.

The symmetric parta A Aof the geometric product aA in (1.18) is identified
with the outer product of a vector and a bivector, which is, in fact, a trivector
a Ab A c,a multivector of grade 3.

The antisymmetric part a - A of the geometric product aA in (1.18) is identi-
fied with the inner product of a vector and a bivector, which may be regarded
as a generalization of the inner product of vectors. In order to understand
the significance of the quantity a - A, one must expand it explicitly in terms
of the inner product of two vectors to exibit its grade for ascertaining the
mathematical object it represents.

By using the definitions (1.9), (1.10), (1.19) and the associative rule (1.15)
for the geometric product, one can write, taking A= b A c:

a-A=1/2)[aA— Aa]l=(1/2)[a(b Ac) — (b Ac)a]
= (1/4)[a(bc — cb) — (bc — cb)a]
= (1/4)[a(bc) — a(cb) — (bc — cb)a]
= (1/4)[(ab)c — (ac)b — (bc — cb)a]
=(1/4)[(2a -b — ba)c — (2a - ¢ — ca)b — (bc — cb)a]
{remember ab = (2a - b — ba), etc.}
= (1/4)[(2a - b)c — (ba)c — (2a - ¢)b + (ca)b — (bc — cb)a]
= (1/4)[(2a - b)c — b(ac) — (2a - ¢)b + c(ab) — (bc — cb)a]
=(1/4)[(2a -b)c —b(2a -¢c —ca) — (2a - c)b
+c(2a -b —ba) — (bc)a + (cb)a]
= (1/4)[(2a - b)c — (2a - c)b + b(ca) — (2a - c)b
+(2a - b)c — c(ba) — b(ca) + c(ba)]
=(a-b)c—(a-c)b.
Thus we have
a-A=a-(bnac)=(a-b)c—(a-c)b. (1.23)

This shows that the inner product of a vector and a bivector is anticommuta-
tive and represents a vector. In the derivation of the result (1.23) we first write
the expression simply in terms of geometric products and then repeatedly
use the associative rule for the geometric product and the inner product of
two vectors, written as ab = 2a - b — ba. This demonstrates that the composite
geometric product with its associative property is a fundamental algebraic
operation.
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Equations 1.9, 1.10 and 1.19, 1.20 demonstrate the general rules for the
inner and outer products, which may be stated as

1. The inner product by a vector lowers the grade of any simple mul-
tivector by one.

2. The outer product by a vector raises the grade of any simple multi-
vector by one.

One may note the following pattern of symmetry for the outer product
of a vector 4 and multivectors of different grades. It is antisymmetric for any
vector b(multivector of grade 1):

anb=-bAa, (1.24)
and symmetric for any bivector (multivector of grade 2) A=b A c:
anNnA=AANa, (1.25)

which shows that symmetry alternates with grade. The above symmetry may
be generalized by the rule

aAM=(-1)¥MAna, (1.26)

“u

where a is any vector and M is any multivector of grade “g”.

Also noting that the inner and outer product of a vector and any mul-
tivector of grade g must have opposite symmetries, and taking account of
the symmetry for the outer products as given by (1.26), we can express the
symmetry for the inner products by the rule:

a-M=—(-1)M-a. (1.27)

This can also be obtained as the generalization of the results (1.9) and (1.23).

1.5 Geometric Algebra as an Axiomatic System (Axiom A ...)

In Section 1.4 we have introduced geometric algebra for three-dimensional
space as asymbolicsystem thatincludes graded multivectors M;(i =0, 1, 2, 3),
called simple multivectors (scalar, vector, bivector, and trivector) to represent
the directional properties of points, lines, planes, and space (volume). Because
the graded multivectors M; are linearly independent mathematical objects,
we define a generic multivector M, a mathematical object of “mixed” grades,
to be a linear combination of them as

M= My + M, + M, + M;. (1.28)

Any element of geometric algebra can be expressed in the form (1.28). In
this type of addition, multivectors of different grades do not mix; they are
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simply collected as separate parts under one heading called multivector. As
in the addition of real and imaginary numbers, numbers of different types
are collected as separate parts under the name of complex numbers.

We note in passing that the geometric product of vectors has, except for
commutativity, the same algebraic properties as the scalar multiplication of
vectors and bivectors. In particular, both products are associative as well as
distributive with respect to addition.

Now, in conformity with the development of geometric algebra for three-
dimensional space as a symbolic system, we develop the geometric algebra
for the space of an arbitrary dimension by introducing the following axioms
and definitions.

We denote by G the geometric algebra for a space of an arbitrary
dimension, and A, B, C, ... are multivectors belonging to G.

Axiom1 : G is closed under the addition of any two multivectors belonging
to G, i.e., for any two multivectors

A B, eg
there exists a unique multivector C € G, such that
A+B=C (A1)

Axiom 2 : G is closed under the multiplication (geometric) of any two
multivectors A, B € G, i.e., there exists a unique multivector C € G, such that

AB =C. (A.2)
Axiom 3: Addition of multivectors A, B € G is commutative, i.e.,
A+ B =B+ A. (A.3)

Axiom 4: Addition is associative, i.e., for any three multivectors A, B, and
C € G, we have

(A+B)+C = A+ (B +C). (A.4)

Axiom 5: The geometric product of multivectors € G is associative, i.e., for
any three multivectors A, B, C € G,

(AB)C = A(BC). (A.5)

Axiom 6: The geometric product of multivectors € G obeys the left and
right distributive rules with respect to addition, i.e., for any three multivectors
A B, Ceg,

A(B +C) = AB + AC. (A.6)
(B+C)A=BA+CA. (A7)
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Note that the distributive rules (A.6) and (A.7) are independent of one
another because neither commutability nor anticommutability of the geo-
metric product of multivectors is axiomatized.

Axiom 7: There exists a unique multivector 0 € G, called the additive
identity, such that

A+0=A=0+A. (A.8)

Axiom 8: There exists a unique multivector I € G, called the multiplicative
identity, such that

[A= A (A.9)

Axiom 9: Every multivector A € G has a unique multivector —A € G,
called the additive inverse, such that

A+ (—A) =0=(-A) + A. (A.10)

Axiom 10: The set of scalars in the algebra are real numbers.
Axiom 11: The multiplication of a multivector A € G by a scalar A is
commutative:

AA= A (A.11)

Axiom 12: The square of any non-zero vector 4 is a unique position scalar
2
la|*:

a*=la*> > 0. (A.12)

Axiom 13: For every non-zero vector a € G there exists a unique vector
a~1 e G, called the multiplicative inverse, such that

aat=1=a"a, (A.13)
where
a "' =a/a? (A.14)

Axiom 14: For every vector 4 and a multivector A, of grade r in an
r-dimensional space,

anA =0. (A.15)

The left-hand member is a multivector of grade r + 1(see rules 1 and 2
of Section 1.4); this axiom is necessary because r-dimensional space does not
allow any multivector with grade greater than r.

On the other hand, from the geometrical point of view, we can say that
ifa A A, is # 0, we will be in a vector space that has a dimension not lower
than r 4+ 1 because, beinga A A, # 0, a A A, is an (r + 1)-multivector that can
be only in an 7 + 1 space. Then, in an r-dimensional space, the outer product
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of a vector by any multivector of grade r must be 0, i.e., a2 A A, = 0. We can
say then in this manner: no mathematical objects with grade greater than r
can be constructed in an r-dimensional space (see also the proposition given
following Figure 1.1, which refers to a three-dimensional Euclidean space,
where it is said that no mathematical elements with grade greater than 3
can be constructed). So, for example, in three-dimensional physical space we
have

anAs=0. (1.29)

Next, we give some definitions. For a vector 4 and any multivector A, of
grade k we define the inner product by

a- A= (1/2)@A; = (=) Aa) = (1) A -a (1.30)
and the outer product by
a A A= (1/2)(aAx + (=1)f Aa) = (=1 A Aa. (1.31)

Adding (1.30) and (1.31) we have the geometric product aAy as
aAr=a - A +a N A (1.32)
Note:

1. (1.30) includes (1.9) and (1.19) as special cases.
2. (1.31) includes (1.10) and (1.20) as special cases.
3. (1.32) includes (1.3) and (1.18) as special cases.

From the definitions (1.30) and (1.31) we adopt the following rules in
accordance with the rules depicted in Section 1.4 for lowering and raising the
grades of any multivector by its inner and outer products with a vector:

1. a - A is a multivector of grade k — 1. (1.33)
2. a A A is a multivector of grade k + 1. (1.34)

In particular, the inner product of a multivector A of grade 0 by a vector,
following the rule 1, (1.33) has a grade 0-1, and then it is without any meaning
(and thus is not an element of geometric algebra).

By using the definition (1.31) one can write eq.(1.29) as

aAz = Asa. (135)

We have given this example contained in Equation 1.35 because it will be
useful when we will consider the Pauli algebra.

Notice that axioms A.1 to A.9 implicitly define the operations of addition,
subtraction, and multiplication of mathematical elements of the geometric
algebra. Except for the commutative law for multiplication, they are identical
with the axioms of scalar algebra.
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We will give here the derivation of the associative rule for the outer product
of vectors:

an(bAc)y=(anb)Ac. (1.36)

We begin with the associative rule for the geometric product:
a(bc) = (ab)c (1.37)
ab-c+bAac)y=(a-b+anb) [definition] (1.38)
alb-c)+abnrc)y=(a-b)c+(anb) [distributive law] (1.39)

alb-c)+a-(bac)+an(bnc)

=(a-b)c+@nb)-c+@anb)rc [definition] (1.40)
By using rule (1.33) we identify the termsa(b-c), a-(bAc), (a-b)c,and (a AD)-c
as vectors. Likewise, by using rule (1.34), the termsa A (b Ac) and (a AD) Ac

are identified as trivectors. By equating the trivector parts from both sides,
we get the associative rule for the outer product:

an(Ac)y=(anb)Ac. (1.41)
Also, by equating the vector parts, we get an algebraic identity:
alb-c)+a-(bnrc)=(a-b)c+(anb)-c. (1.42)

Now we derive the distributive rules for the inner and outer products. By
using the left distributive rule (A.6) of the geometric product for a vector a
and r-grade multivectors B, and C, we get

a(B, +C,) =aB, +aC, (1.43)
a-(B,+Cy)+an(B+0C) (1.44)
=a-B,+anB +a-C.+anC, [using (1.32)].

By taking account of rules (1.33) and (1.34), we equate the multivectors of like
grades from both sides and get the left distributive rules for the inner and
outer products:

a-(Bb+C,)=a-B,+a-C, (1.45)
and
an(B, +C)=anB,+ancC,. (1.46)

Similarly, by using the right distributive rule (A.7) we get the right dis-
tributive rules for the inner and outer product:

(Bb+C,)-a=B,-a+C,-a (1.47)
and

(B, +C)Ara=B, rna+C, Ana. (1.48)
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A consequence of rule (1.33) is that if we take the inner product of a vector a
by a multivector A of grade 0, we will find a multivector of grade —1. As this is
impossible, this kind of inner product is meaningless. Again, a consequence
of rule (1.34) is that if we take the outer product of a vector a4 by a multivector
A of grade 0, we have a multivector of grade 1; in that case, ax = Aa is the
same as the conventional product of a scalar and a vector.

1.6 Some Essential Formulas and Definitions

According to definition (1.28) of Section 1.5, every multivector A in three-
dimensional Euclidean space can be expressed linearly in terms of graded
multivectors Ax(k =0, 1, 2, 3) as

A= Ay+ A+ A+ As. (1.49)

Multivector A is said to be even if it contains only the even-graded multi-
vector parts Ay and Ay, and odd if it contains only the odd-graded multivector
parts A; and As.

Denoting the even and odd multivector parts by A, and A_, respectively,
we see that

A=A+ A (1.50)
where

A=A+ A (1.51)
and

A=A+ As. (1.52)

It is easy to show that even multivectors form an algebra by themselves,
which is a subalgebra of the full geometric algebra, but odd multivectors do
not.

In any multivector containing products of different kinds, we perform
the operations of multiplication in the following order: outer product, inner
product and, last, geometric product. This convention of preference order of
performing multiplications operations removes the ubiquitous use of paren-
thesis. The following are examples:

AABC =(AAB)C # A (BC) (1.53)
A-BC =(A-B)C # A-(BC) (1.54)
A-BAC=A-(BAC)+#(A-B)AC, (1.55)

where A, B, and C are graded multivectors.
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Now we present the following reduction formula and its expanded form
without proof. Their proofs are presented in Reference [3].

1. The general reduction formula:
a-ai N Cr—l =a- alCr_1 — a1 N (Ll . Cy_l), (1.56)
where a and a; are vectors, and C,_; is a multivector of grade r — 1.

This is valid for any positive integral value of r > 3.
2. By iterating a; A (a - C,_1), we write it in the expanding form:

aiAN(@-axANasA---Aay)
=a -aAxdy NaAz N --- Ny —p @ -Aazdy Ny Ndg N\ ---Na
4+ o+ (=Da-aarnaxAn---Aa, 1. (1.57)

This is valid for any positive integral value of r > 3. Particular case: if r = 3,
we get

a1 AN(a-ax Anaz) =a-axa; Aas —a -asza; Ads. (1.58)
This can be directly obtained by using the formula
a-ayANas=(a-azasz— (a-as)as. (1.59)

In view of (1.57) the general reduction formula (1.56) can be expressed in
the following expanded form:

.

a-(@AayA--Aay) = E (=1 a casa1 Aay Adg -+ A ay
s=1

=a-a1ax) Nas N--- AN, —a a1 Naz AN ---ANa, +---

+(=1)*a aa Aas A Aap_y, (1.60)
where the invested circumflex in the product
a-asay ANap A---dg--- ANd, (1.61)

means that the g, factor is to be omitted.

Equation 1.60 determines the inner product of a vector a4 and an r-graded
multivector A, = a1 Aay A --- A a,. The general reduction formula (1.56)
has been referred to as the Laplace expansion of the inner product by
Hestenes [3].

Now, we generalize the reduction formulas (1.56) and (1.60) by taking a
multivector of any grade in place of vector a. For the sake of convenience, we
write (A), to denote the r-graded multivector part of a multivector A.

For any r-graded multivector A, and s-graded multivector B;, we define
the inner product A, - B; by

A - Bs = (ArBs)lrfs\ (1.62)
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and the outer product A, A Bs by
Ay A Bs = (Ar Bs)rys. (1.63)

The inner product produces an |r — s|-graded multivector, whereas the outer
product produces an (r + s)-graded multivector.

In the following text we deduce three important formulas and the asso-
ciative rule for the generalized outer product.

Webegin with the associative rule for the geometric product of anr-graded
multivector A,, an s-graded multivector C,, (0 < ¥ < s), and a vector b:

(Ab)Cs = A (bCy). (1.64)
(A b+ A AD)Cs = A(b-Cs+b ACy) [definition].  (1.65)
(A -b)Cs + (A Ab)Cs = A(b-Cs) + A(b ACs) [definition].  (1.66)
(A -b) - Cs+ (A -b) ACs + (A Ab) - Cs + (A Ab) ACs. (1.67)

=A - (b-C)+ANb-C)+A - (bAC)+ A N AC)
[definition].  (1.68)

Now we equate like graded multivector parts from both sides of
Equation 1.68.

1. Equating the (s + r + 1)-graded multivector parts we get the asso-
ciative rule for the generalized outer product:

(A AD)ACs = A A(DAGCs). (1.69)
2. Equating the (s +r — 1)-graded multivector parts we get
(A -D)ACs = A A (D-Cy). (1.70)
3. Equating the (s — r + 1)-graded multivector parts we get
(A -b)-Cs = A - (bACy). (1.71)
4. Finally, equating the (s —r — 1)-graded multivector parts, we get
(A AD)-Co=A - (b-Cy). (1.72)

The factor (b - Cs) on the right-hand side of (1.70) or (1.72) can be reduced
to the expanded form of the general reduction formula (1.60) if C; is expressed
as an outer product of s vectors.

We have some particular cases:

1. The equation relating the bivector parts:
(A2-b)-C3= A - (b AC3) (1.73)

is a particular case of (1.71).
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2. The equations relating the scalar parts
(@anb)-Co=a-(b-Cy) (1.74)
and
(A2 ADb)-Cz3=Ar-(b-C3) (1.75)
and that relating the vector parts
(@anb) -Cz=a-(b-Cy) (1.76)

are particular cases of (1.72). Equation 1.74 is useful in three-dimensional
Euclidean space, whereas Equation 1.73, Equation 1.75, and Equation 1.76 are
useful in four-dimensional space-time in simplifying algebraic expressions.
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Multivectors

2.1 Geometric Product of Two Bivectors A and B

Expressing bivector A as a product of orthogonal vectors:
A=a Ab=uab, (2.1)
we can write

AB =abB=a(bB) =a(b-B +b A B)
=a(b-B)+a(bAB)
=a-(b-B)y+an(b-B)+a-(bAB)+an(bnaB)
=(@Ab)-B+an®-B)+a-(bAB)+(aAnb)AB
[by using (1.74)]
=A-B+[anb-B)+a-(bAB)]+AAB

= (AB), + (AB)2 + (AB)4, (2.2)
where
(AB), = A-B =a-(b-B) =(BA),, (2.3)
(AB) =a An(b-B)+a-(bA B)=—(BA),, (2.4)
(AB)y = AAB =a AbAB=(BA),. (2.5)

We decompose the geometric product AB into symmetric and antisym-
metric part [1]:

AB = (1/2)(AB + BA) + (1/2)(AB — BA) (2.6)

Comparing (2.2) with (2.6) and noting the relations (2.3)-(2.5), we establish
that

(AB), + (AB)s = (1/2)(AB + BA) = (BA), + (BA)4
and
(AB)2 = (1/2)(AB — BA) = —(BA),.
27
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Stated more explicitly, we can write
A-B4+AAB=(1/2)(AB4+BA)=B-A+ B A A, (2.7)
and
an(b-B)+a-(bAB)=(1/2)(AB — BA). (2.8)

The expression (1/2)(AB — BA) is called the commutator or commutator
product of A and B. In three-dimensional space

AANB =0
Equation 2.2 and Equation 2.7 become
AB = (AB)o+ (AB); =A-B+an(b-B)+a-(bAB) (2.9)
and
A-B=(1/2)(AB+BA) =B - A. (2.10)

The geometric product of bivectors can be generalized to the geometric
product of multivectors of any grades, A, B;. For the geometric product

A Bs =aiay...a,Bs, (r <5s),
the term of the lowest grade will be
Ay - By = (A Bs)s—r. (2.11)
Corollary: The geometric product A, B; can have a nonzero scalar part
A -Bs; ifr=s.

Factorization: In geometric algebra there is a type of factorizing an r-graded
multivector into an outer product of vectors.

We see how a nonzero bivector B can be factorized into an outer product
of vectors.

We take a unit vector 2 and a nonzero bivector B such that

aAB=0 (2.12)

This condition implies that the unit vector a lies in the plane of the bivector
B. Then we can write

aB=a-B=b (2.13)

This defines a unique vector b. We can solve Equation 2.13 for B in terms of
a and b. For this purpose we multiply (2.13) on the leftby a = =4,

a~'aB =a~'b,
(a"'a)B = ab,
B = ab. (2.14)
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From 2.12 and 2.13 we get

a-b=a-(a-B)
=(aAa)-B [using (1.74)].
Thus we have
a-b=0. (2.15)

So, b is orthogonal to a. Thus, from (2.14) and (2.15) we obtain
B=ab=a nb. (2.16)

Equation 2.16 gives us a factorization of the bivector B into an outer product
of orthogonal vectors with the condition (2.12) that the unit vector a be a factor
of B. Equation 2.13 tells us that b is a unique factor of B orthogonal to a.

2.2 Operation of Reversion

In geometric algebra we introduce one kind of conjugation called reversion
[1]. The reverse of any multivector A, denoted by A, is defined to be the
expression obtained from A by reversing the order of all vector factors in all
simple multivectors making up A.

The reverse of a bivector B = a A b is given by

Bt=@Ab)=bAa=—-anb=—B. (2.17)
The reverse of a trivector T =a A b A ¢ is given by

T=@AbArc)"cAbra=—(Ac)Aa
=bAr@anc)=—-an(bnarc)=-T. (2.18)

Thus reversion changes the signs of bivectors and trivectors. Scalars and vec-
tors, on the other hand, remain unchanged. So, the reverse of a general mul-
tivector A in the expanded form is given by

A:(A0+A1+A2+A3)~=A0+A1—A2—A3. (219)

It follows from the definition that the reverse of a geometric product of mul-
tivectors is the reverse of the reversed multivectors:

(AB...CD) =DC...BA (2.20)
In particular, the reverse of a geometric product of vectors is given by

(alaz...ar)~=a,...a2a1. (221)



30 Geometric Algebra and Applications to Physics

Reversion corresponds to Hermitian conjugation in matrix algebra and
is very useful in the problems of rotation where pairs of bivectors, one the
reverse of the other, occur in the usual way.

2.3 Magnitude of a Multivector

To every multivector A there corresponds a unique scalar | A|, called the mag-
nitude or modulus of A, defined by the equation

|Al = (AA)S>. (2.22)
To prove the existence of (2.22) we have to show that
|A? = (A1 A) =0, (2.23)

where |A| = 0 if and only if A= 0.
Proof of the existence theorem (2.23):
First we observe that

lay...a,>=(ar...a,)(a1...a,) = |a1*...|a, > =0 (2.24)
if (a1...a,) #0.

If the vectors are orthogonal, they are factors of an r-graded multivector A,:
A =a1ar...a, =a1 ANy A ... ANd,. (2.25)

Then it follows that for any multivector of grade r
| A ?>0, if A #0. (2.26)

In the expansion of the scalar part of the product (AA), the cross terms of
products of multivectors of different grades should be omitted as they have
no scalar parts. Thus we have

AP = |AAj = | Al + | AP + - + A = 0. (227)

Hence existence of theorem (2.23) is proved.

2.4 Directions and Projections

In geometric algebra the notion of “direction” is given a precise mathematical
representation by a “unit vector,” so the unit vectors themselves are referred
to as directions.

Consider the geometric product of two vectors a and b:

ab=a-b+anb. (2.28)
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a)| is collinear with b, and a is perpendicular to b.

The interpretations associated with the inner and outer productsa -b and a Ab
imply that

1. Vectors a and b are collinear if and only if ab = ba.
2. They are orthogonal if and only if ab = —ba.

From the above implications the geometric product ab may be considered
to be an algebraic measure of the relative “directions” of vectors a and b
somewhere between these two extremes.

The resolved parts of vector a along and perpendicular to vector b can be
obtained by right multiplication of (2.28) by b~'as shown by [1]

abb ' =a -bb' +a Abb!
or
a=a-bb~'+anbbl. (2.29)

The partsa -bb~! and a Abb~! are, respectively, the resolved parts of the vector
a along and perpendicular to the vector b as shown in Figure 2.1.

Now, setting

ay=a-bb7, (2.30a)
a, =a nbb7}, (2.30b)

we can write Equation 2.29 as
0 =ay+a.. (231)

(2.30a, b) can be expressed by the equations
a”b =a -b:bau, (2323)
aib=aAnb=—ba,. (232b)
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(2.32b) expresses the directed area a A b as the product of the altitude a, and
base b of the (a, b)-parallelogram.
Similarly, the resolved parts b, and b, respectively, of vector b along and

perpendicular to vector a can be obtained by left multiplication of (2.28) by
-1

a~"as
alab=a"lta-b+alanb
that is,
b=0b,+0b,, (2.33)
where
by=a'a-b, (2.34a)
b, =a'anb. (2.34b)

(2.34a,b) can be expressed by the equations
aby=a-b="b.a, (2.35a)
ab, =a Ab=-b,a. (2.35b)

We have seen earlier that a bivector B determines a two-dimensional
vector space called B-space. The relative direction of B and some vector a
is completely characterized by the geometric product

aB=a-B+aAB. (2.36)

As in the earlier case, vector a is uniquely resolved into a vector g/, in the
B-space and a vector a, orthogonal to the B-space as given by

a=ay+ay. (2.37)

where
ay=a-BB}, (2.38a)
a, =a ABB™L. (2.38b)

The relations (2.38a, b) are represented in Figure 2.2.
By using Equation 2.30 and Equation 2.31, the Equations 2.38a,b can be
expressed by the equations

ﬂ||B =a-B= —BLIH, (239a)
a,B=aAB=Ba,. (2.39b)

The above equations imply that a vector is in the B-space (plane) if and
only if it anticommutes with B, and it is orthogonal to the B-space (plane) if
and only if it commutes with B.
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FIGURE 2.2
Projection and rejection of vector by a bivector B.

Next, we generalize the above case for a multivector M of an arbitrary
grade k, which determines the ak-dimensional vector space called M-space.
The relative direction of M and some vector a is completely characterized by
the geometric product

aM=a -M+a M. (2.40)

As in the above case, the vector a is uniquely resolved into a vector a~ in the
M-space, and a vector a | orthogonal to the M-space as given by

a=ay+ay, (2.41)

where
ay=a- MM, (2.42a)
a, =aAnMM. (2.42b)

By using Equation 2.30 and Equation 2.31, Equations (2.42a,b) can be
expressed by the equations

aM=a M= (-1)""Ma, (2.43a)
aaM=aAM=(-1)"Ma,. (2.43b)

The above equations are the generalization of Equations (2.39a,b). The
vector a;; determined by Equation 2.42a is called the projection of vector a into
the M-space, whereas a | determined by Equation (2.42b) is called the rejection
of vector a from the M-space.
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2.5 Angles and Exponential Functions (as Operators)
An angle is a relation between two directions. Now, following Hestenes [1],
we give a precise mathematical expression for this relation.
If ¥ is the angle between the direction 2 and b (unit vectors), then the cosine
and sine of the angle ¥ respectively, are defined by the equations
a-b=cos? (2.44a)
aAb=isin® (2.44Db)
where i is the unit pseudoscalar of the a A b-plane.

Now we can write, in view of (2.44 a,b),

z=ab=a-b+aAb=cost +isind

giving
z=ab=¢", (2.45)

where
e’ = cos ¥ + i sin®, (2.46)
|z| = 1. (2.47)

This shows that Equations (2.44.a, b) are just parts of the single fundamental
equation (2.45), which indicates that e’” is a spinor of the i-plane. Equation
2.46 may be regarded as a definition of the exponential function exp(i#) from
the operational point of view.

We use the radian measure of the angle ©# almost exclusively because the
degree measure is not compatible with the fundamental definition (algebraic)
of the exponential function we discuss in the next section. Moreover, in what
follows, we represent angles by bivectors, where the “areal measure” is not
compatible with degree measure. The angle ¢ in Equation 2.45 is interpreted
as “radian measure” of the angle from a to b. This means that the numerical
magnitude of ¥ is equal to the length of the arc on the unit circle froma to b
as indicated in Figure 2.3. As an angle is a relation between two directions
that determine a plane, we represent angle by a bivector. So the angle from a
to b is represented by the bivector ¢ given by

¢ =iv (2.48)

Here ¢ is the directed area of the circular sector OAB as follows.
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FIGURE 2.3
Linear and angular measure.

We know from the simple proportion that

directed area of circular sector (with unit radius)

arc length of the sector

directed area of unit circle  7i i
" circumference of circle = 27 2’

So, we can write that, in the case under consideration, the directed area of
circular sector OAB = (i/2)v.
Then the bivector ¢ defined in (2.48) can be written as

®/2 = i19/2 = directed area of the circular sector OAB. (2.49)

Here i specifies the plane of the angle |®/2| and specifies “areal magnitude”
of the angle. The sign of ¢ in (2.49) is determined by the orientation assigned
to the unit pseudoscalar i as shown in Figure 2.4.

Using Equation 2.49 we can write Equation 2.45 as

z=ab = +e?/?, (2.50)

B

@y

FIGURE 2.4
Angle and area of a circular sector.
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where ¢/2 encodes the areal magnitude of the angle ¢ (in radian). This may

be regarded as a functional relation of the bivector ¢ to the vectors 4 and b.
We know that

z=ab = +e'’ (2.45)

is a spinor of the i-plane. Each spinor z (with |z| = 1) determines a rotation
in the i-plane. This is exemplified by the fact that the spinor z rotates each
vector a in the i-plane into a vector b according to the equation

b=az=uae?. (2.51)

Thus the exponential function exp(i?) represents a rotation in the i-plane as
a function of the angle of rotation.

From the operational interpretation of exp(i?##) one can obtain some
important properties of the exponential function without any reference to
its algebraic definition, which we discuss in the next section.

