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Preface

This book arises from original research of the authors on hypercomplex numbers
and their applications ([8] and [15]-[23]). Their research concerns extensions to
more general number systems of both well-established applications of complex
numbers and of functions of a complex variable.

Before introducing the contents of the book, we briefly recall the epistemo-
logical relevance of Number in the development of Western Science. In his “Meta-
physics of number”, Pythagoras considered reality, at its deepest level, as math-
ematical in nature. Following Pythagoras, Plato (Timaeus) explained the world
by the regular polygons and solids of Euclidean geometry, laying a link between
Number, Geometry and Physical World that represents the foundation of Modern
Science. Accordingly, Galileo (Il Saggiatore § 6) took geometry as the language
of Nature. These ideas that may appear trivial to modern rationalism, still have
their own validity. For example, imaginary numbers make sense of algebraic equa-
tions which, from a geometrical point of view, could represent problems that admit
no solutions. Despite such an introduction, complex numbers are strictly related
to Euclidean geometry (Chap. 3) and allow formalizing Euclidean trigonometry
(Chap. 4). Moreover, their functions are the means of representing the surface
of the Earth on a plane (Chap. 8). In more recent times, another astonishing
coincidence has been added to the previous ones: the space-time symmetry of
two-dimensional Special Relativity, which, after Minkowski, is called Minkowski
geometry, has been formalized [18] by means of hyperbolic numbers, a number
system which represents the simplest extension of complex numbers [81].

Finally, N-dimensional Euclidean geometries and number theory have found
a unified language by means of “Clifford algebra” [14], [42] and [45], which has
allowed a unified formalization of many physical theories.

In this book, we expose first the same thread of association between num-
bers and geometries; secondly we show how the applications of the functions of a
complex variable can be extended. In particular, after providing the basics of the
classical theory of hypercomplex numbers, we show that with the commutative
systems of hypercomplex numbers, a geometry can be associated. All these ge-
ometries except the one associated with complex numbers, are different from the
Euclidean ones. Moreover the geometry associated with hyperbolic numbers is as
distinctive as the Euclidean one since it matches the two-dimensional space-time
geometry. This correspondence allows us to formalize space-time geometry and
trigonometry with the same rigor as the Euclidean ones. As a simple application,
we obtain an exhaustive solution of the “twin paradox”. We suggest that, together
with the introductory Sect. 2.2, these topics could be used as background for a
university course in two-dimensional hyperbolic numbers and their application
to space-time geometry and physics, such as the mathematics of two-dimensional
Special Relativity.
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After such algebraic applications of hyperbolic numbers, we broaden the
study of space-time symmetry by introducing the functions of a hyperbolic vari-
able. These functions allow us to extend the studies usually performed in Euclidean
space, by means of functions of a complex variable, to two-dimensional space-time
varieties. In addition, to offer to a larger audience the opportunity of appreciat-
ing these topics, we provide a brief discussion of both the introductory elements
of Gauss’ differential geometry and the classical treatment of constant curvature
surfaces in Fuclidean space. Nevertheless, for a better understanding, the reader
should have a good knowledge of advanced mathematics, such as the theory of
functions of a complex variable and elements of differential geometry.

The applications of hyperbolic numbers to Special Relativity may increase
interest in multidimensional commutative hypercomplex systems. For these sys-
tems, functions can be introduced in the same way as for complex and hyperbolic
variables. Therefore, we introduce in three appendices an outline of a research
field that should be further developed for both a more complete mathematical
formalization and an examination of physical applications.

In Appendices A and B, we begin the study of commutative hypercomplex systems
with the four-unit system that has two relevant properties.

— Four unities closely recall the four-dimensional space-time.

— Their two-dimensional subsystems are given by complex and hyperbolic num-
bers whose applicative relevance is shown in the book.

Coming back to hypercomplex number systems, their algebraic theory was com-
pleted at the beginning of the XXth century [76] and concluded, in our view, with
the article Théorie des nombres written by E. Cartan for the French edition of the
Enciclopédie des sciences mathématiques [13]. This article is an extensive revision
of E. Study’s article for the German edition of the Encyclopedia (Enzyklopddie
der Mathematischen Wissenschaften). Both these authors made contributions to
the development of the theory of hypercomplex numbers. Today these numbers
are included as a part of abstract algebra [46], and only a few uncorrelated pa-
pers introduce their functions. Therefore, to give new insights and inspiration to
scientists interested in other fields (not abstract algebra), in Appendix C we give
a rigorous and self-consistent exposition of algebra and function theory for com-
mutative hypercomplex numbers by means of matrix formalism, a mathematical
apparatus well known to the scientific community.

As a final observation, we remark that in this book many different mathemat-
ical fields converge as a confirmation of David Hilbert’s assertion: Mathematics is
an organism that keeps its vital energy from the indissoluble ties between its vari-
ous parts, and — we shall add following Klein, who refers to Riemann’s ideas —
from the indissoluble ties of Mathematics with Physics and, more generally, with
Applied Sciences.

Since the content involves different fields, this book is addressed to a larger
audience than the community of mathematicians. As a consequence, also the lan-
guage employed is aimed at this larger audience.
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Chapter 1

Introduction

Complex numbers represent one of the most intriguing and emblematic discover-
ies in the history of science. Even if they were introduced for an important but
restricted mathematical purpose, they came into prominence in many branches of
mathematics and applied sciences. This association with applied sciences gener-
ated a synergistic effect: applied sciences gave relevance to complex numbers and
complex numbers allowed formalizing practical problems. A similar effect can be
found today in the “system of hyperbolic numbers”, which has acquired meaning
and importance as the Mathematics of Special Relativity, as shown in this book.
Let us proceed step by step and begin with the history of complex numbers and
their generalization.

Complex numbers are today introduced in relation with square roots of neg-
ative numbers and are considered as an extension of the real numbers. However,
they were introduced in the XVIIth century for solving a mathematical paradox:
to give a sense to the real solutions of cubic equations that appear as the sum of
square roots of negative quantities. Their introduction was thorny and the square
roots of negative quantities are still called imaginary numbers and contain the
symbol “” which satisfies the relation i> = —1. Complex numbers are those given
by the symbolic sum of one real and one imaginary number. This sum is a sym-
bolic one because it does not represent the usual sum of “homogeneous quantities”,
rather a “two component quantity” written as z = x+iy. Today we know another
two-component quantity: the plane vector, which we write v = iz+jy, where i and
j represent two unit vectors indicating the coordinate axes in a Cartesian repre-
sentation. Despite there being no a priori indication that a complex number could
represent a vector on a Cartesian plane, complex numbers were the first represen-
tation of two-component quantities on a Cartesian (or Gauss—Argand) plane. Klein
explained this correspondence by associating geometries with groups and showing
([30], p. 451) that both additive and unimodular multiplicative groups of complex
numbers are the same groups characterizing Euclidean geometry (translations and
rotations, respectively). This association was largely used in the XIXth century
also in the extensions of Euclidean geometry to differential and non-Euclidean
geometries (see Chapters 8 and 9). The mathematical formalization of group the-
ory by Sophus Lie is one of the milestones in the development of science in the
XIXth century. Actually, also from a philosophical point of view, the concept of
group recalls an idea as old as the beginning of scientific research: to find the
common properties in the changes of Nature. This connection generated a strong
link between the mathematics of group theory and applied sciences [9].



2 Chapter 1. Introduction

Coming back to complex numbers, their association with groups allowed Lie
to generalize complex numbers to hypercomplex numbers [50]. However, Gauss
had observed, half a century before, that the generalization of real and complex
numbers cannot be done without losing some peculiarities of algebraic operations.
In particular, one must either renounce the commutative property of the product
or acknowledge that the product between some non-zero numbers is zero. These
numbers have been called divisors of zero.

Following the first possibility, Hamilton introduced the non-commutative
quaternions to represent vectors in space. This representation was the first step
for the introduction of vectors as they are used today.

Acknowledgement of the second property took longer, and only in recent years
has it been recognized that as complex numbers are associated with Euclidean
geometry, so two other systems of two-dimensional hypercomplex numbers (called
parabolic and hyperbolic) can be associated with groups (or geometries) of physical
relevance. Specifically, parabolic numbers can be associated with Galileo’s group
of classical mechanics and hyperbolic numbers with Lorentz’s group of special
relativity [80] and [81].

It is easy to infer the synergy that can grow from the link between hyperbolic
numbers and Special Relativity. Actually the scientific relevance of Special Rela-
tivity stimulated the studies and developments of hyperbolic numbers and, vice
versa, these numbers were recognized as the most suitable mathematical tool for
studying problems in space-time. In this book, we show their potential beginning
with an exhaustive formalization of space-time trigonometry. This formalization is
obtained by looking for analogies and differences between complex and hyperbolic
numbers. In particular, we start from the relations:

e Euclidean geometry < complex numbers,
e complex numbers < hyperbolic numbers,

e hyperbolic numbers < Minkowski space-time geometry,

in the following way: it is well known that all theorems of Euclidean geometry and
trigonometry are obtained through elementary geometry observations. Otherwise
complex numbers allow one to formalize, in a Cartesian plane, the trigonometric
functions as a direct consequence of Euclid’s rotation group (Sect. 4.2.1), and allow
one to obtain all the trigonometry theorems by an analytical method as mathe-
matical identities (Chapter 4). These considerations within Euclidean geometry
are extended to the space-time geometry associated with hyperbolic numbers.
Actually, the definition of hyperbolic trigonometric functions directly from the
Lorentz group of Special Relativity allows us to demonstrate theorems through
an algebraic approach. In this way, we obtain a mathematical tool that, from an
axiomatic and practical point of view, is equivalent to Euclidean geometry (see
the introduction to Chapter 9).



A similar parallel approach, between complex and hyperbolic numbers, is
used in Chapters 7-10 to introduce and apply the functions of a hyperbolic vari-
able. Actually the applicative relevance of functions of a complex variable was
shown for the first time by Euler ([25], p. 37), who used these functions for rep-
resenting the motion of a fluid, and later by Gauss, who showed that they give
the best way for mapping an arbitrary surface onto another and, in particular,
the Earth’s surface onto a plane. The Gauss’ paper is summarized in Chapter 8,
where we extend his results to space-time geometry.

These obtained results can be considered as the starting points for further
developments, since the properties of complex numbers can represent a guide-
line for studying multidimensional number systems, as they have been for the
applications of both hyperbolic numbers and functions of a hyperbolic variable.
Actually, the rediscovery of hyperbolic numbers and their applications to Special
Relativity show that also numbers with “zero divisors” can have applications.
This insight increases the interest in commutative multidimensional systems of
numbers that have two notable properties in common with complex and hyperbolic
numbers:

1. Every hypercomplex number generates its own geometry.

2. As M. G. Scheffers demonstrated [64], for the aforesaid number systems, the
differential calculus can be introduced and functions can be defined, as they
are for a complex variable.

As far as the first point is concerned, the “invariant quantity” of these ge-
ometries is a form of degree N (Chapter 3), instead of the quadratic Euclidean
distance as it is the case for Hamilton quaternions and for complex and hyperbolic
numbers. This implies that, if from one point of view this observation could limit
the interest in these geometries, from another one their investigation could open
the way to new applications.

As for the second point, the possibility of so introducing these functions
opens two ways for applications. The first one comes from the fact that these func-
tions satisfy some particular partial differential equations (Generalized Cauchy—
Riemann conditions), which may represent physical fields as well as the functions
of complex variables do'. The second application is related to the fact that, as the
functions of complex and hyperbolic numbers can be used for studying non-flat
surfaces (Chapter 9), so the functions of a hypercomplex variable can be used for
studying (Appendix B) non-flat spaces associated with the geometries introduced
by the multidimensional commutative hypercomplex numbers.

n particular L. Sobrero applied the functions of a particular four-dimensional hypercomplex
number to the theory of elasticity [71].



Chapter 2

N-Dimensional Commutative
Hypercomplex Numbers

As summarized in the preface, hypercomplex numbers were introduced before the
linear algebra of matrices and vectors. In this chapter, in which we follow a classical
approach, their theory is developed mainly by means of elementary algebra, and
their reference to a representation with matrices, vectors or tensors is just for the
practical convenience of referring to a widely known language. In particular, the
down or up position of the indexes, which in tensor calculus are named covariance
and contravariance, respectively, indicates if the corresponding quantities (vectors)
are transformed by a direct or inverse matrix (see Section 2.1.4). We also use
FEinstein’s convention for tensor calculus and omit the sum symbol on the same
covariant and contravariant indexes; in particular, we indicate with Roman letters
the indexes running from 1 to N — 1, and with Greek letters the indexes running
from0to N —1.

2.1 N-Dimensional Hypercomplex Numbers

2.1.1 Equality and Sum
Hypercomplex numbers are defined by the expression ([13], Vol. II, p. 107) and
[50]

N-1
x = Z eqr® = eqr®, (2.1.1)
a=0

where z® € R are called components and e, ¢ R are called units, versors or
bases as in vector algebra. Also the elements zero, equals and sum are defined as
in vector or complex algebra.

e The null (or zero) element is the element with all components equal to zero.
e Two hypercomplex numbers, x and y, are equal if z% = y*, V a.
e 2 represents the sum = + y if z® = z“ +y*, V a.

e As in vector algebra, two hypercomplex numbers are mutually proportional
if 2% = Ay Va, with A € R.

From these definitions it follows that the algebraic sum satisfies commutative
and associative properties and the null element exists.



6 Chapter 2. N-Dimensional Commutative Hypercomplex Numbers

Given K < N hypercomplex numbers, these numbers are linearly indepen-
dent if the characteristic of the matrix of the components is K. As in vector
algebra, IV also represents the maximum number of independent hypercomplex
numbers that can be taken as unities or basis of the hypercomplex system.

Two systems of hypercomplex numbers are equivalent systems if one can be
obtained from the other by means of a non-singular linear transformation of the
versors and the corresponding inverse transformation of the variables, as is usual
for quadratic forms in tensor calculus (see Section 2.1.4).

2.1.2 The Product Operation

An essential feature of hypercomplex numbers is the definition of the product.
We know from tensor calculus that for vectors in an N-dimensional space the
scalar product is a scalar quantity, whereas the cross-product is a tensor of rank
N — 2, thus it is a vector just for N = 3. Conversely, the product of hypercomplex
numbers is defined so that the result is still a hypercomplex number. This property
is also true for the “inverse operation”, i.e., division, which does not exist for
common vectors, whereas it generally exists for hypercomplex numbers. For real
and complex numbers the product operation satisfies the following properties:

1. distributive with respect to the sum,
2. associative,

3. commutative,

4. does not have divisors of zero.

We note that property 1 is taken as an axiom in linear algebra both for
addition of numbers ((a+8)v = a v+ v) and for addition of vectors (a(vi+va) =
avitavs) ([81], p. 243). About property 3, it is shown in Appendix C, p. 217 that
commutative hypercomplex systems with unity are associative, while associative
systems can be non-commutative, such as the Hamilton quaternions.

The first three properties are well known for real and complex numbers. As
far as the fourth one is concerned, we shall explain below the meaning of divisors
of zero.

It can be shown [65] that, only the real and complex numbers can satisfy
these four properties all together. As far as other systems are concerned, if they
satisfy the first two properties they can satisfy just one of the last two.

The most famous and most studied system of hypercomplex numbers is the
system of non-commutative Hamilton quaternions. In this book, we consider com-
mutative systems for which the following fundamental theorem, due to Scheffers,
is valid [64].

Theorem 2.1. For distributive systems with the unity, the differential and integral
calculus does exist only if the systems are commutative.
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In Appendix C, p. 237 we demonstrate, by using matrix formalism, that for
commutative systems the differential calculus does exist. The differential calculus
allows us to define the functions of a hypercomplex variable and to associate them
with the infinite-dimensional Lie group of functional mappings, as we shall see in
Section 7.2.3. Thanks to these important properties, commutative hypercomplex
numbers can be considered as an extension of real and complex numbers.

As in vector algebra, the product of two hypercomplex numbers is defined if
the product between the versors is defined. This product, for the considerations
discussed above, must be given by a linear combination of versors. Equation (2.1.1)
defines a hypercomplex number if the versor multiplication rule is given by

eats = e,Clg, (2.1.2)
where the constants Cgﬁ € R are called structure constants and define the char-
acteristics of the system. If Cgﬁ = Cga , ¥V («, B, ), the system is commutative.

As stated by Scheffers’ theorem, we consider systems which have a unity
versor eg such that e% = €eg, €9 €q = €,. This unity versor can be replaced by “1”
and then omitted.

Let us consider the product, z = ey 27, of two hypercomplex numbers, x =
eqx® and y = eﬁyﬁ, which, as a function of the components, is given by

ey = eqresy’ = e.ycgﬂxay’g = 2V = C’lﬁxo‘yﬁ =X} v, (2.1.3)

where we have set
Xg = Cgﬁa:“. (2.1.4)

The expressions (2.1.3) are symmetric with respect to z and y, therefore we could
also set Y = C’lﬁyﬁ . We shall see that these two substitutions are equivalent.