1. A rotation through a right angle (7/2) is represented by the unit
bivector i, and hence

e =i, (2.52)

2. A rotation through two right angles 7 reverses the direction of a
vector, and then

el™ = 1. (2.53)

3. A rotation through four right angles 27 gives the identity transfor-
mation of vectors represented by the multiplicative identity 1.
Thus we may write

e =1. (2.54)

4. A rotation through an angle ¥ followed (or preceded) by a rotation
through an angle ¢ is equivalent to a rotation through (¢ + ¢) and
is expressed by

eiVpl? — pi(0+9) _ pile+?) _ Hig it (2.55)

5. Thus, if we consider n equal rotations in succession, each being
through an angle ¢, we get the well-known de Moivre’s theorem:

(€7 = 767 o (factors)
— PP HtiD (n terms)
— pin (2.56)

From the foregoing discussion it is evident that the exponential function
is a powerful means of describing rotations of vectors.
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2.6 Exponential Functions of Multivectors

The exponential function of a multivector A of any arbitrary grade is denoted
by exp(A) or e” and is defined algebraically by the series expansion

exp(A) = e = Z A/ k!
k=0
=1+ A/1 + A2 4 4 Ak 4, (2.57)

if | A| has a definite magnitude.

The series (2.57) can be shown to be absolutely convergent for all values
of A provided | Al has a definite magnitude. So, it may be extended to general
multivectors.

The exponential function (2.57) is completely defined in terms of the basic
operations of addition and multiplication (geometric product), which deter-
mine all the properties of the function. By using the closure property of the
geometric algebra under the operations of addition and multiplication (geo-
metric product) it can be shown that exp(A) is a definite multivector.

In particular, if the multivector A be an element of any algebra or sub-
algebra, such as G, g; , Gy, or g; , then the multivector exp(A) must be an
element of the same algebra or subalgebra.

Now we prove a theorem demonstrating the additive rule for exponential
function.

THEOREM 2.1
Prove the additive rule

efeB =48, (2.58)

if and only if AB = BA.

PROOF If AB = BA, then we have the identity

> (AT ml) > (BT /nl) =3 > (AFBY)/(n — k) k! (2.59)
m=0 n=0 n=0 k=0
By using the above identity, we can write

oo n

efe? =N (AFBY) /(n — k) k! (2.60)

n=0 k=0

By the binomial expansion we have

(A+ B)" = [n!/(n—k)k!|(A"*B). (2.61)
k=0
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Thus, from (2.60) and (2.61) we can write
efeB =Z(A+ B)"/n! = e/t B (2.62)
n=0

The hyperbolic cosine and sine functions are defined, respectively, by the
usual series expansion

coshA =Y~ A% /(2k)!

k=0
=1+ A2+ A4 4+ - -, (2.63)
sinhA = A*F1/(2k +1)!
k=0
= A+ A3+ A5 4., (2.64)

Adding (2.63) and (2.64) we obtain
exp(A) = coshA + sinhA. (2.65)

This shows that (2.63) and (2.64) are, respectively, “even” and “odd” parts of
the exponential series. The multivector A is called the argument of each of
the functions in (2.65).

The cosine and sine functions are defined, respectively, by the usual series
expansions:

cosA =Y (—D)FA*/(2k)! =1 — A2/21+ A4l — A°/6l 4 -, (2.66)
k=0

sinA = (D) A2k + 1)l = A= A/314+ A5l — AJ7!+ - (2.67)
k=0

If I is a multivector such that
1 = -1, IA = Al (2.68)

then, replacing Aby I Ain (2.63) and (2.64), we can express

coshlA = cosA, (2.69)
sinhlA = IsinA, (2.70)
e! = cosA + IsinA (2.71)

Equation 2.71 is a generalization of (2.46). If A is a multivector of grade
0 (i.e., scalar) the definitions (2.66) and (2.67) for the trigonometric functions
reduce, respectively, to the usual series expansions for cosine and sine of
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angles in radian measure. It is to be noted that the series expansions of expo-
nential functions require that the angles be measured in radians.

Taking i for the multivector A in (2.57) and (2.71), we have from (2.45)
the following series expansion of the geometric product of two unit vectors 4
and b in terms of their relative angle ©:

ab=e" = (i0)/k! =1+i0 —9?/2! —i0? /34, (2.72)
k=0
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Euclidean Plane

3.1 The Algebra of Euclidean Plane

Following David Hestenes [1] we start with the vector equation for an oriented
line. Every vector a determines a unique oriented line. This means that any
vector x that is a scalar multiple of the vector a lies on the oriented line
determined by a:

X =aa, (3.1)

where « is an arbitrary scalar. Equation 3.1 is said to be a parametric equation
for the a-line.

A vector x is said to be positively directed or negatively directed relative to
the vector a according as x - a > 0 or < 0. This distinction that defines the
positive and negative vectors is called the orientation or sense of the a-line.

The unit vector 4 = ala|™! is called the direction of the a-line, whereas 4
gives the opposite orientation for the line.

The parametric equation for the a-line can as well be written as

x = pa, (3.2)

where g is an arbitrary scalar.
The outer multiplication of (3.1) by vector a gives

xAna=0. (3.3)

This is a nonparametric equation for the a-line. One can also write
Equation 3.3 as

xnd=0. (3.4)
Now we can prove the following theorem.

THEOREM 3.1
Prove that the equation

xAna=0

41
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has the solution set
X =oa.
PROOF By definition of the geometric product we have

Xa=x-a+xAna
=x-a. (because x Aa =0)

Multiplying the above equation on the right by

a =g la =aa?,
we get
xaa ' = x - aaa"?
_ -2 -2 _ -2
=x-aa “a (because aa™" =a"“a)
=x-ala.
Then
_ -1
x=(x-a a
or X =aa
_ -1
where we set a=x-a .

Hence the theorem.

1. Two-dimensional vector space
In an analogous way we pass on to the algebraic description of a
plane.
For a nonzero bivector B, the set of all vectors x that satisfy the
equation

XAB=0 (3.5)

is said to be a two-dimensional vector space, and Equation 3.5 is
referred to as representing the B-plane.
The unit bivector i given by

B = Bi, (3.6)

where B is a scalar and is called the direction of the B-plane. Then
i determines an orientation of the B-plane and i gives the opposite
orientation for the plane.

Substituting (3.6) into (3.5), we get

xAi=0. (3.7)
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This shows that every bivector that is a scalar (nonzero) multiple of
i determines the same plane as i with same or opposite orientation
according as the scalar is positive or negative.

2. Parametric equation for the i-plane
We express the equation for the i-plane

xAi=0 (3.7)

into the parametric form.
First, we factorize i as the product of two unit orthogonal vectors

o1 and oy:

1 =010 =01 A0y = —0 A 0] = —0207, (3.8)
where

01-00=0, of=03=1. (3.9)
By the definition of the geometric product and using Equation 3.7,

we obtain

Xi =x-1

=x-(01 A7) [by using (3.8)]
=(x-01)02 — (x - 02)01 [by using (1.23)].

Multiplying the above equation on the right by the reverse of i, i.e.,
by i = 0201, we get

XIZ = (X . 0'1)0‘20'20'1 — (x . 0'2)010'20'1

= (x-01)01 + (x - 02)020101 [by using (3.8, 9)]
and being
il = 01000001 = o101 = 1,
we have
x = (x-o01)01 + (x - o2)00. (3.10)
By setting
x1=(x-01), and x =(x-07), (3.11)

Equation 3.10 can be written as
X = X101 + Xp07. (3.12)

Equation 3.12 represents the parametric equation for the i-plane, where the
scalars x; and x; are the rectangular components of the vector x with respect to
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X'=X =0,z
A XlGZ
X,0, f X=0,Z
O
6] i
<
-« -« 6 > »
-X,0, -0, 0 oy X0,

FIGURE 3.1
Diagram of the i-plane of vectors (real plane).

the basis {01, 02}. Orthogonal vectors o1, 0, are represented by perpendicular
line segments as shown in the Figure 3.1. A typical vector x is represented
by a directed line segment, whereas the unit pseudoscalar i is represented
by a plane segment of unit-directed area. So, one can sum up that i is the
directed area of the plane segment and that the directed area of every plane
segment in the i-plane is a scalar multiple of i.

3.2 Geometric Interpretation of a Bivector of Euclidean Plane

Now we shall show that the unit bivector i has two distinct geometric inter-
pretations corresponding to two basic properties of the plane:

1. First, as stated earlier, it is the unit of a directed area representing
the direction of the plane.

2. Second, it is the generator of rotations in the plane. The first inter-
pretation is exemplified by Equation 3.8, which expresses that i is
the product of two orthogonal unit vectors o7 and o5.

Next, in order to exhibit the second interpretation, we multiply
Equation 3.8 on the left by oy and o5, respectively, to obtain

011 = 010102 = (0101)02 = 02, (3.13)

o9l = 090105 = —0o1(0207) = —o7. (3.14)

Equation (3.13) tells us that the multiplication of o7 on the right by the unit
bivector 7, also called the unit pseudoscalar, transforms o into o,. Because oy
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and o are two unit orthogonal vectors, this transformation is a pure rotation
of oy through aright angle. Similarly, Equation 3.14 exemplifies a pure rotation
of o, through a right angle into —o;.

Substitution of (3.13) into (3.14) gives

(011)i = —01
or
o1t = —o1, (3.15)

which states that two consecutive rotations through right angles reverse the
direction of a vector. This explicity provides a geometric interpretation for the
equation

i2=-1 (3.16)

when i and —1 are both regarded as multiplicative operators on vectors.
The multiplication of any vector x in the i-plane on the right by i rotates x
by a right angle into the vector x’ given by

X' =xi = (xlal + XQ(Iz)i = x1011 + X071

or
x' = x10p — xp01 [by using (3.13) and (3.14)]. (3.17)

The relation between x and x’ is represented in the Figure 3.1.

We note in passing that the right multiplication by i rotates vectors
counterclockwise by a right angle. A positive orientation of a plane
corresponds to a counterclockwise rotation, whereas a negative orientation
corresponds to a clockwise rotation.

3.3 Spinor i-Plane

The geometric interpretation for the equation

i2=-1 (3.16)

gives rise to the construction of a spinor i-plane as given below.

We define a spinor of the i-plane to be a quantity obtained by the geometric
product of two vectors in the i-plane.

Thus, from (3.8) and (3.9) we obtain a spinor z defined by the geometric
product of oy and x:

z= O'1(X101 + XzOz) = X1012 + Xp0107. (317)
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Then,
zZ=2x1+1iX, (3.18)

which is commonly called complex number.
It is to be noted that besides the algebraic property

i?=-1

ascribed to the traditional unit imaginary, our i is a bivector, also known as the
unit pseudoscalar for the i-plane. So, it has geometric and algebraic properties
beyond those traditionally accorded to imaginary numbers.

Analogously with the Argand diagram of the complex plane we construct
the diagram of the spinor i-plane with two perpendicular axes, scalar and
pseudoscalar.

As the unit pseudoscalar i is more than the unit imaginary +/—1, so, also
the spinor z represented by (3.18) is more than a complex number.

The set of all spinors of the form (3.18) is a two-dimensional plane called
the spinor plane. The elements of a spinor plane can be represented by directed
line segments or points in the diagram as shown in Figure 3.2.

Here we choose the vector o7 in the vector plane to construct a unique
spinor z in the spinor plane (Figure 3.2) formed by the geometric product of
o1 with each vector x given by (3.18). This, in fact, means that oy distinguishes
a line on the vector plane that is associated with the scalar axis in the spinor
plane.

Pseudoscalar axis

Z=0,X

Scalar axis

FIGURE 3.2

Diagram for the spinor i-plane. Each point in the spinor plane represents a rotation—dilation.
Points on the unit circle represent pure rotations, whereas points on the positive scalar axis
represent pure dilations.
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3.3.1 Correspondence between the i-Plane of Vectors
and the Spinor Plane

From the foregoing, one notices that each vector x in the i-plane of vectors
determines a unique spinor z in the spinor plane as given by

z = o1x = 01(x101 + X207) = X1 + i X;. (3.19)

Conversely, each spinor z in the spinor plane determines a unique vector
x in the vector plane as follows:

01X =2z,
2,
o X =012
X = o1z (3.20)

3.4 Distinction between Vector and Spinor Planes

The elements of the vector and spinor planes have different algebraic prop-
erties because of two distinct interpretations of i in them, which endow
different geometric significance to each of the planes. The different inter-
pretations of i that distinguish the two planes are stated below:

1. First, the interpretation of i as the unit directed area represent-
ing the direction of the vector plane is indicated in Figure 3.1 and
Figure 3.2.

2. Second, the operator interpretation of i as a rotation of vectors
through a right angle is indicated in Figure 3.2 by the right angle
that the i-axis (pseudoscalar axis) makes with the scalar axis. This
leads to an operator interpretation for all spinors as exemplified by
Equation 3.20 (see Figure 3.2). So, the operator i may quite plausibly
be called the generator of rotations.

Now we elaborate the interpretation of the equation
X =01z (3.20)

and its representation as given in Figure 3.1 and Figure 3.2. Operating by
right multiplication on the vector oy, the spinor z transforms o7 into a vector
x, yielding a rotation of o7 through an angle

P = tan"'(x2/x1)
together with a dilation of o7 by an amount

2l = (3 +23)"2.
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As our choice of 01 is arbitrary, we can conclude that the spinor z must have
the same effect on every vector on the i-plane. So, each spinor of the spinor
plane can be regarded as an algebraic representation of a rotation—dilation.

Next, we discuss in detail the algebraic representation of spinors as
rotation—dilation.

Let us consider a vector x and spinor z given by

X = a101 + a0, (3.21)
z = By + Boi, (3.22)

where a1, B1, ay, pr are positive scalars. By the right multiplication on the
vector x by the spinor z, we get

xz = (101 + 2202)(B1 + Bai)

= (1p1 — a2B2)01 + (182 + a2 B1)02. (3.23)
Ixz| = [(181 — @22)* + (2182 +'7% a2 81)?]
= [(2 +o2) (B + £2)]* = Ixll2l. (3.24)

The above equations show that the spinor z transforms x into a vector xz,
yielding a rotation of x through an angle # given by

9 = tan" (a1 B2 + @2B1) /(1 B1 — a22)] — tan™ (a2 /ev1) (3.25)
together with a dilation of x by an amount

1/2

z| = (B + B3) (3.26)

Case 1: For points on the scalar axis excluding the points (1,0) and (-1, 0),
we have ap = 8, = 0.
In this case

X = :|:0l10‘1, zZ = :I:,Bl, XZ = Ol1,310'1. (327)

Equation 3.27 show that whereas the points on the positive scalar axis rep-
resent pure dilation by an amount |z| = $;, those on the negative scalar axis
represent rotation through an angle 7 together with dilation by an amount

|z| = B

Case 2: For points on the pseudoscalar axis excluding the points (0, i) and
(0, —i), we have a1 = B = 0. In this case

X = :i:O[zO’z, zZ = :i:ﬁzi, Xz = —012/320'1. (328)

Equation 3.28 shows that whereas the points on the positive pseudoscalar
axis represent rotation through an angle 7/2 together with dilation by an
amount |z| = B, those on the negative pseudoscalar axis represent rotation
through an angle 37/2 together with dilation by an amount |z| = §,.
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Case 3: For points on the unit circle excluding the points (1, 0), (—1,0), and
(0 — i), we have

A at=1=p24p4 and |xz|=1= x| (3.29)

This shows that spinors in this case yield a rotation of x through an angle ¢
given by

9 = tan"'[(e1 B2 + @2B1) /(@11 — 02B2)] — tan ™ (a2 /ery), (3.30)
but no dilation of x, i.e., the corresponding points on the unit circle represent
pure rotations.

Case 4: For points (1,0) and (—1,0) where the scalar axis meets the unit
circle, we have
x==01, z==1, xz=o0. (3.31)
This tells us that the point (1, 0) represents no rotation—dilation, whereas the
point (=1, 0) represents a pure rotation through an angle .
Case 5: For the points (0, i) and (0,—7) where the pseudoscalar axis meets
the unit circle, we have
X =0, z==i, xz=—01. (3.32)

This tells us that the points (0, i) and (0, —i) represent pure rotations through
angles 7/2 and 3m/2, respectively.

3.4.1 Some Observations

1. Itis important to note that the reversion of a spinor corresponds to
complex conjugation as shown below:

z = (01%) = xo1 = (X101 + X202)01
= X1012 + Xp0001 = xlcrlz — Xp01072
Z=x - xzi. (333)

2. The notation representing the modulus of the spinor z agrees with
the conventional notation for the modulus of a complex number,
ie.,

2 = 22 = 2z = % + 2. (3.34)

3. The separation of a spinor into scalar and pseudoscalar parts can
be done analogously to separating a complex number into real and
imaginary parts:

X = Re{z} = (z+2)/2, (3.35a)
Xy = Im{z} = (z — 2)/2i. (3.35b)
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3.5 The Geometric Algebra of a Plane

In the foregoing text we have the concept of vector space and spinor space
with different geometric significances. Both the spaces are linear spaces; the
vector space is a linear space of vectors, and the spinor space is a linear space
of spinors. Unlike conventional mathematics, the term vector space is not
synonymous with linear space in geometric algebra. This can be traced in the
following arguments. Geometric algebra ascribes some special properties to
vectors by introducing (1) the geometric product of vectors with associative
property and (2) the outer product of vectors defining a pseudoscalar for
the plane, regarded as a generator of rotations in the plane. This, in fact,
restricts the use of vectors in geometric algebra to some precise sense. As
geometric algebra consists of two kinds of quantities, i.e., vectors, which are
odd multivectors, and spinors, which are even multivectors, the linear space
is constructed out of vectors and spinors. Thus, the linear space is the sum of
two linear spaces, vector and spinor. So, we restrict the term vector space to
a linear space of vectors in geometric algebra. The total linear space is not a
vector space.

Now, we develop the geometric algebra of a plane. First, we introduce the
concept of linear space in its usual general sense.

A set of quantities Ay, Ay, ..., A, is said to be linearly dependent if there
exist n scalars oy, ao, . .., a,, not all zero, such that

o1 A+ A+ -+ a, A, = 0. (3.36)

Otherwise the set is linearly independent.

If the Ac(k = 1,2, ..., n) are linearly independent, then the set of all linear
combinations of the Ay is said to constitute an n-dimensional linear space,
and the { A} is said to be a basis for the linear space.

Consider the equation for the i-plane

X = X101 + Xp09, (3.12)

where the orthonormal vectors o7 and o, form a basis for the plane. In
geometric algebra, the geometric product of the vectors o7 and o, generates
two more basis elements, namely, the unit scalar 1 = o7 = o7 and the unit
pseudoscalar i = 0107. Thus, the geometric algebra of the i-plane is generated
by two orhtonormal vectors o1 and o, and is spanned by four linearly inde-
pendent quantities {1, 01, 03, i}. So, every multivector A can be expressed as

a linear combination
A= oyl + o101 + apon + asi (3.37)

with scalar coefficients «g, a1, op, and as.
The set of all multivectors generated from the vectors of the i-plane by the
addition of vectors and by the addition of the geometric product of vectors



Euclidean Plane 51

is the geometric algebra of the i-plane and it is denoted by G»(7) or simply
by gz.

The subscript “2” refers both to the dimension of the plane and the grade
of the pseudoscalar. As the four unit multivectors {1, o1, 0, i} make up a basis
for this space, the algebra G, is a four-dimensional linear space.

It is obvious from (3.37) that any multivector Ain G, can be expressed as
the sum of a vector a = w101 + 07 and a spinor z = ag + a3i, i.e.,

A=a+z. (3.38)

The vectors are odd multivectors, and spinors are even multivectors. So,
G, can be expressed as the sum of two linear spaces

G =G, +G, (3.39)

where G, is the two-dimensional linear space of vectors, and g; is the two-
dimensional linear space of spinors, both being closed under multiplication.
Of the two linear spaces G, and G, , only G, is a vector space. G, is a four-
dimensional linear space but not a vector space.

The two-dimensional vector space G, is also thei-planeitself. As the scalar
product is defined in it, this vector space is Euclidean and is denoted by E,.

The dimension of a linear space is the number of linearly independent
elements of the space. However, for a vector space and its algebra, its
dimension is synonymous with the grade of its pseudoscalar. A vector space
of dimension “2” is determined by a pseudoscalar of grade “2” and vice versa.

We note in passing that the algebra of complex numbers appears with a
geometric interpretation as the subalgebra G5 of even multivectors in G,.
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The Pseudoscalar and Imaginary Unit

4.1 The Geometric Algebra of Euclidean 3-Space

Following D.Hestenes [1] we develop and analyze the algebra of Euclidean
3-space. This can be done in the same way as in the analysis of the algebra of
E; in the previous chapters.

Let i be a unit trivector in E3, preferably called a unit pseudoscalar for E3.
The set of all vectors x that satisfies the equation

xAi=0 (4.1)

is the Euclidean three-dimensional vector space Ej3. Scalar multiples of i are
called pseudoscalars for Ej.

One can factorize i as a product of three orthonormal vectors oy, o3,
and o3:

i = 010203 = 01 N\ 02 N\ 03, (42)

where
ot =0}=07=1, (4.3)
oi-o;=0 if i#j(i,j=123). (4.4)

We assume that the orthonormal vectors oy, 02, and o3 form a right-handed
or dextral set of vectors forming a basis for E3. Equation 4.2 specifies a definite
relation of the pseudoscalar i to the dextral set of vectors. This signifies that i
is the dextral or right-handed unit pseudoscalar. By reversing the directions
of the vector o; we get a left-handed set of vectors {—ox} and the left-handed
unit pseudoscalar (—o1)(—02)(—03) = —i.

From Equation 4.3 and Equation 4.4 we can also write

UiU]'ZO'i/\U]'Z—O'j/\UiZ—O’]'O',‘ if l;é] (45)

We deduce the parametric equation for E3 from Equation 4.1. By the
definition of the geometric product we have from (4.1),

Xi=x-1.

53
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By using (4.2), this can be written as
X010203 = X - (01 VAo AN 0'3).

Then, by applying the reduction formula (1.60) to the right-hand side of the
above equation, we obtain

Xl = X010203 = X - 0102 A 03 — X - 0201 A\ 03 + X - 0301 A O.

Multiplying the above on the right by 7 = 030201, we get, by using (4.3) and
(4.5)
X1l = X - 010203030201 — X - 0201030302071 + X - 030102030201
= X + 01020201 — X - 02010201 — X - 0301020203071
= X -0101 + X - 02010102 — X - 03010301
= X:0101 + X 072072 + X - 03010103

= X 0101 + X - 0207 + X - 0303.
Thus, we have
x = (x-01)01 + (x - 02)02 + (x - 03)03,
which may be expressed as
X = x101 + X072 + X303, (4.6)

where x; = x -0y, k =1, 2, 3. The scalars x; are the rectangular components of
the vector x with respect to the basis {01, 02, 03}. Equation 4.6 represents the
parametric equation for Ej.

Orthogonal vectors oy, 02 and o3 are represented by perpendicular line
segments as shown in Figure 4.1. The right-handed unit pseudoscalar i is
represented in the figure by the oriented unit cube.

Multiplication of (4.2) by o1, 02 and o3 in succession on the left and also
on the right gives three linearly independent bivectors, which we denote by
i1 ’ iz and i3:

il = (Ili = 01010203 = 0203 = iUl. (473)
i2 = O'zi = 02010203 = —01020203 = —0103 = 03071 = iO’z. (47b)
i3 = Ugi = 03010203 = —01030203 = 01020303 = 0102 = i03. (47C)

Equations 4.7a,b,c imply that the unit pseudoscalar i commutes with all
vectors of E3. The unit bivectors iy, i5, and i3 are represented in the Figure 4.1
by the oriented-plane segments.

The set of all multivectors generated from the vectors of E3 by the addition
of vectors and by the addition of the geometric products of vectors is the
geometric algebra of E3, and it is denoted by Gs(i) or simply by Gs. The
subscript ‘3’ refers both to the dimension of the space and the grade of the
pseudoscalar of Es.
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9
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i

030, =1,

0.0, =15

FIGURE 4.1
Orthonormal basis for E3. Directed line segments represent unit vectors. Directed plane segments
represent unit bivectors.The oriented cube represents the right-handed unit pseudoscalar i.

In the foregoing we have seen that in G; the geometric product of the
vectors o1, 02 and o3 generates five more basis elements, namely, the unit
scalar 1 = 0 = 07 = 02, the unit pseudoscalar i = 010,03, and three linearly
independent unit bivectors 0,03, 0301 and 0102. So, the geometric algebra of
E; is generated by the vectors o1, 02, and o3 and is spanned by eight linearly

independent quantities

1, {o1,02,03}, {0203, 0301, 0102}, i 48)
(scalar — 1)  (vectors — 3)  (bivectors — 3)  (pseudoscalar — 1)

The algebra G; is a linear space of eight dimensions. As ioy (k = 1, 2, 3)
are the only linearly independent bivectors that can be obtained from o}
by geometric product, any bivector B in G3 can be expressed as a linear
combination:

B = Biioy + Brios + Biizo

= i(15’101 + Byor + 330'3), (49)

with scalar coefficients Br. Thus, the set of all bivectors in G is a three-
dimensional linear space with a basis {io1, iy, io3}.

From Equation 4.9 we notice that every bivector B in G3 is uniquely
related to a vector

b = Bio1 + Byoy + Bso3 (4.10)
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by the equation
B=ib (4.11)

This relation is expressed by saying that the bivector B is the dual of the
vector b.

In general we define the dual of any multivector M in Gs as the product
i M, where i is the dextral unit pseudoscalar of Ej.

In view of the Axiom A.15 of Chapter 1, it follows from Equation 4.1 that
g3 contains no nonzero k-vectors for k > 4. So, by definition (1.28), every
multivector M in G; can be written in the expanded form

M= My, + M, + M, + M;, (4.12)

where M, (¢ =0, 1, 2, 3) denotes a multivector of grade g. Thus, in this case
we have

M, = «, the scalar part of M,

M, = a, the vector part of M,

M, = ib, the bivector part of M expressed
as a dual of a vector b, and

M; = ip, the pseudoscalar part of M.

Then, (4.12) can be put in the form
M=a+a+ib+ip. (4.13)

The eight unit multivectors {1, oy, iok, i} with k = 1, 2, 3 make up a basis for
the algebra G; defined by (4.8).
Denoting by GX the subspace of k-vectors in G3, we may write:

g_,{ = a three-dimensional space of vectors,
G2 = a three-dimensional space of bivectors,

G3 = a one-dimensional space of trivectors.

4.1.1 The Pseudoscalar of E3

The pseudoscalar i that plays an important role in Gz has the following basic
properties:

i2=-1 (4.14a)
i=—i (4.14b)
iM = Mi for every multivector M in G3 (4.14¢)
anbAc=Arl (4.14d)

for any set of linearly independent vectors a, b, and ¢ in Gz and any scalar 2.
One must note that the scalar A is positive if and only if the vectors make up a
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dextral set in the order given. Here the reversion of i corresponds to complex
conjugation.

4.2 Complex Conjugation

As the properties (4.14) of the unit pseudoscalar are similar to those usually
attributed to the unit imaginary in mathematics, the unit pseudoscalar in G3 is
denoted by the symbol i. Nevertheless, there is not just one root of minus one
in geometricalgebra but many. The elements in a basis of the algebra endowed
with geometric interpretations indicate that in Gs there are two distinct kinds
of solutions of the equation x? = —1:

1. x is a pseudoscalar, whence x = +i, or

2. x is a bivector, whence x = iy or i, or i3.

Appendix A: Some Important Results
1. Vector identities

(@) (@Ab)-(cAnd)=b-ca-d—b-da-c=b-(cAd)-a.
(b) Ll'(0'1/\02/\(73)=a-0'10'2/\0'3—&l~020'1/\03+El-0301/\07_.

N

a AbAc=0ifand onlyifa, b, c, are linearly dependent.

[S8]

. Jacobi identity for vectors:
a-(bac)+b-(cna)+c-(anb)=0
4. If A is a multivector of grade r, then
AT = AJA P
5. If A, B are multivectors, then

(a) (AB)o = (BA)o.

() (AB)y = (A)+(B)+ +(A)(B)-
(c) (AB)- = (A)+(B)- +(A)-(B)+
(@) (A, = (=) D(A),.

6. If A= a +if +a +ib, where «, B are scalars and a, b are vectors,
then

A=o—ip+a—ib
|AP = o® + B +a® + b = | A%,
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. If a and b are vectors in the plane of i = o107, then

a - oq b'Ol
a-op b'O'z

anb=i

8. The expansion of a vector b in terms of its components by = b - oy is

given by
b = byoy = byoy + byoy + bzos.

By this convention, the expansion of a bivector B in terms of its
components

B,’j = 0j -B~O’j =(0']'/\(71')-B Z_%]’i
can be written as

B = (1/2)%,‘1‘0]' Ao = B1op A o1+ Bozos A oz + Biio1 A 03.

. The product rule for Pauli matrices ox(k =1, 2, 3, ) is

0k01 = 81 + L€mOm-

Likewise, the product (geometric) rule for bivectors in Pauli algebra
(see (4.7a,7b,7¢)) ix (k=1,2,3,) is

ixi] = Ok + Ekimim.
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Real Dirac Algebra

5.1 Geometric Significance of the Dirac Matrices v,

Before developing the geometric algebra of space-time or space-time algebra
(STA) it would be in order for us to discuss the algebra of Dirac matrices y,
(v =0,1,2,3), endowing the geometric significance of the matrices y,,. This
is so because, in Section 9.1 of Chapter 9 of this book, the Dirac equation is
reformulated in STA without any reference to the complex number where the
four Dirac y,, are considered to be linearly independent vectors belonging to
an associative noncommutative division algebra.

The four gamma matrices of the Dirac theory over the complex numbers
generate the complete algebra of 4 x 4 matrices. The 4 x 4 matrix algebra with
the geometric interpretation induced by the conditions

(1/2)()/#7/1) + Vvyp_) = gp.vI/ (5.1a)

(1/4)TV(J/M)/U) = Suv, (51b)

wherethe g, (1, v =0, 1, 2, 3) are the components of space-time metric tensor
and I is the four-dimensional unit matrix, is called the algebra of Dirac
matrices. Condition (5.1b) implies that the matrices y, are irreducible.
Conditions (5.1a,b) show that the matrices are traceless:

(1/4)Try, = 0. (5.2)

In the conventional approach, the full geometric significance of the y,
can be understood only with the specification of their relation to the Dirac
spinor. Essentially, the relation (5.1a) is independent on the assumption that
the y,, are matrices. This can be realized by considering that the y, belong
to an associative noncommutative division algebra. This has been achieved
by David Hestenes [1-5] by interpreting the y, as vectors of a space-time
frame with yy the reference frame’s 4-velocity, instead of as matrices. So the
conditions (5.1a, b) for matrices correspond to the single equation

1/2)(Yuyy + VoVu) = Vi Vo = §uv (5.3)
for vectors.

59
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The vectors y,, generate an associative algebra over the reals, which pro-
vides a direct and complete algebraic characterization of the geometric prop-
erties of Minkowski space-time. This associative algebra has been dubbed by
Hestenes [1] as ‘space-time algebra’.

As the geometric interpretation of the y, of space-time algebra is inde-
pendent of the notion of spinor, the y, assumes a central position in the
mathematical description of all physical systems in space-time, including the
relativistic quantum theory.

5.2 Geometric Algebra of Space-Time

Earlier we have stated that the geometric algebra combines the algebraic struc-
ture of Clifford algebra with the explicit geometric meaning of its mathemat-
ical elements at its foundation. So, formally, it is Clifford algebra endowed
with geometrical information of and physical interpretation to all mathemat-
ical elements of the algebra.

With the usual choice (+ - - -) for the metric of space-time, we consider
four orthonormal vectors {yy, y1, v2, 3} where

w=-vi=1 (k=1,273). (5.3a)

The Clifford algebra of ‘real’ four-dimensional space-time is generated by
four orthonormal vectors {y,} and spanned by

1/ {7/;4}/ {Uk/ iUk}, {lyll}/ Z’/
1 scalar 4 vectors 6 bivectors 4 trivectors 1 quadrivector
grade 0 gradel  grade2  (or pseudovectors) (or pseudoscalar)
grade 3 grade 4 (54)

(k=01,23k=1,23),

where i is the unit pseudoscalar for space-time:

i = Yoy1y2¥3 = 010203, (5.5a)
Ok = YkY0, (5.5b)
i?=-1. (5.5¢)

In accordance with the notation adopted in current literature, we have
taken i as the unit pseudoscalar for space-time. It will be shown later that,
because of the relation (5.5a,b), i can also be taken as the unit pseudoscalar
for three-dimensional Euclidean space. There could be no confusion for i
representing two different geometric entities because the geometric meaning
of i would be explicit from the context, whether it belongs to space-time or
three-dimensional Euclidean space.
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The algebra (5.4) is the space-time algebra (i.e., geometric algebra for
space-time) or ‘real Dirac algebra’ having 16 components, and so is a
16-dimensional linear space. Real Dirac algebra is isomorphic to the algebra
of Dirac matrices over the ‘real’ numbers.

In Dirac algebra,

1Yy = —Vul. (5.6)

A multivector M in Dirac algebra can be written (putting in evidence the
parts with different grades) as

M=a+a+ B+ib+ip, (5.7)
where @ and B are scalars, a and b are vectors, and B is a bivector:
B =1/2)B* v, A . (5.8)

In order to facilitate the decomposition of a multivector with respect to
the basis {y, }, it is convenient to introduce a reciprocal basis {y*}, defined, as
usual, by the relation

vhen =4y (5.9)
From the foregoing, one can have the unique relation

8uv = (1/2)(7/11)/11 + yvyu) =Yu Vv (5.10)

where g, is the Minkowski metric (See Reference [1]).
The contravariant components of a vector a = a"y, are given, in view of

(5.9), by
at =a - y". (5.11a)

Likewise, the covariant components of the vector a are given by

Ay, =a-y,=gua’. (5.11b)

Analogously, the components B*” = —B"* of the bivector B in (5.8) are given
by (see Equation 1.74)

B = (" Ay")-B=y"-(y"-B). (5.12)

One may note in passing that the pseudovectors iy, of Dirac algebra,
which are dual of the vectors y,, are trivectors as, for example, one can see
that

1ys = Yo1y2v3¥s = — Yoy (5.13)

In fact, the unit pseudoscalar i has the role of a multiplicative operator
that determines the dual element of a proper multivector.
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Multivector Min (5.7) of Dirac algebra can be decomposed as the sum of an
even part M, [grade O (scalar), grade 2 (bivector), and grade 4 (pseudoscalar)]
and an odd part M_[grade 1 (vector) and grade 3 (trivector)] as

M=M,+ M_ (5.14)
where

M+ = (04 + B + lﬂ

(scalar)  (bivector)  (pseudoscalar) (5.15)

M_= a + ib

(vector)  (pseudovector). (5.16)

The even multivectors or spinors (i.e., the sum of Clifford objects of even
grade) form a subalgebra (of 8-dimensional linear space) of Dirac algebra,
which is isomorphic to Pauli algebra. This is evident from the fact that even
the Clifford objects of the basis (5.4) of Dirac algebra

1, fowiok), i (5.17)

coincide with the basis of Pauli algebra because of the relation (5.5b), which
in turn satisfies

oxoj = (1/2)(oxo; + ojox) = —(1/2)(veyj + vive) = 8k, (5.18)

the requirement of a basis in three-dimensional Euclidean space [6-10].
It is important to note that in Pauli algebra, because of the relation (5.5a)i
becomes the unit pseudoscalar for three-dimensional Euclidean space and
that i commutes with oy:

idk = Gki, (5.19)

indicating its similarity in character with the unit imaginary.
In geometric algebra, the three Pauli oy are no longer viewed as three
matrix-valued components

. (01 . (0 —j .~ _ (1 0
o1 = 1 0/’ 02 = ] 0 s 03 = 0 -1/’
(j =+—1, the unitimaginary)

of a single isospace vector, but as three orthonormal basis vectors for three-
dimensional Euclidean space (see Reference [3]). Likewise, the {yx}, {ox} are
to be interpreted geometrically as spatial vectors (space-time bivectors) and
not as operators in an abstract spin space. ‘Real’ Pauli algebra is isomorphic
to the algebra of Pauli matrices.

A new and important geometric significance, and interesting at that, can
be assigned to the foregoing [8, 9, 11-14]. In space-time algebra, the four Dirac
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v, are no longer viewed as four matrix-valued components

(1 0 (0 —6
VO_ 0 _I 4 Vk— 6k 0 ’

(616265 = v—1 I, where Il is the 2 x 2 unit matrix and

6k are the usual 2 x 2 Pauli matrices)

of a single isospace vector but as four orthonormal basis vectors for real
space-time. Stated more explicitly, yy is the unit vector in the forward light
cone and yx (k = 1,2,3) is a dextral set of space-like vectors. The future-
pointing timelike vector yp characterizes an observer’s rest frame and maps
the space-time bivectors {ox} (i.e., {yx»}) into the orthonormal basis vectors
in Pauli algebra. Thus Pauli algebra is identified with the algebra for the rest
space relative to the timelike vector yy. Also the yp vector determines a map
of any space-time vector a = a*y, as

aypo=4a-y+a A y. (5.20)

Then the scalar part a - yy is the yp-time component of the vector 4, and the
bivector part a A yp can be decomposed into the {oy}-frame and shown to
represent a spatial vector relative to an observer in the yy-frame.

The above fact can be visualized as follows: to an observer in the
Yo-frame, any vector appears to be a line segment that exists for some time,
so its natural representation in space-time is a bivector. This important and
novel feature is embodied by Equation 5.20, which, in fact, demonstrates that
the algebraic properties of vectors in relative space, identified in this case by
Pauli algebra, are completely determined by those of the relativistic space-
time Dirac algebra.

We note that in the transition from Dirac to Pauli algebra the six space-
time bivectors {0y, iox} with i representing the unit pseudoscalar for Dirac
algebra are split up into relative vectors {ox} and relative bivectors {ioy}
(i.e., relative to yy observer) with i representing the unit pseudoscalar for Pauli
algebra. This split of space-time bivectors is a frame-dependent operation. By
this transition from Dirac to Pauli algebra, one can have the observables in a
given frame from relativistic quantities in a simple way.

Denoting by ®* the subspace of multivectors of grade k in Dirac algebra
), we may write

D' = a four-dimensional space of vectors,

D? = g six-dimensional space of bivectors,

©° = 4 four-dimensional space of trivectors
(or pseudovectors),

D* = a one-dimensional space of quadrivectors.
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We know that any vector a of space-time algebra anticommutes with i:
ai = —ia. (5.21)
From (1.30) and (1.31) we can write, by using (5.21),

ani=(1/2)(ai+ia)=0, (5.22)
a-i=(1/2)(ai —ia) =ai = —ia. (5.23)

a -1 oraiis a trivector called the dual of a. Earlier we have seen that in ®
every trivector T is the dual of some vector a:

T =ai. (5.24)
Multiplying on the right by i ,we obtain from (5.24)
Ti=—a (5.25)

So, the dual of a trivector T is a unique vector —a. This establishes an isomor-
phism of the linear space D3 to the vector space D' So, trivectors of D are
often called pseudovectors.

It is important to note that in ®, i commutes with bivectors but anticom-
mutes with vectors and trivectors, whereas in Pauli algebra i commutes with
vectors and bivectors.

5.3 Conjugations

Following Hestenes [2,7,12], we define four types of conjugation operators
in real Dirac algebra ®. Any multivector M in ® can be written as

M= Ms+ My + Mg + Mr + Mp, (5.26)

where the subscripts S, V, B, T,and P mean, respectively, scalar, vector, bivec-
tor, trivector (pseudovector), and pseudoscalar parts of the multivector M.

5.3.1 Conjugate Multivectors (Reversion)

The conjugate multivector or reversion of M of ® is denoted by M and is
defined by the reversion of the order of products of all vectors of M. In accor-
dance with the notation adopted in current literature, we use the tilde over
M to denote the operation of reversion. Thus, the operation of conjugation or
reversion takes M into M as

M=M5+Mv+MB+MT+Mp
= Ms+ My — Mg — My + Mp. (5.27)



Real Dirac Algebra 65

As it is independent of any basis in the algebra, it is an invariant type
of conjugation (see also Chapter 2, Section 2.2, Equation 2.17, Equation 2.18,
Equation 2.19, and Equation 2.20), and as for pseudoscalar, see Chapter 4,
Equation (4.14b).

5.3.2 Space-Time Conjugation
We introduce the space-time conjugation of M of ® denoted by M and defined
by

M= —iMi. (5.28)

This operation maps M into M as

M = —iMsi —iMyi — iMgi — iMyi — i Mpi
= Mg — My + M — Mr + Mp. (5.29)
In other words, the space-time conjugation of M is the operation that reverses

the direction of all vectors in space-time. From (5.29) we note that the multi-
vector M is even, if M = +M, and odd, if M = — M.

5.3.3 Space Conjugation

Next, we introduce the space conjugation of M of ® denoted by M* and
defined by

M = Yo M)/(). (530)

This operation depends on the choice of y and changes {0y} and {},
(k =1, 2, 3), from right-handed to left-handed frames without affecting yy:

OF = Y0kYo = —0k, (5.31)

*_

Yu = YoYu¥o = (Yo, —Vk)- (5.32)
As this operation depends on the choice of yy, it is not an invariant type of

conjugation.

5.3.4 Hermitian Conjugation
Finally, we introduce the Hermitian conjugation of M of ®, conventionally
denoted by M' and defined by

M' = yyMyp. (5.33)

The operation M' corresponds to the Hermitian conjugate of M in the
usual matrix representations of the Dirac algebra of matrices. As M' depends
on the choice of yy, it is not an invariant type of conjugation.
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5.4 Lorentz Rotations

In the algebra of Dirac matrices, the conditions (5.1a,b) do not determine
the Dirac matrices uniquely. Any two sets of Dirac matrices {yx} and {y,} are
related by a similarity transformation

v’ = Ry, R7Y, (5.34)

where R is a nonsingular matrix. This, in fact, gives a change in the represen-
tation of the Dirac matrices.

What does Equation 5.34 mean in space-time algebra where the y, are
vectors? The geometrical requirement that the y, in (5.34) must be vectors
implies that they can be expressed as

Vi = a,yy. (5.35)
This means that (5.34) must be invariant under reversion
(7.R)™ = (Ry,)™,
that is,
Ry, =y.R. (5.36)
By using (5.34), (5.36) can be written as
RRy,R™' =y, R7L (5.37)
So, one may choose R such that
RR =1 (5.38a)
giving
R'=R (5.38b)
Then, in view of (5.35) and (5.38b), (5.34) assumes the form
vi' =a,y, = Ry,R, (5.39)

describing a Lorentz transformation from a frame of vectors {y, } into a frame
{yl;}. Furthermore one can solve (5.39) for R as a function of y, and y‘; only.
This implies that R is a multivector and that every Lorentz transformation
can be expressed in that form.

Hestenes [1] has shown that (5.39) is a proper Lorentz transformation
(i.e., transformations continuously connected to the identity) if and only if
R is an even multivector satisfying

RR=1, (5.40)
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FIGURE 5.1
NO is perpendicular to the hyperplane AOB. v is the incident vector, r is the reflected vector, and
b is the unit vector along NO. In geometric algebra, r is related to v and 6 by r = — bvb.
from which one can write
R =t exp(¢/2), (5.41)

where ¢ is a bivector. R is often referred to as a Lorentz rotation.
In fact, R is a ‘real’ spinor field in space-time algebra.

Now we will show that R can be obtained directly as the geometric
product of two unit vectors 4 and b that specify the plane of rotation. For
this purpose we consider an incident vector v denoted by L O reflected along
OM by hyperplane AOB perpendicular to the unit vector b (see Figure 5.1).
Let r be the reflected vector denoted by OM. As |v| = [r|, the diagonal ON
of the parallelogram LOMN is perpendicular to the hyperplane AOB. So, we
can write

ON = —2v - bb. (5.42)
Then, the reflected vector  can be written by using (5.42) as

r=OM=LN=LO+ON=v-2v-bb
= v — (vbh + bv)b.



68 Geometric Algebra and Applications to Physics

This simplifies to
r = —bvb (5.43)

The relation (5.43) is unique to geometric algebra. Next, we apply a reflection
of the vector r in the hyperplane perpendicular to a second unit vector 4. Then,
by applying the formula (5.43), the final reflected vector v’ can be written as

v = —drd
= a(bvb)a [by using (5.43)]
= abvba
— (ab)yv(ab). (5.44)

The combination of two reflections is a rotation in the plane determined by
the reflection axes 4 and b. So, Equation 5.44 indicates that the vector v is
rotated through an angle defined by the directions 4 and b to the vector v’
The formulation (5.44) for encoding rotations can be expressed in the compact
form:

v=19 = RoR, (5.45)

where

=

=ab (5.46)
The spinor R defined by (5.46) has the fundamental property

RR = abba =1. (5.47)

>

From Equation 2.45 and Equation 2.46 we can express (5.46) in the form
R=¢" =cos® +isinv, (5.48)

where the angle ¥ is expressed in radians. Equation 5.48 shows that R is an
even multivector or spinor consisting of scalar and bivector parts.
By using (2.50) we can express (5.48) as

R = +e¥/?, (5.49)
where ¢ is a bivector given by
¢ =iv. (5.50)

Here ¢ /2 encodes the areal magnitude of the angle # (in radian measure) from
a to b (see Figure 2.3 and Figure 2.4). The sign of ¢ in (5.50) is determined
by the orientation assigned to the unit pseudoscalar i as shown in Figure 2.3
and Figure 2.4. Equation 5.49 is a natural generalization of the complex rep-
resentation used in two dimensions.
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We see that the spinor R, which is often referred to as a Lorentz rotation,
is given by

R =exp(¢/2), (5.51)

where the bivector ¢ is expressed as a linear combination of six linearly inde-
pendent bivectors {o, iox}. So, we can write

R = exp(u/2 +ir/2), (5.52)

where p and X are bivectors satisfying

w=—u, (5.53a)
A= —A. (5.53b)
Then, (5.52) can be expressed as
R = RyRy, (5.54)
where
Ry = exp(ir/2), (5.55a)
Ry = exp(1/2), (5.55b)
such that
Ry =Ry, (5.56a)
R, =R;. (5.56b)

The spinor R; in (5.55a) satisfying the condition (5.56a) is called a spatial
rotation, whereas the spinor R, in (5.55b) satisfying the condition (5.56b) is
called a special timelike rotation (see References [2,7,14]). Equation 5.52
implies that any Lorentz rotation can be expressed as a spatial rotation
followed by a special timelike rotation.

In Pauli algebra the space-time bivectors 1 and A become vectors, and iA
is the bivector with respect to the yp-frame, i being the unit pseudoscalar for
Pauli algebra. So, the spinor R in Pauli algebra can be expressed as

R =exp(ir/2). (5.57)

5.5 Spinor Theory of Rotations in Three-Dimensional
Euclidean Space

As already stated in Section 5.2, that Equation 5.20 demonstrates that
the algebraic properties of vectors in the relative space of Pauli algebra
(i.e., three-dimensional Euclidean space) are completely determined by those
of space-time algebra, we are in a position to develop the general theory of
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FIGURE 5.2

The schematic diagram of a rigid body rotating about a point O with the paths of all points of
it parallel to a plane represented by a bivector in, where # is the unit vector that specifies the
rotation axis ON. # is an angle of infinitesimal rotation from point A to point B, where OA =a
and OB = b. Then, we have 8a = b —a = i(n A a)(?) up to the first order of ¥.

rotations in three-dimensional Euclidean space by means of the Lorentz
rotation R, which is a real spinor field in space-time algebra.

In Section 5.4 we have seen that the spinor R in Pauli algebra can be
expressed as

R = exp(in/2), (5.58)

where 1 is a vector and i is the unit pseudoscalar for Pauli algebra. So, i) is a
bivector.

Now we consider a rigid body rotating about a reference point O with the
paths of all points of it parallel to some plane. We can represent this plane
by a bivector of unit modulus in, where 7 is the unit vector that specifies the
rotation axis ON (see Figure 5.2).

Then, the bivector iA in Equation 5.58 can be expressed as [11,12]:

ir=ino, (5.59)

where ¥ is the angle of rotation about the n-direction. So, the spinor Rin (5.58)
can be written as

R = exp(ind/2) = cos(¥/2) + insin(/2), (5.60)

which satisfies the condition (5.40).
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The action of the spinor R on a vector a is written as (see Equation 5.39)
b= RaR. (5.61)

Thus, the vector a in relative space is rotated through an angle # to the
vector b by the above action of R on 4. In view of Equation 5.60 and Equation
5.61, we notice that the vector b can be obtained via the geometric product of
the vector 2 and unit vector 7 as

b = exp(inv/2)a exp(—invy/2)
= [cos(1#/2) + insin(/2)]a[cos(¥/2) — insin(¥/2)]. (5.62)

For infinitesimal rotation, we have from (5.62), retaining terms only up to the
first order of ¥,

b =11+ (inv/2)]a[l — (inv/2)]
=a+ (in¥/2)a —a(inv/2)
=a+i(na —an)(v/2)
=a+i(nAa)d. (5.63)

In the above computation we note that in Pauli algebra i commutes with
vectors, indicating its similarity in character with the unit imaginary. Thus,
we have from (5.63) the variation of the vector a up to the first order of ¥:

da=(b—a)=i(nnAa)v, (5.64)

which shows that 8a is orthogonal to both 7 and a.

We have seen from Equation 5.61 that by the action of the spinor R on the
vectora in Pauli algebra, the vector a is rotated through an angle ¢ to the vector
b corresponding to the spatial rotation of ©#/2 of the spinor in the ‘real” phase
space. So, spatial rotation R can be identified with the generalized phase ¢ of
a neutron spin state (an abstract space) of quantum theory. Mathematically,
this is represented by

rotation angle ¢ of the vector = 2¢(mod 360°), (5.65)

where ¢ is the generalized phase angle (spatial rotation). This, in fact, demon-
strates the well-known change of sign of a fermion spin for rotation of 2x in
quantum theory whose mathematical counterpart is the one-sidedness of the
Mobius strip.

For further elucidation of the above discussion we consider the composi-
tion of rotations. If we perform a rotation of the vector b with another spinor
R’, we obtain a vector ¢ given by

¢ =RbR = (R'R)a(RR) = (R R)a(R'R). (5.66)

Here we use Equation 5.61 and note that the geometric product is associative.
Equation 5.66 implies that the composition R'R of rotations is also a rotation
that corresponds to the rotation from the vector a to the vector c.
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It represents the law of left composition of rotation group such that R’
operates on R from the left without touching the vector a.
For a rotation of the vector b through an angle 2, the spinor R’ becomes

R =R =-1, (5.67a)
which gives
R'R=—R. (5.67b)
Equation 5.66 in this case turns out to be
c=b=(—Rya(-R), (5.68)

The first part of Equation 5.68 means that the vector b remains unchanged
for a rotation through an angle 27 under the action of R/, whereas the
second part, together with Equation 5.61, tells us that either R or —R rotates
the vector a to the vector b, i.e., both represent the same rotation. We know
that R and —R are two distinct elements of the geometric algebra. So, the
correspondence between spinors and rotations is 2 to 1. This is the well-known
relation between the matrices of the unitary group SU(2) and the matrices of
the orthogonal group SO(3).

Thus, we note that the well-known change of sign of a fermion spin for
a rotation of 27 in quantum theory is due to the fact that the spinor R’ acts
on one side of the spinor R (see Equation 5.67a,b). On the other hand, for
a vector, as shown previously (see Equation 5.68), the spinor R’ acts on
both sides and thus exibits no change of sign of the vector for a rotation of 2
under the action of R'.

Later we will show that the rotation angle #, described by the vector a
about the n-direction, can be related via spatial rotation R in (5.68) to the
generalized phase of a neutron spin state represented by some point in the
total space of the fiber bundle of a neutron spin rotation.
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Spinor and Quaternion Algebra

6.1 Spinor Algebra: Quaternion Algebra

In Section 3.5 of Chapter 3, we have shown that the algebra of complex num-
bers appears with a geometric intepretation as the even subalgebra G5 of Gs.
In the same way, we can express Gz as the sum of an odd multivector part G5
and an even multivector part G5 :

G3=G; +G5. (6.1)

Then, it follows from Equation 4.13 that a multivector M in G3 can be put
in the form:

M=M + M"*, (6.2)

where
M =a+ip, (6.3)
Mt = o +ib. (6.4)

One can show that G5 is closed under multiplication, so it is a subalgebra
of G5, but G5 is not. This even subalgebra G may plausibly be called spinor
algebra to emphasize the geometric significance of its elements. In Section 3.4
of Chapter 3 we have shown that every spinor in G, represents a rotation—
dilation in two-dimensional Euclidean plane. In the same way, one can show
that every spinor in G5 represents a rotation—dilation in three-dimensional
Euclidean space E3, which represents a subspace G2 of vectors in Gs.

In what follows, we shall show that the spinor algebra G5 is isomorphic
to the quaternion algebra developed by William Rowan Hamilton in 1843.

For this purpose we express Equation 6.4, using Equation 4.7a,b,c,
Equation 4.9 and Equation 4.11, in the form

Mt =al+ Bii1 + Boisr + Bsis. (65)

This shows that the set of four unit multivectors {1, i1, i», i3} makes up a basis
for G5 . Thus, G is a linear space of four dimensions. The elements of G;” were
first introduced and called quaternions by Hamilton. So, the spinor algebra
g; and the quaternion algebra of Hamilton are identical.
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Quaternions and spinors have equivalent algebraic properties as well as
the same geometric significance. So, quaternions are spinors. Hamilton, in
fact, found a way to describe geometry by algebra by introducing a system
of quantities to represent rotations in three dimensions by generalizing the
concept of complex numbers.

In this connection a brief digression of quaternion algebra will be in order.
W. R. Hamilton developed the concept of directed numbers to emphasize the
operational interpretation, and constructed quaternions in 1843 by general-
izing the concept of complex numbers. By introducing a system of imaginary
units i, ], k to represent rotations in three-dimensional Euclidean space, he
defined a quaternion g as

g=a+ix+jy+kz (6.6)

(here “ " ” indicates the quaternion units) where ¢, x, y, zare scalars, and i f, k
satisfy the following defining relations:

R LR SN ©6.7)

The set of four quantities {1,7, j, k} makes up a basis for the quaternion
algebra.

The quaternion g defined above can also be described in terms of the basis
{1, j&1, j62, jO3}, where 1 is the 2 x 2 identity matrix, j is the unit imaginary
V-1, and 6; (k = 1,2,3) are the Pauli matrices. This formulation of the
quaternions in the guise of Pauli matrices provides a great resurgence of the
quaternions depicting their essential role in the quantum theory of spin and
quantum field theory.

Moreover, the preceding discussion shows that quaternion algebra is not
only isomorphic with spinor algebra G but also identical with it. In fact,
both have equivalent algebraic properties as well as the same geometric sig-
nificance. So, quaternions are spinors.

The embedding of quaternion algebra in the geometric algebra of three-
dimensional Euclidean space exhibits that quaternions are bivectors (see
Equation 4.7a, b, c). Thus, the roles of vectors and quaternions (bivectors) are
explicitly distinguished because vector algebra and quaternion algebra are
subalgebras G} and G of geometric algebra Gs. So, the two systems comple-
ment each other.

We note in passing that the bivectors {1, i, i3} in Equation 6.5 of spinor
algebra satisfy equations

i?=i2=i3=-1
and

ilizig = iO’1i0'2i0'3 = iO’lo'ziiO'3 = —i30'10'20'3

=—ii =1.
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Thus, we have

i =i

=i =i = —iyiyis = —1. (6.8)

The difference in sign between i f E(of Hamilton) and i; i, i3 (of Hestenes)
can be done away by making the following correspondence:

lA' il = i01
j=—ir=—ioy 6.9)
k

i3 = i0’3.

6.2 Vector Algebra

Now we show that vector algebra as developed by J. Willard Gibbs in 1884

fits naturally into Gs. For this purpose we first obtain the relation between the

outer product a A b and the cross product a x b as introduced by Gibbs.
From (4.7c) we can write

ao1 A Boy = iaBos, (6.10)

where «, $ are scalars. This implies that the bivector ao1 A Bo> is the dual of
the vector afos, which is perpendicular to the oriented rectangle described
by the bivector. Moreover,

laor A Boz| = |aBos]. (6.11)

This is well exemplified by the following relation between the outer product
a A b and the cross producta x b [1-3]:

aAnb=iaxb (6.12)

or equivalently,

axb=—iaAb. (6.13)

In Figure 6.1 the sign of the duality is chosen such that the vectorsa, b, a xb
form a dextral set in agreement with our convention for the handedness of
the dextral pseudoscalar i . This is evident from (4.7c) and (6.10) as shown
below:

01 N0y = i0'3 = i0| X 0p = iUg — 01 X 0y = 03. (614)

Finally, we note from (6.12) or (6.13) that the magnitude of the vectora x b
is equal to the area of the parallelogram in Figure 6.1, which can be identified
with |a A D |.

In Gibbs’ vector algebra, the cross product a x b is termed an axial vector
if a and b are polar vectors. In geometric algebra, an axial vector appears as a
bivector disguised as the dual of a vector. According to the relation (6.12), the
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axb

A

aab

o Y

FIGURE 6.1
Duality of the cross product and the outer product.

cross producta x b is a vector in exactly the same sense as a and b are vectors,
which removes the so-called distinction between axial and polar vectors. So,
we see that Gibbs’ vector algebra fits naturally into Gs.

6.3 Clifford Algebra: Grand Synthesis of Algebra of Grassmann
and Hamilton and the Geometric Algebra of Hestenes

In an ingenious way William Rowan Hamilton described quaternion algebra
by introducing a system of quantities to represent rotations in three-
dimensional Euclidean space. In fact, he developed the concept of directed
numbers to emphasize the operational interpretation, and constructed
quaternions in 1843 by generalizing the concept of complex numbers. We
have seen in the previous section that quaternion algebra is identical with
spinor algebra G;, which is an even subalgebra of geometric algebra Gs.
So, quaternion are spinors. It is well known that quaternions have reappeared
in the guise of Pauli matrices and played an important role in describing
quantum mechanics and quantum field theory.