2.1.3 Characteristic Matrix and Characteristic Determinant

The two-index elements Xg can be considered as the elements of a matrix in which
the upper index indicates the rows and the lower one the columns. We note that
the N2 elements of this matrix depend on the structure constants and on the N
components of x. Therefore, even if introduced in a formal way, this matrix can be
used as a representation of the hypercomplex number = as shown in Section 2.1.3
and more diffusely in Appendix C. For this reason, it is called the characteristic
matriz of the hypercomplex number x. The determinant

X1l (2.1.5)

is called the characteristic determinant and is an invariant quantity of the number
systems (Section 2.1.4). In general, we indicate the characteristic matrix by capital
letters with two indexes and the characteristic determinant by capital letters.

The elements of the characteristic matrix can be obtained by considering the
N hypercomplex numbers egx for 3 =0,...,N —1. We have:
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Theorem 2.2. The N? coefficients of the versors give the elements of the charac-
teristic matriz.

Proof. esr =egeqxt = ey Cgﬂxa =e, Xg (2.1.6)

Then 3 determines the columns and the coefficients of the versors e, give the
rows. U

The system of hypercomplex numbers is associative for multiplication if
(zy) z = z (y z). If this condition is expressed as a function of the components, we
obtain

(zy)z = (ewC“’Bxayﬁ) es 2’ = e. Css C’gﬁxayﬁzé,

(03
x(yz) = eaxa(engéyﬁ )= e Cf., CFsay’2.
Then, a system of hypercomplex numbers is associative if the structure constants
satisfy the relations

C5sCl 5= Co 0hs, ¥ (@, B, 6, €). (2.1.7)

Some Properties

The product of two hypercomplex numbers is something new if compared with
the product of vectors. Nevertheless, (2.1.3) allows us to establish a link between
hypercomplex numbers and the linear algebra of matrices and vectors. The hyper-
complex numbers y and z can be represented as row vectors, whereas the com-
bination of the structure constants and the hypercomplex number x, represented
by (2.1.4), is a matrix. In this way, the product of two hypercomplex numbers is
equivalent to a vector-matrix product. Indeed, we have:

Theorem 2.3. All the associative hypercomplex numbers can be represented by a
characteristic matriz and their product by a matriz-matrixz product.

Proof. From the definition of the characteristic matrix (2.1.4) and from (2.1.3),
(2.1.7), we have

Zy =0, =00ty
ClaCogaty” = (Cosy”) (CF,a) = Y5 X]. (2.1.8)

O
It follows, from (2.1.8) ([65], p. 291), that
Theorem 2.4. The product of two characteristic matrices is a characteristic matriz.

All the products in (2.1.8) are commutative; then, the same property holds
for the final product of matrices. For commutative hypercomplex numbers, the
matrix representation (instead of the vector representation) is more suitable. In-
deed for these systems the form of the characteristic matrices is such that their
product is commutative, in agreement with the properties of the numbers. From
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the characteristic matrix, one can also obtain the matrix representation of the
basis ey. Actually the matrix that represents the versor e, is obtained by setting

B
2P = 6P where { g% (2.1.9)

in the characteristic matrix of z!.

As a consequence of (2.1.8), we can extend to the characteristic determinant
a property that is well known for complex numbers. We have

Theorem 2.5. The product of two characteristic determinants is a characteristic
determinant.

Then, given the hypercomplex numbers x and y, from a property of deter-
minants it follows that
XY = [1X] - Y. (2.1.10)

2.1.4 Invariant Quantities for Hypercomplex Numbers

Let us briefly recall the algebraic invariant quantities for equivalent hypercomplex
systems. Let us consider a linear transformation from the versors e, to the versors
€3 by means of a non-singular matrix with elements (a?), and let us call (ag’)_1
the elements of the inverse matrix; then

¢a = a’ & and for the components % = (aﬁ)_1 7 with of (as)_1 = 65.
(2.1.11)
As it happens for quadratic forms, (2.1.1) is invariant,

ear® = ales (a3) ' 77 = 8577, (2.1.12)

This property justifies the position of indexes in agreement with the convention
of tensor calculus for covariant and contravariant indexes.
By means of transformation (2.1.11), the structure constants become

Cls=0C,,(a)) " af, ab. (2.1.13)

Proof. Putting é,é3 = éw@ﬁ and substituting the first of (2.1.11) into (2.1.1),
we get

L — L v _
_ [ aiécase,=asad;C, 8, ¢ nAY - by
€atsg = =a;a,C,_ e, =¢€,a’C 2.1.14
a=h { eWCgBEé,,afngﬁ atp~ep v viy ¥ag ( )

and, by multiplying the last expression by (a})~!, (2.1.13) follows. O

IThe characteristic matrix is composed of real elements. Therefore, also this representation
of versors is given by real numbers. This fact is not in contradiction with the statement e, ¢ R
because one must not confuse e, for its representation.
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We have also

Theorem 2.6. The characteristic determinant is invariant for equivalent systems
of hypercomplex numbers.

Proof. The elements of the characteristic matrix are transformed as

— ol — —1 =)\
X =C,2P =T, (a)) 1a;ag(af) 'z

a af €M

56; (al)~af, o84 z* 56; " (a)) ta v

— v -1 ¢
¢ =X, (a))7 al, (2.1.15)
and, by taking the determinants of the first and last terms, we obtain the state-
ment. (]

Theorem 2.7. The trace of the characteristic matriz is invariant.

Proof. From the first and last terms of (2.1.15), we get

c=X.6=X (2.1.16)

v

2.1.5 The Division Operation

Let us consider the hypercomplex numbers z and x. The division z/x is defined
if a hypercomplex number y exists such that z = zy. Thus the components y”
must satisfy the linear system (2.1.3), and this means that the determinant (the
characteristic determinant) of the system (2.1.3) must be # 0. Since the elements of
this determinant depend on the structure constants as well as on the components
of the hypercomplex number, the determinant (2.1.5) can be equal to zero for
particular numbers, i.e., some numbers « # 0 may exist for which || X|| = 0. For
these numbers, called divisors of zero [13] and [81], the division is not possible, as
shown in an example in Section 2.2.2. For these numbers also the product is not
univocally determined.

Proof. Let us consider a divisor of zero, § = esy”. The system (2.1.3) in the
unknown x® has its determinant equal to zero. Thus, for the homogeneous system
(z = 0), infinite solutions with Z # 0 exist. Actually if 2§ = z also (x + Z)§ = z,
i.e., the multiplication of y by different numbers gives the same result. O

For commutative numbers, also T are divisors of zero, generally different from
9. The divisors of zero are divided into groups; products of numbers of one group
times numbers of another one are zero (see Appendix C).

2.1.6 Characteristic Equation and Principal Conjugations

Hypercomplex numbers can be related to matrix algebra [65] and, as in matrix
algebra, a characteristic equation exists. This equation can be obtained by consid-
ering for n = 1,..., N the n'" power of the hypercomplex number z. From N — 1
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equations of this set, we can determine the N — 1 versors? as rational functions of

the hypercomplex number and of the components. By substituting these versors in
the N equation, we obtain an equation of degree N for the hypercomplex num-
ber x. This equation is called the characteristic equation or the minimal equation.
We have ([13], Section 25) and ([65], p. 309)

Theorem 2.8. The characteristic equation can be obtained from the eigenvalue
equation for the characteristic matrix

67:1 =
X5 —d3z[| =0, where{ s for v =0,

$=0 fory#B (2.1.17)

Proof. Equation (2.1.17) can be obtained from (2.1.6) by setting eg = e, d};

epr=e,dyr=e,X; = ey (Xj—057)=0. (2.1.18)
Equation (2.1.18) is equivalent to a linear system in the unknown e,. Then, since

ey # 0, (2.1.17) follows. O

The hypercomplex number z is a solution of (2.1.17); the other N — 1 so-
lutions are named principal conjugations. Let us now anticipate some assertions
that are more thoroughly discussed in Appendix A for commutative quaternions
and in Appendix C for general hypercomplex numbers. Let us indicate with *z
the principal conjugations of x; they have the following properties that are the
same as the conjugate of a complex number:

1. the transformation 2® < *Z is bijective;

2. the principal conjugations are hypercomplex numbers with the same struc-
ture constants;

3. the product of the principal conjugations is the characteristic determinant of
the hypercomplex number.

Let us demonstrate this last assertion, leaving the other two to the reader.
Proof. We can write the characteristic equation as the product of linear terms
given by the differences between the unknown x and the roots ¥z: H (x —F 7).

From this expression we see that the product of the roots is equal, but for the
sign, to the known term of the characteristic equation (2.1.17), thus it is equal to
the characteristic determinant. (]

Extending the concept of modulus of a complex number, the N*" root of
the absolute value of the characteristic determinant is called the modulus of the

2The number of versors is N — 1 since we are considering numbers with the unity versor.
Otherwise for systems without the unity versor (decomposable systems, see Section 2.1.7) we
have to consider the 0" power.
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system and is indicated by |z| [81]. It is well known that the modulus of a complex
number coincides with the FEuclidean distance, i.e., it is the invariant quantity
of the Euclidean geometry (roto-translations). We shall see in Chapter 3 that a
geometry in which |z| is the invariant quantity can be defined and associated with
all the systems of commutative hypercomplex numbers.

2.1.7 Decomposable Systems

There are hypercomplex numbers for which the versors can be classified into
groups, if necessary by means of a suitable non-singular linear transformation,
so that the product of two versors of a group belongs to the group and the prod-
uct of versors of different groups is zero [13]. These systems are called decomposable
systems, and an example will be shown in Section 2.2.2. As is known from group
theory, each of these sub-systems must have its own unity. These unities are called
sub-unities. We can also “compose” systems; in this case the composed system
has as main unity the sum of the sub-unities and the other versors are obtained
by a linear transformation of the versors of the component sub-systems. For these
decomposable systems, the characteristic determinant is given by the product of
the characteristic determinants of the sub-systems ([65], p. 310).

2.2 The General Two-Dimensional System

Taking into account that two-dimensional hypercomplex numbers are the basic
elements of Chapters 4-10 of this book, we introduce them in the present section,
giving a self-consistent exposition.

Let us consider the general two-dimensional system [47] for which we indicate
the versors and the components with specific letters

{z=z+uy; v =a+upf;z,y, o FER, ug R}, (2.2.1)

where the second relation assures that the product of two hypercomplex numbers
is a hypercomplex number itself. The structure constants are C}, = C9; = 0;
Cl=0C =1, CY% =a; C}; = B. From (2.1.6) and (2.2.1) one has

uz = ay+u(x+ By), (2.2.2)
and the characteristic matrix and the characteristic determinant are
< x ay ) )
y x+pPy )’
Regarding the product, if 21 = 1 +uy; and 22 = x5+ uys are two hypercomplex
numbers, on the strength of (2.2.1), we have

T ay
y x+pPy

=22 —ay’* + Bury. (2.2.3)

2122 = (x1+uyr) (e tuyz) = v e tayi e +u(T1y2 +T2y1 + By y2). (2.2.4)
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For the inverse operation (division), given a number a + u b, one has to look for a
number z = x + vy such that

(a+udb)(z+uy) =1 (2.2.5)

If (2.2.5) is satisfied, the inverse z of a + u b exists and we can divide any number
by a 4+ uw b, by multiplying it by z.
The hypercomplex equation (2.2.5) is equivalent to the real system

ax+aby=1,
br+(a+Bb)y=0, (2.2.6)

whose determinant is

2
D=d’>+afb—ab’®= <a+§b> — (a+i2> b2

If we set
A = 3%+ da, (2.2.7)

then the parabola a = —(3%/4 (A = 0) divides the (3, «) plane into three regions
(see Fig. 2.1).

e Inside the region I (A < 0), D is always > 0 except for a = b = 0 (in this case
D = 0). Therefore the division is always possible for every non-null number.

e In region II, the parabola A =0, D only vanishes on a + 3/2b = 0.

e In region IIT (A > 0), D vanishes on the two lines a + (5/2 + vA/2)b = 0.
If D = 0, the system (2.2.6) has solutions for certain non-null @ and b;
the associated homogeneous system axz + aby = 0, bz + (a+ 8b)y =0
admits non-null solutions. This is related to the existence of divisors of zero,
numbers for which the product of two non-null hypercomplex numbers a+u b
and x + uy, is zero.

Therefore the sign of the real quantity A = 32 + 4« determines the possibility
of executing the division between two hypercomplex numbers. The sign of A also
determines the subdivision of the general two-dimensional hypercomplex number
z = x + uy into three different types. We start from the characteristic equation
for z obtained by means of (2.1.17)

T—z ay

y x4+ By-—=z =0 = 2> —2(2z+ By) +2° — ay® + Bry =0, (2.2.8)

whose solutions are

2 +y /B2 14
L= 22t By ;/ ftda (2.2.9)

Equation (2.2.8), as mentioned in Section 2.1.6, can be also obtained by calculating
the powers of z = x +uy; 2?2 =22+ ay? +uy (22 + By) and by substituting
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al
14 A>0
(I11)
o~
_]-0
A <0
@
A=0
(II)

Figure 2.1: In this figure we represent in the (8, «) plane the parabola a = —%2
obtained by setting A = 32 + 4a = 0. The position of the point P = (3, «)
determines the three types of two-dimensional hypercomplex numbers.

(I) Inside the parabola (A < 0) we call these systems elliptic hypercomplex num-
bers. (II) On the parabola (A = 0), we call these systems parabolic hypercomplex
numbers. (IIT) Outside the parabola (A > 0), we call these systems hyperbolic
hypercomplex numbers.

in the second equation the value of uy obtained from the first one. Therefore A
determines the nature of the solutions of the characteristic equation. On the other
hand, we know that u? = a 4+ u 3 is fundamental in the definition of the product
of two hypercomplex numbers, according to (2.2.1) and (2.2.10); therefore, we can
classify the hypercomplex numbers into three classes according to the position of
the point P = (3, «) in the (8, «) plane

1. If P is inside the parabola (A < 0), any non-null element has an inverse and,
as a consequence, division is possible for any non-null hypercomplex number.
We call these systems elliptic hypercompler numbers.

2. If P is on the parabola (A = 0), we call these systems parabolic hypercomplex
numbers. Each of them admits divisors of zero satisfying « + (8/2)y = 0.
Division is possible for all the other numbers.
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3. If P is outside the parabola (A > 0), we call these systems hyperbolic
hypercomplex numbers. Each of them admits divisors of zero satisfying = +
(8/2+V/A)y = 0. Division is possible for all the other numbers.

Let us consider the conic with equation
2?4+ pry—ay? =0,

where the left-hand side is the characteristic determinant (2.2.3). According to
whether A = 32 +4ais <0, =0, > 0, the curve is an ellipse, a parabola or a hy-
perbola. This is the reason for the names used for the three types of hypercomplex
numbers. For the three cases, we define our systems as canonical systems if

1. u?> = —1 (i.e.,a = —1, 8 = 0). This is the case of the ordinary complex num-
bers. One can verify that any elliptic system is isomorphic to the canonical
system.

2. u2 =0 (ie., « = 0, B = 0). One can verify that any parabolic system is
isomorphic to the canonical system.

3. u? =1 (i.e., o = 1, = 0). This system is related to the pseudo-Euclidean
(space-time) geometry, as we shall see later in this book. One can verify that
any hyperbolic system is isomorphic to the canonical system. In this case the
divisors of zero satisfy y = +x.

Coming back to the characteristic equation, we have
Theorem 2.9. The square root in (2.2.9) can be replaced with 2u — .

Proof. Let us look for a complex number a + ub so that (a + ub)? = 5% + 4a.
Taking into account the multiplication rule for u?, we can write for a and b (b # 0),
a system of degree 2,

2a+ 6b=0; ad+ab®=p%2+4a.

The solutions are a = FF, b = £2. Selecting the upper signs, we obtain the
relation

A =3 +4a=(2u—B)> (2.2.10)

O

We can write the solutions of (2.2.9) as
a) z=x+uy; b) z=xz+ Py —uy. (2.2.11)

We call z the conjugate of z. In the case of canonical systems, § = 0 and then
zZ = 2 —uy (u = 1in the particular case of complex numbers). The product
2z = 2? —ay? + Bry € R is the square modulus of z (22 = 22 + »? in the
particular case of complex numbers).
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We end this section with a matrix representation (that we write in sans serif)
of the versors and of z. From (2.1.9) and (2.2.3), we have for the unit versor, u

and z
1 0 0 «
1<0 1>, u(1 5)’ z=x-14y-u (2.2.12)

and also

(5 ) e (5 2)o(8 #)emrern oo

2.2.1 Canonical Two-Dimensional Systems

Let us go back to (2.2.10). For canonical systems (3 = 0) we have A = (2u)? and
the solutions (2.2.9) become

2 2 20 — 2

These solutions are the ones we consider for complex numbers (A < 0), whereas
for hyperbolic numbers, because u? = 1, it is usual to omit the versor. Now, as we
stressed in the preface, even if complex numbers were introduced as square roots
of negative numbers, they have acquired other important meanings, which can be
usefully applied to other two-dimensional number systems. Then, in agreement
with (2.2.14), also for a canonical hyperbolic system we write z = 2 £+ uy. These
solutions are obtained by setting the appropriate versors before the square root.
In Chapters 8 and 9 we shall see how these considerations are fruitfully used for
extending the applications of hyperbolic numbers.