One year later, in 1844, Herman Grassmann developed his “algebra of
extension” based on the inner and outer products of vectors. In fact, he
developed the concept of directed numbers from the quantitative point of
view. In his later life, Grassmann realized that Hamilton algebra was related
to his, and quaternions could be derived simply by the introduction of the
geometric product ab of vectors defined by ab = a - b +a A b. However, it was
too late for him to pursue the far-reaching implications of the grand mixture
of geometric and algebraic ideas.
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Soon afterwards the English mathematician William Kingdon Clifford
took up the problem as realized by Grassmann. By virtue of his powerful
geometric insight he realized that both Grassmann and Hamilton were devel-
oping the same subject from different points of view; Grassmann developed
the concept of directed numbers from the quantitative standpoint, whereas
Hamilton developed it with emphasis on the operational interpretation. In
1876, Clifford synthesized the algebraic ideas of Grassmann and Hamilton
by developing the concept of the geometric product of vectors and was
able to construct the structure of a general algebraic system now known as
Clifford algebra. Unfortunately for the mathematical world, death claimed
his life before he could complete the delineation of the potential combination
of geometric and algebraic ideas.

After about nine decades, David Hestenes [1-3] developed geometric
algebra during the decades 1966-86, by combining the algebraic structure
of Clifford algebra with the explicit geometric meaning of its mathematical
elements at its foundation, and accomplished fully the delineation of the
grand combination of geometric and algebraic ideas. So, formally, it is
Clifford algebra endowed with geometric information of and physical
interpretation to all mathematical elements of the algebra. As it stands, it
is the largest possible associative division algebra that integrates all algebraic
systems (i.e., algebra of complex numbers, vector algebra, matrix algebra,
quaternion algebra, etc.) into a coherent mathematical language that
augments the powerful geometric intuition of the human mind with the pre-
cision of an algebraic system. Hestenes first signified that two different inter-
pretation of numbers could be distinguished: quantitative and operational. In
Chapter 3, Sections 3.2, 3.3 and 3.4, this distinction is explicitly illustrated by
the interpretations given to a unit bivector i, called the unit pseudoscalar for
thei-plane. Interpreted quantitatively, i is a measure of a directed area, and op-
erationally interpreted, i signifies a rotation in the i-plane. Either a quantitative
or an operational interpretation can be given to any number, called a multivec-
tor in geometric algebra. Thus, vectors are usually interpreted quantitatively,
whereas spinors, which are even multivectors, are usually interpreted
operationally.

A lively controversy arose in the last two decades of the 19th century
as to which system was more suitable for the development of theoretical
physics: quaternion formulation due to Hamilton or the newer vector algebra
of Josiah Willard Gibbs and Oliver Heaviside. As vectors were tailored by
Gibbs and Heaviside independently to each other, to formulate the electro-
magnetic theory in an elegant way, they proved to be easier and more useful
than quaternions. Nevertheless, the reappearance of the quaternions in the
guise of Pauli matrices in the 20th century provides a great resurgence of
the quaternions, depicting their essential role in quantum mechanics and
quantum field theory.
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Geometric algebra explicitly exhibits that the statement
vectors versus quaternions

is devoid of any meaning. In the foregoing discussion it is shown that Gibbs’
vector algebra and Hamilton’s quaternion algebra are, respectively, the
subalgebras G; and Gi of geometric algebra Gs. Thus, the two systems
complement each other, both being united in geometric algebra Gs, and the
vector-quaternion controversy recedes into the shadows.
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7

Maxwell Equations

7.1 Maxwell Equations in Minkowski Space-Time

As an example, we like to write the Maxwell equations in the formalism of
geometric algebra. Start with the Maxwell equations written in Gauss units
(where the electric field E, the charge p, and the current density j are expressed
in electrostatic unit [esu] or [CGS] esu, whereas the magnetic field is measured

in electromagnetic unit [emu] or [CGS] emu):

rotE + (1/c)(0H/dt) =0
divH =0

{ rotH — (1/c)(dE /dt) = (4 /c)

divE = 4mp
or
VxE+(1/c)H=0
V-H=0
V x H—(1/c)E = (4r/c)j
V.-E =4np
where

V = (9/0x) + (8/3y) + (9/02)

Vo = grad ¢

V.-A=divA

Vx A=rotA

V-Vx A=divrotA=0

V x Vg =rotgradg =0

Vx(VxA)=(V-AV—-(V-V)A= rotrot A
= grad div A — div grad A, etc.

(7.1)
(7.2)

(7.3)
(7.4)

(7.5)
(7.6)

(7.7)
(7.8)
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Put
H =rotA (7.9)
Substituting (7.9) in (7.1) we have

E+(1/c)(0A/d3t) = —grad V (7.10)

ie, E=—gradV —(1/c)(0A/dt) (7.11)

The vector potential A and the scalar potential V are not uniquely defined. In
fact, the vector potential is determined to within the gradient of an arbitrary
function ¢, and the scalar potential to within the time derivative of the same
function g; that is, if instead of A and V we take A, and V,, where

Ay = A+gradg; Vo, =V —(1/c)(d¢/dt), (7.12)
we see that A, and V, satisfy Equation 7.9 and Equation 7.11;
ie, H=rotA,, E=-—gradV, —(1/c)(dA,/0t) (7.13)

The fields are invariant with respect to the transformation (7.12) of the poten-
tials; this invariance is called “gauge invariance.”

This nonuniqueness of the potentials allows us to choose V in a way that
the so-called Lorentz condition (a gauge condition)

div A+ (1/c)(dV/dt) =0 (7.14)
be satisfied. Moreover, we have the continuity equation
divj +0dp/ot =0 (7.15)

In Minkowski space-time, as it is well known, one introduces the tetra-
potential

A= ¢, Ay=d¢, A= ¢3 iV= ¢ (7.16)
Then, the electromagnetic field tensor is
Fuo = (0¢,/0x") — (3¢, /0x") (7.17)
where

0 H —H, —iE,
~H, 0 H, -—iE,
H, -H. 0 —iE,
iE, iE, iE. 0

Fo. (7.18)
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The first pair of Maxwell Equations 7.1 and 7.2 becomes
(8Fu0/9x") 4 (3F,,/0x") + (3F,2/9x") =0 (7.19)

(withw, v, 2 =(1,2,3),(2,3,4),(1,3,4),(1,2,4))
and the second pair of Maxwell Equations 7.3 and 7.4

OF,,/0x" = (4/c) ], (7.20)

(where j, = (j1, j2, j3, icp) is the four-dimensional current vector). The equa-
tion for the tetra-potential ¢,, is

O, = —(4r/c) j* (7.21)
with the Lorentz condition
0¢,/0x" =0 (7.22)
where

O = (8%/&?) + (32/3y%) + (3%/02%) — (1/c*)(3/0t?) (7.23)

7.2 Maxwell Equations in Riemann Space-Time (V; Manifold)

If we introduce the coupling between electromagnetic and gravitational fields
according to the minimal coupling procedure (i.e., replacing partial deriva-
tives with covariant ones, and the flat Minkowski metric with the metric in
presence of the gravitational field: 8 = V and 5, = g,), then the first
couple of Maxwell equations is unchanged [1], i.e.,

(9F 1, /3x") + (3F;,./8x)" + (3F,1/3x") = 0 (7.24)
due to the identity
OuFap) = 01udapp) =0 (7.25)
whereas the second pair becomes
iV = (4m/c)j™ (7.26)
where

" =j"/V=-¢ (7.27)

",

(semi-colon “;” stands for covariant derivative).
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7.3 Maxwell Equations in Riemann—Cartan Space-Time
(U4 Manifold)

If we introduce torsion in the Einstein general theory of relativity (a problem
that was primarily considered by Cartan, and that, in physical sense, means
the introduction of spin in gravity theory [2,3,4,5]), we can try to write
Maxwell equations in the Einstein—Cartan space-time (Ll manifold).

In general, one says that the electromagnetic field cannot be coupled to
torsion in order to preserve local gauge invariance; in other words, one cannot
apply the minimal coupling principle

Nw = v, O = Vg (7.28)

thatis, one cannot replace the flat with curved metric and the partial derivative
with covariant derivative in the presence of torsion to the special relativistic
photon Lagrangian without breaking the gauge invariance of the theory.

This result finds a natural justification in the framework of the Poincaré
gauge field theory of gravitation (see Reference [6] for an extensive biblio-
graphy on this subject).

Several attempts have been made in order to apply minimal coupling
without breaking gauge invariance; they are successful, however, only at
the cost of imposing arbitrary geometrical constraints upon torsion [7], or
introducing a modified definition of gauge transformation [8].

Therefore, these attempts lie beyond the limits of the Einstein-Cartan
theory.

In order to preserve the gauge invariance in the Einstein theory, the most
simple hypothesis is to assume that ([9, 10, 11])

photons neither produce nor feel torsion (7.29)

i.e., that Maxwell equations in a Riemann—Cartan space Uj are identical to the
same equations written in the Riemann space Vj obtained from U, putting
torsion to zero.

We like to emphasize that the statement (7.29) can be assumed to be strictly
valid only aslong as the electromagnetic (e.m.) field is treated as a classical, not
quantized, field. When a quantum point of view is adopted, however, (7.29)
is recovered only as a first approximation because, in general, according to a
quantum description of the e.m. field in a space with torsion, one may always
expect an interaction between the photons and the torsionic background.

In fact, a photon, with a process of the second order in the perturbative
development of the e.m. interaction, can virtually disintegrate into an
electron—positron pair (vacuum polarization effect); because these particles
are massive fermions, which couple to torsion, they feel the presence of a
torsionic background. As a consequence, the e.m. field is also affected by
torsion (see Figure 7.1); even if torsion does not directly interact with the
photon field, it does interact with the virtual pairs produced in vacuum by a
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FIGURE 7.1
The dashed lines represent the interaction of the virtual pair with the external torsionic back-
ground.

“physical” photon. This interaction preserves the gauge invariance, and the
Maxwell equations are modified by a quantum contribution of the second
order, so that, to the zeroth order, i.e., in the classical field approximation,
the coupling with torsion disappears and we recover the usual form as the
Maxwell equations.

We will not go through the calculation (see [12-18]); we will note only
that the virtual pair production induces in vacuum a current density propor-
tional to the field intensity. The resulting Maxwell equations are, then, in the
presence of torsion (see Reference [15]):

7.30
3y Fop = 0. (7.30

9, F " = 47" 4 (2a/37)n""*° F 1, Q, . }
The Equation 7.30 can be derived from a Lagrangian where the photon-
torsion interaction term L; is given by ([16,17,18])

L= (—8)"an" P ¢, FaQp, (7.31)

with F,, = 20, A,. « is the fine-structure constant o« = e?/hc (remem-
ber that the fine-structure constant enters in the photon—torsion interaction
Lagrangian when an explicit computation is carried out that takes into account
the interaction between torsion and the virtual pairs et — e~associated to a
propagating electromagnetic field; see, for instance, References [15,16,17],
and [1] on page 268) and Q, is an axial vector related to the torsion tensor
Qﬁv = Fio/u)] by

Q7 = (1/16)n"""° K = (1/16)'7”UW(QUW - Q/wp - Qp;w)/ (7.32)

where 7#"77 is the totally antisymmetric tensor. This lowest-order photon—
torsion interaction has been obtained through an explicit perturbative
calculation.
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In the case of propagating torsion we can write (see Reference [16]):
By =dnj" + (1/87)an" " Frap,p (7.33)

where ¢, = (16/3)Q,..

7.4 Maxwell Equations in Terms of Space-Time Algebra (STA)

Now we would like to discuss the Maxwell equations in terms of geometric
algebra formalism.

We have seen in Chapter 5 that every multivector M can be written as a
linear combination “over the reals” of the 16 elements of STA, i.e.,

1 Yu {ox, iox} iV//. i
1 — scalar 4 — vectors 6 — bivectors 4 — pseudovectors 1 — pseudoscalar (7.34)
grade 0 grade 1 grade 2 grade 3 grade 4

where ox =y, k =1,2,3, and the unit pseudoscalar of space-time is
L=y AVLAY2A Y3 = YoV1Y2V3 = 010203 (7.35)
and

Yol = y102¥3 (7.36)

Then, the multivector M can be written (putting in evidence the parts with
different ‘grade’) as

M=a+a+ B+bi+pi (7.37)
where «a and B are scalars, a2 and b are vectors, and B is a bivector:
B=(1/2)B"y, An (7.38)

In order to facilitate the decomposition of a multivector with respect to the
basis {y,}, it is convenient to introduce a reciprocal basis system {y*} defined,
as usual, by the conditions

Yo =48] (7.39)
This implies
YW=w and y*=—y, (7.40)

from which it comes out that in terms of that basis (with signature (+ - - -))
we have

vi=—yt=1 (k=123) and y,-n=0 (n#v) (741
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that can be assembled in the unique relation

S = (1/2)(vuvs + vo¥u), (7.42)

where g,,, = v, - y» coincides with the Minkowski metric tensor.

For instance, the components of a vector a are the scalar quantities a* =
a - y*, and then a = a*y,. These correspond to the usual controvariant
components, whereas the covariant components are given by a, = a - y,
= a"g,,. Analogously, the components B*" = —B"* of a bivector are (see
Equation 7.38):

B =(y* Ay")-B=y"-(y" B) (7.43)
The expression (7.43) can be verified using
(V" AYY) - (va A vp) = 858, — 8585, (7.44)
which is a particular case of the identity found in the geometric algebra:
(anb)-(cnd)y=(a-d)b-c)—(a-c)b-d) (7.45)

If we make the inversion operation (denoted by ~) on the generic multivector
(7.37), we have

M=a+a— B —bi+pi (7.46)

that is, the bivector and the pseudovector change their sign.
(Remember, in fact, that for a vector of grade “r”
(_1)(r/2)(r—1)A)_

Remember also that, due to the associative property of geometric product,
ie.,

, we have < A >,=

a(bc) = (ab)c, (7.47)
we have the associative rule
an(bnac)y=@nb)rc (7.48)
and the algebric identity
alb-c)+a-(brc)=(a-b)c+(anb)-c. (7.49)
We have also
a-(bac)y=(a-b)c—(a-c)b (7.50)

(for the inner product between a vector and a bivector) and
aAbAc=—-bAranc=bArcAa (7.51)

(for the outer product between a vector and a bivector).
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More, in general, for the geometric product of a vector 4 and an s-vector
B, one has

aB=a-B+aAB (7.52)
where
a- B =(1/2)(@aB — (—1)*Ba) (7.53)
and
a A B =(1/2)(aB + (—1)°Ba) (7.54)

Notice also that the pseudovectors are the duals of vectors: they are trivectors
and are nothing else than the product of operator i (the pseudoscalar unit) by
a vector. In other words, the pseudoscalar unit has the role of a multiplicative
operator that determines the dual element of a multivector; in particular, the
trivectors can be written as the duals of vectors and are also called pseudo-
vectors. For instance,

Yoi = V1y2V3 (7.55)

is a trivector, or the dual of the y, vector.

Returning to the multivector (7.37), we can say that a multivector can
always be decomposed into an even part M, [grade 0 (scalar), grade 2 (bi-
vector), and grade 4 (pseudoscalar)] and an odd part M_ [grade 1 (vector)
and grade 3 (trivector)], i.e.,

My= o + B + Bi
(scalar)  (bivector)  (pseudoscalar). (7.56)
Y oo bl (7.57)

(vector)  (pseudovector).

The even multivectors or spinors (the sum of a scalar, a bivector, and a pseudo-
scalar) form a subalgebra (8-dimension), that is isomorphic to the Pauli
algebra (see Chapter 5). More, in general, a multivector is said to be even
if it is expressed as a sum of Clifford objects of even grade.

Going back to the Maxwell equations, we have seen that the electromag-
netic field can be described by eight equations for six scalars (E,, E,, E;, H;,
H,, H;) or two equations for an antisymmetric tensor (F,, = —F,,). Now,
with the geometric algebra, we can describe the electromagnetic field by a
single equation for a single multivector F, and this last possibility is simpler
because multivector calculus has a more comprehensive geometric signifi-
cance than the usual vector or tensor calculus.

We can see better this point with the consideration of the role of complex
numbers in electrodynamics.

It is well known that the description of the electromagnetic waves is well
done with complex numbers; for that reason the e.m. field is represented by
complex quantities that are ‘ad hoc”: it is ‘ad hoc” because only the real part
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of a complex quantity has physical significance. On the other hand, when
the e.m. field is described by multivector calculus, complex quantities arise
naturally with geometric and physical meanings.

It is, in fact, possible to write the Maxwell equations completely in terms
of STA. Given the bivector of the e.m. field:

F = (1/2)F"y, Ay, (7.58)

itis possible to substitute the two equations in tensorial form (7.19) and (7.20),
by the two equations in multivector form (using also the rule (7.50) for the
inner product and the rule (7.51) for the outer product):

V. = (4n/c)j (7.59)
VAF =0 (7.60)

where V = y*#9,, which can be assembled in the unique equation

VE = (4/c) ] (7.61)
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8

Electromagnetic Field in Space and Time
(Polarization of Electromagnetic Waves)

8.1 Electromagnetic (e.m.) Waves and Geometric Algebra

In order to see the description of e.m. waves in terms of geometric algebra, it
is useful to express the bivector F of e.m. field in terms of the even subalgebra
of the space-time algebra (STA) (formed by the scalar, bivector, and pseudo-
scalar). We remember that Equation (7.61) allows us to write F in terms of the
current j (due to the fact that the V operator, the same V = y#3,, that appears
in the Dirac equation, is invertible; see, for instance, Reference [1], in which
it is given that the Green function allows to solve F in terms of j). We have,
in fact, from (7.60):

F=VAA (8.1)

where A is the vector potential of the e.m. field, which is invariant through a
gauge transformation

A(x) = A(x) + Va(x), (8.2)

where «/(x) is an arbitrary scalar function. Using the y, frame, i.e., the labora-
tory system, we can write the bivector F in terms of the more familiar electric
and magnetic fields E and B. In fact, Maxwell equations can be written as [2]:

(c7'9; + V)F =0, (8.3)
where
F =E +iB, (8.4)

where E = E*oi and B = B0y are the relative vectors. Multiplying the bivec-
tor F by itself, we have the two Lorentz-invariant quantities (one scalar and
one pseudoscalar):

F?=(|E* = |BI*) +i(E - B) (8.5)

In particular, for a plane e.m. wave that propagates in vacuum, we have
F2 = 0 and, then, F can be considered a light-type bivector. Notice that the
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1

expression (8.4) is actually more than a complex vector; in fact, is more
than a unit imaginary; it is the unit pseudoscalar that we have introduced
(see Equation 7.35, where i = 010203 = 01 A 02 A 03), and it appears in
Equation 8.4 because the magnetic field is correctly described by the bivector
iB and not by its dual B.

It is easy to see that the relative vectors E = E¥oy and B = B¥oy are given
explicity by

E = E*or = (1/2)(F — nF ) (8.6)
and
iB = iB*oy = (1/2)(F + wF y), (8.7)
where
EF = FR Fii — _glkpk (summation over k). (8.8)

1753
1

With the geometric significance of “i”, the physical separation of F into
electric and magnetic parts corresponds exactly to the geometric separation
into vector and bivector parts. However, the usual form of vector calculus
has preserved an artificial separation of electric and magnetic fields, though
it was known that they compose a single physical entity. This has helped to
disguise the significance of complex numbers in electrodynamics.

Electric and magnetic fields are in general represented as complex vectors
without it being realized that the real part of one can be related to the imag-
inary part of the other so that only the single complex vector (8.4) is needed
for a complete description of the field.

8.2 Polarization of Electromagnetic Waves

The compact description of the e.m. field (8.3) also yields a solution with
more direct geometric significance as we will demonstrate in this section. The
Maxwell equation admits a solution [3, 4]

Fi = fexpli(wt —k -1)] (8.9)

that describes a monochromatic plane wave with frequency > 0 and prop-
agation vector k. However, one may be surprised to learn that this wave
is necessarily right circularly polarized, because that follows unequivocally
only from the geometric meaning of multivector algebra.

To establish this property, we substitute Equation 8.9 in the Equation 8.3
using the fact that f, w, and k are constant, so we have the Maxwell equation
in the form

[(w/c) — k]F = 0. (8.10)
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Multiplying by [(w/c) + k] we have
[(@?/c®) —K*]F = 0. (8.11)

Because F is not zero, this implies that |z|] = w/c, as expected. So, Equation
8.10 can be written in the simpler form

kF=F (8.12)
where
k=k/kl =k/(w/c) (8.13)

Then, substituting the Equation (8.4) in (8.12) we have that both even and odd
parts of (8.12) give the same relation among the vector k, E, and B, namely,

RE = iB. (8.14)

By using this equation (8.14) we can eliminate the magnetic field from
Equation 8.4. In fact, remember that (see Equation 8.6 and Equation 8.7)

E =(1/2)(F —»wFw) (8.6)
and

iB = (1/2)(F + yoF v0) (8.7)

where E represents the odd part of F and iB the even part:

F =(1/2)(F = vFyo) + (1/2)(F + wFw). (8.15)
E + iB

We have

kE = (1/2)(kF — kyoF yo) = (1/2)(F + yokF y0)
= (1/2)(F + voFn) = iB, (8.16)

i.e., (8.14). It follows that we can eliminate the magnetic field from Equation
(8.4) putting KE in the place of iB:

F=E+kE=(1+kE=E(1-k (8.17)
The square of (8.12) gives E? = B2, and we can write (8.14) in the form
EBk =i (8.18)

The symbol ( ~ ) stands for unit vector.
We can say that E B k, in that order, compose a right-handed orthonormal
frame of vectors.



96 Geometric Algebra and Applications to Physics

To make the time dependence of the field explicit, note that from Equation
(8.9) and Equation (8.17) we get

F(0,0) = f = Eg+iBy = Eo(1 — k). (8.19)

Then, taking note of the fact that Equation 8.9 can also be written in this case
as (see Appendix B)

Fi(r,t) = E(t) +iB(t) = Eo(1 — k) exp[—ik(wt —k - 1)]
= fexp[—ik(wt —k -7)] (8.20)
so that at any point on the plane k - r = 0 the field is
F = E(t) +iB(t) = Eo(1 — k) exp[—(ikwt)]. (8.21)
The vector part of this expression is
E(t) = Egexp[—(ikwt)] (8.22)
= Eo(cos wt — ik sinwt), (8.23)
and, using (8.14), having i kEy = —By, we have
E(t) = Epcoswt — By sin wt (8.24)
= Egcoswt + By cos[(r/2) + wt], (8.25)

and this shows explicitly that as ¢ increases, the electric vector rotates clock-
wise in the plane as viewed by an observer facing the oncoming wave train,
whereas the magnetic field vector follows 90° behind and the usual picture
of a circularly polarized wave arises (see Figure 8.1) [5].

As regards the bivector part, we have

iB(t) = —Eok exp[—(ikot)] (8.26)
= —Eok(cos wt — ik sin wt), (8.27)
- E AB

™

v

FIGURE 8.1
A graphic representation of a right circularly polarized electromagnetic wave as viewed by an
observer facing the oncoming wave train.
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that is, by using (8.14),

= iBp cos wt + iEp sin wt (8.28)
= iBy cos wt 4 iEg cos[(37/2) + wt], (8.29)

which one can read also as
B(t) = Bgcoswt + Egsin wt. (8.30)

This shows that, as t increases, the magnetic bivector field iB also rotates
clockwise along with the electric vector, whereas the electric bivector field
follows 270° behind. Equation 8.25 and Equation 8.29 show that the electric
vector field and the magnetic bivector field are in phase, whereas the mag-
netic vector field and the electric bivector field are in opposite phases (see
Figure 8.1).

We note in passing that in the usual vector calculus the unit imaginary
in the complex solution of the field equations generates rotation of E and B
only [5].

8.3 Quaternion Form of Maxwell Equations from
the Spinor Form of STA

In Chapter 7, Section 7.4, we have shown that Maxwell equations in STA can
be assembled in the unique equation (see Eq. 7.61)

VF = (4rn/c)j, (8.31)
where V = y,0,(summation over u), and F is the electromagnetic bivector:
F = (1/2)F" /1 (832)

Equation 8.31 can be written as

[y0(3/8t) + v (3/9x5)1F = (4r/c)j (8.33)
(summation over k; k=1,2,3)

Left multiplication (geometric) by y, of both sides of the above equation gives
[ov0(3/08) + vore(8/9x")]F = (47 /)
or
[(3/0t) = yiyo(8/0x")IF = —(4m/e)(j - o+ j A o)
or

[(9/0t) — or(3/0x")]F = —(4/c)(cp + ), (8.34)



98 Geometric Algebra and Applications to Physics

where p is the charge density and j the current density vector. Here, the scalar
part j -y is the yp-time component of the vector j (i.e., the charge density), and
the bivector j A yp is decomposed into the oy frame and shown to represent
a spatial vector (i.e., the current density in 3-space) relative to an observer in
the yp-frame (see also Chapter 5, Section 5.2, Equation 5.20).

In the yp-frame (i.e., in the laboratory system [5]) the electromagnetic field
F can be expressed in the more familiar electric and magnetic fields E and B
as (see Appendix A):

F=E+iB (8.35)
where
E = FFo = EFoy (8.36)
iB = iB‘oy, (8.37)
B¥ being given by
Fi = —e¥*B*  (summation over k), (8.38)

€ being the alternating tensor with €12 = 1.

By using Equation 8.36 and Equation 8.37, Equation 8.35 can be written
as

F = (E* 4+ iB"ox. (8.39)
By setting
vk = EF +iBF, (8.40)
Equation 8.39 can be written as
F =vyFor = . (8.41)
By virtue of (8.41), the Maxwell Equation 8.34 assumes the form
[(3/0t) — or(3/0x") Yoy = — (47 fc)(cp + }) (8.42a)
or
[(3/0t) — or(3/0x") o1y’ = —(4m/c)(co + f). (8.42b)
Equation 8.42b can be written in expanded form:

[(9/08) = 0(3/02] - (orw') + [(3/01) — ox(3/0x)] A 01!
= —(4m/c)(cp + j). (8.43)
In order to maintain the exact correspondence between Hamilton’s quater-

nions and Hestenes’ spinors, it is necessary to replace ¥’ by ¥/ in the above
outer product.



Electromagnetic Field in Space and Time 99

Equation 8.43 can be separated into two independent equations:
[(8/8t) — 0x(3/8xM)] - (o1¥') = —4np. (8.44)
[(3/0t) — ox(3/0x)) A ol = —(4m/c)]. (8.45)

This spinor form of Maxwell equations in geometric algebra corresponds
to the quaternion form that was originally considered by Maxwell [6]. In fact,
Maxwell obtained spinor equations by using Hamilton’s quaternions.

8.4 Maxwell Equations in Vector Algebra from the
Quaternion (Spinor) Formalism

We consider the spinor (quaternion) form of Maxwell Equation 8.44 and
Equation 8.45 of the previous section (with units adopted such that c = G
=h=1):

[(8/0t) — 0x(3/9x")] - (E + iB) = —4np (8.46)
and
[(3/0t) — 0x(8/3x)] A (E — iB) = —4xj, (8.47)
where
E+iB=(oy') =y (8.48)
E —iB=(oy') = 9. (8.49)
Equation 8.46 gives
—01(3/9x%) - E — 01(8/0x%) - iB = —4np,
that is,
divE + idivB = 4mp, (8.50)
from which we get
divE = 47p (M4)
divB =0 (M2)

Next, Equation 8.47 gives
(OE /dt) — i(3B/dt) — o (8/9x*) A E 4 i0x(8/0x*) A B = —4nj
or

(OE /dt) — i(3B/dt) — iox(8/9x") x E +iicp(d/9x") x B = —4xj
(using the formula a A b =ia x b)
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or
(dE /0t) —i(8B/dt) — iok(rotE)yx — ox(rotB) = —4nj
or
(0E /dt) —i(0B/dt) — irotE — rotB = —4xj.
Finally, changing signs on both sides, we get
(rotB — 9E /dt) + i(rotE + 9B /9t) = 4§,

from which we get

rotB — (0E /9t) = 4§ (M3)

rotE + (9B /dt) =0 M1)

Thus, we obtain the standard form of Maxwell equations describing electro-
magnetic field in the usual vector algebra

rotE + (dB/dt) =0 M1)
divB=20 M2)

rotB — (0E /9t) = 4xj (M3)
divE = 4np (M4)

The subtlety of the spinor (quaternion) form for developing electro-
dynamics with integral spin is lost in the above formulation in vector algebra.

——
8.5 Majorana-Weyl Equations from the Quaternion (Spinor)
Formalism of Maxwell Equations
In 1928, H. Weyl [7] represented the Dirac equation by a pair of equations
[(3/0t) +6(8/0%)]yr +imy =0 (8.51a)
[(3/0t) — & (8/0%)]yL +imypgr =0 (8.51b)

where ox(k = 1,2,3) are the Pauli matrices, and Wg, ¥ are 2-component
spinors. In the limit m = 0, Equation (8.51a,b) transform into the Weyl
equations [8]

[(3/0) + 5(3/0%)]yr = O (8.52a)
[(3/8t) — 5(/9%)]yL = O. (8.52b)

These equations are similar in nature to the Maxwell equations in quaternion
form.
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Ettore Majorana first noted the quantum mechanical nature of the
Maxwell equations. This is evident from his unpublished manuscript [9, 10]
(kept in Domus Galilaeana in Pisa), in which he clarified the reason for the
similarity in nature of the Maxwell and Weyl equations by introducing the
transformation law for the vectors vz and ¥/; (one should not get confused
with spinors ¥g, ¥ and vectors ¥ g, ¥ used by Majorana; vectors are made
distinct from spinors by putting a “bar” overhead) under a rotation of in-
finitesimal angle ¢

Ve =VrL—[@ FrLl. (8.53)

Dropping the labels R and L, we can write this as

Ve =Yk — it @it
=Yr+en v, (8.54)

where €y is the alternating tensor with €153 = 1. Equation 8.54 can be put in
the form

Ye=vk+i (Sha @it (8.55)
by setting
(S = —ie€ix. (8.56)

The quantities (S;)x, defined by (8.56), are spin angular momentum
operators. By using them, one can represent Maxwell equations as given by
Majorana:

[(8/0t) + 3(3/0%)]yr =0, div yr =0, (8.57a)
[(8/0t) — 5(8/8%)]yL = 0. div ¢, =0. (8.57b)

These are of the same form as the Weyl equations supplemented by the equa-
tions div g = div ¥ = 0.

Now, we derive the spinor form of Maxwell equations in geometric algebra
that corresponds to the Weyl form of Maxwell equations. For this purpose we
consider a rigid body rotating about a reference point O with the paths of all
points of it parallel to some plane. We can represent this plane by a bivector
of unit modulus ‘in’, where 1 is the unit vector that specifies the rotation
axis ON (see Figure 5.2). If a vector a in the Euclidean space Ej is rotated
through an infinitesimal angle ¢ about the n-direction to the vector a’, then
we have

a’' = RaR, (8.58)
where R is a spinor given by (see Equation 5.60 and Equation 5.61)
R = exp(inv/2). (8.59)
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For infinitesimal rotation, retaining terms up to the first order in ¥, we have
from Equation 8.58 and Equation 8.59 (see Equation 5.63)

a'=RaR=a+i(nd Aa) (8.60)

that s,
a'=a—nv xa, (8.61)

that is,
a,; = a; — eqia;, (8.62)

where € is the alternating tensor with €13 = 1, and 9; are the covariant
components of the vector n (1 is the unit vector).
Now, we set

(S = —i€m = i€, (8.63)
that is,
i(S)k = —€xil- (8.64)
By virtue of (8.64) we can write (8.62) as
a = ax +i(S)uvia. (8.65)

We note that the above transformation law is identical with the transformation
law (8.55) for the vector v/ g and ¥ under rotation of an infinitesimal angle @.
So, (Si)x defined by (8.63) are interpreted as spin angular momentum
operators in this case.

In Section 8.3 we noted that in vacuum the spinor form of Maxwell equa-
tions are (see Equation 8.44 and Equation 8.45)

[(8/0t) — 0%(3/0x")] - ¥ =0 (8.66a)
[(8/0t) — 0%(3/0x) | A =0 (8.66b)
where
Y =o' =E +iH (8.67a)
Vv =o' =E —iH (8.67b)

By using the operators (S;)i; we can write Equation (8.66a, b) in the form
[(3/08) = (S)ua(8/3x")] - ¥ = 0 (8.68)
[(8/0t) = (S (3/0x) A ¥ =0 (8.68b)

This spinor form of Maxwell equations in geometric algebra corresponds
to the Majorana—Weyl form of Maxwell equations. We note in passing that
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unlike Equations 8.57a, b, the equations just assumed at are not to be sup-
plemented by the divergence relations separately, as they are contained in
Equation 8.68a.

Note that if we compare the Weyl Equations 8.52a, b and Maxwell equa-
tions as given by Majorana (8.57a, b) or (8.68a, b), they are found to be similar
in nature. Now, Weyl equations refer to the particle of half spin, whereas
Maxwell equations refer to particle of integral spin. This seems to give some
hint of the problem of supersymmetry.

Appendix A: Complex Numbers in Electrodynamics
Electromagnetic Field: Transition from STA to Pauli Algebra
As the relation
Ok = Yk Y0, (k = 1, 2, 3) (Al)

satisfies

(1/2)(oioj +ojoi) = —(1/2)(viv; + vjvi) = dij, (A.2)

the three space-time bivectors {0y} generate the Pauli algebra spanned by the
eight independent basis elements [5, 11,12, 13]

1, {ox}, {iok}, i, (A.3)

which is an even subalgebra of STA. Because of the relation (A.1), the Pauli
algebra (A.3) is identified with the algebra for the three-dimensional
Euclidean space relative to the timelike vector yy. It is evident from the above
fact that the separation of the six space-time bivector {oy, iox} into relative vec-
tors {ox} and relative bivectors {ioy} of three-dimensional Euclidean space is a
frame-dependent operation. The operation enables one to translate relativistic
quantities into observables in a given three-dimensional frame. In what
follows, we find the separation of the space-time bivector F representing
the electromagnetic field into relative vectors and relative bivectors.
The electromagnetic field in space-time is given by the bivector

F=1/2)F*y, Ay, FH = —FVk (A4)
Expanding F in (A.4), we may write
F = [F%in+ FP w0 + F %] + [F2yr + FPyiys + Flyan]  (A5)

The yp vector maps F into F yp, which can be separated into antisymmetric
and symmetric parts as

Fyy=F -yw+F A, (A.6)



104 Geometric Algebra and Applications to Physics

where
F -y =(1/2)(Fyo — nF) (A.7a)
F Ay =(1/2)(Fyo + nF) (A.7b)
In view of (A.5), one may express (A.7a) and (A.7b) as
F-yo=(1/2)(Fyo— nF) = F%% + F¥ 'y + F¥;, (A.8a)
F Ay =(1/2)(Fp+nF) =i[F?n+FP,+Fy).  (A8D)

Now, the relative vector (electric) and relative bivector (magnetic field)
are given, respectively, by

(1/2)(F = wFy) = Efox = E, (A.9a)
where
EF =FK (A.9b)
and
(1/2)(F + yF y) = iBoy = iB, (A.10a)
where
Fi = —B*  (summation over k), (A.10b)

€' being the alternating tensor with €' = 1.

Thus, the separation of the space-time bivector F representing the elec-
tromagnetic field into the yp-system is given by

F =(Fy)y = E +iB, (A.11)

where the electric vector E and the magnetic vector B are both spatial vectors
as given, respectively, by (A.9a) and (A.10a), and iB is a spatial bivector
representing the magnetic field (see Reference [5]).
Of course, one may write the result (A.11) directly from (A.5) without
having the important relations
E =(1/2)(F — wFy), (A.12)
iB = (1/2)(F + voF w). (A.13)

From the foregoing we have
Eyo=—wnE, By = n(iB), (A.14)

i.e., yp anticommutes with E but commutes with iB. Also, the space conjuga-
tion of the electric vector E and magnetic bivector iB exhibits that

J/QE)/O = —E, (A15)
yo(iB)yo = iB, (A.16)
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which show that the electric vector changes sign whereas the magnetic
bivector remains invariant under space conjugation.

I
Appendix B: Plane-Wave Solutions to Maxwell
Equations — Polarization of e.m. Waves

Compare the geometric products of (Ep + kEg) with exp[—ik(wt — k - x)] and
with expli(wt — k - x)], where the former has only scalar and bivector parts
and the latter, which has only scalar and pseudoscalar parts, may be treated
as “formally complex.”

First, consider the product (Eq + kEg) exp[—ik(wt — k - x)]:

Eg exp[—ik(ot — k - x)] = vector part only.
kEgexp[—ik(wt — k - x)] = bivector part only.
Summing up together, we have
(Eo + kEo) exp[—ik(wt — k - x)]
= [Epcos(wt —k - x) — By sin(wt —k - x)] (vector part) (B.1)
+[iBg cos(wt — k - x) + iEg sin(wt — k - x)] (bivector part).
Next, consider the product (Eg + kEo) expli(wt — k - x)]:
Egexpli(wt — k - x)] = vector part + bivector part
kEgexpli(wt — k - x)] = vector part + bivector part
Summing up together, we get
(Eo + kEo) expli(wt — k - x)]
= [Egcos(wt — k - x) — By sin(wt — k - x)] (vector part) (B.2)
+[iBg cos(wt — k - x) + iEg sin(wt — k - x)] (bivector part).

Equations B.1 and B.2 show that both the products give the same result. This
is because, in this case, the Maxwell equation in multivector algebra assumes
the form

kF =F, (B.3)
which in turn yields
kE = iB. (B:4)

So, for our consideration, we may take any one of the above products. Thus,
for a simple circularly polarized wave F.(x, t) with constant frequency v > 0
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and propagating vector k, we can write

Fi(x, t) = fexpli(wt —k - x)]
= fexplio(t — k- x/w)]
= fexplio(t — k-x/o)] {being k = kik| = k(w/c)}
= (1 +k)Egexp(iws)

= (1 +k)Eoz(s), (B.5)
where
f=04kE, (B.5a)
s=t—k-x/c (B.5b)
z(s) = exp(iws). (B.5¢)

Similarly, by changing the orientation of the “generator” in (B.5), we can
express the left circularly polarized wave F_(x, t) as

F_(x,t) = (1 +k)Eoz(s) (B.6)
where
z(s) = exp(—iws) (B.6a)

In both the solutions (B.5) and (B.6), the frequency is considered to be positive.
In the general case, we consider the frequency to take both positive and neg-
ative values by associating its sign with the polarization of the wave, F_(x, t)
and F_(x, t), being, respectively, positive and negative frequency solutions.

For a wave packet propagating in the direction of k, one may write F (x, t)
in the general form

F(x, t) = fz(s) (B.7)

where
f=@1+Fk)e (B.8)
s=t—k-x/c, (B.9)

e being a constant unit vector orthogonal to k. Function z(s) is the Fourier
transform of the function o (w) that satisfies the Dirichlet’s conditions, i.e.,

z(s) = /_OO a(w)e'dw, (B.10)

o0

where exp(iws) is the kernel of the transform. Equation B.10 can be expressed
as

z(s) = / [ay(w)e'™ + a_(w)e " ldw (B.11)
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where
ai(w) = a(tw). (B.12)

The functions a4 (w) and a_(w) are the components of the wave packet
and describe, respectively, the right and left circular polarization. The overall
phase of a(w) depends on the selection of the constant unit vector e in the
plane orthogonal to the propagating vector k. Equation B.7 and Equation B.11
exhibit that the “formally complex” function z(s) describes the properties of
the wave packet.

From Equation B.8 we have

|fI?=2. (B.13)
So, the energy-density of the field is given by
1212 = (1/2)|F ]2 = (1/2)(E2 + B?). (B.14)
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9

General Observations and Generators
of Rotations (Neutron Interferometer
Experiment)

9.1 Review of Space-Time Algebra (STA)

We give a brief resumé of STA as developed by Hestenes [1,2,3]. STA is
the Clifford algebra of real four-dimensional space-time with a thoroughgo-
ing geometric interpretation. It is built out of objects with direct geometric
interpretations; the properties of these objects are specified by introducing
algebraic operations that directly determine their interrelations. Furthermore,
STA derivesits potency from the fact that both the elements and the operations
of the algebra are endowed with direct geometric intepretation.

The geometric product of a generic proper vector a with itself is a scalar
quantity describing the metric of space-time:

a? > 0iff a is a timelike vector, (9.1a)
a* = 0iff a is a lightlike vector, (9.1b)
a%? < Oiffaisa space-like vector. (9.1¢)

The geometric productab of two proper vectors a and b can be understood
geometrically by separating it into symmetric and antisymmetric parts:

ab=a-b+anb, (9.2a)

where
a-b=(1/2)ab+ba)=b-a, (9.2b)
a nb=(1/2)ab—ba)=—bAa. (9.2¢)

Equation 9.1 tells us that a - b is a scalar quantity, the usual inner product of
space-time vectors. Here ‘scalar’ means ‘real number’.

The quantity a A b, called the “outer product” of a, b, is a (proper) bivector
or 2-vector. The geometric product obeys the associative rule.
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The inner and outer product of a vector a and a bivector B are defined
respectively, by

a-B=(1/2)(aB - Ba)=—-B-a, (9.3a)
aANB=(1/2)aB+ Ba) =B Aa. (9.3b)

Then, we have
aB=a-B+a A B. (9.3¢)

Equation (9.3a) and Equation (9.2b, c) give
a-(bac)y=a -bc—a-cb=—(bnrc)-a. 9.4)

9.1.1 Note

1. a - B is a vector.

2. a A B is a trivector or 3-vector.

3. Every trivector in STA can be factored into an outer product of three
vectors.

The inner and outer product of a vector a and a trivector T are defined,
respectively, by

a-T=1/2)aT+Ta)=T -a, (9.5a)
and
anT=(1/2)@aT —Ta)=-T Aa. (9.5b)
Thus
alT' =a-T+aAT. (9.5¢)

Equation (9.5a), Equation (9.3c) and Equation 9.2 give
a-bAB)=a-(bB—b-B)=a-bB—a-(b-B)
=a-bB—aAnb-B, (9.6)

where a, b are vectors and B is a bivector. a A T is a 4-vector or pseudoscalar.
Unit pseudoscalar, denoted by i, assigns an orientation to space-time. Every
pseudoscalar is a scalar multiple of i. It can be shown that

i2=-1, (9.7a)
ai = —ia. (9.7b)

From the above it follows that
ani=(1/2)(ai +ia)=0, (9.8a)

a-i=(1/2)@ai—ia) = ai. (9.8b)



General Observations and Generators of Rotations 111

ai is a trivector, called the dual of a. Every trivector T is the dual of some
vector ¢:

T =ti. (9.9a)
Multiplying on the right by i and using (9.7a), we get
Ti = —t. (9.9b)

So, the dual of a trivector T is a unique vector. This establishes an isomorphism
of the linear space of all trivectors to the space of all vectors. So, trivectors are
often called pseudovectors.

9.1.2 Multivectors

A generic element of STA is called a (proper) multivector. Every proper mul-
tivector M is a sum of Clifford objects of arbitrary grade (grade zero = scalar,
grade 1 = vector, grade 2 = bivector or 2-vector, grade 3 = trivector or
3-vector, grade 4 = 4-vector or pseudoscalar). Thus, M can be expressed as

M=<M>1+<M>1+<M>+<M>3+ <M >y, (9.10)

where < M > is a Clifford object of grade k or denotes the k-vector part
of M.
A multivector M in STA is said to be even if

<M>=<M=>3=0.

The even multivectors constitute a subalgebra of the full STA.

9.1.3 Reversion
The reverse of M, denoted by M, is defined by
M=<M>)+<M>—<M>—<M>3+<M>, (9.11)

The reverse of a product equals the product of the reverse:

(AB)” = BA (9.12)

9.1.4 Lorentz Rotation R

Any Lorentz rotation R, which maps a generic proper vector a4 into the vector
a’, can be written in the canonical form

a = a =R(a) = RaR. (9.13a)
Here, R is an even multivector, unique except for sign, with the property
RR=1. (9.13b)

Ris called a spinor.



112 Geometric Algebra and Applications to Physics

9.1.5 Two Special Classes of Lorentz Rotations: Boosts
and Spatial Rotations

A Lorentz rotation £(a) = La L, which takes a unit timelike vector u into the
vector v, is said to be a boost of u into v if it leaves the vectors orthogonal to
the v A u-plane invariant.

Any vector a can be expressed as the sum

a=a +ay (9.14a)

with the component 4 in the v A u-plane given by
ap=a-(@oAu)(vA u)~, (9.14b)
a,=an@Au)(vAu)l, (9.14¢)

A Lorentz rotation U(a) = UaU is said to be spatial rotation if it leaves a
timelike vector u invariant:

Uull =u (9.15a)
or equivalently,
uut=1, Ut = ullu. (9.15b)

The set of all Lorentz rotations satisfying (9.15) is the group of spatial
rotations in the spacelike hypersurface with normal u, called the little group
of u.

Any Lorentz rotation can be uniquely expressed as a spatial rotation fol-
lowed by a boost of a given timelike vector u:

R=LU. (9.16)

9.1.6 Magnitude

The magnitude (or modulus) of a multivector M is determined by
IM| = [< MM >,]'/? 9.17)
The inverse M~! of a multivector M is defined by
MM =1 (9.18)
If MM = |MJ?, the inverse of M exists and can be expressed as
M~ = M/|M|? (9.19)

It follows that every vector has an inverse, so it is possible to divide by vectors.
The vector division is made possible by (9.2a, b, c). So, the STA is an associative
division algebra.
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9.1.7 The Algebra of a Euclidean Plane

The Clifford algebra for two-dimensional Euclidean space is generated by
two orthonormal vectors {ox}, (k = 1, 2), and is spanned by

1, Aoxl i, (9.20)

where i is the unit pseudoscalar (highest grade multivector) for the space.
The basic properties of i are

i=-1 = i=+-1, (9.21a)
i=—i (9.21b)
iM= Mi (9.21¢)

for every multivector M in the space, and
anb=nxri (9.21d)

for any vector in the Euclidean plane. The scalar A is positive if and only if
the vectors make up a right-handed set in the order given.

Besides the property (9.21a) ascribed to the traditional unit imaginary, our
i is a bivector. So, it has geometric and algebraic properties:

1. Itis the unit of directed area.
2. Itis also the generator of rotations in the plane.

In view of (9.20), any multivector M can be expressed as
M =ag+ ar01 + arop + asi (9.22)

with scalar coefficients ag, a1, as, as. The algebra (9.20) is the geometric algebra
of the i-plane and is denoted by G,(i). Obviously, the G, algebra is a four-
dimensional linear space. We can write (9.22) as

M=<M>,+<M>_, (9.23)
where the even multivector part < M > represents the plane spinor
<M>,=ap+ias (9.24)
and the odd multivector part < M >_ represents the vector in the i-plane
<M >_= ay01 +ay0,. (9.25)
So, G, can be expressed as the sum of two linear spaces
G=07 +6G;, (9.26)

where G5 is the two-dimensional linear space of spinors, and G, is the two-
dimensional vector space.. The algebra (9.24) is an even subalgebra G; of
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G, or spinor algebra. Likewise, the algebra (9.25) is an odd subalgebra G,
of G, or vector algebra. Every spinor in G represents a rotation—dilation in
two-dimensional plane.

9.1.8 The Algebra of Euclidean 3-Space

The Clifford algebra for three-dimensional Euclidean space is generated by
three orthonormal vectors {0} and is spanned by

1, {Uk}, {iO’k}, i (927)

where i = 010,03 is the unit pseudoscalar (highest grade multivector) for the
space. The basic properties of i are

i2=-1, (9.28a)
i=—i (9.28b)
iM = Mi (9.28¢)

for every multivector M in the space, and
aAnbAc=Ai (9.28d)

for every vector in the Euclidean 3-space. The scalar A is positive if and only
if the vectors make up a right-handed set in the order given. The unit i is the
dextral unit pseudoscalar (trivector) giving the unit-oriented cube.

In view of (9.27), any multivector M of the space can be expressed as

M=<M>g+<M>1+<M>+ < M>; (9.29)
with

<M>p= «, thescalar part of M,

<M>1=a, thevector partof M,

< M >,=ib, thebivector part of M expressed
as a dual of a vector, and

<M >3=iB, thepseudoscalar partof M.

50, (9.29) can be put in the form
M=oa+a+ib+ip (9.30)
with scalar coefficient « and B. The algebra (9.27) is the geometric alge-

bra of the i-space and is denoted by Gs. It is also called the Pauli algebra,
but in geometric algebra the three Pauli ox are no longer viewed as three
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matrix-valued components* of a single isospace vector but as three
independent-basis vectors for real space.

Obviously, the G; algebra or the Pauli algebra is an eight-dimensional
linear space. We can write (9.30) as

M=<M>,+<M>_, (9.31)
where the even multivector part < M > represents the spinor space
<M>,=a+ib, (9.32)
and the odd multivector part < M >_ is given by
<M>_=a+ip (9.33)
So, G5 can be expressed as the sum of an even part G5 and an odd part G; :
Gs=05 +05. (9.34)

Gy is closed under multiplication, so it is a subalgebra of G3, but G5 is not.
Gy may be referred to as spinor algebra or even the subalgebra of G3(Pauli) al-
gebra. Every spinor in G5 represents a rotation—dilation in three-dimensional
space.
We have three linearly independent bivectors given by

il = 0203 = iO‘l, iz = 0301 = io’z, i3 = 0103 = i(73. (935)
So, any bivector B in G5 can be expressed as
B = Rii1 + Roin + Rsij (9.36)

with scalar coefficient R;. Thus, the set of all bivectors in Gz is a three-
dimensional linear space with basis {ij, i, i3}. By using (9.35), the
equation 9.36 can be expressed as

B = i(Ri01 + Ry05 + R303) = ib, (9.37)
where b is a vector defined by
b = Ryoq + Ry0o + R303. (9.38)

The bivector B is called the dual of the vector b. By using (9.36) and (9.37),
one can express (9.32) as

<M >, = a+ Ryi; + Ryir + Rais, (9.39)
*61= ’(1) (1) , 6= ‘ _0 , 63 = ‘(1) _01 ,  where j is the unit imaginary
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This shows that {1, iy, i3, i3} make up abasis for g; . Thus, Q;“ isalinear space of
four dimensions. As the elements of G§ were called quaternions by Hamilton,
G5 may also be referred to as quaternion algebra.

9.1.9 The Algebra of Space-Time

The Clifford algebra of real four-dimesional space-time is generated by four
orthonormal vectors {y,} and is spanned by

scalar  vectors bivectors pseudovectors pseudoscalar '

(bL=0,1,2,3 k=1,273)

where i is the unit pseudoscalar (4-vector) for the space-time

I = YoY1Y2y3 = 010203 = V5, (9.41a)
Ok = Yk )o- (9.41b)

The even elements of the basis (9.40) for the space-time
1, {ok, io}, i (9.42)

coincides with Pauli algebra because of the relation (9.41b). Thus, vectors in
Pauli algebra become bivectors as viewed from (real) Dirac algebra. In STA
the four Dirac y,, are no longer viewed as four matrix-valued components of
a single isospace vector but as four independent basis vectors for real space-
time. The pseudoscalar i anticommutes with the space-time vectors y,,.

In STA the reversion changes the sign of bivectors, leaving scalars and
vectors unchanged. So, the reversion of an even multivector can be obtained
by changing the sign of the bivectors.

The algebra (9.40) is the STA or real Dirac algebra, having 16 components,
and is a 16-dimensional linear space. The algebra (9.42) is an even subalgebra
of STA or real Dirac algebra with respect to the selection of the timelike vector
0, and is an eight-dimensional linear space of spinors.

9.2 The Dirac Equation without Complex Numbers

A Dirac spinor V¥ is represented by

Y1 a1 + B
Y| |+ B

V= V3| ezt jBs |’ (©43)
Yy oy + jBs

where «’s and B’s are real numbers, and j = +/—1 is the unit imaginary of
the matrix algebra. The representation (9.43) in terms of the components
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Y1, Y2, V3, Y4 presumes a specific representation of the Dirac matrices:

1 01 . [0 —&
Yo = |:0 _I:|r Yo = |:6k 0 :|r (9443)

where I is a2 x 2 unit matrix and 6y are the Pauli matrices, which are traceless
Hermitian matrices satisfying

616265 = . (9.44b)

We introduce in the spinor space a basis [4]:

1 0 0 0
U = 8 , Up = (1) , U3 = (1) , Uy = 8 , (9.45)
0 0 0 1
such that
yoU1 = U, (9.46a)
iosU] = Y1y = iUy, (9.46b)
Uy = —ioply, Uz = 03U, Ug= 01U (9.46¢)

Supposing (9.43) refers to this representation, one can write any Dirac spinor
V¥ in the form

WU = iy (9.47)
where

V= a1+ (v + Bavayo + asyayo + Bayave + aaysvr + Bryayi)
(scalar) (bivectors)

+v583
(pseudoscalar).

(9.48)

The important thing is that the unit imaginary j = +/—1 has been eliminated,
and the ¥ given by (9.48) is an even multivector that can be expressed as an
element of STA by interpreting the y’s as vectors.

Dirac’s equation for an electron with charge e and mass m in an external
electromagnetic field is expressed by

(jhO — (e/c) AWV = mc ¥, (9.49)
where

O=y"d, 9,=0/dx", (9.50a)
and

A= Ayt = Ay, (9.50b)
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Replacing j = +/—1 by the bivector y,y1 and using (9.47), we can write (9.49)
in the form

(W y2y1 — (e/c) AY) your = mcyruy, (9.51)

with the help of (9.46a).

The coefficient of u; in (9.47) is an even multivector. (9.46¢c) implies that
even a multivector operating on u; generates a complete basis for Dirac
spinors; so, the coefficients of u; in (9.51) can be equated, although u; does
not have an inverse. Therefore, Equation 9.51 yields

(A y201 — (e/c) AYr)yo = meyr (9.52a)
or, equivalently,
W yay1 — (e/c) Ay = meyryp. (9.52b)

This is the Dirac equation in STA without unit imaginary j = +/—1. By
using Equation 9.47, a solution of one equation can be expressed as a solution
of the other.

9.3 Observables and the Wave Function

In order to determine the geometrical significance of the wave function ¥ in
Dirac’s theory, it is required that certain bilinear functions of W be tensors.
The interpretation of these tensors as observables determines the physical
significance of V.

Asi = i, ¥ canbe obtained from v by changing the sign of its bivector part.
As ¥ is an even multivector, so is Y. However, ¥ is invariant under re-
version. So, its bivector part must vanish. Furthermore, because i = —1, ¥y
can be put in the “polar form”

Y = pexp(if) = pcos B +ipsinp, (9.53)

where p and 8 are scalars.
Also we know that

RR=1. (9.54a)
Thus, one can define R by the equation
R = [pexp(if)]™*y (9-54b)
or one may write

¥ = [pexp(iB)]'*R. (9.54c)
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The quantity R in (9.54) determines a proper Lorentz transformation of a
frame {y,} into a frame {e, } according to the equation

e, = Ry,R. (9.55)

R = R(x) is a differentiable function of the space-time point x. Thus,
Equation 9.55 specifies a differentiable set of four vector fields with values
e, = e,(x) ateach point x determined by a proper Lorentz transformation of a
fixed frame {y, }. This completely describes the geometrical significance of R.
By virtue of Equation 9.55, the spinor R can be regarded as a representation
of a Lorentz transformation.

Equation 9.54c and Equation 9.55 give

Yy = pey. (9.56)

Treating (9.56) as a generalization of (9.55), one may interpret the multi-
plication of e, by p as a dilation.

The spinor ¢ represents a Lorentz transformation because, by Equation
9.56 it determines a rotation—dilation of the frame {y,} into the frame {pe,,}.

It is to be noted that yy does not operate in some abstract spin-space
detached from space-time; it transforms space-time vectors into space-time
vectors.

The physical interpretations of p and R are fixed by specifying the inter-
pretations for the e,,.

The quantity [4]

po = pey = Yy (9.57a)

may be identified with the probability current of the Dirac theory. So, the
timelike vector

U=¢)= R]/()R (9.57b)

can be interpreted as the (local) “world velocity” of a Dirac particle, whereas
p is the probability density in the local rest frame determined by v.

The tensor components of the probability current with respect to the frame
{yu} are

Pt = pv - y* = (Yydy™)o. (9.57¢)
The conservation of probability is given by
O- (pv) = 3, (pv*) =0. (9.58)
The spacelike vector

s = (1/2)es = (h/2)Rys R (9.5%)
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can be identified as the (local) spin vector of the Dirac theory. The correspond-
ing “current”
ps = p(t/2)es = (h/2)yysvr (9-59b)
has components
ps = ps - yu = (1/2) (Y y3¥¥u)o- (9.59)

The “proper spin density” of the electron is pS, where S is the (local) spin
bivector:

S = (h/2)ezer = (1/2) Ry R = (/2)RiosR = isv. (9.60a)
The tensor components of S are given by
S = (SyPy*)o =is Ao AYP AY* =5,0,e"P, (9.60b)
where the alternating tensor €#"** is defined by
e = —iyt Ayt Ayt Ay ==y y vy . (9.60c)
So, we we may write
S = (1/2)S" vays = (1/2)5% 0, (9.60d)
where 0,4 are the generators of rotations:

Oap = (1/2)(VaVp — V8Va)- (9.60e)

9.4 Generators of Rotations in Space-Time: Intrinsic Spin

Equation 9.53, Equation 9.54a and Equation 9.60a yield

Sy = (h/2)Yyan 9.61)
Interpreting this as a matrix equation, we can write, by using (9.46a,b) [4, 5]:
Svru; = i(h/2)Yuy, (9.62)

or in terms of Dirac spinor W (by relation (9.47)),
SV =i(h/2)W. (9.63)

This implies that i(72/2) is an eigenvalue of the bivector S describing
the spin. So, i(f1/2) is a representation of the spin bivector S by one of its
eigenvalues.