2.2.2 The Two-Dimensional Hyperbolic System

Let us introduce some properties of hyperbolic numbers, considered as belonging
to a decomposable system.
Let us consider the canonical hyperbolic system [47], [80] and [81], defined
as
{z=x+hy; *=1 2,y R, h ¢ R}, (2.2.15)

where we have set u = h, as we shall do in the following, when we refer to a
canonical hyperbolic system. Let us apply the substitution of versors

1 1
er = 5(1 +h); ey = 5(1 —h) = el=e1; e3=¢cy e1e0=0, (2.2.16)

with inverse transformations

1 = e +€2, h:€1 — €9, (2217)
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and of variables
r+y=¢§  xr-y=m, (2.2.18)

with inverse transformations

§+n §—n

T =0, y=-5 (2.2.19)
The basis with the versors satisfying (2.2.16), i.e., where the powers of the versors
are equal to the versors themselves and the product of different versors is zero,
is called the idempotent basis and the numbers represented in this basis are said
to be in decomposed form [43], [60] and [70]. By setting ( = e1 £ + ean, it is easy
to check that the conjugate (which we indicate by ~if we refer just to hyperbolic
numbers) is given by

(=ex&+emn (2.2.20)
and that the quantity

¢{ = (exé + ean)(ern + e2€) = (e1 + e2)En =& (2.2.21)

is real. £€n = 22 — y? represents the invariant of hyperbolic numbers in their
decomposed form. It coincides with the product of the invariants (the distances
[81]) of the component systems. Now, let us consider the numbers ¢(; = e1 &1 +eam;
and (o = e; & + e mo. From (2.2.16), it follows [43] that

GG =e1& & +eanin, (2.2.22)
G _ ab&item _ (& +em)lentebn)
G erbateam  (e1&e+eam)(ern: +e2éo)
eréime +ean & &1 M
= —e1— +eyg—. 2.2.23
(e1 + e2)éama ! &2 2772 ( )

We see from (2.2.23) that division is not possible if & = 0 or 12 = 0; the coordinate
axes are the divisors of zero for this system in decomposed form. It is immediate
to verify that (e; 04+e37)(e1 £ +e20) =0, i.e., the product of any number lying on
the £ = 0 axis by any number lying on the n = 0 axis is zero although the factors
are # 0. For the decomposed systems, this general rule holds: The divisors of zero
are the zeros of the component systems.



Chapter 3

The Geometries Generated by
Hypercomplex Numbers

3.1 Linear Transformations and Geometries

3.1.1 The Continuous Lie Groups

The groups of transformations were introduced and formalized by S. Lie in the
second half of the XIXth century. The concept of group is well known; here we only
recall the definition of transformations or Lie groups that is used in this section.

Let us consider N variables 2™ and N variables y¢ that are functions of 2™
and of K parameters a'. Now, let us consider a second transformation from y° to
the variables 2", given by the same functions but with other values of the param-
eters (b!). We say that these transformations are a group if, by considering them
one after the other (product of two transformations), we have the same functional
dependence between z and z with other parameters, whose values depend on the
parameters of the previous transformations. To express these concepts in formulas,
we indicate by

y'=fiat 2N et a) = fi(,a)  with i=1,...,N

the first transformation and by z™ = f"(y,b) a second transformation with other
parameters. The relation between z and z (composite transformation) is 2" =
f"[f(z,a),b]. If these last transformations can be written as 2" = f"(z,c) with
¢ = g(a,b), they represent a group. The number of parameters (K) is the order
of the group. If the parameters can assume continuous values, these groups are
called continuous groups (see Section 7.2.3). A fundamental result obtained by
Lie is that these groups can be related to systems of differential equations and the
number of parameters is linked to the initial conditions.

3.1.2 Klein’s Erlanger Programm

In a talk that introduced his famous “Erlanger Programm”, Felix Klein in 1872
associated the continuous groups with geometries. The guideline is the following:
associated with all the geometries (elementary, projective, etc.) is the notion of
equivalence. It can be shown that the transformations that give rise to equivalent
forms have the properties of groups. Then, the geometries are the theories related
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to the invariants of the corresponding groups. This concept can be inverted and
in this way is applied to hypercomplex numbers.

We begin by recalling the importance of linear transformations as related
to important geometries. An arbitrary linear transformation can be written as
yv = ch57 with the condition ||cg|| # 0; therefore it depends on N2 parameters. By
identifying 37 and z? as vector components, we can write, following the notation
of linear algebra,

y! c% c}\, 2t
: = Lo : . (3.1.1)
yN cjlv c% N

These transformations are known as homographies and are generally non-commut-
ative. From a geometrical point of view, they represent a change of reference frame
through an arbitrary rotation of its axes and a change of length measures on the
axes. The geometry that considers equivalence of geometric figures with respect
to these transformations is called affine geometry, and the corresponding group
is called an affine group. An invariant quantity for such a group is the distance
between two points, expressed by a positive definite quadratic form. Fuclidean
geometry, for which the distance is given by Pythagoras’ theorem, is a subgroup
of this group. For the Euclidean group, the constants cg must satisfy N(N +
1)/2 conditions, then the remaining parameters are N> — N(N +1)/2 = N(N —
1)/2. From a geometrical point of view, the allowed transformations of Euclidean
geometry are given by rotations of the Cartesian axes.

If we consider also the translations group, we must add N parameters and
we get a group with N(N + 1)/2 parameters, which corresponds to the allowed
motions of geometrical figures in a Fuclidean space. These motions also represent
the allowed motions in a homogeneous space (a constant curvature space). In
Chapter 9 we shall recall that Riemann’s and Lobachevsky’s plane geometries are
represented on positive and negative constant curvature surfaces, respectively. Now
let us see how the above notions are applied to hypercomplex systems.

3.2 Groups Associated with Hypercomplex Numbers

A hypercomplex number x can be represented in an N-dimensional space by iden-
tifying its components x® with the Cartesian coordinates of a point P = (z¢).
In this space we introduce the metric (distance of a point from the coordinate
origin), given by the N*!' root of the characteristic determinant. More generally,
the distance between two points shall be given by substituting in the characteristic
determinant the differences of the points’ coordinates. In this space we have

Theorem 3.1. Every commutative system of hypercomplex numbers generates a
geometry. For such geometry, the metric is obtained from a form of degree N given
by the characteristic determinant. Motions are characterized by 2N —1 parameters.
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Proof. As in Euclidean geometry, we define as motions the transformations of
coordinates that leave the metric unchanged. There are two kinds of such trans-
formations.

1. We begin by considering the transformations corresponding to Euclidean
translations. Let us consider the hypercomplex constant a = e,a® and the
hypercomplex variables y = e,y® and x = e,x®. The transformation y =
a + x, whose components are y? = a” 4+ x7, represents the translation group,
which has the same number of parameters as the equivalent Euclidean one.

2. The second group of motions in Euclidean geometry is given by the rota-
tions that, like the previous one, leave unchanged the Pythagorean distance
between two points. Let us see what this group becomes for hypercomplex
numbers. Let us consider the transformations y = ax, whose components are

ey’ = eaaaeﬁxﬁ = e.yCZﬂaax’B.
Cgﬁaa are the elements of the characteristic matrix of the hypercomplex
constant a. Setting C ;a® = A}, we have

y' = A)a”, (3.2.1)

therefore y is a linear mapping of x. Let us consider another constant, b =
eq b, and the corresponding transformation

z = ey =by=bax= egb‘;eaao‘egxﬁ
= e, (07 a%)(C5p W)z =e, AY Bj o (3.2.2)
Since A7 = C7 . a* and Bj = C§4 b are the elements of characteristic ma-
trices, then, from Theorem 2.4, their product Dg = A7 Bf is a characteristic
matrix too and z = e, Dg 2% is a linear mapping of x via a characteristic
matrix. This mapping is a group called the multiplicative group. Following
Klein’s program, we can associate the multiplicative group of every hyper-
complex number with a geometry. From (2.1.10) and (3.2.1), it follows that
the characteristic determinants || X||, ||Y|| of the hypercomplex numbers z, y
are the same if
IIA]| = 1. (3.2.3)

Therefore the characteristic determinant of the hypercomplexr number is an
invariant quantity for the unimodular multiplicative group. Since the unimod-
ular characteristic matrix takes the place of the orthogonal matrix of the N-
dimensional Euclidean rotation group, we name this group the hypercomplex
rotation group (HRG). The unimodularity condition for the characteristic
determinant reduces the parameters of this group to IV — 1 real constants:
the components a® that are mutually linked by the condition (3.2.3). O
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In the following table (3.2.4) we compare the numbers of parameters of these
geometries with the numbers of parameters (N (N —1)/2) of the Euclidean rotation
group (ERG).

Space dimensions[N] 2 3 4 5 6
HRG[N — 1] 1 2 3 4 5 (3.2.4)
ERG[N (N — 1)/2] 1 3 6 10 15

Then, the number of parameters is the same for the two geometries only for V = 2.

The unimodular multiplicative group of the complex numbers is the same
as the Euclidean rotation group, as we briefly recall in Section 3.2.1. The geome-
tries generated by the other two-dimensional systems of hypercomplex numbers
are known too. In particular, the geometry generated by parabolic numbers is
extensively studied in [81], where also the geometry associated with hyperbolic
numbers is introduced. A complete formalization of this last geometry and wide-
ranging applications of hyperbolic numbers are the subject of this book.

None of the geometries generated by hypercomplex numbers for N > 2 corre-
sponds to a Euclidean geometry. This fact is a straightforward consequence of the
differences existing between the invariant quantities. Actually the characteristic
determinant of a multidimensional (N > 2) hypercomplex number is an algebraic
form of degree N, whereas the Euclidean invariant is the Pythagorean distance of
degree 2. In addition, it follows that the invariable hypersurfaces for the motions
(compared to the Euclidean hyperspheres) are obtained by equating the charac-
teristic determinant to a constant.

In the studies of hyperbolic geometry by means of hyperbolic numbers, it has
been pointed out ([81], p. 251) that the most suitable geometrical representation
of these numbers is over a plane with the metric (scalar product) that derives from
the structure of the hyperbolic numbers, i.e., from the characteristic determinant.
If we extend this consideration to the above introduced geometries, we can say
that their most suitable representations are obtained in spaces with the metric
fixed by the algebraic form of degree N given by the characteristic determinant.
In these spaces, generated by commutative hypercomplexr numbers, we introduce
the functions of a hypercomplex variable, and see (Chapter 7 and Appendix A)
that the hypercomplex conformal mappings have the same geometrical properties
of the conformal mappings corresponding to the functions of a complex variable.

Let us say some words about the geometries just introduced and the ones
associated with the more general mappings of (2.1.11). The differences among
them are the same existing for the following geometries:

1. The Fuclidean geometry, associated with orthogonal groups;

2. The affine geometry, associated with affine groups of all non-singular linear
transformations.

If we consider two-dimensional geometries, the first case corresponds to the ge-
ometry generated by complex numbers. In other words, the matrix of a linear
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mapping has the same structure as the characteristic matrix of complex numbers.
Similar considerations hold for all the systems of hypercomplex numbers, for which
a specific geometry can be associated with a linear mapping that has the same
structure as the characteristic matrix. For complex and hypercomplex numbers,
the geometries associated with all non-singular linear mappings are equivalent to
the affine geometry of the second point.

3.2.1 Geometries Generated by Complex and Hyperbolic Numbers
The Geometry Generated by Complex Numbers

Complex numbers can represent plane vectors and the related linear algebra ([54],
p.73). Actually z = x + iy can be interpreted as a vector of components x and
y, along the versors 1 and i, where x and y are the coordinates on the plane.
Considering the product by a constant,

21 =az = (a, +ia;)(z+1iy), (3.2.5)

the complex numbers play the role of both a vector and an operator (matrix) ([54],
p.73). Actually, (3.2.5) is equivalent to the familiar expression of linear algebra

T o a, —a; x

Y1 a; ar y )
In this expression, the double representation of a complex number, introduced
in Section 2.1.3, has been used. In particular, the complex constant a is written

in matrix form (like the operators in linear algebra), while z is represented as a
column vector. If we write the constant a in its exponential form,

a = (a,+ia;) =expp(cosd +1ising),
with the inverse transformation
p=In\/a2+a?; ¢=tan 'a;/a,,

we see that the constant a plays the role of an operator representing an orthogonal-
axis rotation with a homogeneous dilatation (homothety). If p = 0, and if we add
another constant b = b,.+1b;, then z; = az+b gives the permissible vector transfor-
mations in a Euclidean plane. Then, the additive and unitary multiplicative groups
of complex numbers are equivalent to the Euclidean group of roto-translations,
which depends on the three parameters ¢, b,., b;. Vice versa, we can use complex
numbers for describing plane-vector algebra, because the vectors are usually rep-
resented in an orthogonal coordinate system and the additive and multiplicative
groups of complex numbers are the same as Euclidean groups.
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The Geometry Generated by Hyperbolic Numbers

In Chapter 4 we shall apply to hyperbolic numbers the same considerations ex-
pounded for the geometry generated by complex numbers and, in Section 4.1.2,
we show that the multiplicative group of hyperbolic numbers (hyperbolic geome-
try) represents the space-time geometry. Now, we consider this geometry as the
simplest one associated with decomposable systems of numbers.

The multiplicative group of hyperbolic numbers, expressed in vector-matrix
form, is given by

1 Al Al .’El )
( 2 ) - ( & a3 ) ( 22 > with Aj = 43, Aj=4f.  (326)

The unimodularity condition requires that (A4})? — (42)2 = 1 and this allows
introducing a hyperbolic angle # so that A} = cosh, A? = sinh@. This position is
equivalent to writing, in complex analysis, the constant of the multiplicative group
in its polar form. For hyperbolic numbers too, the polar hyperbolic coordinates
are obtained from the exponential transformation x = p coshf, y = p sinh 6 [37],
[47] (see Section 4.1.1). In this way, the multiplicative group becomes an additive
group for 6, and the unimodularity condition becomes p = 1.

Let us consider the hyperbolic numbers and the hyperbolic constants in the
decomposed form of Section 2.2.2. Equation (3.2.6) becomes

(Z;F(Oé% fg)(g) (3.2.7)

If we express the constants and the variables in exponential form o} = exp[)\], a2 =
explp] and & = exp[w?], the transformation (3.2.7) corresponds to translations
along the w!, w? axes.

If we consider one real variable, the multiplicative group is y = ax, but
the unimodularity condition requires that a = 1; then this mapping is the trivial
identity. When we compose two real variables and obtain the hyperbolic numbers,
the unimodularity condition gives A = —pu which, as we shall better see in Section
4.1.2, represents the Lorentz transformation of Special Relativity [70] and [81]. The
above discussed example shows that the geometry associated with a composite
system adds something new with respect to the geometries associated with the
component systems.

3.3 Conclusions

Hypercomplex numbers, considered as an extension of real and complex numbers,
can not satisfy the four properties of multiplication; if these systems are commuta-
tive, they must have divisors of zero. On the basis of these properties, associative
hypercomplex numbers can be grouped in two classes: to the first class belong



3.3. Conclusions 25

the non-commutative systems (Hamilton, hyperbolic quaternions etc.), while to
the second class the commutative systems. The peculiar differences between non-
commutative and commutative systems are their invariants and the existence of
differential calculus. As far as the invariant is concerned, for the non-commutative
systems it can be an algebraic quadratic form that can be related with Euclidean
geometry so that, by means of Hamilton’s quaternions, we can represent vectors
in the three-dimensional Euclidean space.

For commutative systems, the invariant is represented by an N-form that,
for N > 2, generates new geometries. Since for these systems the differential
calculus exists, the above-mentioned geometries can be extended for studying non-
flat spaces as it has been done with the complex variable for Euclidean geometry
and, as it will be shown in the following chapters, with the hyperbolic variable
for studying pseudo-Euclidean geometries [81]. Such multidimensional geometries
have not been completely investigated and this allows us to assert the following
consideration: the kind of two-dimensional numbers derives from the solutions of
an equation of degree 2. We find the same classification in other mathematical
fields. We have

e imaginary solutions — complex numbers — FEuclidean geometry — Gauss
differential geometry (definite quadratic differential forms) — elliptic partial
differential equations;

e real solutions — hyperbolic numbers — Minkowski (space-time) geometry —
differential geometry on Lorentz surfaces (non-definite quadratic differential
forms) — hyperbolic partial differential equations.

Moreover, in more than two dimensions we suggest the following general links:

e the kind of solutions of an algebraic equation of degree N — systems of
hypercomplex numbers — multiplicative group — geometries — differential
geometries.

In this way, the differential geometry in an IN-dimensional space would derive
from a differential form of degree N instead of the quadratic Euclidean or pseudo-
Euclidean differential forms. These peculiar properties could open new ways for
applications in field theories.
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Trigonometry in the Minkowski Plane

We have seen in Section 3.2 how commutative hypercomplex numbers can be asso-
ciated with a geometry, in particular the two-dimensional numbers can represent
the Euclidean plane geometry and the space-time (Minkowski) plane geometry. In
this chapter, by means of algebraic properties of hyperbolic numbers, we formalize
the space-time geometry and trigonometry. This formalization allows us to work
in Minkowski space-time as we usually do in the FEuclidean plane, i.e., to give a
Euclidean description that can be considered similar to Euclidean representations
of non-Euclidean geometries obtained in the XIXth century by E. Beltrami [2] on
constant curvature surfaces, as we recall in Chapter 9.