In the two-dimensional i-plane of vectors, the unit pseudoscalari = v/—1
is a unit bivector. It is a generator of rotations in the plane as well as the
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‘intrinsic” rotation represented by o; A o3 in the spinor i-plane. The spinor
plane is not detached from the real vector plane as depicted in Figure 3.1 and
Figure 3.2. There is a one-to-one correspondence between them. This feature
gives geometric algebra a great advantage over matrix algebra, in which
abstract spin space is detached from space-time.

If we extend from two-dimensional space to four-dimensional space-time,
the spin bivectors S is defined by

S=(n/2)RynR, i(h/2) being an eigenvalue of S.
We note the following points:

1. The algebra of the i-plane is a subalgebra of the algebra of
space-time.

2. Thereis an automorphism of the linear space of all bivectors to itself.

Thus, in conformity with the description of bivectors in two-dimensional
space, one may state that y, A y are generators of rotations in space-time. The
/=1 of the Dirac theory can be interpreted geometrically as the generators of
rotations in the e, A ej-plane with (%/2) y» A y1 representing the intrinsic spin
in real Dirac algebra in conventionally used labeling.

9.4.1 General Observations

Interpreting the y, in the Riemann—Cartan space-time as vectors instead of
matrices, the geometric product y,), can be understood geometrically by
separating it into symmetric and antisymmetric parts [2]

YuVvo = Vi Yo+ Yu AV, (9.64a)

where
Vi v = (1/2)(vurs + vw¥iu) = Qv (9.64b)
Yu Avo = 1/2)(Yurv — ¥o¥u) = 0po- (9-64¢)

It has been pointed out [6] that in the gauge theory of gravity as well as
in supergravity, if supersymmetric action contains the graviton (e,’;) and the
gravitino (), the affine connection is nonsymmetric because of the presence
of a fermion field that is a source of torsion according to the Einstein—Cartan
theory.

The equation

YuVv = &uv + 0y (965)

suggests that supersymmetry is inherited from it because of the simultaneous
existence of the commutator (fermionic field) and anticommutator (bosonic
field): g,,, is connected with bosons and o, with fermions.
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Next, the covariant differential of a spinor field is (see, for instance, [6])

Dy = dxdky + (1/2)(0ixy 'y ) (9.66)

yields dilation and rotation simultaneously, which, in turn, indicate the pres-
ence of both curvature and torsion.

Furthermore, in References [7-10] it has been shown that curvature R and
torsion Q may play the role of conjugate variables of the geometry, giving the
commutation relation

[Q, R] = (hG/c®) 732 (9.67)

9.5 Fiber Bundles and Quantum Theory vis-a-vis
the Geometric Algebra Approach

According to quantum theory, a fermion does not return to its initial state
by a rotation of 27, but it takes a rotation of 4x to restore its state of initial
condition. First, we schematically give the well-known fiber bundle picture
of the neutron interferometer experiments [11,12] in quantum theory. This,
indeed, throws light on the role of gravitation in quantum mechanics [13].

The way in which a phase difference is induced between two particle rays
depends, in the first case, on a magnetic field [11] and, in the second case, on
the terrestrial gravitational field [13]; the results are similar in both cases in
the sense that one observes the usual peaks of interference pattern. In order to
see how the magnetic field can change the phase of a spinor, one has to observe
the precession of the spin vector. This, in fact, allows a novel application of
geometric algebra [14].

In this context we discuss multivector algebra and show how the gener-
alized phase shifts in the abstract neutron state space of the quantum theory
can be associated with the rotation angle in the real phase space by means of
multivector calculus in real space-time [15].

9.6 Fiber Bundle Picture of the Neutron
Interferometer Experiment

Neutron interferometer experiments [11, 12] show what happens when neu-
trons are rotated 360° by a magnetic field and demonstrate how a fiber bundle
can arise in quantum theory. In the neutron-rotation experiment, which in fact
concerns the topology of the fiber bundle, the global structure of the fiber bun-
dle is significant. Furthermore, the experiment demonstrates a highly coun-
terintuitive effect whose mathematical counterpart is the one-sidedness of a
Mobbius strip.
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FIGURE 9.1a

Classical model of the path of precession of spin vector of a neutron. As a spin measurement
along any given axis gives only the values +71/2 or —1/2, the classical model cannot consistently
represent the geometry of the precession. (Adapted from H. J. Bernstein and A. V. Phillips, Sci.
Am. 245,94-109 (1981).)

The spin vector of a neutron in a magnetic field can precess, but the ge-
ometry of the precession cannot be consistently constructed by the classical
model because a spin measurement assumes only the values +7/2 (spin-up)
or —1/2 (spin-down) along any given axis (Figure 9.1a).

In quantum mechanics, precession is considered to be a manifestation
as a change in the probability of finding a neutron with spin 471/2 or with
spin —f1/2. The two amplitudes that determine the probability can be consid-
ered coordinates in the abstract neutron state space with two perpendicular
axes labeled “up” and “down” (Figure 9.1b). After a precession of 90° from
the z-axis, the spin vector points neither up nor down (Figure 9.1a,b). If
one measures the z-axis component of the vector, one finds spin-up half of
the time and spin-down half of the time. The average value of the spin is
zero, in agreement with the classical result. As the probabilities are equal, the
probability amplitudes can be chosen to be equal; the corresponding point
in neutron-state space (an abstract space) is rotated 45° from the up-axis. So,
physical precession through any angle ©# causes a generalized phase shift /2,
represented as a rotation in the neutron-state space (Figure 9.1b).

Now, we give the fiber bundle model (see, for instance, Reference [14]) of
the phase shift as the generalized phase of the neutron spin state (Figure 9.2).
The fiber bundle model of the phase shift shows the relation between the
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FIGURE 9.1b

Quantum mechanical picture of the neutron interferometer experiment. Two perpendicular axes
labeled “up” (corresponding to the z-axis of the classical model) and “down” are constructed in
the abstract neutron-state space, which is a unit circle. The coordinates in the abstract space can
quite plausibly represent the two amplitudes that determine the probability of finding a neutron
with spin +7/2 and —1/2. So, the precession of a spin vector of a neutron is manifested as a change
in the probability of finding a neutron with spin-up or spin-down. Physical precession through
any angle ¢ (see Figure 9.1a) can cause a generalized phase shift ©#/2, which is represented as
a rotation in the neutron-state space. Thus a precession of 90° from the z-axis, where the spin
vector points neither up nor down, corresponds to the point in the neutron-state space rotated
through 45° from the “up” axis. (Adapted from H. J. Bernstein and A. V. Phillips, Sci. Am. 245,
94-109 (1981).)

angular precession of a neutron and the shift in the generalized phase of
the neutron spin state. Points in the base space of the bundle represent the
orientation of the spin vector of a neutron. Points in the total space repre-
sent the relative phase shifts in the neutron-state space that correspond to a
given orientation. For instance, the projection map of the bundle assigns the
points 45° and 225° in the total space to the point 90° in the base space. This
means that generalized phase angles of 45° and 225° both correspond to an
orientation of the vector 90° from the z-axis. The underlying geometric prin-
ciple for the above correspondence is that the point on the phase circle moves
continuously in such a way that it always remains above the point on the
orientation circle. Thus, the topological structure of the bundle, together with
the above geometric principle, accounts for the sign change of the neutron
state as an effect of a phase reversal, the total space and the base space both
being topologically equivalent to a circle. One complete rotation in the base
circle must shift the generalized phase to the opposite of what it was before.
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FIGURE 9.2

Fiber bundle picture of a neutron spin rotation. The correspondence between the angular preces-
sion of a neutron and the shift in the generalized phase of the neutron spin state is depicted by
the fiber bundle picture of phase shifts. Points in the base space of the bundle represent the orien-
tation of the spin vector of a neutron, whereas those in the total space represent the relative phase
shifts in the neutron-state space that correspond to a given orientation. As the orientation angle v
equals twice the generalized phase angle ¢ (modulo 360°), the projection map p of the bundle
assigns the points 45° and 225° in the total space to the point 90° in the base. The total space and
the base space are topologically equivalent to a circle. The projection map corresponds to the
way the edge of a Mdbius strip would project onto a circle at the center of the strip. (Adapted
from H. J. Bernstein and A. V. Philips, Sci. Am. 245, 94-109 (1981).)

This is why the projection map corresponds to the way the edge of a Mobius
strip would project onto a circle at the center of the strip.

9.6.1 Multivector Algebra

Now, we will use some aspects of multivector algebra (see Chapter 5) in order
to show its potency in physical applications, and, in particular, through the
definition of the geometric product of vectors in four-dimensional space-time,
which provides a geometrical interpretation of the imaginary numbers and
the reinterpretation of the Dirac equation in real space-time withoutimaginary
numbers [16].

In this regard, Yu Xin [17] shows that the concept of internal and external
spaces are just two different representations of a single primitive structure —
the spinorial space-time; in other words, the spinor structure represents the in-
ternal abstract space and external space-time, depending onits representation.

In fact, we have seen that in order to take into account both mass and
spin, it seems at first sight that we have to do with two different spaces: a real
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space-time where we describe the curvature, due to the mass, with tensors;
and a complex space-time, where we describe torsion, due to the spin, with
spinors. But this is not completely satisfactory; one would like to describe
these two fundamental physical properties, mass and spin, in a unique man-
ifold (see Reference [17]), the real space-time, and this can be done through
Hestenes algebra [5,18].

In fact, for studying problems, in the early universe we have to deal both
with elementary particle physics using quantum theory and with cosmol-
ogy using general relativity; however, general relativity is developed in real
space-time, whereas quantum theory needs a complex manifold. How can
we conciliate general relativity with quantum theory? This difficulty could
be overcome by describing spinors in real space-time.

For this reason we consider the geometric algebra that, with the multivec-
tor concept and the interpretation of imaginary units as generator of rotations,
places tensors and spinors on the same footing: both are described in a real
space-time [16].

We see that the Hestenes STA [5,18] automatically incorporates the geo-
metric structure of space-time.

This can be done introducing, first of all, the outer product a A b, which
is different from the usual cross product in the sense that it has magnitude
|a||b] sin ¥ and shares its skew propertya Ab = —b Aa , butis not a scalar or
a vector; it is a directed area, or bivector, oriented in the plane containing a and
b. One can visualize the outer product as the area swept out by displacing a
along b with the orientation given by traversing the so-formed parallelogram
first along the a4 vector and then along the b vector.

One can generalize this notion to products of objects with higher dimen-
sionality or grade [19] in the sense that if the bivector a A b, which has grade
2,is swept along another vector ¢ of grade 1, one obtains the directed volume
(a Ab) Ac, whichis a trivector of grade 3. Thus, we are led to the notion of a
multivector.

We are now in a position to define the geometric product: it is the sum
of the inner and outer product, that is (dropping the convention of using the
bold-face type for vectors),

ab=a-b+aAb. (9.68)

Now, one can proceed to reformulate Dirac’s theory in terms of space-
time geometric calculus without any complex number. We can write the Dirac
equation as [20,21,22]

hVYyay — (e/c) Ay = mcyryg (9.69)

where V is the four-dimensional generalization of the gradient operator,
which, taking into account the metric, is

V=93, 8,=0d/0x", A=Ayt = Ay, (9.70)

and v is connected with Dirac column spinor ¥ by ¥ = vru, u being the unit
column spinor.



General Observations and Generators of Rotations 127

9.6.2 Lorentz Rotations

Now, we proceed to find the Lorentz rotation as a multivector [22]. In the
algebra of Dirac matrices the conditions

(1/2)()’qu + V\)Vu) = 8,41)1, (971)
/8 Tryuyy = v, (9.72)

where the g,.,(1, v = 0,1, 2, 3) is the space-time metric tensor and [ is the
unit matrix, do not determine the Dirac matrices uniquely. Any two sets of
Dirac matrices {y,} and {yl;} are related by a similarity transformation

¥, = Ry,R7, (9.73)

where Ris a nonsingular matrix. This, in fact, gives a change in representation
of the Dirac matrices. In STA the geometrical requirement that y,, in (9.73) must
be vectors implies that they can be expressed as

Vi =,V (9.74)

This means that (9.73) must be invariant under reversion
RV;/L =y.R (9.75)

where we define conjugate multivector M(reversion of M) of M of the real
Dirac algebra by reversing the order of the product of all vectors of M. Asitis
independent of any basis of the algebra, it is an invariant type of conjugation.
Now, from (9.73) and (9.75) we obtain

RRy,R™'=y,R. (9.76)
So, one may choose R such that
RR=1 or R!'=R. 9.77)
Then, (9.73) assumes the form
v, =a,v = Ry,R, (9.78)

which represents a Lorentz transformation from a frame {y,,} into a frame {y,}.
Furthermore, one can solve Equation 9.78 for R as a function of y, and y;; only.
This implies that R is an even multivector (remember that an even multivector
is a spinor in geometric algebra) and that every Lorentz transformation can
be expressed in this form.

Equation 9.78 represents a proper Lorentz transformation (i.e., transfor-
mations continuously connected to the identity) if and only if R is an even
multivector satisfying Equation 9.77 [15]. From this consideration one can
write:

R =expl~¢/2], (9.79)
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where ¢ is a bivector. R is referred to as a Lorentz rotation. In fact, R is a real
spinor field in STA.

We can apply the general theory of rotation in three-dimensional space as
seen in the algebra of a plane [15]. The number of the parameters that define a
rotation is equal to the number of the base bivectors, i.e., three. We can write
any bivector of unit modulus as in, where 7 is the unit vector (n*> = 1) that
specifies the rotation axis. So, ¢ can be expressed as

¢ =inv, (9.80)

where ¥ is the rotation angle around the n-direction. Then, the spinor Rin
(9.79) can be written as

R = exp(—inv/2) = cos(?¥/2) — insin(v/2), (9.81)
which satisfies the condition (9.77). The action of R on a vector a is written as
b=RaR (9.82)

This relation allows us to calculate b algebraically through the geometric prod-
uctbetween a and . If the rotation is infinitesimal, developing the exponential
up to the first order R =1 — (in/2), we have, from (9.82),

b=1[1-(inv/2)]a[l+ (inv/2)]
=a — (inv/2)a +a(inv/2) (9.83)

up to the first order. Thus, we have for the variation of a
da =b—a =[(ain — ina)/2]9 =i(a An)® (9.84)

(remember that (a A n) = (1/2)(an—na), and that in Pauli algebra i commutes
with all vectors indicating its similarity in character with the unit imaginary).
Then éa, the variation of a, is orthogonal to both a4 and n. As regards the
composition of rotations, we have (rotating the vector b with the spinor R’)

¢ = RbR = (R'R)a(RR) = (R R)a(R'R), (9.85)

so that, comparing the two equations, one can see that R'R is also a rotation
(the transformation from a to ¢ corresponds to the transformation R = R'R);
it represents the law of left composition of rotation group so that R’ operates
on R with a left action without touching a. If with R’ we perform a rotation
of 360°, b stays invariant but R = —R (in fact, R’ = R' = —1; see (9.81),
and then R'R = —R, i.e.,, R = —R). Now), either R or —R transforms a to b,
i.e., they represent the same rotation but obviously are two distinct elements
of the algebra. The correspondence between spinors and rotations is 2 to 1.
This is the well-known relation between the matrices of the unitary group
SU(2) and the matrices of the orthogonal group SO(3).

Thus, we note that the well-known change of sign of a fermion spin for a
rotation of 360° in quantum theory is due to the fact that R’ acts only on one
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side of the spinor; on the contrary, for a vector, as shown on the foregoing, it
acts on both sides (# => R'aR’ and then a = a’ for R’ = —1) and exhibits
no change of sign for a rotation of 360°.

From the foregoing discussion we note that the rotation angle around the
n-direction for the real spinor R in (9.81) is, in fact, the generalized phase ¢
of a neutron spin state represented by a point in the total space of the fiber
bundle of a neutron spin rotation (see Figure 9.2 of Section 9.6). For further
elucidation of the above consideration, we pass on to the STA in the next
section (Section 9.7).

9.6.3 Conclusion

One may have a transparent picture of the earlier section if viewed from STA.
As the geometric interpretation of the y, of the STA is independent of the
notion of Dirac spinor, the y,, assumes a central position in the mathemat-
ical description of all physical systems in space-time, including relativistic
quantum theory.

The future-pointing timelike vector y, characterizes an observer’s rest
frame and maps the space-time bivectors {ox} into the orthonormal basis
vectors in the Pauli algebra. The yy vector determines a map of any space-
time vectora = a*y as

ayo=4a-yo+a Ay, (9.86)

Then, a A y, can be decomposed into the {o}}-frame and shown to repre-
sent a spatial vector relative to an observer in the y,-frame. This important
and novel feature embodied by Equation 9.86 demonstrates that the alge-
braic properties of vectors in relative space are completely determined by the
properties of the relativistic STA.

One may note that the unit bivector y,y; plays the role of the unit ima-
ginary /=1 in the Dirac theory. It is a generator of rotations as well as
the intrinsic spin in the real spin plane represented by y»y1 (see References
[21], [22], [23]).

At that proposal we would like to emphasize a more general expression
for the Dirac matrices when viewed through the representation with vectors
in geometric algebra. In fact, considering the geometric product of the y;s,
we can write [24, 25]

YuYo =Vu Vo T VYu NV, (9.87)

and then, besides the expressions (9.64b), we have

Yu NYy = (1/2)()/;).)/\; - Vvyu)/ (9.88)

which represents both the generator of rotations as well as the spin orientation.
We give a very brief sketch in order to illustrate the probable importance
of that argument implied by Equation 9.87 and Equation 9.88.
Consider, in fact, the Dirac equation in gravitational field in Riemann-
Cartan space-time (and this is necessary if we like to describe bosons and
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fermions); we know that the contorsion tensor is completely antisymmet-
ric (see, for instance, Reference [25]). In fact, if we consider the term in the
Lagrangian for the Dirac equation in Uy that contains the interaction between
spinor and torsion, we find Ky y?y<lyr (see [25]) (where Ky, is the con-
torsion tensor defined through torsion tensor as = — Qupe — Qcap + Qpes), and
the spin density tensor is given by

§" = (AN=8) [IV=8  Lun/Kyea]
= —(j/APylyyly = sk, (9.89)
that is, the spin density tensor is totally antisymmetric. The same result of the
complete antisymmetry of the torsion tensor is found by Yu [17], imposing

the equivalence principle on the space-time structure. Moreover, we know
that the transformation law for the spinor field is written as

¥ (x) = U(A)y(x), (9.90)
where U(A) is the usual 4 x 4 constant matrix representing the Lorentz trans-
formation (the spinor indices are not written explicity). A is the Lorentz ma-
trix involved in the vector Lorentz transformation in the flat tangent space
x'" = ALx*. The Dirac equation (jy*dy — my = 0) is transformed as

Jri 9 (<) px") —my' () = jy' AUy —mUy =0 (9.91)
It is well known that multiplying from the left by U~! and imposing on

the Dirac equation form invariance under a Lorentz transformation we obtain
the condition for the matrix U:

U-lyiu = y*al (9.92)
Considering an infinitesimal transformation
Aik X nik + ik, (9.93)
(where w;jx = wyix]), we have
U=1+(1/2)wyS* (9.94)
The wjy are six constant infinitesimal parameters, and Sikare the generators

of the infinitesimal Lorentz transformation, which, in order that (9.92) be
fulfilled, must satisfy

S* = yliyM = (172)(y'y* = v ) (9.95)
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Here, we can observe that, considering the Dirac equation in Riemann—Cartan
space-time, we have the relation

S = (1/2)(Yuvo + VoVu) = Vi - Vo (9.96)

where y,, are the Dirac vectors. Moreover, Equation 9.95 is connected with spin
[17,18]. In fact, we have seen in Equation 4.5 that 010, = 01 A0 is the generator
of rotation in 2-space and we know also that in 3-space, 0102, 0203, 0301 (see
Equation 9.35 and also Equation 4.7a,b,c) are connected with spin. So, we
have that in space-time y,, A y, are the generators of rotations (Equation 9.88
and Equation 9.95), and then are also connected with spin! So, writing

Ouy = (1/2)0/“% - Vvy/t)/ (9.97)

as from the Hestenes geometric product, we have

YuVv =Vu Yo+ Yu ANV, (9.98)

and we can also write

YuVv = §uv + O (999)

Equation 9.99 seems to include automatically supersymmetry because we
have the commutator (fermionic field) and the anticommutator (bosonic field):
guv is connected with bosons and o, is connected with fermions, and they
are given simultaneously. In other words, Hestenes geometric algebra [5]
with the concept of multivectors and with the precise geometrical interpre-
tation of imaginary numbers seems to be very important; the unit imaginary
j appearing in the Dirac, Pauli, and Schrédinger equations has a geometrical
interpretation in terms of rotation in real space-time [5], so one has to do with
real space-time, with spinors and tensors treated in a unified way (and this
allows us to write Equation 9.99) (see also Reference [16]).
As a last comment, we can observe that the relation

io3 =130 = Y21 (9.100)

shows that the phase giving the magnitude of a rotation in the spin plane (real
plane in STA) and the spin describing the orientation of the spin plane are
inextricably unified. This, in fact, demonstrates the well-known change of sign
of a fermion spin for a rotation of 360° in quantum theory whose mathematical
counterpart is the one-sidedness of the Mobius strip. So, one may state that
the generalized phase ¢ of the neutron-spin state represented by a point in the
total space (corresponding to the edge of a Mdbius strip) of the fiber bundle
of a neutron spin rotation can be described by the rotation in the Pauli algebra
via the real spinor R (see Equation 9.81).
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9.7 Charge Conjugation

The Dirac equation for an electron can be written in Hestenes algebra as
[1,2,23] (see also Equation 9.52b)

Oy = (myy + e AY)yan (h=c=1), (9.101)

where v(x) is the wave function, m is the mass, e is the charge of electron, and
Ais the electromagnetic vector potential. We discuss here certain symmetries
of the spinor field v (x) that map the field y(x) onto itself, preserving the wave
equation (9.101) or changing it in a definite and physically meaningful way.
The wave function ¥ uniquely determines a frame of tangent vectors

Ju(x¥) = ¥y = pe, (9.102)

(because pg > 0, [o is a timelike vector in the forward light cone and is equiv-
alent to the probability current density of the Dirac theory, so p may be in-
terpreted as the proper probability density) at each point of space-time, and
inversely, except for a factor e”#, the tangent vectors ], determine . In view
of the above, one can give a geometric interpretation to the transformation
of ¥ because any transformation of the tangent vectors can be interpreted
geometrically (8 is a scalar).

Symmetries of a spinor field can be interpreted geometrically as some
combination of two distinct types of geometrical transformations:

1. A transformation of the tangent vectors J,(x) at a point x of the
space-time into a new set of tangent vectors J ;(x) at the same point x

2. A point transformation
x =xty, = x' =x""y, (9.103)

wherein the tangent vectors ], at a point x of space-time are mapped into
equivalent vectors at a different point x’.

The transformation C, known as the Charge conjugation, changes the sign
of electromagnetic coupling, leaving the rest of the Dirac equation invariant.
This can be achieved if we take the charge conjugation as (see [23])

C:y = v  =ynmw (9.104)
or
C:y = v =vnn (9.105)

It is easy to see that under charge conjugation (9.104) or (9.105) the Dirac
equation (9.101) becomes

Oy = (myryy — e AYr) yayr. (9.106)
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The above conjugation (9.104) induces a rotation of 7 of J; around the |, axis:
Jo=Joo h=-v J2=]» Js= -] (9.107)

whereas the charge conjugation (9.105) induces a rotation of 7 of ], around
the J; axis:

Jo=Jo h=J Jo=-]2» Jz=-]3 (9.108)

Physically, this means that in both the cases the spin remains invariant.
Moreover, under charge conjugation (9.104) or (9.105), the bilinear function
of ¢ changes sign:

YUY =~y = —pe?f (9.109)

So, the scalar part of the bilinear function of the wave function also changes
sign:

(W IV = —(¥¥)o = —pcos B (9.110)

and can plausibly be interpreted as the proper particle density of the spinor
field ¥. So, a negative value given by (9.110) would mean the likelihood of
observing an antiparticle [23].

Appendix A

The vectors yy, y1, ¥2, appearing in the Dirac equation (9.52a,b), belong to a
set of arbitrarily chosen orthonormal vectors y, (u = 0, 1, 2, 3). The choice of
a coordinate frame {y, } with yy, the reference frame’s 4-velocity, corresponds
to the standard matrix representation of the Dirac theory for which yy is
Hermitian and the y, (k = 1, 2, 3) are anti-Hermitian. Furthermore, the stan-
dard matrix representation

1 0 [0 -6
VO— 0 _I 7 Vk— Of_\k 0 7

with
G163 =+—1 1

(Where L is the 2 x 2 unit matrix and the &% are the usual 2 x 2 Pauli matrices)
associates the unitimaginary +/—1 or the matrix representation with the bivec-
tor y»y1 (9.52). So, the Hermitian conjugation and the complex numbers of the
standard matrix representation can be related to some intrinsic features of the
Dirac equation.
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10

Quantum Gravity in Real Space-Time
(Commutators and Anticommutators)

10.1 Quantum Gravity and Geometric Algebra

In this chapter we will develop the problem of quantum gravity and will
show, in this regard, how it is important in the consideration of geometric
algebra.

For this purpose we will discuss, first, the introduction of spin in the
Einstein equations of general relativity. For that reason we begin by consid-
ering the Einstein—Cartan theory, i.e., general relativity plus torsion, which,
from the physical point of view, means the introduction of spin in the theory
of gravity.

Now, we know that the Einstein theory of gravity, that is, General Rel-
ativity, takes into account only the mass. This is good for the macroscopic
body; the mass is the source of gravity in the sense that the mass is responsi-
ble for the curvature of space-time. We know also that the general theory of
relativity is the best and the simplest gravitation theory that is in agreement
with all experimental facts in the domain of macrophysics, including the more
recent experiment on time-delay, with radar on Mercury and Venus and other
sophisticated experiments in the solar system.

However, when we consider the early universe, we know that the cosmo-
logical problem is strictly connected with elementary particle physics. Then,
we must pay attention to this question: when we consider together general
relativity and elementary particle physics, the latter described by the quan-
tum field theory, we are obliged to take into account not only the mass of
elementary particles but also the spin. In fact, elementary particles are char-
acterized not only by mass but also by the spin that occurs in units of 1 /2. Mass
and spin are two elementary and independent original concepts: as a mass
distribution in a space-time is described by the energy—-momentum tensor,
so a spin distribution is described in a field theory by a spin density tensor.
As the mass is connected with the curvature of space-time, the spin will be
connected with another geometrical property of space-time so that we must
consequently modify the general theory of relativity in order to connect this
new geometrical property with the spin density tensor. In this way we are led
to the notion of torsion. In fact, all elementary particles can be classified by
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means of the irreducible unitary representation of the Poincaré group and can
be labeled with the translational part of the Poincaré group, whereas spin is
connected with the rotational part. In a classical field theory, mass corresponds
to a canonical stress—energy—-momentum tensor, and spin to a canonical spin
tensor. The dynamical relation between the stress—energy—momentum tensor
and curvature is expressed in general relativity by the Einstein equations;
one feels here a need for an analogous dynamical relation including the spin
density tensor. As this is impossible in the framework of general relativity,
we are forced to introduce this new geometrical property we call torsion. We
can say that as the mass is responsible for curvature, spin is responsible for
torsion. We now will see, from a formal point of view, in what way we must
modify the general relativity theory: the main point is to assume an affine
asymmetric connection instead of the symmetric connection we have in the
Einstein theory (the Christoffel symbols). Torsion is, in fact, connected with
the antisymmetric part of the affine connection, as we shall see.

In this way we are led to a generalization of a Riemann space-time. This
generalization was proposed in 1922 [1] by Cartan. He relates the torsion
tensor to the density of intrinsic angular momentum well before the introduc-
tion of the modern concept of spin. According to Trautman, “the Einstein—
Cartan theory is the simplest and the most natural modification of the original
Einstein theory of gravitation” [2].

From the geometrical point of view, torsion is simply the antisymmetric
part of an asymmetric affine connection I'y,, that is,

Qs = (1/2) (Tl — Th) =Ty (10.1)

and has a tensor character. In the presence of torsion, space-time is called
the Riemann—Cartan manifold and is denoted by Uy (the Riemann space is
denoted by V}).

We will not go into the Einstein—Cartan theory as all the development
will follow close to the structure of general relativity, but we will emphasize
the fundamental fact that one of the most important geometrical properties
of torsion is that a closed contour in an Uy manifold becomes, in general, a
nonclosed contour in the flat space-time V,. This nonclosure property, that is,
the fact that the integral [3, 4, 5]

1* = f Q3,ds”” #0 (10.2)

(where dS?” = dx” A dx” is the area element enclosed by the loop) over a
closed infinitesimal contour is different from zero, can be treated as defects in
space-time in analogy to the geometrical description of dislocations (defects)
in crystals; this can constitute a way to move toward the quantization of
gravity, which means quantization of space-time itself.