Let us consider the two-dimensional system of hyperbolic numbers defined
as

{z=x+hy; =1, z,y € R},

and see how it is strictly related to space-time geometry [81]. Actually, by calling
Z = x — hy the hyperbolic conjugate of z, we have:

e The square modulus given by |z|?> = 2Z = 2% — y? represents the Lorentz
invariant of the two-dimensional special relativity.

e The unimodular multiplicative group is the special relativity Lorentz group
[81].

These relations make hyperbolic numbers relevant for physics and stimulate us to
find their application in the same way complex numbers are applied to Euclidean
plane geometry. In this chapter we present a formalization of space-time trigonom-
etry which we derive by first remarking that hyperbolic (complex) numbers allow
us to introduce two invariant quantities with respect to Lorentz’s (Euclid’s) group.
The first invariant is the scalar product, the second one is equivalent to the mod-
ulus of the vector product (an area). These two invariant quantities allow us to
define, in a Cartesian representation, the hyperbolic trigonometric functions that
hold in the whole hyperbolic plane, by which we can solve triangles with sides in
any directions, except parallel to axes bisectors. More precisely we start from the
experimental axiom that the Lorentz transformations represent a “symmetry of
nature” and look for their geometrical “deductions”. In this way the following for-
malization is an axiomatic-deductive theory, starting from experimental axioms,
equivalent to Euclid’s geometry construction.
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4.1 Geometrical Representation of Hyperbolic
Numbers

Now let us introduce a hyperbolic plane by analogy with the Gauss—Argand plane
of a complex variable. In this plane we associate points P = (x, y) to hyperbolic
numbers z = x + hy. If we represent these numbers on a Cartesian plane, in this
plane the square distance of the point P from the origin of coordinates is defined
as

D=z3=2x%—9° (4.1.1)

The definition of distance (metric element) is equivalent to introducing the bilinear
form of the scalar product. The scalar product and the properties of hypercomplex
numbers allow one to state suitable axioms ([81], p. 245) and to give to a pseudo-
Euclidean plane the structure of a vector space.

Now let us consider the multiplicative inverse of z that, if it exists, is given by
1/z = Z/zZ. This implies that z does not have an inverse when 2z = 22 — y? = 0,
i.e., when y = £z, or alternatively when z = z+h x, that are the “divisors of zero”
defined in Section 2.1. These two straight lines, whose elements have no inverses,
divide the hyperbolic plane in four sectors that we shall call Right sector (Rs), Up
sector (Us), Left sector (Ls), and Down sector (Ds). This property is the same as
that of the special relativity representative plane and this correspondence gives
a physical meaning (space-time interval) to the definition of distance. Now let us
consider the quantity x? — 32, which is positive in Rs, Ls (|x| > |y|) sectors, and
negative in Us, Ds (|z| < |y|) sectors. As it is known from special relativity and,
as we shall better see in this chapter, this quantity must have its sign and appear
in this quadratic form.

When we must use the linear form (the modulus of hyperbolic numbers or
the side length), we follow the definition of B. Chabat ([47], p. 51), ([25], p. 72)
and I. M. Yaglom ([81], p. 180)

p=+Iz%=VID| (4.1.2)

where |D| is the absolute value of the square distance.

4.1.1 Hyperbolic Exponential Function and Hyperbolic Polar
Transformation

The hyperbolic exponential function in pseudo-Euclidean geometry plays the same
important role as the complex exponential function in Euclidean geometry. In
Chapter 7 we shall introduce the functions of a hyperbolic variable and point out
analogies and differences with respect to functions of a complex variable and see
that functions in decomposable systems can be obtained as a continuation from
the real field. Here we define the exponential function of a hyperbolic number
following Euler’s introduction of the complex exponential. Actually, in Euler’s
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time the theory of power series was not sufficiently developed. Then it was not
known that displacement of terms is possible only for absolutely convergent series.
Since the following series have this quality, we apply to the hyperbolic exponential
the properties of the exponential of a real and complex variable and have

00 oo h0 21+1
exp (p' + h0) _epr 21+1
1=0 =0 1=0
— oxp 0 Z(i+hi 6 = exp p'(cosh 6 + h sinh 6) (4.1.3)
=expp o) eE Xp p inh 6). 1.
1=0 1=0

By means of an exponential function, we introduce the exponential transformation
and extend it to all the sectors; thus we have

if |z| > |y|; =+ hy = sign(z) exp[p’ + h 0] = sign(z) exp[p’](cosh § + h sinh 0);
(4.1.4)

if |z| < |y|; =+ hy = sign(y) exp[p’ + h 6] = sign(y) exp|p’](sinh § + h cosh §).
(4.1.5)
Following [47] and [81] we define the radial coordinate as

explp’] = p = V/[z? — y?|
and the angular coordinate as
for [z| > |y|, @ =tanh'(y/z); for |z| < |y|, 6 =tanh™*(z/y).

For |z| > |y|, © > 0 (i.e., x, y € Rs), we introduce the hyperbolic polar transfor-
mation as

x + hy = pexp[h8] = p(cosh 6 + hsinh 6). (4.1.6)

Equation (4.1.6) represents the map for z, y € Rs; the extension of the map to
the complete (z, y) plane is reported in Tab. 4.1.

Right sector Left sector Up sector Down sector
(Rs) (Ls) (Us) / (Ds)
2> Jy] 2] < Iyl
z=pexplhb] | z=—pexplhf] | z=hpexp|hf] | 2= —hpexp|hb]
x = pcoshd x = —pcoshf x = psinh @ x = —psinh §
y = psinh 6 y = —psinhf y = pcoshf y = —pcoshd

Table 4.1: Map of the complete (z, y) plane by hyperbolic polar transformation
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Figure 4.1: For p = 1 the z, y in Tab. 4.1 represent the four arms of equilateral
hyperbolas |22 — y?| = 1. Here we indicate how each arm is traversed as the
parameter 6 goes from —oo to +o0o. In particular there is a symmetry with respect
to axis bisectors.

4.1.2 Hyperbolic Rotations as Lorentz Transformations of Special
Relativity

Let us write a space-time vector as a hyperbolic variable!, w = ¢t + hz and a
hyperbolic constant a = a, + hap with a, > a;, in the exponential form

ar + hap, = p, exp[hl, ]| = pa (cosh O, + hsinh6,)

where pa = /(a2 —a3); 0, =tanh™'(ap/a,).

Then the multiplicative group, w’' = ¢ + hx’ = aw becomes

t'+ha' = /(a2 —a}) [t coshf, + z sinh @, + h(t sinhf, + = coshb,)]. (4.1.7)

In this equation, by letting (a2 — ai) =1 and considering as equal the coeflicients
of versors “1” and “h”, as we do in complex analysis, we get the Lorentz trans-
formation of two-dimensional special relativity [55] and [62]. It is interesting to

n all the problems which refer to Special Relativity we change the symbols by indicating
the variables with letters reflecting their physical meaning =z, y = ¢, z, i.e., ¢ is a normalized
time variable (light velocity ¢ = 1) and x a space variable.



4.2. Basics of Hyperbolic Trigonometry 31

note that the same result is normally achieved by following a number of “formal”
steps ([54], p. 94) and ([52], p. 50) i.e., by introducing an “imaginary” time ¢’ = it
which makes the Lorentz invariant (z? — t2) equivalent to the Euclidean invariant
(x2419?), and by introducing the hyperbolic trigonometric functions through their
equivalence with circular functions of an imaginary angle. Let us stress that this
procedure is essentially formal, while the approach based on hyperbolic numbers
leads to a direct description of Lorentz transformation of special relativity explain-
able as a result of symmetry (or invariants) preservation: the Lorentz invariant
(space-time “distance”) is the invariant of hyperbolic numbers. Therefore we can
say that the hyperbolic numbers have space-time symmetry, while the complex
numbers have the symmetry of two spatial variables represented in a Euclidean
plane. Within the limits of our knowledge, the first description of Special Relativity
directly by these numbers was introduced by I.M. Yaglom [81].
With this formalism we have

Theorem 4.1. The Lorentz transformation is equivalent to a “hyperbolic rotation”.

Proof. Let us write in the Lorentz transformation (4.1.7), the hyperbolic variable
t + hx in exponential form (4.1.6)

t+hax = pexp[hb].

Then
w' =aw = p exp|h (0, +0)]. (4.1.8)

From this expression we see that the Lorentz transformation is equivalent to a
“hyperbolic rotation” of the ¢ + h x variable. O

Then the invariance under Lorentz transformation can also be expressed as
independence of the hyperbolic angle 6.

4.2 Basics of Hyperbolic Trigonometry

4.2.1 Complex Numbers and Euclidean Trigonometry

Euclidean geometry studies the properties of figures which do not depend on their
position in a plane. If these figures are represented in a Cartesian plane we can say,
in group theory language, that Euclidean geometry studies the invariant properties
under coordinate axes roto-translations and these properties can be expressed by
complex numbers.

Let us consider the Gauss—Argand complex plane where a vector is repre-
sented by v = x +1iy. As is known, an axes rotation of an angle « transforms this
vector into a new vector v’ = v exp[i @]. Therefore we can promptly verify that the
quantity

[v'|? = "0’ = vexplia]vexp[—ia] = v = |v|? (4.2.1)
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is invariant under axes rotation. In a similar way we find two more invariants re-
lated to any pair of vectors. Let us consider two vectors vy = x1+iy; = p1 exp[é1],
vy = Xg + 1ya = po explds]; we have

Theorem 4.2. The real and imaginary parts of the product vovy are invariant
under azes rotations and these two invariants allow us an operative definition of
trigonometric functions by means of the components of the vectors:

T1Z2 +Y1Y2

cos(p2 — 1) = ————; sin(¢gg — ¢1) = w.

(4.2.2)
P1 P2 P1 P2

Proof. Actually
V4] = vg expli o]ty exp[—ia] = vy Uy, (4.2.3)

and let us represent the two vectors in polar coordinates v; = pj exp[i¢1], v2 =
p2 expli ¢2]. Consequently we have

VU1 = P1pP2 exp[i ((]52 — ¢1)] = p1p2 [COS(QbQ — ¢1) +1 Sin(d)g — qzﬁl)] (424)

As is well known, the resulting real part of this product represents the scalar
product, while the imaginary part represents the modulus of a cross product, i.e.,
the area of the parallelogram defined by v; and vs. In Cartesian coordinates we
have

Ve U1 = (@2 +iy) (w1 —iyr) Ex1 32+ Y1y Hi(z1y2 — 221), (4.2.5)
and, by comparing (4.2.4) with (4.2.5), we obtain (4.2.2). O

We know that the theorems of Euclidean trigonometry are usually obtained
following a geometric approach; now we have

Theorem 4.3. Using the Cartesian representation of trigonometric functions, given
by (4.2.2), the trigonometry theorems are simple identities.

Proof. We know that the trigonometry theorems represent relations between an-
gles and side lengths of a triangle. If we represent a triangle in a Cartesian plane
it is defined by the coordinates of its vertexes P;, P5, P3. From the coordinates of
these points we obtain the side lengths by Pythagoras’ theorem and the trigono-
metric functions from (4.2.2). By these definitions we can verify that the trigonom-
etry theorems are identities. ([

The extension and applications of this procedure to a hyperbolic plane is the
subject of this chapter.

4.2.2 Hyperbolic Rotation Invariants in Pseudo-Euclidean Plane
Geometry

By analogy with the Euclidean trigonometry approach, just summarized, we can
say that pseudo-FEuclidean plane geometry studies the properties that are invari-
ant under two-dimensional Lorentz transformations (Lorentz—Poincaré group of
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special relativity) corresponding to hyperbolic rotation (Section 4.1.2). We show
afterwards, how these properties allow us to formalize hyperbolic trigonometry.

Let us define in the hyperbolic plane a hyperbolic vector, from the origin to
point P = (z, y), as v = x + hy. A hyperbolic rotation of an angle 6 transforms
this vector into a new vector v’ = v exp[h 8]. Therefore the quantity

[v'|? = /0" = vexp[h 0D exp[—h 6] = vi = |v|? (4.2.6)

is invariant with respect to hyperbolic rotation.
In a similar way we can find two more invariants related to any pair of vectors.
Let us consider two vectors v1 = 1 + hy; and vy = 2 + hys; we have

Theorem 4.4. The real and the hyperbolic parts of the product vov, are invariant
under hyperbolic rotation, and these two invariants allow us an operative definition
of hyperbolic trigonometric functions by means of the components of the vectors:

T1T2 —Y1Y2 T1T2 —Y1Y2

cosh(fy — 61) = = , (4.2.7)
P1 P2 V(3 = 3)lI(2% — y7)]
. L1Y2 — T2 Y1 T1Y2 — T2Y1
sinh(fy — 6;) = = . (4.2.8)
P1 P2 V(3 = 3)l1(2% — y7)]
Proof. We have
Vo 0] = vy explhalty exp[—ha] = vy 1. (4.2.9)

Let us suppose (x, y) € R, and represent the two vectors in hyperbolic polar form
vy = prexp[h ], va = paexp[hbz]. Consequently we have

Vo1 = p1 p2 explh(fz — 01)] = p1 p2fcosh(fz — 01) + hsinh(; — 61)].  (4.2.10)

As we know from differential geometry [34], the real part of this product represents
the scalar product; as far as the hyperbolic part is concerned, we shall see in Section
4.4.1 that, as for the Euclidean plane, it represents a pseudo-FEuclidean area. In
Cartesian coordinates, we have

V2 U1 = (@2 + hy2)(@1 — hyr) = @122 —y1y2 + h(z1y2 — 2291). (4.2.11)
Comparing (4.2.10) with (4.2.11) we obtain (4.2.7) and (4.2.8). O

The real term of (4.2.11) represents the Cartesian expression of the scalar
product in the hyperbolic plane. We note that, due to the distance definition
(4.1.1), we have a different sign, with respect to Euclidean scalar product. The
classical hyperbolic trigonometric functions are defined for (z, y) € Rs; now we
show

Theorem 4.5. Equations (4.2.7) and (4.2.8) allow us to extend the hyperbolic
trigonometric functions in the complete (x, y) plane.
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Proof. If we put v; = (1; 0) and (02, 22, y2) — (0, z, y), (4.2.7) and (4.2.8) be-
come - y

coshf = ————, sinh = ———. (4.2.12)

2% — y?| |22 — 3|

We observe that expressions (4.2.12) are valid for {z, y € R|  # £y} so they
allow us to extend the trigonometric hyperbolic functions in the complete (z, y)
plane. This extension is the same as the one proposed in [37] and [38], that we
summarize in Section 4.2.3. O

In the following we will denote with cosh,, sinh, these extended hyperbolic
functions. In Tab. 4.2 the relations between coshe, sinh, and traditional hyperbolic
functions are reported. By this extension the hyperbolic polar transformation,
(4.1.6), is given by

x + hy = p(cosh, 6 + hsinh, 0), (4.2.13)

from which, for p = 1, we obtain the extended hyperbolic Euler’s formula [37]
exp, [h8] = cosh, § + hsinh, 6. (4.2.14)
From Tab. 4.2 or Equation (4.2.12) it follows that

for |z| > |y| = cosh?@ —sinh2 0 = 1; for |z| < |y| = cosh? @ —sinh? = —1.
(4.2.15)
The complete representation of the extended hyperbolic trigonometric functions
can be obtained by giving to x, y all the values on the circle x = cos ¢, y = sin¢
for 0 < ¢ < 27, in this way (4.2.12) becomes

cos¢p 1 sing tan ¢

= i hee - = .
Seos29] ]l —tanZg| JTcos29] /|1 = tanZ g|
(4.2.16)

cosh, 6 =

Geometrical Interpretation of Extended Hyperbolic Trigonometric Functions
We have

Theorem 4.6. Fquations (4.2.16) represent a bijective mapping between points on
a unit circle (specified by ¢) and points on a unit hyperbola (specified by 6), and
from a geometrical point of view (4.2.16) represent the projection of a unit circle
on a unit hyperbola, from the coordinate origin.

Proof. Let us consider the half-line y = xtan¢, x > 0 which crosses the unit
circle, with center O = (0, 0), in Fp = (cos ¢; sin ¢). The half-line crosses the unit
hyperbola with center O at point

P = 1 ) tan ¢
= \/l—tan2¢>’ \/lftan2¢)

) € Rs for |tang| <1 (4.2.17)
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Table 4.2: Relations between functions cosh,, sinh, obtained from (4.2.12) and
classical hyperbolic functions. The hyperbolic angle 6 in the last four columns is
calculated referring to semi-axes x, —x, y, —y, respectively.

| > |yl 2| <yl
(Rs),z>0 | (Ls),z<0 | (Us),y>0| (Ds),y<0
cosh, 6 = cosh 6 —cosh 6 sinh 6 —sinh 6
sinh, 6§ = sinh 0 —sinh 6 cosh 6 —cosh 6

or at point

P = 1 _ tan ¢
= 2 ' 2
\/tan ¢p—1 \/tan ¢o—1

The half-line y = ztan¢, x < 0 crosses the left side of the circle and the arms
Ls, Us, Ds of the hyperbola. Since the points of unit hyperbolas are given by
Pz = (coshc 0; sinh, 0), by comparing (4.2.17) and (4.2.18) with (4.2.16), we have
the assertion. O

> €Us, Ds for |tan¢|>1. (4.2.18)

A graph of the function cosh, from (4.2.16) is shown in Fig. 4.2.