We will see that with torsion we can try the quantization of gravity. In
fact, to quantize gravity, we need to find some geometric objects that behave
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as independent variables from which we can form the uncertainty relations.
For instance, in general relativity, if we consider the metric tensor g,, and
the affine connection I'j,, we cannot form any relation analogous to the
uncertainty relations because g, and I'/}, are not independent variables and
'/, isnot a tensor; in a moment we will have a better picture of these concepts
and will also see how both of these difficulties disappear if we consider
torsion. That is, this problem may not arise if torsion is considered because,
in this case, the antisymmetric part of the connection I'f; ,, i.e., the torsion
tensor Q%y, is a true tensorial quantity, and further, torsion Q and curvature
R are two independent geometrical variables. As we have said, with torsion
one can define distances in this sense. If we consider a small closed circuit
and write

¢ = ?f Q3,ds"”,

where dS? = dx” A dx” is the area element enclosed by the loop, then ¢
represents the so-called “closure failure,” i.e., torsion has an intrinsic geo-
metric meaning: it represents the failure of the loop to close, [ having the
dimension of length. (ng has the dimension of inverse length, and dA is
area.) We will see in the following text that with curvature and torsion we can
form uncertainty relations or commutation relations, as

[Q, Rl = i(hG/c?)~3? (10.3)

At this point let us remember the important works of Treder and
Borzeszkowski [6,7, 8] who consider the Einstein—Schrodinger affine theory
in which the field coordinates are the Einstein affine tensors U’ = I'" — I'"§!,
and conjugate momenta are given by the tensor R¥§¢, where kal] # 0 and
R # Rik. So, in the purely affine theory of Einstein and Schrodinger we have
(see [7,8])

[u®, RMsY] = —isphis3(x),

where Ry # Ry isagain the Einstein tensor, and U}, = I'}; T}, 8] the Einstein’s
affine tensor with U[ik,] # 0.

In particular, the conclusion drawn in Reference [6] was that the inequality
relations gix L3 > 1G/c® and T L} > G /c® (Lo denotes the dimension of the
spatial region over which the value of g;x and T'}; is measured) should not be
expected to follow commutation rules because the quantities “field strength”
and “length” appearing in these relations cannot be defined independently of
each other. Therefore, these inequalities do not have the status of uncertainty
relations. Moreover, T}, is not a tensor. As we have said, these difficulties
disappear if we use torsion and curvature because these are independent
quantities and, moreover, tensors.
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10.2 Quantum Gravity and Torsion

For all the reasons said in the foregoing text, from now on we will work with
torsion. We would like to say that torsion may constitute a way toward quan-
tization of gravity. In fact, we will show that introducing torsion in General
Relativity, that is, considering the effect of spin and linking torsion to defects
in space-time topology, we can have a minimal unit of length and a minimal
unit of time.

In the relation (10.3), we know that torsion can be related to the intrinsic
spin /1, and, as the spin is quantized, we can say that the defect in space-time
topology should occur in multiples of the Planck length (7G/c3)'/?, i.e.,

f Q3 dx" Adx” = n(hG/c®)*n” (10.4)

(nis an integer, and n* = unit point vector).

Thisis analogous to the well-known § pdq = fi, i.e., the Bohr—Sommerfeld
relation. So, distance has been defined independently of g;. In fact, Equation
10.4 would define a minimal fundamental length, i.e., the Planck length en-
tering through the minimal unit of spin or action 7. So, / has to deal with
the intrinsic defect built into the torsion structure of space-time through
1“=§ Q4 dxP ndxr.

Therefore, the Einstein—Cartan theory of gravitation should, in contrast
to Einstein’s General Relativity Theory, provide genuine quantum-gravity
effects. We can also observe that from relation (10.4), considering the fourth
component, time, can be defined in the quantum geometric level through
torsion as

t=(1/c) 7{ QdA=n(hG /)2, (10.5)

So, torsion is essential to have a minimum unit of time # 0!

This would give us the smallest definable unit of time as (7G/c®)
10~%s. In the limit of # = 0 (classical geometry of general relativity) or
¢ = oo (Newtonian case), we would recover the unphysical t = 0 of classical
cosmology or physics. So, both /i and ¢ must be finite to give a geometric
unit for time (i.e, i = 0 and ¢ = oo are equivalent). The fact that 7 is
related to a quantized timelike vector discretizes time. This quantum of time
or minimal unit of time also correspondingly implies a limiting frequency of
fmax & (c®/hG)Y/2. This would have consequences even for perturbative QED
in estimating the self energies of electrons and other particles, i.e., the self
energy integral (in momentum space) taken over the momenta of all virtual
photons. To make the integral converge, Feynman, in his paper on QED [8],
multiplied the photon propagator k=2 by the ad hoc factor — f2/(k? — f2),
where k is the frequency (momentum) of the virtual photon. This convergence
factor, although it preserves relativistic invariance, is objectionable because of
its ad hoc character without any theoretical justification. Feynman considers

1/2 o~
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f to be arbitrarily large without definite theoretical basis. Here, the presence
of space-time defects associated with torsion due to intrinsic spin would give
a natural basis for the maximal value for f2_, as (from 10.5)

fia ~c°/Gh ~ 10%, (10.6)

(and extremely large as required by Feynman), giving the finite result (instead
of 00) for the self energy. This makes fmax another fundamental constant for
particle physics, serving as a high frequency cut off that is not arbitrary.

We can start from these considerations (see, for instance, Reference [3]): if
we wish to connect the initial and final positions of one and the same particle,
we cannot avoid uncertainty associated with torsion, i.e., for a sufficiently
small area element dS, uncertainty in distance between the initial and final
position would be Al* = Q*dS, and this would induce fluctuations in dis-
tance in the metric through Al = /g,,dx*dx". So, what is important is not
the point, themselves but the “fluctuations” in their position, i.e., the interval
between them caused by a deformation of space itself through torsion. Note
that plastic deformations are induced by torsion and are different from elas-
tic deformations considered by Sacharov (which depend only on curvature).
With quantized values, these fluctuations would also manifest as metric fluc-
tuations. Because curvature causes relative acceleration between neighboring
test particles, we have the momentum uncertainty related to curvature as

. dx”
matds = Ap* = mR{’jﬁyE

dx’n = mcR*dS, (10.7)
(where 1" is the separation vector between neighboring geodesics). So, as
position fluctuations are given by torsion, momentum fluctuations are due
to curvature, and we can interpret quantum effects (and then uncertainty
principle) as consequences of space-time deformation, i.e.,

Apt - Ax, >h
where
Axt = Q*dS (10.8)
and
Ap" = mcR"dS (10.9)

We see that Q (torsion) and curvature (R) play the role of conjugate vari-
ables of the geometry (gravitational field), thus enabling us to write com-
mutation relations between curvature and torsion (analogous to [x, p] = if)
as

[Q Rl =i(hG/c®) 32 =ilLy} (10.10)
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Relation (10.10) can also be written as
AQAR > L33, (10.11)

where L p; is the Planck length.

We stress the fact that in the papers [4,5] we are working with “non-
canonical” commutation rules between ordinary space-coordinates x’ and,
respectively, the torsion Q}, and the curvature R}, where these coordinates
are not conjugate to Q and R and then these commutation rules are not
founded canonically but only by geometrical hypothesis, in analogy to the
(semiclassical) quantization of Bohr and Sommerfeld.

On the contrary, in Section 10.4 (see also the papers of Borzeszkowski and
Treder [6, 7]) we will show that it is possible to consider torsion and curvature
as canonically conjugate variables.

10.3 Quantum Gravity in Real Space-Time

Yu Xin [9] shows that the concept of internal and external spaces are just two
different representations of a single primitive structure: the spinorial space-
time; in other words, the spinor structure represents the internal abstract space
and external space-time, depending on its representation.

In fact, we have seen that in order to take into account both mass and spin,
it seems at first sight that we have to do with two different spaces: a real space-
time where we describe the curvature, due to the mass, with tensors, and a
complex space-time where we describe torsion due to the spin, with spinors.
However, this is not completely satisfactory; one would like to describe these
two fundamental physical properties, mass and spin, in a unique manifold,
the real space-time, and this can be done through Hestenes algebra [10].

In other words, we can describe, at the same time, bosons and fermions:
curvature and torsion must be given in the same real space-time. We know
that when we introduce the Dirac equation in Riemann-Cartan space-time
(and this is necessary if we would like to describe bosons and fermions),
we find that the contorsion tensor is completely antisymmetric. In fact, if we
consider the term in the Lagrangian for the Dirac equation in U, that contains
the interaction between spinor and torsion, we find KWy ybyly  (see
[11] ) (where K, is the contorsion tensor defined through torsion tensor as
= —Qube — Qeav + Qben), and the spin density tensor is given by

S = (/=) [0/ =8 Ln/Kseal = —(i /ATy 1"y vy = S, (10.12)

that is, the spin density tensor is totally antisymmetric. At this point I would
like to anticipate that Xin Yu [9] had found that this result could be achieved
directly from the equivalence principle (see preprint in Reference [9]).
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Moreover, we know that the transformation law for the spinor field is
written as

v'(x) = U(A)y(x), (10.13)

where U(A) is the usual 4 x 4 constant matrix representing the Lorentz trans-
formation (the spinor indices are not written explicity). A is the Lorentz
matrix involved in the vector Lorentz transformation in the flat tangent space
X = Abxk.
Dirac equation (i vk — myr = 0) is transformed as
iy (' () /0x 1y — my' () = iy ARgUy —mUy =0 (10.14)

It is well known that multiplying from the left by U~! and imposing on the
Dirac equation to be invariant in form under a Lorentz transformation, we
obtain the condition for the matrix U

Uyt =y*AL (10.15)
Considering an infinitesimal transformation
Aik X nik + wik (10.16)
(where wix = wjix]), we have
U =1+ (1/2)wyS*. (10.17)

The wjx are six constant infinitesimal parameters and S are the generators
of the infinitesimal Lorentz transformation, which, in order that (10.15) be
fulfilled, must satisfy

Sk = yliyKl — (172)(yiy* — y*y) (10.18)

Here, we can observe that considering the Dirac equation in Riemann-—
Cartan space-time we have the relation

v = (1/2)(Vuvo + o), (10.19)
where y are the Dirac matrices. However, we have also
ow = (1/2)(vurv — vovi) (10.20)

We see that Equation 10.18 and Equation 10.20 are formally identical, and it
seems that we can pass from one to another with the help of Hestenes algebra
[10].

We also have

Yy =g+ o (10.21)

Equation 10.21 seems to include automatically supersymmetry because we
have the commutator (fermionic field) and the anticommutator (bosonic field):
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Quv 1s connected with bosons and ¢, is connected with fermions, and they
are given simultaneously. Notice that Equation 10.18 follows directly from
the Hestenes geometric product

YuVo =V Vo T Yu AWy (10.22)
where
Y Vv = 8uv (10.23)
and
Yu NVv = Opp (10.24)

Moreover, the infinitesimal variation of a spinor under the Lorentz transfor-
mation is

s =y — ¥ = (1/2)wn S*y = (1/2) iy yy (10.25)
The covariant differential for a spinor field is
Dy = dx"Viy = ' (x2) — ¥ (x1), (10.26)
which can be written as
Dy = ¢ (x2) — ¥ (1) — [¥(x2) — ¥'(x2)], (10.27)

where we have separated the term due to translation, ¥ (x2) — ¥ (x;1) from the
part relative to a local rotation of the tetrad ¥'(x2) — ¥ (x2). It seems that from
Equation 10.27 we have, simultaneously, curvature and torsion (or, in terms
of Hestenes algebra, dilation and rotation [10]).

Considering the geometric algebra in the four-dimensional space-time
(see Chapter 9) and noticing that in Dirac theory we have a totally antisym-
metric spin density, we are in a position to introduce the torsion trivector

Q= Qv Ay Ay, (10.28)
as element of STA, where {y,} are the base vectors for which we have
YaVp = 8up + Ya A V5. (10.29)
Moreover, given the curvature bivector
Q% = (1/2) Ry, Ay, (10.30)
one can form the curvature trivectors
R = Q% A yg. (10.31)

We have seen that torsion and curvature are to be considered as conjugate
variables, and now we are in position to write Dirac’s equation in a real form
(see, for instance, Reference [12] and Reference [13]).
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We have the trivectors Q and R*. Consider now the antisymmetric part of
the geometric product

[Q R*] = (1/2)(QR* — R*Q) (10.32)

This type of product between two trivectors gives a bivector for example, it
is easy to verify

oAriAyy, wAVABl=rAys, (10.33)

remembering that ypy1y2 = iys where i indicates the pseudoscalar unit. In
the language of geometric algebra, the imaginary unit of complex numbers is
substituted by a bivector; then we can have commutation relations of canonic
type from Equation 10.28, Equation 10.30, Equation 10.31, and Equation 10.32:

[Q R"] = (1/2)(QR* — R*Q)
=(1/2) = [Q"Py  Avu Avs, REPyy Ayp Al
= (1/4)(Q""RYG — RS Q") yu Avr =2 AniLlp (10.34)

for every o, where, the first member being a bivector, the second member also
is a bivector, coherently with the fact that the imaginary unit in Dirac equation
is substituted by the bivector y» A ¥ (see, for instance, Reference [4]).
As we must be in a spin plane, we have to consider the case of u, 7 = 1, 2.
In order that the commutation relation may have this form, the following
six conditions should be satisfied, considering that the left-handed member
of the commutation relation (10.34) is the summation of six bivector parts,

(suchasyi Aya, Ay, V3AYVL, WAYL YoAY2, WAY):

(1/2) Q" R*Z vy = y1 A 2L (10.34a)

Q"P Ry, v, = 0. (10.34b)

Equation 10.34a corresponding to the bivector y; A y, gives one relation, and
Equation 10.34b corresponding to the bivectors

VAV3,  V3AYL, YAV, YoANY2, YoNAV3

gives five relations.

In conclusion, the six conditions represent a “choice of gauge” with respect
to the local Lorentz rotations, according to the fact that the choice of the spin
plane is arbitrary.
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10.4 A Quadratic Hamiltonian

In order to give a stronger basis to the consideration of torsion and curva-
ture as canonical conjugate variables, we try to see if it is possible to improve
the theory introducing a quadratic Hamiltonian function of torsion and cur-
vature. We use as conjugate variables the torsion and curvature trivectors
because the first Bianchi identity (see [19]) guarantees that it is different from
zero only in the presence of torsion. Because the commutation relations be-
tween Q and R* are defined in geometric algebra, we need to modify the
usual Lagrangian field theory.

We start from the results of Reference [15]: the field equation for the multi-
vector ¥ can be written in the manifestly invariant way:

oL oL
_x 10.35
v (aww)) oy (10.35)

where the gradient operator V = y,d* acts as the geometric product.

The presence of V or, in other words, the peculiarity of the intrinsic geo-
metric calculus, suggests that we can define the conjugate momentum field
as

oL
1= 10.36
VY (10.36)
and the Hamiltonian
H=(Vy)I1 - L (10.37)

This is different from the usual H = [Ty — £ formula, but, following Equation
10.35 for the Lagrangian, we propose also a modified Hamiltonian that is
manifestly invariant, such as Equation 10.35, so we cannot work with 3y//9x°

because it depends on the choice of the time-coordinate x°. So, IT = W% is

the natural choice; in fact, Equation 10.35 generalizes the Lagrangian equation
(d/dt)(8L/9g — 3dL/3g) = 0, simply substituting d /dt with V.
Notice that Equation 10.35 allows for vectors, tensors, and spinors vari-
ables to be handled in a single equation, a considerable unification (see [15]).
So, we have the Hamilton equations

Vi = 9H /311 (1038)
VIl = —3H /oy '

For example, we have the Maxwell equations in vacuum, taking £ = F?/8x,
where the vector potential A = A*y, and the bivector F = V A Aare conjugate
variables (remembering that the geometric product gives F = VA=V - A+
V A Aand Lorentz condition V - A = 0).

Moreover, because we use the curved U manifold in agreement with the
minimal coupling principle, we substitute the covariant operator D for V
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defining
D=V + vyl ], (10.39)
where the {y,} is an orthonormal frame of tetrads, (for which

YaVo = Nab + Ya A Vb), (10.40)

(related with the coordinate system y,, = e/, y,)
and o = (1/2)w** y, A y. is the connection bivectors.
If in Equation 10.35 we put D instead of V, we have

oL oL
P <a<Dw)> =y

We remember that in the tetrad basis the connection is

wubc — wa[bc] — chu _ Cbac _ Cucb _ Kubc (1041)

(where C,j, = eje;due,j, the Ricci connection coefficients, give the Rieman-

nian part, and K abe is the contorsion tensor that is = — Q" because, in this
case, we are considering the totally antisymmetric torsion).

Further, it is possible to define the covariant derivative in the direction of
a vector v putting

D,=v-D=10v"09, + " [w,, ] (10.42)

In geometric algebra the commutation product with bivector leaves un-
changed the grade of multivectors [8], and then, in particular, we have
(va - D)¥» = wapye as we expect. We can separate the interior and exterior
covariant derivative, putting D = D; + Dg, where

D=V -4y - lo, ] (10.43)
De=VA+y Ale, ] (10.44)

which, respectively, through the inner and outer product, lowers and raises
the grade of the multivector on which they operate.

The D operator acts like the exterior covariant derivative in the language
of exterior forms, so we have the Cartan structure equations

Deya = Q"y Ave = Q (10.45)
De (0™y1) = (1/2) Ry, Ay = Q°F (10.46)

and the Bianchi identities

DEQ" = Q" Ay =R (10.47)
DeQ" = 0. (10.48)
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Now we are able to introduce the following Lagrangian in order to have
the usual expression for conjugate variables in a quantum theory:

L= (hc/2)R*R, — (c*/2G)Q" Q. (10.49)
L= (c/2) (R Ry — Q" Qu/Ly), (10.50)

where Q% and R” are the bivectors and trivectors,
Q' =Q"yuAvi R=R"y Ay Ay
respectively, formed by means of the base vectors y,, satisfying the relation
YaVp = 8ap + O (10.22)

See also Equation 10.21 and Reference [5], where it is argued that Equation
10.22 and also the fact that the canonical conjugate variables Q" and R” are
connected with the commutator and anticommutator rules seems to indicate
that one can treat simultaneously fermions fields as well a bosonic field.

In agreement with the Bianchi identities, the momenta conjugate to the
torsion bivectors are the trivectors

M° = aL/3(DQ") = he R (10.51)

(in natural unit# = ¢ = 1, we can write I1* or R? without distinction).
The Hamiltonian results:

H=DQ'N, — L= (hc/2)(R"R, + Q" Qu/L%)) (10.52)

Then we have the Hamilton equations

DQ" = 9H/3R® = R
. . PR (10.53)
DR = —3H/3Q" = —Q"/L3,
that we can write
DDQ" = —Q"/L},, (10.54)
or, equivalently for R?,
DDR’ = —R/L%, (10.55)

Separating in Equations 10.53 the exterior and interior parts of different
grades, we have the identities

{%@:W (10.56)

DeR" =0
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(the second equation is a consequence of Equation 10.48 when the torsion is
totally antisymmetric) and the field equations

{ Dt =0 (10.57)

DiDpQ" = —Q" /L3,

10.5 Spin Fluctuations

Lagrangians quadratic in curvature and torsion are nothing new (see, for in-
stance, Reference [16-19]), but there is an interesting reason supporting the
choice made here of the Hamiltonian density (10.52): it seems to describe
directly the quantum fluctuations at the Planck scale of space-time points
as harmonic oscillators. In fact (see Equation 10.8 and Equation 10.9) we
can take R’dS =~ Ap"/mpc and Q'dS ~ Ax® as uncertainties, and taking
(dS)2 Ly} =~ dx®, we have Hdx® = (Ap)?/2mp; + (1/2)mpw?,(Ax)?, that is, just
the Hamiltonian of a harmonic oscillator with Planck frequency wp; = c¢/Lp
and Planck mass mp; = f1 /L pic (notice that we always consider energy fluctu-
ation at the Planck scale).

The wave Equation 10.54 for torsion — formally a Klein-Gordon type
equation for a m p; particle — could describe the propagation of the fluctuation
of the background geometry due to the torsion itself; in fact, this equation is
not linear because the connection also contains the torsion and then acts on
itself.

In this quantum physical context, propagating torsion is not in contra-
diction with the Einstein-Cartan theory — for which it is zero in vacuum —
because we have to do with vacuum polarization as the source through spin
fluctuations.

The quadratic Lagrangian £ is incomplete for a gravitation theory because
it does not give the Einstein equations, and we know that a quantum theory of
gravity must be reduced to the classical theory when one considers gravitation
far away from the Planck scale.

In other words, the problem with such quadratic Lagrangian is that one
has to add to them the Einstein—Hilbert Lagrangian in order to obtain, in the
Newtonian approximation, the Laplace equation.

The Lagrangian (10.50) completed by the Einstein-Hilbert term (the usual
linear Lagrangian —R/2y) is

L =L -R/2y,
ie.,
£ = (hc/2) (R"R, — Q"Qa/L%;) + R/2x (10.58)

where R is the scalar curvature related to the Riemannian part of the con-
nection and x = 87G/c* (ie., L}, = hcy/8m), reminding us of an early
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approach to quantum electrodynamics considered by Heisenberg, Euler, and
Kockel [20].

To describe quantum corrections to classical electrodynamics, these
authors had added the Larmor Lagrangian Ao = Fi F'* of the classical theory
by quadratic invariants such as (Fj F¥)2.

It was shown that, to some extent, these corrections represent a pheno-
meno-logical approximation to the exact quantum theory (see [21]). At first
sight, the Lagrangian (10.58) is a gravitational analog of the electrodynamic
Heisenberg—Euler—Kockel Ansatz. However, in contrast to the electrodynam-
ics, the quadratic gravitational terms are not formed from only those field
quantities that occur in the R-item of the Lagrangian; besides the metric,
there the connection comes into the game. This is in accordance with the fact
we have mentioned — that there are no genuine quantum effects in a purely
metric theory. Thus, quadratic terms formed only from the metric cannot be
related to quantum effects. Genuine quantum terms must contain additional
fields such as torsion.

The theory given by the Lagrangian (10.58) couples two types of gravity, —
metric and torsional gravity — in which the first one dominates at large and
the second at small distances. Its canonical structure should turn out to be
of such a type that it recovers canonical quantum GRT (which is essentially
classical in the above-discussed sense) for weak fields and canonical quantum
gravity given by the Lagrangian (10.50) for strong fields. In terms of a cos-
mological scenario, in early universe one had a strong gravity era described
by Riemann—Cartan geometry that later goes over into a weak gravity era
described by Riemann geometry. Strong gravity can also dominate in super-
dense matter, e.g., in neutron stars. To found an exact theory of quantum
gravity on this basis one had to construct a Hamiltonian formalism starting
from the Lagrangian (10.58).

Now, with the tetrad field (10.40) as variables, we can write

o o ab o
R =R — (1/2)7.¥"R, (10.59)

where R? is the Ricci tensor (and y,y? = 4), but here it is a function of y°.
In that way, neglecting the quadratic terms of £, we can have the Einstein
equations using Equation 10.59:

(1/2)(@R/8y) =R" v, — (1/2)y°R = X0 Lo/va, (10.60)

where £, = L,,(¥, y*, Q") is the matter Lagrangian, and d.£,,/dy, defines the
energy-momentum tensor T = T™y, (see Equation 10.35 with D in place of
V, and Equation 10.45).

Moreover, we can have the Einstein—Cartan equations simply taking y,
and Q, as variables and neglecting in £’ only the term quadratic in curvature:

G" = xT", (10.61)
Q" = x0Lw/3Qu, (10.62)
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where G* = (R” + 5™R)y, is the nonsymmetric Einstein tensor, and
9L/9Q, defines the spin density of the matter field as torsion source.
To give, Equation 10.61 and Equation 10. 62, note that [19]

Rty = Rap + Qaca Q) =Rap + Qo - Qb (10.63)

with Qape totally antisymmetric, i.e., Qabe = Qlabe] @s in our theory, and by
calculation,

Riayy” = D1 Q. (10.64)
Equation 10.64 implies R = R? =R+ Q, - Q" therefore,
L' =—-R/2y.

Consider now Equation 10.54 or Equation 10.57 without executing
explicity all the geometric products (inner, outer, commutator); we can achieve
qualitatively important results that reveal the physical content of the
equation. We write the operator D as the sum of three parts: D = V4+C+Q, i.e.,
differential (flat), Riemannian, and torsionic parts, respectively [see Equation
10.39 and Equation 10.41]. We have

(V+C+Q(V+C+QQ=-Q/L (10.65)
and, evaluating all different terms, we have equations of the type

O0Q+ (VC)Q+C(VQ)+C?Q+CQ*+(VQ)Q
+QVQ+QCQ+ Q*+ Q/L%, =0 (10.66)

(where 00 = V?).
At the lower grade of approximation this gives for quantum propagating
torsion the Klein—-Gordon equation in Minkowski space-time:

0Q+ Q/L%, =0, (10.67)
and we expect plane wave solutions
Q = Qocos[(wpi/c)k - x], (10.68)

where wp;/c = 1/Lp;, and k is the wave vector (k? = 1).

Now, we consider the first equation that we can have that is different from
the Klein—-Gordon type, i.e., we neglect in Equation 10.66 the Riemannian part
(i.e., C)and Q%

0Q+ QVQ+(VQ)Q+ Q/L%, =0. (10.69)

If we pretend that plane wave solutions are still valid, a condition is needed;
moreover, we note that the term with derivatives of Q is shifted in phase of
/2 with respect to Q, so VQ = 0 implies

k-x/Lp =nn (n integer). (10.70)
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With k% = 1 (Q only time dependent) we have the quantization of time
t = ntp;, and then (if we consider the light motion), also the quantization
of distances I = nL p; as we have already suggested introducing space-time
defects due to torsion. In fact, taking Al & QAS in Equation 10.67, we have
just the harmonic oscillator equation

Al + 0% Al =0 (10.71)

that describes the fluctuations of space-time points and its confinement at the
Planck length scale.

This is analogous to the quantum concept of Zitterbewegung as fluctuation
of the order of the Compton length of the position of the electron (see Reference
[4]). Like torsion, Zitterbewegung seems strictly related to the spin, so we can
consider wp; in Equation 10.71 as the analogous of the Compton frequency
w, = ¢/r. see in particular Equation 9.3 in Reference [4], which reads:

AG/Ax" = RdS/ Q%S = 1/r., (10.72)

r. being the Compton radius, showing that the frequency w can be interpreted
as the ratio between these two incertitudes, i.e., the quantum length r.can be
considered as the ratio between torsion and curvature, and this fact suggests
again that Q and R can be considered as conjugate variables. Notice also that
as the torsion is responsible for the fluctuation of the position Ax* = Q*dS,
the curvature is responsible for the defect angle A = RdS (see Equation
10.51 in Reference [20]). In other words, torsion, as we have seen, can be
treated as defects in space-time in analogy to the geometrical description of
“dislocations” in crystals whereas curvature can be treated as defects in angles
in analogy to “disclination,” so that we can write:

wpr/c =1/Lp; (10.73)

Note that the modified harmonic oscillator equation corresponding to Equa-
tion 10.69,

Al + (1 + Al jo)wd Al =0, (10.74)

leads us to the same consideration and implies quantization of time.

One could consider Equation 10.71 just as the limit condition that in quan-
tum mechanics problems gives the quantization of energy, but here we work
on space-time geometry itself. Moreover, Equation 10.71 implies that, at these
points, Q fluctuates between +Qy and —(Qy (see Equation 10.69). This fact,
in agreement with the Cartan theory, can be interpreted as spin fluctuation
between +71/2 and could explain why spin can only have these two values.
Then, the propagation of this torsion waves gives a background of quantized
space-time and spin, and is rich in consequences that are to be investigated.

In this regard we can observe that spin fluctuation is in agreement with
the Pauli exclusion principle. The point is that fluctuations of the order of
the Planck length render undistinguishable the extremes of fluctuation and,
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introducing the spin, this means that we associate the spin to the Q-wave so
that we have that close extremes have opposite spin (in agreement with Pauli
principle); in fact, near spins (every wavelength) are ever opposite. Then, the
mean value of Q over one period is always null, but this is not true for Q
squared; it is typical for all wave phenomena, and we know that the square
of amplitude is related to the energy. These considerations, together with the
geometricidentity (10.63) suggest that the torsionic part of the curvature could
be converted into the Riemannian part connected with the energy-momentum
tensor through the Einstein equation

Rip=Qu- Qv =xTw (10.75)
In fact, Q, - Qp can be interpreted as spin-spin interaction energy:
Qo Qu/x =Tw (10.76)

This means that where there is torsion there is also curvature, and so,
mass. It is clear that Equation 10.75 represents the self-interaction energy of
the field Q but, because of the quantized values of spin, we can consider, as
fundamental objects, the pairs of spins (with interaction S - S;) to describe
better what happens at the Planck scale in our picture of space-time and
matter. As we will see, this leads us to new topics about the uncertainty
relation between energy and time.