The fact that the extended hyperbolic trigonometric functions can be repre-
sented in terms of just one expression given by (4.2.12) allows a direct application
of these functions for the solution of triangles with sides in any direction, except
the directions parallel to axes bisectors.

4.2.3 Fjelstad’s Extension of Hyperbolic Trigonometric Functions

In the complex Gauss—Argand plane, the goniometric circle used for the definition
of trigonometric functions is expressed by « + 1y = exp[i¢]. In the hyperbolic
plane the hyperbolic trigonometric functions can be defined on the unit equilateral
hyperbola, which can be expressed in a way similar to the goniometric circle: x +
hy = exp[hf]. However this expression represents only the arm of unit equilateral
hyperbolas € Rs. If we want to extend the hyperbolic trigonometric functions
on the whole plane, we must take into account all arms of the unit equilateral
hyperbola |22 — 32| = 1, given by « + hy = £exp[hf] and x + hy = +h exp[hd)].

Here we summarize the approach followed in [37] which demonstrates how
these unit curves allow us to extend the hyperbolic trigonometric functions and
to obtain the addition formula for angles in any sector.

These unit curves are the set of points U, where U = {z]| p(z) = 1}. Clearly
U(-) is a group, subgroups of this group are for z € Rs, and for z € Rs + Us,
2z € Rs+ Ls, z € Rs+ Ds. For z € Rs the group U(-) is isomorphic to 6(+) where
0 € R is the angular function that for —oo < 6 < oo traverses the Rs arm of
the unit hyperbolas. Now we can have a complete isomorphism between U(-) and



36 Chapter 4. Trigonometry in the Minkowski Plane

| I | |
I I I I
I I I I
| I | |
I I I I
I I I I
| I | |
| | | | ¢
I I I I
| I | |
I I I I
I I I I
| I | |
I I I I
I I I I
| I | |

0 T 2m
Figure 4.2: The function cosh, § = ——~2£— for 0 < ¢ < 2m. The broken vertical

\/ | cos 2¢|

lines represent the values for which cos2¢ = 0 = x = +y.
Because sin ¢ = cos(¢ — 7/2) and |cos2@| = |cos(2 ¢ + |, the function sinh, 6
has the same behavior of cosh, 6 allowing for a shift of 7/2.

the angular function, extending the last one to other sectors. This can be done by
Klein’s four-group k € K = {1, h, =1, —h}.

Indeed let us consider the expressions of the four arms of the hyperbolas
(Tab. 4.1 for p = 1). We can extend the angular functions as a product of
exp[h 0] and Klein’s group, writing U = {kexp[h8]|6 € R, k € K}. Calling
Uy = {kexp[h0]|0 € R}, the hyperbola arm with the value k and, in the same
way 0 the ordered pair (0,k), we define © = R x K = {0;|0 € R, k € K}
and O = R x {k} = {6 |0 € R}. O, is isomorphic to R(+); then, accordingly,
we think of ©(+) as an extension of R(+). To define the complete isomorphism
between ©(+) and U(-), we have to define the addition rule for angles: 0), + 6}, .
This rule is obtained from the isomorphism itself,

O + 05, = Uy - Uy = kexp[hb] - k' exp[ht’] = kK exp[h(0 + 60")] = (0 + ')k -
(4.2.19)
On this basis we obtain the hyperbolic angle 6 and the Klein index (k) from the
extended hyperbolic trigonometric functions sinh, # and cosh, 8. We have
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sinh, 0 cosh, 0
if | sinh, 0 h, 0 0 = tanh ™" . =L
1 |SlIl e ‘ < |COS e | = tan <cosh69> ’ |COShe 9| '
h. 8 sinh, 6
if |sinh, 0 hef] = 6=tanh ! (S = Tambog e (422
f sl 6] > [cosh ] =0 = tanti ™! (S5E0) = ST (1220

Application of “Klein’s Index” to the Euclidean Plane

Now we see how this “extension” of hyperbolic trigonometric functions can be
applied to circular angles giving well-known results.

By analogy with hyperbolic trigonometric functions we define the circular
trigonometric functions just in sector Ls, i.e., for —7/4 < ¢ < 7/4, by means of
Euler’s formula cos ¢ + i sin¢ = expli¢]. Let us consider the product k explig]
where k € K = {1, i, —1, —i} is a four-value group that for —v/4 < ¢ < 7/4
allows us to obtain the complete circle. The meaning of this product is well known,

iexplig] = exp[i(g +¢)]; —explig] = expli(r+@)]; —iexplid] = eXp[i(Sg + ).

These expressions allow one to clarify the properties of circular trigonometric
functions which are determined on the whole circle, from their values for 0 < ¢ <
/4.

We can note the different symmetry from Euclidean and pseudo-Euclidean
planes: in the former the angles in all sectors are increasing in the anticlockwise
direction; for the latter the sign of the angles is symmetric with respect to axes
bisectors (see also Fig. 4.1).

4.3 Geometry in the Pseudo-Euclidean Cartesian Plane

Now we restate for the pseudo-Euclidean plane some classical definitions and prop-
erties of the Euclidean plane.

Definitions. Given two points P; = (z;, y;), Px = (&, yx) that are associated
with the hyperbolic variables z; and z;, we define the square distance between
them by extending (4.1.1),

Djr = (2 — 2)(% — %) (4.3.1)

As a general rule we indicate the square segment lengths by capital letters, and by
the same small letters the square root of their absolute value

djx = /|D; - (4.3.2)

Following ([81], p. 179) a segment or line is said to be of the first (second) kind
if it is parallel to a line through the origin located in the sectors containing the
axis Oz (Oy). Then the segment P;P, is of the first (second) kind if Dj; > 0
(Dj < 0).
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Straight line equations. We shall see in Section 8.5.1 that the equations of straight
lines, passing through a point (g, yo), are obtained by means of the method used
in differential geometry for calculating the geodesics on a “flat surface” with the
metric element given by a non-definite quadratic form. The result is that they are
expressed by means of hyperbolic trigonometric functions instead of the circular
trigonometric functions used in the Euclidean plane. So, for |z — 29| > |y — w0/, &
straight line (of the first kind) is written as

(x — x0)sinh @ — (y — yo) cosh & = 0, (4.3.3)

while for |x — 2| < |y — yo| a straight line (of the second kind), is written as (the
angle ¢’ is referred to the y axis as stated in Tab. 4.2)

x —xg)cosh® — (y — yp)sinh @’ = 0. 4.3.4
( ) Y-y

The straight lines have the expressions (4.3.3) or (4.3.4) which reflect the topolog-
ical characteristics of the pseudo-Euclidean plane. The use of extended hyperbolic
trigonometric functions would give us just one equation for all the straight lines,
but in this section we use the classical hyperbolic trigonometric functions which
make more evident the peculiar characteristics of the pseudo-Euclidean plane and
the differences between lines of the first and second kind.

Pseudo-orthogonality.

Theorem 4.7. Two straight lines are pseudo-orthogonal if they are symmetric with
respect to a couple of lines parallel to axes bisectors.

Proof. As in the Euclidean plane, two straight lines in the pseudo-Euclidean plane
are said to be pseudo-orthogonal when the scalar product of their unity vectors
(direction cosine) is zero [34]. It is easy to show that two straight lines of the
same kind, as given by (4.3.3) or (4.3.4), can never be pseudo-orthogonal. Indeed
a straight line of the first kind (4.3.3) has a pseudo-orthogonal line of the second
kind (4.3.4) and with the same angle (§ = '), and conversely. O

This result, well known in special relativity ([30], p. 479) and [55], is repre-
sented in Fig. 4.3.

It is known that in complex formalism, the equation of a straight line is
given by R{(z + iy)(explid]) + A+ iB = 0}, and its orthogonal line by S{(x +
iy)(expl[i¢]) + A+1B = 0}. The same result holds in the pseudo-Euclidean plane
in hyperbolic formalism. Actually we can write the equation of a straight line
in a hyperbolic plane as R{(z + hy)(exp[hd]) + A + hB = 0}. If, as is usual
for complex variables, we call H{«} the coefficient of the hyperbolic versor, it
follows that the hyperbolic part H {(z + hy)(exp[hf]) + A + hB = 0} represents
its pseudo-orthogonal line. We note that the product of the angular coefficients
for two pseudo-orthogonal lines is +1, instead of —1 as in the Euclidean plane.
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Figure 4.3: Two pseudo-orthogonal straight lines.

Axis of a segment.

Theorem 4.8. The azis of a segment in the pseudo-Euclidean plane, as in the
FEuclidean plane, is pseudo-orthogonal to a segment in its middle point.

Proof. Let us consider two points Pi(x1,y1), Pa(22,y2). The points that have
the same pseudo-Euclidean distance from these two points are determined by the
equation

PPC=PP = (w—m)’ ~ (y—9)’ = (@ —22)’ ~ (y ~ )*
This implies that
(r1 —22)(2x — 1 — 22) = (Y1 — y2)(2y — y1 — Y2) (4.3.5)
and, in canonical form,

_ (=) (g —w3) — (] —ad)
v (Y1 — y2) * 2(y1 — yz) ' (4.3.6)

Then from (4.3.6) it follows that the axis is pseudo-orthogonal to segment Py P,
and from (4.3.5) that it passes through its middle point Py = ((z1 + z2)/2,

(y1 +y2)/2). O
Distance of a point from a straight line.

Theorem 4.9. The linear distance of a point Py from a straight line =y is propor-
tional to the result of substituting the coordinates of Py in the equation for ~y.
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Proof. Let us take a point P(z,y) on a straight line of the second kind
v :{y—mx—q = 0; |m| > 1}, and a point Pj(x1,y1) outside the straight
line. The square distance ﬁi = (z — 21)? — (y — y1)? has its extreme for
T =y = (1 — my1 —mq)/(1 —m?), with a square distance

(yl — My —Q)2 and dy 5 = \yl — M —Q|

——2
A== [m? — 1]

(4.3.7)

It is easy to verify that this distance corresponds to a mazimum as is well known
from special relativity ([52], p. 315) and [55]. From expression (4.3.7) follows the
theorem. 0

The equation of the straight line through Py, P, is

(v-m)= (e —a),

that represents a straight line pseudo-orthogonal to ~.

4.4 Goniometry and Trigonometry in the
Pseudo-Euclidean Plane

Hyperbolic angles addition formulas. Using the hyperbolic Euler formula (4.2.14)
we can derive ([37] and [38])

cosh.(a+ )+ hsinh.(a+ 3) = (cosh, a+ h sinh, «)(cosh, S+ h sinh, §). (4.4.1)

These formulas allow us to obtain for hyperbolic trigonometric functions all the
expressions which are equivalent to the Euclidean goniometry ones. In particular
we have

cosh(a & 3) = cosh a cosh § =+ sinh « sinh 3, (4.4.2)
sinh(a &+ ) = sinh « cosh 8 £ cosh « sinh . (4.4.3)

The sum product identity. Summing and subtracting the terms on the same line
and setting 61 =a+ ;0 =a— 0= a= (01 +62)/2; B = (61 — 02)/2, we have
from (4.4.2)

01+ 6 0, —0
cosh 81 + cosh 03 = 2 cosh 1—; 2 cosh 2 5 2,

cosh§; — cosh 6y = 2 sinh o ; 02 sinh b — 92, (4.4.4)
and from (4.4.3)

sinh 61 + sinh 85 = 2 sinh 2 ;r b2 cosh 2 ; 2 ,

sinh §; — sinh #3 = 2 cosh b ;92 sinh o ; 92. (4.4.5)
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4.4.1 Analytical Definitions of Hyperbolic Trigonometric Functions

Let us consider a triangle in the pseudo-Euclidean plane, with no sides parallel to
axes bisectors, and call P, = (,, yn); n =1, j, k| i # j # k the vertices, 6,, the
hyperbolic angles. The square hyperbolic length of the side opposite to vertex P;
is defined by (4.3.1)

Di = -Djk = (Zj — Zk)(éj — gk) and dl =V |Dl‘ N (446)

as pointed out before, D; must be taken with its sign.

Following the conventions of Euclidean trigonometry we associate with the
sides three vectors oriented from P, — Py; Py — P3; Py, — Ps.

From (4.2.7) and (4.2.8), taking into account the sides orientation as done in
FEuclidean trigonometry, we obtain

(x2 —z1)(z3 — 1) — (y2 — Y1) (Y3 — ¥1)

cosh, 01 = o 7
sinh, 6, = (z2 —21)(ys —y1) — (y2 —y1)(x3 — :1:1),
dy ds
coshy By = — (23 — w2) (w2 — 21) — (y3 — y2)(y2 — y1),
dy ds
sinh, 05 = (w2 —21)(y3 —y2) — (Y2 — y1) (w3 — 1‘2),
dy ds
cosh, 03 = (w3 — w2) (23 — 1) — (y3 — y2) (Y3 — y1)’
dy do
sinh, 03 = (x3 — .Tl)(y?) - y2) - (yS - yl)((E3 — xz). (4.47)
dy do

It is straightforward to verify that all the functions sinh. 6,, have the same numer-
ator. If we call this numerator

z1(y2 —y3) + 22(ys —y1) + x3(y1 — y2) = 2L, (4.4.8)

where |L| = S, we can write
25 = d2 d3 sinhe 91 = dl dg sinhe 92 = dl dQ Sil’lhe 03. (449)

In Euclidean geometry a quantity equivalent to .S represents the triangle’s area. In
pseudo-Euclidean geometry, S is still an invariant quantity linked to the triangle.
For this reason it is appropriate to call S the pseudo-Euclidean area [81]. We note
that the expression of area (4.4.8), in terms of vertices coordinates, is exactly the
same as in Euclidean geometry (Gauss’ formula for a polygon area applied to a
triangle).



42 Chapter 4. Trigonometry in the Minkowski Plane

4.4.2 Trigonometric Laws in the Pseudo-Euclidean Plane

Law of sines. In a triangle the ratio of the hyperbolic sine to the hyperbolic length
of the opposite side is a constant

sinhe ¢y sinh. 0  sinh. 03
dy do ds

(4.4.10)

Proof. This theorem follows from (4.4.9) if we divide it by d; d3 ds. O
We have
Theorem 4.10. If two hyperbolic triangles have the same hyperbolic angles their

sides are proportional.

Napier’s theorem. As in Euclidean trigonometry, Napier’s theorem follows at
once from (4.4.10) and (4.4.5)

dy +dy _ tanh, Gitbs
dy —dy  tanh, @ ’

(4.4.11)

Carnot’s theorem. From the definitions of the side lengths (4.1.2) and hyperbolic
angular functions given by (4.4.7) we can verify that?

D; = Dj + Dy, — de dy, cosh, 0;. (4.4.12)

Law of cosines. As in the previous theorem we can verify

d; = |d; cosh, Oy + dy, cosh, 0;]. (4.4.13)

Pythagoras’ theorem.

Proof. Let us consider a triangle with the side P; P orthogonal to P; P;. We have

Yi —Yi _ I
_— = mlj = =,
Tj— Ti Mig Yk — Yi
then
(zj — @) (zr — ) = (Y5 — i) (Yx — ¥i), (4.4.14)

and from (4.4.7) it follows that cosh.0; = 0 and from (4.4.12) the hyperbolic
Pythagoras’ theorem
D; = D; + Dy (4.4.15)

holds. O

20btained by another method in [38].
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It must be noted that in the right-hand sides of (4.4.12) and (4.4.15) there is a
sum of the square side lengths, as in Euclidean geometry, but in pseudo-Euclidean
geometry the square side lengths may be negative. In particular in (4.4.15) D;
and Dy are pseudo-orthogonal, then they always have opposite signs.

We have seen that the topology of the pseudo-Euclidean plane is more com-
plex with respect to the Euclidean one, as well as the relations between sinh,
and cosh. and between the side lengths and the square side lengths. For these
reasons we could think that the triangle solution would require more information,
nevertheless in Section 4.6 we shall see that: All the sides and angles of a pseudo-
Euclidean triangle can be determined if we know three elements (with at least one

side). We have

Theorem 4.11. All the elements (sides and angles) of a triangle are invariant for
hyperbolic rotation.

Proof. Let us consider a triangle with vertices in points
P, =(0,0), P, = (z9,0) and P3 = (z3, y3); (4.4.16)

since P P3 = dy and PP, = d3 are invariant quantities, from Theorem 4.4 it
follows that #; is invariant too. Since these three elements determine all the other
ones, all elements are invariant. [l

From this invariance it follows that, by a coordinate axes translation and a
hyperbolic rotation, any triangle can be constructed with a vertex in P = (0, 0),
and a side on one coordinate axis.

Then we do not lose in generality if, from now on, we consider a triangle
in a position that will facilitate the demonstration of the theorems which follow.
Consequently we will consider triangles with vertices in points given by (4.4.16);
the sides lengths are

Dy = (x5 —72)% —y3; Dy =3 — 35 Ds =3 (4.4.17)
By using (4.4.6) and (4.4.7), we obtain the other elements:
r3(xs — x2) — Y3 .

T2 T3 $2(1‘2 —$3).

sh, 01 = —— ‘he 0y = 5 he 03 = )
cosne U1 dzdg ) COS 2 d1d3 COS 3 d1d2
. T2Y3 . T2 Y3 . T2 Y3 d3 ys
h, 6, = : h, 0y = : h, 05 = = .
S111 1 d2d3 sin 2 d1d3 sSinhe U3 d1d2 d1d2
(4.4.18)

4.4.3 The Triangle’s Angles Sum

In a Euclidean triangle, given two angles (¢1, ¢2), the third one (¢3) can be found
using the relation ¢ + ¢2 + ¢3 = 7. This relation can be expressed in the form

sin(¢1 + ¢2 + ¢3) =0, cos(¢1 + g2 + ¢3) = —1
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that allows us to verify

Theorem 4.12. By means of the formalism exposed in Section 4.2.3, summarized
by (4.2.19), we can state: the sum of the triangle’s angles is given by

(01)k 4 (O2)r + (03)kr = (01 + 02 4 03) ks ke = (0) 11 . (4.4.19)
Proof. Exploiting (4.4.1) and using (4.4.18), we obtain

sinhe (61 + 02 + 03) = sinh, 01 sinh, 05 sinh, 03 + sinh, 61 coshe 62 cosh. 03
+ coshe 01 sinhe 65 coshe 03 + coshe 61 coshe 05 sinh, 03
_ @3ys[z2 y3 + wo w3(w2 — w3) + a3 (w3 — w2) — w3 Y3 — wa(w2 — x3)° — y3 (w2 — a3)]
- d2d2d2
10303
coshe (01 + 02 + 03) = coshe 61 coshe 0 coshe 03 + sinh. 61 sinh, 02 coshe 03
+ sinhe 61 coshe 62 sinhe 03 + coshe 61 sinhe 62 sinhe 63

=0,

_ 23 {—z3(w2 — x3)® + y3[—ws(w2 — x3) + w2 3] + Y [wa (w2 — w3) — w3(w2 — x3) — 93]}

d2d3d?
_ wa{—a3[(w2 — 25)° —dz%/i}gtgy%[(wz —73)® —u3l} _ _[z;%%zcgs — (4.4.20)
Then
sinh.(6; + 602+ 65) =0, coshe (601 + 02 + 03) = £1, (4.4.21)
that are equivalent to (4.4.19). O

This result allows us to state that if we know two angles, we can determine
if the Klein’s group index of the third angle is +h : {# € Us, Ds} or +1 : {0 €
Rs, Ls}. From this we obtain the relation between cosh, and sinh, as stated by
(4.2.15). This relation and the condition (4.4.19) allow us to obtain the hyperbolic
functions of the third angle. Then we have

Theorem 4.13. Also for pseudo-FEuclidean triangles, if we know two angles we can
obtain the third one.

In Section 4.6 we show some examples of solutions for general triangles.

4.5 Theorems on Equilateral Hyperbolas in the
Pseudo-Euclidean Plane

The unit circle for the definition of trigonometric functions has its counterpart,
in the pseudo-Euclidean plane, in the four arms of the unit equilateral hyperbolas
22 — y? = £1, as shown in [37]. Indeed the equilateral hyperbolas have many
of the properties of circles in the Euclidean plane; here we point out some of
them, showing some theorems in the pseudo-Euclidean plane that represent the
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counterpart of well-known theorems which hold for the circle in the Euclidean
plane.

Definitions. If A and B are two points, lying on an equilateral hyperbola, the
segment AB is called a chord of the hyperbola. We define two kinds of chords: if
points A, B are on the same arm of the hyperbola, we have “external chords”, if
points are in opposite arms, we have “internal chords”. We extend these definitions
to points: given a two-arms hyperbola we call external the points inside the arms,
internal the points between the arms and the axes bisectors. This definition agrees
with the one for circles in which the center is an internal point.

Any internal chord which passes through the center “P.” of the hyperbola is
called a diameter of the hyperbola. We call p the semi-diameter and P the “square
semi-diameter”, with its sign (p = /| P]).

Here we extend to equilateral hyperbolas the definitions stated for segments
and straight lines and call them hyperbolas of the first (second) kind if the tangent
straight lines are of the first (second) kind.

Actually, as far as a general curve is concerned, we can not assign it, in
general, a kind since general curves have tangent straight lines of both kinds and
only equilateral hyperbolas have the peculiar property that the tangent straight
lines to a given arm are of the same kind. This allows us to attribute a kind,
depending on the P sign, to the hyperbola’s arms. Then we have hyperbolas of
the first (second) kind if P < 0 (P > 0), respectively.

The parametric equations of a general equilateral hyperbola are given by

x =z, +pcosh, 0, y=y.+psinh. 0 (4.5.1)

and depend on three parameters: the center’s coordinates P, = (x., y.) and the
half-diameter p. This hyperbola is determined by three conditions as the equations
for circles. In particular these three conditions can be the passage through three
non-aligned points.

Now we enunciate for equilateral hyperbolas the pseudo-Euclidean counter-
part of the well-known Euclidean theorems for circles. The demonstration of these
theorems is performed by elementary analytic geometry.3

Theorem 4.14. The axis of two points on an equilateral hyperbola passes through
the center (z¢, ye).
An equivalent form is: The line joining P. with the midpoint M of a chord is

pseudo-orthogonal to it.

Proof. Let us consider two points Py, P on the same arm of equilateral hyperbola
(4.5.1), determined by hyperbolic angles 61, 62, and calculate the axis of P;Ps.

3Some of these theorems are reported, without demonstration, in [81].
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Substituting in (4.3.5) the coordinates given by (4.5.1), we obtain

cosh, 6; — cosh, 05 2sinh, @ sinh, @

W=v) = (@=z) sinh, 61 — sinh, 2 = (@ -2 2 sinh, 91592 cosh, 61-25-02
01+ 6
= (2 —x.)tanh, 212 (4.5.2)
Equation (4.5.2) demonstrates the theorem. ]

In a similar way we can find that if the points are on different arms of the
hyperbola we have just to change (4.5.2) with (y —y.) = (z—z.) coth.[(01 +62)/2].

This theorem is also valid in the limiting position when the points are coin-
cident and the chord becomes tangent to the hyperbola, and we have

Theorem 4.15. For points M on equilateral hyperbola, the tangent at M is pseudo-
orthogonal to the diameter P.M.

For a demonstration of the following theorems, we do not lose in generality
if we consider hyperbolas of the second kind, with their center at the coordinate
origin. We also put P. — O and Equations (4.5.1) become

x = +p cosh, 0, y = +p sinh 6. (4.5.3)

Theorem 4.16. The diameters of a hyperbola are the internal chord of minimum
length.

Proof. We have
A = (p cosh by, p sinh 67), B = (—p cosh s, —p sinh 6s).
The square length of the chord is
A5’ = p*[(cosh B; + cosh 8)? — (sinh 61 + sinh 65)?] = 4p® cosh?[(A, — 62) /2],

then
EQ = 4p? for 6, = b ; ﬁ2 > 4p? for 0, # 05. O

Theorem 4.17. If points A and B lie on the same arm of a hyperbola, for any
point P between A and B, the hyperbolic angle APB is half the hyperbolic angle
AOB.

Proof. We do not lose in generality by considering a unitary equilateral hyperbola
(p = 1) and the arm of hyperbola € Rs. Let us take points A = (cosh64; sinhfy),
B = (coshfp; sinhfp) with 4 < 0p and the hyperbola arc between them. If
P (cosh@; sinh#) is a point on this arc, i.e., 04 < 6 < 0p, we call a the
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hyperbolic angle APB. The points A — P — B follow each other in clockwise
direction, then the sign of sinh in (4.4.7) changes and it follows that

tanh o (4.5.4)
_ (coshfp — cosh 0)(sinh§4 — sinh §) — (cosh 4 — cosh #)(sinh fp — sinh §)
"~ (coshf4 — cosh)(cosh@p — cosh @) — (sinh @4 — sinh §)(sinh f5 — sinh §)

The differences between trigonometric functions in round brackets can be written,
by means of (4.4.4) and (4.4.5), as products and, after simplification, we obtain

0 — 04

5 (4.5.5)

tanh oo = tanh

Now we call 8 the angle AOB. Points O — A — B follow each other in clockwise
direction and, from (4.4.7), we have

tanh 3 = — cosh 04 sinh @5 — cosh 6 sinh 64

= tanh(0p — 0.4). 4.5.
cosh 04 cosh@p — sinh 04 sinh g tanh(6p — 04) (4.5.6)

From (4.5.5) and (4.5.6) the theorem follows. O

We show the complete equivalence with the analogous Fuclidean problem for
which also the complementary angles and the chords becoming tangent are consid-
ered.

1. Let us consider a point P outside the arc AB. Points A — P — B follow each
other in anticlockwise direction, then calling « the angle AP B, we obtain
04 —0 O —0

A—Up VB = 0a

tanhy = tanh ———— = — tan

= a=—m.
2 2 o=

In the language of Klein’s index (Section 4.2.3), if tanh & = — tanh -y, we have
() = (v)—k, then a + v = (a+ ) —g.x = (0)_1. This relation corresponds
to the Euclidean case for which a + v = 7.

2. Let us consider P € Rs, where P = (—cosh§; —sinh6). In (4.5.4) we must
change the sign of 6. Then, by calling § the angle APB, with similar calcu-

lations we obtain tanh § = tanh QAEQB =0=r.

3. We complete the parallelism with Euclidean geometry by taking P = A, then
« is the angle between the tangent (7) to the hyperbola in A and the cord
(o) A— B. Since

angular coefficient of 7 = cothf,4 = tanh p, (4.5.7)
sinh QA — sinh 93

angular coefficient of o = = tanhwv, (4.5.8)

cosh @4 — coshfp
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we obtain

tanh o = tanh p — tanh v _ 1—cosh (64 —0p) — tanh 04 —0p

" 1—tanhptanhv sinh (04 — 0g) 2
(4.5.9)

which completes the assertion.

As a straightforward consequence of Theorem 4.17, there follows
Theorem 4.18. If Q) is a second point between A and B, we have APB = /TQ\B

Theorem 4.19. If a side of a triangle inscribed in an equilateral hyperbola passes
through the center of the hyperbola, the other two sides are pseudo-orthogonal.

Proof. For two points on an equilateral hyperbola and on a line passing through
the center, the coordinates are given by

P, = (pcosh, 61, psinh, 01), P; = (—pcosh, 61, —psinh. 67).

Let us consider a third point on the hyperbola P, = (pcosh, 0s, psinh, 03) and
the sides on straight lines P; P3, Py Ps,

y — p sinh, 61 x — p cosh, 01
N -
18 p (sinh, 03 — sinh, 1)  p(cosh, 3 — cosh, 01)’

y + p sinh, 0y 2 + p cosh, 0;
P2 P3 = - - = .
p (sinh, 65 + sinh. 61)  p (cosh, 02 + cosh, 6;)

The product of the angular coefficients of these straight lines is 1, then they are
pseudo-orthogonal. O

In Chapter 6 we generalize Euclidean theorems about circumcircles, incircles
and excircles of a triangle to ellipses and general hyperbolas. Now we begin with

Theorem 4.20. If we have three non-aligned points that can be considered the
vertices of a triangle, there is an equilateral hyperbola (circumscribed hyperbola)
which passes through these points, and its semi-diameter is given by

_ dydads dn

P="rg g "L 23 (4.5.10)

Proof. As three points in Euclidean plane define a circumcircle, in the same way,
in the pseudo-Euclidean plane, the vertices of a triangle define an equilateral hy-
perbola (4.5.1). Let us find its center P, = (., y.) and the square semi-diameter
P. Let us consider three points P; = (z1, 11), P2 = (22, y2), Ps = (x3, y3). The
parametric equation of a hyperbola passing through them is obtained by impos-
ing this condition on (4.5.1). By calling 6; the hyperbolic angles corresponding to
points P;, we have

x; = x.t p coshe 0;, y; =y. =+t psinh, ;. (4.5.11)
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For finding the coordinates of the hyperbola center and the condition that states
if it is of the first or second kind, we do not lose in generality if we take three
points in the position of (4.4.16).

Since the center is on the axis of the chord P; Py, we have z, = x5 /2. From the
intersection between this axis with another one we obtain the center coordinates

p.=(22 y3 — 23 + 2o1s .
2 2y3

Moreover, since the hyperbola passes through the coordinate origin, the square
semi-diameter (P) is given by

_ _xy o wdyi— (Y —ad +mews)® _ (2F — o))yl — (z2 —x3)’]
P:PCP1—77’LUC: B) = 3 .
4 dy3 dy3

(4.5.12)
Taking into account the last expressions of (4.4.9) and (4.4.18), we have that the
denominator of (4.5.12) is given by y3 = (d; d2 sinh63)?/d% = S?/Dj3; then, by
means of (4.4.17), expression (4.5.12) can be written as a function of invariant
quantities
D1DyDs5
1652
for P > 0 we have an equilateral hyperbola of the second kind, while for P < 0 we
have an equilateral hyperbola of the first kind. Then in relation to the hyperbola
type we could say that there are two kinds of triangles depending on the sign of
Dy - Dy - Dy. If we put p = /|PJ, from (4.5.13) and (4.4.9) we obtain (4.5.10),
which is the same relation that holds for the radius of a circumcircle in a Euclidean
triangle. O

(4.5.13)

Relation (4.5.13) is demonstrated in a more general form (6.2.10) in Chap-
ter 6.

Theorem 4.21. If from a non-external point P = (x, , yp,) we trace a tangent and
a secant line to a hyperbola, we have: the square of the distance of the tangent
point is equal to the product of the distances of secant points.

Proof. The stated theorems allow us to give a “Euclidean demonstration”. Refer-
ring to Fig. 4.4, let us call T the tangent point and S, S the intersection points
between the secant and the hyperbola. We also put

ﬁEt; PSlzsl; PSQESQ,
and consider the triangles PS;T and PT'Sp, they are similar since:
e The angles @ and @’ are the same.

e The angles ﬂ and @ subtend the same hyperbola arc TTSH; then,
from Theorem 4.18, they are equal.
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Sa

)
P

Figure 4.4: Tangent and secant lines to an equilateral hyperbola (Theorem 4.21).

S2

S

Figure 4.5: Secant line on different arms of an equilateral hyperbola.



4.5. Theorems on Equilateral Hyperbolas in the Pseudo-Euclidean Plane 51

e The third angles from Theorem 4.12 are equal.

From Theorem 4.10 the triangles PT'S; and PS>T shall have proportional sides;
then t2 = s - so follows. O

Now we demonstrate this theorem for secant lines crossing the different arms
of an equilateral hyperbola.

Proof. Referring to Fig. 4.5 we have

e The angles @’ and §P\T, seen in a Euclidean way are supplementary
angles. In the hyperbolic plane, if we call k the Klein index of the first angle,
the index of the second one is —k with the same value of the angle.

e The angles P/TE and @ subtend the same hyperbola arc TTSH; then, from
Theorem 4.17, point 2, they are equal but for the Klein index. Actually by
calling k1 the Klein index of the first angle, the index of the second one is
—ky.

e The third angles are equal from Theorem 4.12.

Since the hyperbolic sine are the same, but for their sign, for angles with oppo-
site Klein index, from Theorem 4.10 the triangles PT'S; and PS;T shall have
proportional sides; then t2 = s - s follows. O

This theorem can be demonstrated also by means of the analytic method
exposed in this chapter.

Proof. Let us consider the hyperbola
22 —y? =1, (4.5.14)
the non-external point P = (z,, ¥,), and the straight line
y—yp =m(z —xp) = (x — zp) tanh, 0,. (4.5.15)

Eliminating y between (4.5.14) and (4.5.15) we obtain, for the abscissas of the
intersection points, the equation of degree 2,

(1—mHz® +2ma(mz, +y,) — m2x12, —2ma, Y, — yf) —1=0. (4.5.16)

Now let us see that we do not need to find the roots of this equation. Actually
setting S1,2 = (21,2 Y1 ,2), we have

T — T
51,2 = 210 = 2] _ (21,2 — 2,)[v/]1 — m?| (4.5.17)

| coshe 6,

and

51+ 82 (1= m®)(z1 = ap) (w2 — 2p)| = |(1 = m?) w122 — 2p(21 +22) + 23]

1— 2
= am (a2 +bay+c) (4.5.18)
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where, in the last passage, we use the link between the roots and the coefficients
a, b, ¢ of the equation of degree 2 (4.5.16). Substituting these coefficients and
simplifying we obtain

s1- 82 = |op —yp — 1], (4.5.19)
which is independent of m. Then the product (4.5.18) is the same for coincident

solutions (tangent line) or if the intersection points are in the same or different
arms of (4.5.14). O

This result can be generalized and we have

Theorem 4.22. If from a non-external point P = (z,, yp) of an equilateral hyper-
bola
(r—xe)” = (y—ve)* £p° =0, (4.5.20)

we trace a tangent line to the hyperbola, then the square of the distance between
P and the tangent point is obtained by substituting the coordinates of P in the
equation for the hyperbola

t2=s1-50=|(2e — )% — (Ye — yp)? £D°|. (4.5.21)

Proof. The proof can be obtained, as the previous one, by considering (4.5.20)
instead of (4.5.14) or by noting that the last term in the round bracket of (4.5.18)
can be obtained by substituting z — z, in (4.5.16). This substitution, directly into
(4.5.15), gives y = y,, and both of these substitutions into (4.5.20) give (4.5.21). O

The theorems we have seen in this section indicate that in some cases prob-
lems about equilateral hyperbolas may be solved more easily in the pseudo-Euclid-
ean plane, by applying the above theory.