We take a volume V small enough inside a particle (a nucleon) because we
need to consider a particle as an extended body (notice that L p; ~ 10%° times
smaller than the typical hadron dimension r ~ 10~%c¢m). Using Equation
10.75 and Equation 10.76 we can write, for the energy density ¢,

e=AE/AV = Qy- Qo/x = L3 icn?, (10.77)

where Qp >~ L3,n, and n is the number of spins per unit volume: n = N/AV.
It follows that

AEAV ~ L% hcN?, (10.78)
or, if we consider the volume that contains only one spin (n = 1/AV),
AEAV ~ L3 ke, (10.79)

where AE is the energy inside AV.

Now, if we take two interacting spins separated by a distance Ad (where d
is less than the Compton length but greater than the Planck length), because
L p; is the minimal length and the time At needed to connect them causally is
Ad/c, then putting AV = L%,cAt in Equation 10.79, we find AEAt ~ h
(remember that we are always in the situation where the spins are anti-
parallel), i.e., the well-known uncertainty relation. We give this interpretation:
if the spins interact for a time At, there is a fluctuation in energy AE that is
“virtual”; if the interaction is stationary, we have inside AV an energy that can
constitute a real particle (see Equation 10.79). For example, we consider the
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nucleon mass and suppose that its energy can be made by N parts AE, which
obey Equation 10.79: putting E = NAE and r®> = NAV, we find N ~ 10%
and n = N/r® = 10°cm~3. This value gives very high torsion (Q = L3%n),
but if we consider the wave equation for Q inside the nucleon as a whole,
then the just mentioned spin fluctuations occur, for which < Q >= 0 and
< Q% > /x =~ e =~ mc?/r®. Note that N is just the ratio r/L p;; this seems in
agreement with wave interpretation, i.e., there is one spin for every wave-
length L p; inside .

In other words, we can say that with spin fluctuations one can determine
the mass of the nucleon through the number N =~ 10%, which represents,
geometrically, the ratio between Compton wave length and Planck length.
As Q is confined inside the nucleon, we can take as starting point the num-
ber N ~ 10% arriving in that way to the determination of the mass of a
nucleon.

10.6 Some Remarks and Conclusions

We have seen that, with the real multivector calculus, it is possible to rewrite
the Dirac equation. This fact has an important physical meaning; it is well
known that for a spinor a rotation of it is necessary 4 in order that a spinor,
which describes a quantum state of a fermion, comes back on itself, whereas
a rotation of 27 will change the sign.

Now, in geometric algebra, a spinor is really a rotation, and its expression
(see Equation 10.85), shows clearly what we have said. In fact, it transforms
itself by composition: if one performs the rotation R/, one finds R = R'R,
and for a rotation of 2, R’ = —1, and then R = —R. Therefore, the famous
change of the sign is due to the fact that R" acts only on one side of R, whereas
for the vectors it acts on both sides (i.e.,a# => RaR’, and then, a = a for
R’ = —1). This behavior of fermions has been verified experimentally through
neutron interferometry [11, 12]. This is important because experiments such
as this throw light also on the role of gravitation in quantum mechanics [13].
The way in which a phase difference is induced between the two particle rays
depends, in the first case, by it being induced from a magnetic field [11], and, in
the second case, from the earthly gravitational field [13]; the result is similar
in both cases, that is, one observes the usual peaks of interference pattern.
In order to see how a magnetic field can change the phase of a spinor, one
has to look at the precession of the spin, which, moreover, allows a beautiful
application of geometric algebra.

Further, in Reference [14], it is shown that, in the context of the Dirac theory
rewritten with the multivector algebra, the phase of the wave function shows
an intrinsic geometrical meaning that leads to some considerations regarding
the zitterbewegung. The free particle Dirac equation admits the plane waves
solution:

¥ = Roexp[—y2n1p - x/h], (10.80)
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where Ry is a constant Lorentz rotation and p the four momentum of the
particle. Hence, the dependence on the coordinates is exclusively in the phase
factor that in geometric algebra is a rotation spinor in the space-plane y; A y».
Consider now the system of the currents: because yy and y3 are perpendicular
to the plane y»y1, the velocity eg = v = p/mc and the spin direction ez are
constants (i.e., determined by Rp). This is not true for the vectors e1(x) and
e2(x) that, on the other hand, have no analogy in the usual Dirac theory.
Because

e2e1 = RoyayiRo (10.81)

we can also write
Y = exp[—eze1p - x/M]Ro (10.82)

In that way we have shown a local rotation in the constant plane of the spin
ezeq that one can also call the “phase plane.” In conclusion, one has that the
vectors e1(0) = Roy1 Ry and e5(0) rotate in the spin plane in a way that it is
possible to define the phase of the wave

e1(r) = exp[—eze107/2]e1(0) explere1wt/2] = exp[—eze1wt]e1(0), (10.83)

(notice that e1(0) anticommutes with the exp][ ])
where 7 is the proper time of the electron (p - x = mc?t) and

w =2mc*/h =1.6 x 10*' Hz (10.84)

is the rotation frequency. This geometric fact can be interpreted as a manifes-
tation of the zitterbewegung, the word with which Schrédinger [15] indicates
the fluctuations (of the order of the Compton length) of the position of the
electron. In that ambit the Compton length comes out as the typical length
associated with the electron in a natural relativistic way; in fact, , as a rota-
tion frequency, defines the limiting distance r (i.e., a real body cannot realize
a rigid rotating system with frequency 2 for distance greater than ¢/ 2 in the
rotation plane) or the Compton radius

re =c/w="h/2mc =1.9 x 10 Yem (10.85)

that we interpret as the ratio between spin and mass, the two fundamental
dynamical quantities.

We have seen [1] that torsion is responsible for the fluctuation of the
position Ax* = Q*dS, whereas the defect angle is due to curvature
AY® = RdS [16]. Because the curvature is linked to the mass and the torsion

to the spin, we find, taking the time component
ADP/AX" ~RdS/Q%S = (x p mcH)/(cx p h/2)
=2mc?/ch = w/c = 1/r, (10.86)

that the frequency w, can be interpreted as the ratio between these two incer-
titudes. In conclusion, the quantum length 7¢ can be considered as the ratio
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between torsion and curvature, and this fact suggests, again, that Q and R
can be considered as conjugate variables.

Appendix A: Commutator and Anticommutator

Now we must modify the commutation relations found in Section 10.3
(see equation 10.34) because, in that equation we have considered torsion and
curvature trivectors, whereas in Quadratic Hamiltonian (see Section 10.4) we
have to do with a bivector Q*(torsion) and a trivector R*(curvature), which
are our canonical conjugate variables.

In other words, we try to improve the theory and we find important de-
velopments regarding the possibility to have commutation relations between
torsion and curvature with some consequences regarding considerations
about supersymmetry.

As we have seen, the commutators in Equation 10.34 allow a simple inter-
pretation in agreement with the geometric content of the Dirac equation, but
they are not entirely satisfactory because, in the Lagrangian (10.50) (and then
in the Hamiltonian 10.52) the conjugate variables are the torsion bivector Q%
and the curvature trivector R*, whereas in Equation 10.34 the commutation
is made between trivectors.

In fact, working with geometric algebra, it is possible to have commuta-
tion relations between multivectors of different grades and not only between
geometric objects of the same type. Yet, Equation 10.34 has meaning, and it
is not to be rejected because we have started with a totally antisymmetric
torsion, and then, the torsion trivector Q is the complete and single object of
geometric algebra that contains the torsion field.

Now, the geometric product between a grade-r multivector A, and a
grade-s multivector B; can be decomposed as (see Reference [10], page 10,
Equation 1.36)

Ar B = (Ar Bs)r+s + (Ar Bs)r+s72 st (AB)Irfs\- (Al)

Ifr = 2and s = 3, being in four-dimensional space-time, we are left with two
terms: (AB); and (AB)3. In other words, the geometric product BT, where
B is a generic bivector and T a generic trivector, can be easily calculated
remembering that every trivector T is the dual of some vector A (see Reference
[13], page 107, Equations B1 and B2), i.e.,

T =iA, (A2)

where i = yyy1»y3 is the unit pseudoscalar, and then, A is the vector dual of
T (remember that the dual application, the multiplication by i, transforms an
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r-vector in (4-r) vector). Moreover,
BA=B-A+BAA (A.3)
where the inner product
B-A=(1/2)/(BA—-AB) =[B, A] (A.4)
has grade 1, and the outer product
BAA=(1/2)/(BA+ AB) ={B, A} (A.5)

has grade 3.
Then, using also iB = Bi, one finds that

BT = BiA =iBA =i[B, A]+i{B, A} =[B, T]+{B, T}, (A.6)
where the commutator between B and T has grade 3 (trivector), and the

anticommutator has grade 1 (vector).
Finally, we can write:

Q*Re = [Q", Rl +{Q% Ru}, (A7)
where
[Q% Ral = (1/2) Q" R, v A Yo AV, (A.8)
and
{Q% Ra} = (1/2) Q"™ RE,,¥p- (A.9)

Asin Equation 10.15, in agreement with the uncertainty relation AQAR >
L, we can put

[Q% Rul = Lpjiu, (A.10)
{Q%, Ry} = Lpjo, (A.11)

where u and v are unit vectors.

Therefore, given the conjugate variables Q* and R*, we have both com-
mutator and anticommutator; we believe that this fact can be related to
supersymmetry in the sense that one can treat simultaneously fermionic fields
and bosonic fields if one considers, as in the second quantization procedure,
the development of the fields in terms of creation and annihilation operators,
which present analogies with the relations (A.10 and A.11) between torsion
and curvature. However, this is an argument for future works.
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fiber bundles, 122-131, 125

fundamentals, 129-131

intrinsic spin, 120-122

Lorentz rotations, 111-112, 125,
127-129

magnitude, 112

multivectors, 111, 125-126

neutron interferometer experiment,
122-131, 123-125

observables, 118-120

quantum theory, 122

reversion, 111

space-time and space-time algebra,
109-116, 120-122

spatial rotations, 112

wave function, 118-120

Geometric algebra

axiomatic system, 12, 18-23
definitions, 23-26

formulas, 23-26

fundamentals, 3—4

historical developments, 4-10
mathematical elements, 10-13, 12
planes, 50-51

quantum gravity, 137-139
symbolic system, 13-18

vector algebra, 77

Geometric product

axiomatic system, 19

bivectors, 27-29

directions and projections, 30-31

Euclidean plane algebra, 42

Euclidean 3-space, 55

exponential functions, 37-39

historical developments, 9

intrinsic spin, 121

Maxwell equations, 89

multivector algebra, 126

neutron interferometer experiment, 129,
131

operation of reversion, 29-30

quantum gravity, 156

rotations, spinor theory, 71

space-time algebra, 109

spinor i-planes, 4546

symbolic system, 13-18
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Gibbs, J. Willard and Gibbs vector algebra

bivectors, 9
fundamentals, 10, 77-79
geometrical product, 13
Graded multivectors, see also Multivectors
axiomatic system, 18, 21
directions and projections, 33
Euclidean 3-space, 56
exponential functions, 37
formulas and definitions, 23, 25
geometric product, bivectors, 28
Maxwell equations, 90
multivector algebra, 126
space-time algebra, 63, 111
Grassmann, Herman and Grassmannian
properties
Clifford algebra, 3
historical developments, 8-10, 78-79
mathematical elements, 12
Gravitational fields and theory, 85-86, 121
Greek mathematics, 6

H

Hamilton, William Rowan and Hamilton's
quaternions, see also Quaternion
form; Spinor and quaternion
algebra

Clifford algebra, 3, 78-80
Euclidean 3-space, 116
fundamentals, 75-79

historical developments, 76
Maxwell equations, 98

spinor and quaternion algebra, 77

Handedness, 11, 15

Harmonic oscillator, 149

Heaviside, Oliver, 79

Heisenberg-Euler-Kockel properties, 150

Heisenberg studies, 150

Hellenism, 5

Hermitian conjugation and matrices

Dirac equation, 117

operation of reversion, 30

real dirac algebra, 65

rotations, 133

Hestenes, David and Hestenes’ properties

geometric algebra developments, 4, 10,
34,41,53,59, 64, 66,79, 109

Laplace expansion, inner product, 24

Maxwell equations, 98

multivector algebra, 126

neutron interferometer experiment,
131

quantum gravity, 142-144

spinor and quaternion algebra, 77
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Hindus, 6

Historical developments, 4-10
Hyperbolic cosine and sine functions, 38
Hyperplanes, 67-68

I

Imaginary units and numbers, 19, see also
Pseudoscalar and imaginary unit
"Infinitely small” concept, 4, 8
Infinitesimal rotation
Lorentz rotations, 128
Majorana-Weyl equations, 101-102
rotations, spinor theory, 71
Infinitesimal transformation, 143
"Infinity” concept, 4, 8
Inner products
axiomatic system, 21-23
Clifford algebra, 78
directions and projections, 31
geometrical product, 13-16, 18
historical developments, 9
Laplace expansion, 24
Maxwell equations, 89, 91
quadratic Hamiltonian, 147
quantum gravity, 157
space-time algebra, 110
Integral spin, 100
Interior covariant derivative, 147
Intrinsic spin, 120-122
Inversion, 89
i-planes
angles and exponential functions, 34, 36
Euclidean plane algebra, 113
parametric equations, 43—44
pseudoscalar properties, 58
spinor, 45-47, 46
vector vs. spinor, 47-49
Ipparco of Nicea, 5
Irrational numbers, 6
Isomorphism
space-time algebra, 61-62, 64, 111
spinor and quaternion algebra, 76
Isospace vectors, 62-63

J

Jacobi identity, 57

K

Klein-Gordon equation, 149, 151
Kockel studies, 150
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L

Lagrangian
Maxwell equations, 87
neutron interferometer experiment,
130
quadratic Hamiltonian, 146, 148
quantum gravity, 142, 156
Laplace expansion, 24
Larmor Lagrangian, 150
Left composition law, 72
Left multiplication, see Multiplication
”Linear continuum” concept, 4
Linear independence
Dirac matrices, 59
Euclidean 3-space, 55
pseudoscalar properties, 57
Linear spaces, 50-51
Linelike physical elements, 11
Lorentz rotations and properties, see also
Rotations
boosts and spatial rotations, 111-112,
125,127-129
Maxwell equations, 84-85
neutron interferometer experiment, 130
quadratic Hamiltonian, 146
quantum gravity, 143-145, 155
real dirac algebra, 66-69, 67
rotations, spinor theory, 70
wave function, 119

M

Magnetic field vectors, 96-97
Magnitude
elements, 11
generators of rotations, 112
multivectors, 30
vector algebra, 77
vector vs. spinor planes, 49
Majorana-Weyl equations, 100-103
Mathematical elements, 10-13, 12
Matrices significance, 59-60
Matrix algebra, 30
Maxwell equations
electromagnetic field, space and time,
97-103, 105-107
electromagnetic wave polarization, 94
Minkowski space-time, 83-85
quadratic Hamiltonian, 146
Riemann-Cartan space-time, 86-88, 87
Riemann space-time, 85
space-time algebra, 88-91
Uy manifold, 86-88, 87
V4 manifold, 85
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Measurements, 5
Mersenne, Marin, 7
Metric tensor, 139
Minkowski metric
Maxwell equations, 89
space-time algebra, 61
Minkowski space-time
Dirac matrices, 60
Maxwell equations, 83-85
spin fluctuations, 151
Mixed grades, axiomatic system, 18-19
Mobius strip
neutron interferometer experiment, 122,
125,131
rotations, spinor theory, 71
Modern science, 5
Modulus, see Magnitude
Monochromatic plane waves, 94
Multiplication
axiomatic system, 19, 21
bivector of Euclidean plane, 4445
directions and projections, 31-32
Euclidean 3-space, 54
exponential functions, 37
formulas and definitions, 23
Maxwell equations, 97
spinor and quaternion algebra, 75
vector vs. spinor planes, 47
Multiplicative identity, 20
Multiplicative inverse, 20
Multiplicative rule, 13-14
Multivectors, see also Graded multivectors
angles, 34-36, 35
axiomatic system, 19, 21
bivectors, 27-29
Clifford algebra, 79
conjugations, 64
directions, 30-33, 31
Euclidean plane algebra, 113
Euclidean 3-space, 56
exponential functions, 34-39
fundamentals, 4
generators of rotations, 111, 125-126
geometrical product, 17-18
historical developments, 8, 10
Lorentz rotations, 66, 68, 127
magnitude, 30, 112
mathematical elements, 11-13
Maxwell equations, 91
operation of reversion, 29-30
planes, geometric algebra, 50-51
projections, 30-33, 33
pseudoscalar properties, 57
quadratic Hamiltonian, 147
reversion operation, 29-30

space-time algebra, 61
spinor and quaternion algebra, 75

N

Negative direction, 41

Neutron interferometer experiment,
122-131, 123-125, see also
Generators of rotations

Neutron spin rotation, 72, 131

Neutron spin state, 71

Neutron-state space, 123

Newton, Issac, 5

Newtonian case, 140

Nonparametric equations, 41

Nonsymmetries, 151, see also
Antisymmetries

Nonzero bivectors, 28, 42

Nonzero vectors, 20

Number vs. magnitude, 5

(0]

Observables, 118-120
Odd parts, exponential series, 38
Operational interpretation, 79
Operation of reversion, 29-30, see also
Conjugations
Order of operations, 23
Orientation, 41
Orthogonal vectors, see also Vectors and
vector parts
directions and projections, 31-32
Euclidean plane algebra, 44
Euclidean 3-space, 54
geometric product, bivectors, 27, 29
Lorentz rotations, 128
multivector magnitude, 30
planes, geometric algebra, 50
Orthonormal tetrads, 147
Orthonormal vectors
Euclidean 3-space, 53
rotations, 133
space-time algebra, 62-63
Outer products
axiomatic system, 20-23
Clifford algebra, 78
directions and projections, 31
formulas and definitions, 25
geometric product, 13-16, 18, 28-29
historical developments, 9-10
Maxwell equations, 89, 91, 98-99
multivector algebra, 126
quadratic Hamiltonian, 147
quantum gravity, 157
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space-time algebra, 109-110
vector algebra, 77

P

Parallelograms
directions and projections, 32
historical developments, 9
Lorentz rotations, 67
vector algebra, 77
Parametric equations
Euclidean plane algebra, 41, 43
Euclidean 3-space, 53-54
i-plane, 4344
Parentheses, 23
Pauli algebra and matrices
Clifford algebra, 78-79
complex numbers, electrodynamics, 103
Dirac equation, 117
electromagnetic field, space and time,
103-104
Euclidean 3-space, 114-115
Lorentz rotations, 69, 128
Majorana-Weyl equations, 100
Maxwell equations, 90
neutron interferometer experiment, 129,
131
pseudoscalar properties, 58
rotations, spinor theory, 69-71
space-time algebra, 62-64, 116
spin fluctuations, 152
spinor and quaternion algebra, 76
Perturbative QED, 140
Phase plane, 155
Photons, 86-87
Physical elements, 11
Pitagora, Talete, 6
Planck frequency and length
quantum gravity, 140, 142
spin fluctuations, 149, 152-154
Planelike physical elements, 11
Plane-wave solutions, 105-107
Plastic deformations, 141
Plato (philosopher), 4
Poincaré theory, 86, 138
Polar form, 118
Polarization, 94-97, 96, 105-107
Polar vectors, 77-78
Positive direction, 41
Product (geometric) rule, 58
Projections, 30-33, 33
Proper spin density, 120
Pseudoscalar and imaginary unit
angles and exponential functions, 34-35
bivector of Euclidean plane, 44
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complex conjugation, 57

conjugations, 64

Dirac equation, 116

Euclidean plane algebra, 44

Euclidean 3-space, 53-57, 55

intrinsic spin, 120

Lorentz rotations, 68-69

Maxwell equations, 88, 90

quantum gravity, 156

results, 57-58

space-time algebra, 60, 62-63, 110,

116

spinor i-planes, 46

vector algebra, 77

vector vs. spinor planes, 47-49
Pseudovectors

conjugations, 64

Maxwell equations, 88-90

space-time algebra, 61, 111
Pythagoreans, 6

Q

Quadratic equations, 5-6
Quadratic Hamiltonian, 146-148
Quantitative interpretation, 79
Quantum gravity, 141
anticommutator, 156-157
commutator, 156-157
fundamentals, 154-155
geometric algebra, 137-139
quadratic Hamiltonian, 146-148
real space-time, 142-145
spin fluctuations, 149-154
torsion, 140-142
Quantum mechanics and quantum field
theory, 78-79, 123
Quantum theory
generators of rotations, 122
Lorentz rotations, 128-129
multivector algebra, 126
quadratic Hamiltonian, 148
Quaternion form, 97-103, see also
Hamilton, William Rowan and
Hamilton’s quaternions
Quaternion-vector controversy, 80

R

Radian measure
angles and exponential functions,
34
exponential functions, 39
Lorentz rotations, 68
r-dimensional space, 20-21
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Real Dirac algebra, see also Dirac equation,

matrices, and theory
conjugations, 64-65
fundamentals, 3
Hermitian conjugation, 65
Lorentz rotations, 66—69, 67
matrices significance, 59-60
reversion, 64-65
space conjugation, 65
space-time, 60-65, 116
spinor theory, rotations, 69-72, 70
three-dimensional Euclidean space,
69-72, 70
Real numbers, see also Scalars and scalar
parts
axiomatic system, 19-20
Dirac equation, 116
space-time algebra, 109
vector vs. spinor planes, 49
Real space-time, 126, 142-145
Reciprocal basis, 61
Rectangles, 77
Reduction formula, 24-25, 54
Rejection, vectors, 33
Relativity theory
Maxwell equations, 86
quantum gravity, 137, 140
Renaissance period, 5-6
Reversion
generators of rotations, 111
Lorentz rotations, 66
pseudoscalar, E3, 57
real dirac algebra, 64-65
space-time algebra, 116
vector vs. spinor planes, 49
Reversion operation, 29-30
r-graded multivectors
formulas and definitions, 24-25
geometric product, bivectors, 28
multivector magnitude, 30
Ricci connection coefficients, 147
Ricci tensor, 150
Riemann-Cartan geometry, 150
Riemann-Cartan manifold, 138
Riemann-Cartan space-time
intrinsic spin, 121
Maxwell equations, 86-88, 87
neutron interferometer experiment,
129-131
quantum gravity, 142-143
Riemannian part
quadratic Hamiltonian, 147
spin fluctuations, 149, 151, 153
Riemann space-time, 85
Right multiplication, see Multiplication

Geometric Algebra and Applications to Physics

Rotation-dilations
Euclidean plane algebra, 114
Euclidean 3-space, 115
spinor and quaternion algebra, 75
wave function, 119
Rotations, see also Lorentz rotations and
properties; Spinors
angles and exponential functions, 36
bivector of Euclidean plane, 4445
charge conjugation, 133
Clifford algebra, 78
operation of reversion, 30
spinor theory, 69-72, 70
vector vs. spinor planes, 47-48
Russo studies, 5

S

Sacharov studies, 141
Scalar algebra, axiomatic system, 21
Scalars and scalar parts
axiomatic system, 18, 20, 23
charge conjugation, 133
conjugations, 64
formulas and definitions, 26
geometrical product, 14
historical developments, 9
Lorentz rotations, 68
mathematical elements, 13
Maxwell equations, 84, 88, 98
multivector magnitude, 30
operation of reversion, 29
pseudoscalar properties, 57
space-time algebra, 61-63, 109, 116
spinor i-planes, 46
vector algebra, 77
vector vs. spinor planes, 48
wave function, 118
Schrodinger equation, 131, 155
Series expansions, 38-39
s-graded multivectors, 24-25
Sign change
charge conjugation, 133
Lorentz rotations, 128
Maxwell equations, 100
rotations, spinor theory, 72
Sine function, 34, 38-39
16-dimensional linear space, 116
Sommerfeld, Bohr and, studies, 142
Space conjugation, 65
Space-time and space-time algebra
conjugation, real dirac algebra, 65
deformations, quantum gravity, 141
Dirac equation and matrices, 59-60,
117-118
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generators of rotations, 109-116,
120-122
Lorentz rotations, 127-128
Maxwell equations, 88-91
metric tensor, 59
neutron interferometer experiment, 129
real dirac algebra, 60-64
transition, electromagnetic field,
103-104
Spatial extent, 11
Spatial rotations, 112
Spatial vectors, 98
Spin angular momentum operators,
101-102
Spin density tensor, 130
Spin fluctuations, 149-154
Spinor and quaternion algebra
Clifford algebra, 78-80
fundamentals, 3, 75-77
vector algebra, 77-78, 78
Spinor i-plane
angles and exponential functions, 34, 36
Euclidean plane, 45-47, 46
Spinor R
Lorentz rotations, 68-69, 127-129
Majorana-Weyl equations, 101
neutron interferometer experiment, 131
rotations, spinor theory, 70-72
space-time algebra, 111
wave function, 118-119
Spinors, see also Rotations
charge conjugation, 132
Clifford algebra, 79
Dirac equation, 116-118
electromagnetic field, space and time,
97-103
Majorana-Weyl equations, 100
Maxwell equations, 90, 98-99
neutron interferometer experiment, 130
quantum gravity, 142-143, 154
space-time algebra, 62
theory, rotations, 69-72, 70
Spinor vs. vector planes, 47-49
Spin plane, 145
Spin-spin interaction energy, 153
Stress-energy-momentum tensor, 138
Subalgebra
Euclidean plane algebra, 113-114
space-time algebra, 111, 116
spinor and quaternion algebra, 75
Subtraction, axiomatic system, 21
Supersymmetry
intrinsic spin, 121
Majorana-Weyl equations, 103
quantum gravity, 143-144
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Symbolic system, 13-18

Symmetries
charge conjugation, 132
complex numbers, electrodynamics,

103

geometrical product, 13-18
geometric product, bivectors, 27
space-time algebra, 109

T

Tangent vectors, 132
Tensors
complex numbers, electrodynamics,
104
Majorana-Weyl equations, 102
Maxwell equations, 91, 98
neutron interferometer experiment, 130
wave function, 118, 120
Tetrads, 147
Tetra-potential, 84-85
Theory of relativity, 86, 137, 140
Three-dimensional Euclidean space
Clifford algebra, 78
Euclidean 3-space, 114
formulas and definitions, 23, 26
mathematical elements, 11
space-time algebra, 60, 62-63
spinor and quaternion algebra, 75-76
spinor theory of rotations, 69-72, 70
Three-dimensional spaces, 28, 115
Three-dimensional vector space, 53
Time dependence, 96
Timelike rotations, 69
Torsion
Maxwell equations, 87-88
neutron interferometer experiment, 130
quadratic Hamiltonian, 146, 149
quantum gravity, 139-142, 156
spin fluctuations, 149-150
Transformation law, 101-102
Trautman studies, 138
Treder, Borzeszkowski and, studies, 142
Treder and Borzeszkowski studies, 139
Trivectors
axiomatic system, 18, 22
conjugations, 64
Euclidean 3-space, 53
geometrical product, 17
mathematical elements, 13
Maxwell equations, 90
operation of reversion, 29
quadratic Hamiltonian, 148
quantum gravity, 145, 157
space-time algebra, 62, 64, 110-111
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Two-dimensional spaces geometrical product, 13-14, 17
directions and projections, 32 intrinsic spin, 120
intrinsic spin, 121 Lorentz rotations, 66, 69
spinor i-planes, 46 Majorana-Weyl equations, 102
Two-dimensional vector spaces, 42, 51 mathematical elements, 13
Maxwell equations, 84, 88-90, 98
U multivector algebra, 126
operation of reversion, 29
Uy manifold, 86-88, 87 pseudoscalar properties, 57-58
Unique position scalars, 20 quadratic Hamiltonian, 148
Unit vectors, see Directions quantum gravity, 144

quaternion controversy, 80
v space-time algebra, 61-62, 64, 109, 116
spinor i-planes, 4647
vector algebra, 77-78
Vieta studies, 7

Vacuum and vacuum polarization
Majorana-Weyl equations, 102

Maxwell equations, 86-87 V4 manifold, 85
spin fluctuations, 149 Volume-like physical elements, 11
Vector algebra
Clifford algebra, 34
electromagnetic field, space and time, w
99-100

Wave function, 118-120

Wave trains, 96-97

Weierstrass studies, 4, 8

Weyl, H., 100, see also Majorana-Weyl

historical developments, 8-9
spinor and quaternion algebra, 77-78
Vectors and vector parts, see also
Orthogonal vectors

angles and exponential functions, 36 equa.tlons
axiomatic system, 18-19, 21-23 World velocity, 119
charge conjugation, 132
Clifford algebra, 78-79 X
compared to spinor planes, 4749
conjugations, 64 Xin, Yu, 125,142
directions and projections, 30-32
electromagnetic wave polarization, Z

95-97
Euclidean 3-space, 115 Z-axis, 123-124

formulas and definitions, 26 Zitterbewegung, 152
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