4.6 Examples of Triangle Solutions in the Minkowski
Plane

The Elements in a Right-Angled Triangle
The Sum of Internal Angles

Let us consider the right-angled triangle represented in Fig. 4.6 in a Euclidean
plane and call «; the angles in the vertices P;, and define them as “extended
angles” (see Section 4.2.3). If we indicate with a subscript the “Euclidean Klein
index” (k € K = {1, i, =1, —i}), we have a1 = (1)1, ae = /2 = (0);, ag =
7/2 — ay = (—a1);. Therefore

a1 +ag +asg = (Oél)l + (0)2 + (_al)i = (a1 +0-— al)i-i = (O),l =,

as is well known.
Now we consider the same triangle in the pseudo-Euclidean plane. Setting in
(4.4.18) xo = x3, we have
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y y
Py
Py
P2 Xz
Figure 4.6: A right-angled triangle.

Dy = —y? Dy =23 — 43 D3 =23
cosh, 01 = x3/ds cosh. 3 =0 cosh, 03 = —y3/ds
sinhe 01 = y3/d> sinh, 05 =1 sinh, 03 = x3/ds.

It results that 62 = (0);, and we consider the following cases:

1. P3 € Rs = 0; = (61); and by means of Tab. 4.2 we have 03 = (—01);.
Therefore 01 + 02 + 93 = (91)1 + (O)h + (—01)}1 = (01 +0-— 91)}14}1 = (0)1

2. Py € Us. Setting 3 = —0" we have cosh. 0 = —y3/ds, sinf’ = —x3/ds.
Therefore 0’ = (6'); = 03 = (—0')_1, and from Tab. 4.2 we have 0; = (0),
and 01 + 602 + 05 = (9/)h + (O)h + (—9/),1 = (0)71.

We have found the two possibilities of the Klein index shown in Section 4.4.3 for
the sum of the triangle angles.

The Circumscribed Hyperbolas

Let us see what kind of circumscribed hyperbolas we have. From (4.5.13) and
(4.4.17), we have p? = 22 y3 (22 — y32), then

e if |z3] > |y3| = p? > 0 = second kind hyperbolas,

o if |z3] < |y3| = p? < 0 = first kind hyperbolas.

Solution of Hyperbolic Triangles

In this section, in order to point out analogies and differences with Euclidean
trigonometry, we report some examples in which we determine the elements of
hyperbolic triangles. We shall note that the Cartesian representation can give
some simplifications in the triangle solution.
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The Cartesian axes will be chosen so that P, = (0, 0), P, = (%ds, 0), or
P, = (0, £d3), where P; P, = dj is the side (or one of the sides) which we know.
The two possibilities for P, depend on the D3 sign, the sign plus or minus is chosen
so that one goes from P; to P; to Ps anticlockwisely. Thanks to relations (4.4.17)
and (4.4.18), the triangle is completely determined by the coordinates of point Ps,
therefore the solution is obtained by finding these coordinates.

Given Two Sides and the Angle Between Them

Let us be given 6y; Ds; Dj3. For D3 positive we put P, on the x axis, then
P, = (£ds, 0), the sign of the square root being such that Py, Py, Ps follow each
other anticlockwisely. In this way sinh #; and the triangle’s area are positive, as in
Euclidean trigonometry in a Cartesian representation. So we have

x3 = dg cosh 01; y3 = do sinh,, 01, (4.6.1)

then Equation (4.4.18) allow us to determine the other elements.
For D3 negative, we must take P, on the y axis and in (4.6.1) we must change
sinh, 0, < cosh, 01. Grouping together both examples, we have

if D3 >0 x3 = dy cosh, 91; Y3 = do sinh, 91;
if D3 <0 Tr3 = d2 sinhe 01; Ys = d2 COShe 91. (462)

Given Two Angles and the Side Between Them

Let us be given 6;; 62; D3. In Euclidean trigonometry the solution of this problem
is obtained by using the condition that the sum of the three angles is 7. We use
this method which allows us to use the Klein group defined in Section 4.2.3, as
well as a method peculiar to analytical geometry.

Let us start with the classical method: the Klein indexes (k1, k2) of known
angles 61, 05 are obtained by means of (4.2.20). For the third angle we have 03 =
—(01 + 02) and k3 is such that kjkoks = £1. Then the hyperbolic trigonometric
functions are given by sinh,f3 = sinh|6; + 63| if k3 = £1 and by sinh. 65 =
cosh(fy + 05) if ks = +h. Now we can apply the law of sines and obtain dy =
dg%. Equations (4.6.1) allow us to obtain the P3 coordinates.

In the Cartesian representation we can use the following method: let us con-
sider the straight lines P, P3 and P, Ps. Solving the algebraic system between these
straight lines we obtain the P3 coordinates.

For D3 > 0 the straight line equations are PiP; = y = x tanh.6; and
P,P; = y = —(x — x2) tanh, 05, and we obtain

< tanh, 05 tanh, 07 tanh, 0 )
P3 = .

4.6.3
2 tanh, 05 + tanh, 6’ 2 tanh, 05 + tanh, 6; ( )
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For D3 < 0 the straight line equations are y = x coth.6; and y — yo =
—x coth, 05, with the solution

tanh, 6, tanh, 65 tanh, 0
Py =y y Y2 .
tanh, 65 + tanh, 6, tanh, 05 + tanh, 6;

(4.6.4)

Given Two Sides and one Opposite Angle

Let us be given 61; Dy; D3, with D3 >0. Applying Carnot’s theorem (4.4.12) to the
side d; we have Dy — 2dyds cosh, 01 + D3 — D1 = 0, from which we can obtain ds.
Actually for cosh, 6; > sinh, 6y,

Dy = d} = dy = ds cosh, 0; + \/d}sinh? 6, + Dy,

for cosh, 0 < sinh, 61,

Dy = —d3 = dy = —dg cosh, ) &+ \/d2sinh? 6, — D, . (4.6.5)

So, as for the Euclidean counterpart, we can have, depending on the value of the
square root argument, two, one or no solutions. The coordinates of the vertex Pj
are given by (4.6.1).

Now we use an analytic method typical of the Cartesian plane. The coordi-
nates of P3 can be obtained by intersecting the straight line y = x tanh. 6; with
the hyperbola centered in P, and having square semi-diameter P = Dy, i.e., by
solving the system

y = x tanh, 01; (x —d3)* —y* = Dy. (4.6.6)

The results are the same as those of (4.6.5), but now it is easy to understand the
geometrical meaning of the solutions which can be compared with the equivalent
Euclidean problem with a circle instead of an equilateral hyperbola.

Actually if D; > 0 and d; > ds, the point P; is included in a hyperbola
arm and we have always two solutions. Otherwise, if sinh 6y < d; /ds, there are no
solutions, if sinh §; = d; /d3, there is just one solution and, if sinh 6, > d /d3, two
solutions.

If D3 < 0, the P; vertex must be put on the y axis and we have the system

x =y tanh, 6q; (y —ds)* —2? = —D;.

Comparing this result with the solutions of system (4.6.6) we have to change
T ey

Given Two Angles and One Opposite Side

Let us be given 61; 03; D3 with D3 > 0; we have
sinh, 61 '
3 ginh, 03

From (4.6.1) we find Ps coordinates.

dy =d |d2| = |d1 cosh, 63 + ds cosh, 91| (467)
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Given Three Sides

From Carnot’a theorem (4.4.12), we have

D Dy — D
cosh, 0, — +2d—d (4.6.8)

For D3 > 0, we take P; = (0,0), P, = (£+/Ds3,0) and sinh, #; is given by,

for Dy > 0 = sinh, 6; = \/coshg 01 — 1, for Dy < 0 = sinh, 0, = \/coshg 0, + 1.

From (4.6.1) we find Ps coordinates.



Chapter 5

Uniform and Accelerated Motions

in the Minkowski Space-Time
(Twin Paradox)

In this chapter we show how the formalization of trigonometry in the pseudo-
Euclidean plane allows us to treat exhaustively all kinds of motions and to give a
complete formalization to what is called today the “twin paradox”. After a century
this problem continues to be the subject of many papers, not only relative to ex-
perimental tests [1] but also regarding physical and epistemological considerations
[51]. We begin by recalling how this “name” originates.

The final part of Section 4 of Einstein’s famous 1905 special relativity paper
[31] contains sentences concerning moving clocks on which volumes have been
written: “...If we assume that the result proved for a polygonal line is also valid
for a continuously curved line, we obtain the theorem: If one of two synchronous
clocks at A is moved in a closed curve with constant velocity until it returns to
A, the journey lasting ¢ seconds, then the clock that moved runs % t (%)2 seconds’
slower than the one that remained at rest”.

About six years later, on 10 April 1911, at the Philosophy Congress at
Bologna, Paul Langevin replaced the clocks A and B with human observers and
the “twin paradox” officially was born. Langevin, using the example of a space
traveler who travels a distance L (measured by someone at rest on the Earth) in
a straight line to a star in one year and than abruptly turns around and returns
on the same line, wrote: “...Revenu a la Terre ayant vielli deux ans, il sortira de
son arche et trouvera notre globe vielli deux cents ans si sa vitesse est restée dans
l'interval inférieure d’un vingt-milliéme seulement 3 la vitesse de la lumiere.”? We
must remark that Langevin, besides not rejecting ether’s existence, stresses the
point which will be the subject of subsequent discussions, that is the asymmetry
between the two reference frames. The space traveler undergoes an acceleration
halfway through his journey, while the twin at rest in the Earth’s reference frame
always remains in an inertial frame. For Langevin, every acceleration has an ab-

LObviously neglecting magnitudes of fourth and higher order.

2Langevin’s address to the Congress of Bologna was published in Scientia 10, 31-34 (1911).
As reported by Miller [31], the popularisation of relativity theory for philosophers had an imme-
diate impact which we can gauge from the comment of one of the philosophers present. Henry
Bergson (1922)wrote: “..it was Langevin’s address to the Congress of Bologna on 10 April
1911 that first drew our attention to Einstein’s ideas. We are aware of what all those interested
in the theory of relativity owe to the works and teachings of Langevin”.
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solute meaning. Even though the effect foreseen by Einstein’s theory has received
several experimental confirmations, the contribution of accelerated stretches of the
path still stands as a subject of discussion and controversies.

In order to avoid misunderstandings, we stress that the discussions we allude
to are rigorously confined to the ambit of special relativity, that is to the space-time
of special relativity. It is in this ambit that Rindler says: “...If an ideal clock moves
non-uniformly through an inertial frame, we shall assume that acceleration as such
has no effect on the rate of the clock, i.e., that its instantaneous rate depends only
on its instantaneous speed v according to the above rule. Unfortunately, there is no
way of proving this. Various effects of acceleration on a clock would be consistent
with S. R. Our assumption is one of simplicity — or it can be regarded as a definition
of an “ideal” clock. We shall call it the clock hypothesis.” [62].

We think that a conclusion on the role of accelerated motions and, most of
all, an evaluation of the amount of slowing down of an accelerated clock, can only
be reached through a rigorous and exhaustive exploitation of the mathematics of
special relativity. If the theory has no logical inconsistencies, the theory itself must
thereby provide a completely accurate account of the asymmetrical aging process.

Even if Minkowski gave a geometrical interpretation of the special relativity
space-time shortly after (1907-1908) Einstein’s fundamental paper, a mathemati-
cal tool exploitable in the context of the Minkowski space-time began to be utilized
only a few decades ago [81]. This mathematical tool is based on the use of hyper-
bolic numbers, as we have seen in Chapter 4. The self-consistency of this formal-
ization allows us to solve problems for every motion in the Minkowski space-time
through elementary mathematics as if we were working on the Euclidean plane.
We note that in some examples, even if we could obtain the result by using directly
the hyperbolic counterpart of Euclidean theorems, we have preferred not to use
this approach. Actually, the results are obtained by means of elementary math-
ematics and the obtained correspondences represent alternative demonstrations
with respect to the ones given in Chapter 4.

5.1 Imertial Motions

In a representative (¢, z) plane let us start with the following example:

e the first twin is steady at the point x = 0, his path is represented by the ¢
axis,

e the second twin, on a rocket, starts with speed v from O = (0, 0) and after
a time 7y, at the point T', he reverses its direction and comes back arriving
at the point R = (72, 0).

From a physical point of view the speed cannot change in a null time, but this time
can be considered negligible with respect to 71, 72 ([55], p. 41). An experimental
result with only uniform motion is reported in [1]. In this experiment the lifetime of
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the muon in the CERN muon storage ring was measured. In Fig. 5.1 we represent
this problem by means of the triangle OTR.

03

0

Figure 5.1: The twin paradox for uniform motions.

Solution. From a geometrical point of view we can compare the elapsed travel times
for the twins by comparing the “lengths” (proper times) of the sum OT +TR with
the side OR.

A qualitative interpretation is reported in many books and is easily explained
by means of the reverse triangle inequality in space-time geometry with respect
to Euclidean geometry ([12] p. 130). Also a graphical visualization can be easily
performed considering that a segment must be superimposed on another by means
of an equilateral hyperbola, instead of the Euclidean circle ([81] p. 190). Now we
see that the Euclidean formalization of space-time trigonometry allows us to obtain
a simple quantitative formulation of the problem.

Let us call #; = tanhwv the hyperbohc angle ROT 05 the hyperbolic angle

ORT and 03 the hyperbolic angle OTR. Given their physical meaning, the angles
61 and 6y are such that the straight-lines OT and TR are time-like [55] (in a
Euclidean representation the angle of straight-lines with the ¢ axis must be less
than 7/4). Applying the law of cosines (4.4.13) to OR; we have

OR = OT cosh6; + TR cosh 0s. (5.1.1)
It follows that the difference between the twins’ proper times A 7 is

A7=0OR~—-OT —TR = OT (cosh; — 1) + TR (cosh 6y — 1). (5.1.2)
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If we call p the semi-diameter of the equilateral hyperbola circumscribed to triangle
OTR, from (4.4.10) we have OT = 2p sinhf; TR = 2p sinh 6y, and

A7 = 2p(coshb; sinhfy + coshbs sinh 6y — sinh 6; — sinh 65)
= 2pJ[sinh(f; + 03) — sinh 0; — sinh 6]. (5.1.3)
This equation allows us to calculate At for every specific problem.

Now we consider the following one: given 61 + 65 = const = C, what is the
relation between 01 and 05, so that A 7 has its greatest value?

Proof. The straightforward solution is
A7 = 2p]sinh C' — sinh §; — sinh(C' — 6,)],
d (A7)
d o,
d? (A7)

do3 0,=C/2

=0= 91 20/2592, (5.1.4)

= —sinh(C/2) < 0.
t

We have obtained the “intuitive Euclidean” solution that the greatest differ-
ence between elapsed times, i.e., the shortest proper-time for the moving twin, is
obtained for #; = 0. For this value (5.1.3) corresponds to the well-known solution
31)

T(OT+TR)

Tor = T(oT+TR) Cosh 01 = ViooZ (5.1.5)

Now we give a geometrical interpretation of this problem. From (4.4.19) we know
that if 6; + 0, = C, 63 is constant too, then the posed problem is equivalent to:
what can be the position of vertex T if starting and final points and angle 63 are
given?

The problem is equivalent to having, in a triangle, a side and the opposite
angle. In an equivalent problem in Euclidean geometry we know immediately that
the vertex T' does move on a circle’s arc. Then, from the established correspondence
of circles in Euclidean geometry with equilateral hyperbolas in pseudo-Euclidean
geometry, we have that in the present space-time problem the vertex T moves on
an arc of an equilateral hyperbola.

Now let us generalize the twin paradox to the case in which both twins change
their state of motion: their motions start in O, both twins move on (different)
straight-lines and cross again in R. The graphical representation is given by a
quadrilateral figure and we call the other two vertices T' and T”. Since a hyperbolic
rotation does not change hyperbolic angles between the sides and hyperbolic side
lengths (Chapter 4), we can rotate the figure so that the vertex R lies on the ¢
axis (see Fig. 5.1). The problem can be considered as a duplicate of the previous
one in the sense that we can compare proper times of both twins with side OR. If
we indicate by (') the quantities referred to the triangle under the ¢ axis, we apply
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(5.1.3) twice and obtain A7 — A7’ for every specific example. In particular, if we
have 01 + 02 = 0] + 05 = C, from the result of (5.1.4) it follows that the youngest
twin is the one for which #; and 6, are closer to C/2.

5.2 Inertial and Uniformly Accelerated Motions

Now we consider some “more realistic” examples in which uniformly accelerated
motions are taken into account. The geometrical representation of a motion with
constant acceleration is given by an arm of an equilateral hyperbola with the
semi-diameter p linked to the acceleration a by the relation p~! = a ([52], p
166) and ([55], p. 58). In Chapter 10 the hyperbolic motion is obtained as a
straightforward consequence of the invariance of the wave equation with respect
to Lorentz transformations.

Obviously, the geometrical representation of a motion with non-uniform ac-
celeration is given by a curve which is the envelope of the equilateral hyperbolas
corresponding to the instantaneous accelerations. Or, vice versa, we can construct
in every point of a curve an “osculating hyperbola” which has the same proper-
ties of the osculating circle in Euclidean geometry. Actually the semi-diameter of
these hyperbolas is linked to the second derivative with respect to the line ele-
ment ([12] Section 3.3) as the radius of osculating circles in Euclidean geometry.
This general problem is formalized in Section 5.3; now we return to uniformly ac-
celerated motions represented by equilateral hyperbolas. For these hyperbolas we
indicate by C = (t¢, x¢) its center and with 6 a parameter that, from a geometri-
cal point of view, represents a hyperbolic angle measured with respect to an axis
passing through C and parallel to the x axis (Section 4.2.2). Then its equation, in
parametric form, is

7 E{ t=tc +psinhf

v = ¢+ p coshd for — o0 <0 < 400, (5.2.1)

where the + sign refers to the upper arm of the equilateral hyperbola and the —
sign to the lower one. We also have

dxr = +psinh0d0, dt =+p coshfdb (5.2.2)

and the proper time on the hyperbola

TI_/%W_/ pdO=p (0, —0,). (5.2.3)

This relation states the link between proper time, acceleration, and hyperbolic
angle and also shows that hyperbolic angles are given by the ratio between the
“lengths” of hyperbola arcs and semi-diameter, as circular angles in Euclidean
trigonometry are given by the ratio between circle arcs and radius. Moreover, as
in Euclidean geometry, the magnitude of hyperbolic angles is equal to twice the
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C

Figure 5.2: The uniform and accelerated motions of the first example.

area of the hyperbolic sector (Chapter 6) and, taking into account that the “area”
is the same quantity in Euclidean and pseudo-Euclidean geometries, it can be
calculated in a simple Euclidean way ([81] p. 183).

At the point P, determined by 6 = 61, the velocity is given by v =dz/dt =
tanh #; and the straight-line tangent to the hyperbola for § = 6, is given by
(Chapter 4):

x — (zc = p cosh ) = tanh 0y [t — (tc £ p sinh 6;)]
= 1z coshf; —t sinhf; = 2 coshfy — te sinh 6, F p. (5.2.4)

From this equation we see that #; also represents the hyperbolic angle of the
tangent to hyperbola with ¢ axis. This last property means that semi-diameter
CP is pseudo-orthogonal to the tangent in P (see also Figs. 4.3 and 5.3). This
property corresponds, in the Euclidean counterpart, to the well-known property
of a circle where the radius is orthogonal to the tangent-lines.

First Example

We start with the following example in which the first twin, after some accelerated
motions, returns to the starting point with vanishing velocity. The problem is
represented in Fig. 5.2.

e The first twin (I) starts with a constant accelerated motion with acceleration
p~! (indicated by Z;) from O to A and then a constant decelerated (p~!)
motion up to V and then accelerated with reversed velocity up to A’ (Z»),
then another decelerated (p~!) motion (Z3) up to B = (4ta, 0).

e The second twin (IT) moves with a uniform motion (7;) that, without loss of
generality, can be represented as stationary at the point x = 0.
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Solution. Hyperbola Z; has its center at C = (0, —p). Then we have

[ t=psinh@
e = { P p(COSh9 _ 1) for 0 < 6 < 6. (525)
We also have A = (p sinh 6y, p cosh6; — p).

The symmetry of the problem indicates that for both twins the total elapsed
times are four times the elapsed times of the first motion. The proper time of twin
I is obtained from (5.2.3),

91 01
T =471, :4/ \/dtQ—szEél/ pdf =4pby; (5.2.6)
0 0

the proper time of twin II is four times the abscissa of point A,
Tir =4t = 4p sinh 6. (5.2.7)

The difference between the elapsed times is A7 = 4 p (sinh 6 —6;), and their ratio

1S 9
S (5.2.8)
TII smh91 O

For #; = tanh ™ 'v <« 1, we have A7 ~ 0, and for # > 1 = sinhf
explf]: The proper time for the accelerated motions is linear in 6 and the stationary
(inertial) one is exponential in 6.

e Now we compare the motion on hyperbola Z; with the motion 7 on the side
OA.

Solution. Let us call 65 the hyperbolic angle between straight-line OA and the ¢
axis; the equation of the straight-line OA is

T ={z =t tanh6,}, (5.2.9)

and we calculate s, imposing that this straight-line crosses the hyperbola (5.2.5)
for @ = 6,. By substituting (5.2.9) in (5.2.5), we have

{ t = p sinh 6, sinh 05 coshf; — 1

= 61 =205, (5.2.10
tanh0y = p(cosh0y —1) ~ coshf,  smhy 0 202 (5210)

i.e., the central angle (61) is twice the hyperbola angle (62) on the same chord
(Theorem 4.17 p. 46). Then we have

— Ot 4 p sinh 6
A= =
0 cosh 64 cosh 04

= 2p sinh 6y (5.2.11)

and, taking into account the proper time on the hyperbola given by (5.2.3), we

obtain
7 0y

= . 5.2.12
77  sinh 6y ( D)
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Relation 5.2.12 has a simple “Euclidean” interpretation. Actually it can be
interpreted by means of the correspondence (Section 4.1) with Euclidean geometry,
where it represents the ratio between the length of a circle arc and its chord. We
have to note how, in hyperbolic geometry, this ratio is less than 1 whereas in
Euclidean geometry it is greater than 1, as the reverse triangle inequality requires.
We shall look into this property more comprehensively in Section 5.2. It can be
verified that the ratio between (5.2.8) and (5.2.12), gives the ratio (5.1.5).

Second example

61

T
01

Figure 5.3: The uniform and accelerated motions of the second example.

In this example we connect the two sides of the triangle of Fig. 5.1 by means of
an equilateral hyperbola, i.e., we consider the decelerated and accelerated motions
too (Fig. 5.3).

e The twin I moves from O = (0, 0) to P = (p sinh 6y, pcoshf; — p) with a
uniform motion, indicated as 77, then he goes on with a constant decelerated
motion up to V, and then he accelerates with reversed velocity up to P,
where he has the same velocity as the initial one, and moves again with
uniform velocity up to R = (tg, 0) (77).

e The twin II moves with a uniform motion (73) which, without loss of gener-
ality, can be represented as stationary in the point x = 0.

Solution. A mathematical formalization can be the following: let us consider the
decelerated and accelerated motions that can be represented by the equilateral
hyperbola (5.2.1) for —0; < 6 < 6; and the tangent to the hyperbola for § = 6, as
given by (5.2.4). This straight-line represents the motion 77 if it passes through O.
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This happens if the center C = (z¢, t¢) of the hyperbola lies on the straight line
x¢ cosh @y —to sinh 6y — p = 0, where t¢ is given by (5.2.1): t¢ = tp + p sinh 0;.
If we write down the straight line (5.2.4) in parametric form

| t= 7 cosh6,
T, = { £ = 7 sinhf, ° (5.2.13)

where 7 is the proper time on the straight line, we have at the end of the uniform
motion P = (tp, xp), with tp = 7 cosh ;. Then the proper time for twin I is
Top = 7, and from P to the vertex of the hyperbola 7z = p#;. The proper times
of the other lines are a duplicate of these times.

For twin IT we have: 717 = 2tc = 2 (7 cosh 1 4+ p sinh 01). Then we have

AT =2[r(coshf — 1)+ p(sinh6; — 64)]. (5.2.14)

O

The proper time on this rounded off triangle is greater than the one on the
triangle, as we shall better see in the next example. The physical interpretation

is that the velocity on the hyperbola arc is less than the one on straight-lines
OT, TR of Fig. 5.1.

Third Example

In the following example we consider the motions
1. stationary motion in x = 0,
2. on the upper triangle of Fig. 5.1 with sides OT = TR,
3. on hyperbola Z tangent in O and in R to sides OT and TR, respectively,

A
4. on hyperbola Z. circumscribed to triangle OT R.

The problem is represented in Fig. 5.4. In this example we can also note a for-
malization of the triangle inequality, reversed with respect to the Euclidean plane
([12] p. 130). Actually we shall see that the shorter the lines (trajectories) look in
a Euclidean representation (Fig. 5.4), the longer they are in space-time geometry
(5.2.16).

Solution. Side OT lies on the straight-line represented by the equation
x coshf; —t sinhf; = 0. (5.2.15)

Hyperbola 7 is obtained requiring that it be tangent to straight-line (5.2.15) in O.
We obtain from (5.2.1) and (5.2.4) t¢ = p sinh 6, z¢ = p cosh#; and, from the
definitions of hyperbolic trigonometry, OT = tc/ cosh 6 = p tanh 6;.

For hyperbola Z., with vertex in T, its semi-diameter is given by (4.4.10):
p. = OT /(2 sinh @) = p/(2 cosh ;). If we call C, its center and 26, the angle
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A

» (',

0, R

Figure 5.4: The uniform and accelerated motions of the third example.

@%, we note that 6, is a central angle of chord OT while 6, is a hyperbola angle
on the chord TR = OT. Then, as has been shown in the first example, we have
0. =26;.

Summarizing the lengths (proper times) for the motions are:

1. OR =2ty =2p sinhfy;
2. from (5.2.15) it follows that
T = (p sinh 6y, p sinh6; tanh6,), so that OT = TR = p tanh6;;

3. from (5.2.3) the length of arc of hyperbola Z between O and R is given by

77 = 2pbh;

4. from (5.2.3) the length of arc of Z, from O and R is given by
T, = 2pc ec = 2p91/COSh01.

Then the following relations hold:

OR = 2psinh6; > arc(Z)=2pbh, >OT +TR
= 2ptanh6; > arc(Z.) =2p6bi/coshb. (5.2.16)
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0] T, Ct t tat

Figure 5.5: The uniform and accelerated motions of the fourth example.

We also observe that OR is a chord of Z, OT is a chord of Z,. and their ratios are
given by (5.2.12):
TOR - TOj o sinh 01

. (5.2.17)

T 7, b
O

As a corollary of this example we consider the following one: given the side
OR = 7 (proper time of the stationary twin) what is the proper time of twin I
moving on an equilateral hyperbola, as a function of the acceleration p~'?

The answer is: as acceleration p~! does increase, proper time 77 can be as
little as we want ([52] p. 167).

Proof. From the hyperbolic motion of (5.2.1) we have t = 7/2 — p sinh § and for

t = 0 we have 2p sinh 6, = 7, and for relativistic motions (6; > 1) we obtain

T ~pexplfi] = 61 ~In ]zj (5.2.18)
Then from relation (5.2.3), 77 = 2p6; = 2p ln[r/p) =%, 0

Fourth Example

We conclude this section with a more general example in which both twins have
a uniform and an accelerated motion.

e The first twin (I) starts with a constant accelerated motion and then goes
on with a uniform motion.

e The second twin (II) starts with a uniform motion and then goes on with a
constant accelerated motion.

The problem is represented in Fig. 5.5.
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Solution. We can represent this problem in the (¢, 2) plane in the following way:

(I) starts from point O = (0, 0) with an acceleration given by p~! (Z;) up to
point A = (p sinh 6y; p coshf; — p), then goes on with a uniform motion (77) up
to time t3 (point B).

(IT) starts from the point O = (0, 0) with a uniform motion (73), (stationary
in = 0) up to point C, in a time to = ap sinh#; which we have written pro-
portional to t 4. Then he goes on with an accelerated motion (Zs), with the same
acceleration p~! up to crossing the trajectory of twin (I) at time ¢3.

The analytical representation of Z; is given by (5.2.5). Zy is represented by

t = p(a sinh @, + sinh 9)

I, = { = p(coshf—1) for 0 < 6 < 0y, (5.2.19)

where 6 represents the value of the hyperbolic angle in the crossing point B
between Zo and 77.
7, is given by the straight-line tangent to Z; in 6y:

71 = {x coshf; —t sinhf; = p (1 — coshbq)}. (5.2.20)

From (5.2.19) and (5.2.20) we calculate the crossing point between 7o and 7;. We
have
cosh(fy — 0;) = a sinh® 6, + 1. (5.2.21)

This equation has an explicit solution for o = 2. Actually we have
cosh(fy — 01) =2 sinh?6; + 1 = cosh26; = 0, = 36,.
Let us calculate the proper times.

e The proper times relative to the accelerated motions are obtained from (5.2.3)
71, =pbh, 7, = pbs.

e The proper time relative to 73 is given by to = ap sinh 6.

e On straight-line 77, between points A and B = p (« sinh 61 +sinh 65, cosh 65—
1), the proper time is obtained by means of hyperbolic trigonometry,

77, = AB = (v — x4)/sinhf; = p(coshfy — coshfy)/sinh ;. (5.2.22)

Then the complete proper times of the twins are

71 = p[bh + (cosh Oy — cosh ;) / sinh 6], Trr = p(a sinh 0; +63).  (5.2.23)
O

Let us consider relativistic velocities (v = tanh6; ~ 1 = 61,60 > 1); in this
case we can approximate the hyperbolic functions in (5.2.21) and (5.2.23) with the
positive exponential term and, for a # 0, we obtain from (5.2.21): exp[f2 — 6;] ~
a exp[26]/2, and from (5.2.23)

77~ p (01 + explfs — 61]) ~ p (01 + aexp[26:]/2), 711 ~ p (a0 exp[61]/2 + 62).
(5.2.24)
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The greatest contributions to the proper times are given by the exponential terms
that derive from uniform motions. If we neglect the linear terms with respect to
the exponential ones, we obtain a ratio of the proper times independent of the
o # 0 value,

T =TI exp[eﬂ. (5225)

The twin that moves for a shorter time with uniform motion has the shortest
proper time. Since the total time is the same, a shorter time with uniform motion
means a longer time with accelerated motion, so this result is the same as (5.2.12).

With regard to the result of this example we could ask: how is it possible
that a uniform motion close to a light-line is the longer one? We can answer
this question by a glance at (5.2.22). Actually in this equation the denominator
sinh 0; > 1 takes into account that the motion is close to a light-line, but in the
numerator cosh fy > cosh#; indicates that the crossing point B is so far away
that its contribution is the determining term of the result we have obtained.

5.3 Non-uniformly Accelerated Motions

In the representative Minkowski plane with coordinates (¢, ) we can represent
points P by means of the hyperbolic-polar coordinates (Chapter 4), i.e., by means
of a radius vector r = (¢, x) and a hyperbolic angle 6,

|r| = V2 — a2, tanh 6 = %, (5.3.1)

and consider a time-like curve, in parametric form, from the origin of the coordi-
nates to point A, given by

r=r(1), t=1t(r), x=ux(r) (5.3.2)

and
v = v(r); —i—dt . dx
TUTh =TT T

If 7 is the proper time on the curve, v = (f, i) is the relativistic velocity unit
vector. For every parametrization, (5.3.3) allows us to obtain the proper time on
the curve if we know its equation. Actually the length of the curve (proper time

on the curve) is given by
A
TA = )2 — (&)2 dr. 5.3.4
| Vir-@ (5.3.4)

Now we consider another problem: to calculate the proper time in an inertial frame
if we know the acceleration on the curve as a function of the proper time on the
curve. Thanks to the established correspondence between Euclidean and space-
time geometry the problem can be solved in a straightforward way in two steps.
As a first step we state Frenet’s formulas for the space-time plane.

(5.3.3)

Vg
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5.3.1 Frenet’s Formulas in the Minkowski Space-Time
Let us consider a parametrization by means of proper time: we have

Theorem 5.1. In the space-time plane the following Frenet-like formulas hold:

dPr dov
=T =K, (5.3.5)
‘% — K(7)w, (5.3.6)

where n represents the unit vector pseudo-orthogonal to the curve, K (1) the mod-
ulus of acceleration and K(7)~! the semi-diameter of osculating hyperbolas.

We have changed the symbol p, introduced in Chapter 4, with K(7), that
recalls the non-constant curvature of lines in the Euclidean plane.

Proof. If the parameter 7 is the proper time, t and & are the components of a
vector a that represents the relativistic acceleration ([55], p. 56). It can be shown
that v and a are orthogonal ([12], p. 132), [55]. Then a is a space-like vector and
we can write the proportionality equation (5.3.5). Equation (5.3.5) is equivalent
to the first Frenet formula in the Euclidean plane ([28], p. 20). Now we show that
also the second Frenet formula holds.

By indicating with a dot (-) the scalar product in space-time [81] and taking
into account that n, pseudo-orthogonal to v, is space-like (its modulus is negative)

we have p
nn=-1 = n 2=y (5.3.7)
dr

as for Equation (5.3.5) we can write

dn

and taking into account that v -n = 0, from (5.3.5) and (5.3.8) we obtain a,

d dv dn
O—dT(v-n)z(dT-n>+(dT~v):—K+a:»a_K. (5.3.9)
So we have the second Frenet-like formula (5.3.6). O

5.3.2 Proper Time in Non-Uniformly Accelerated Motions

Now we apply Frenet space-time formulas for comparing the proper times in the
following motions:

1. motion I, a non-uniformly accelerated motion of which we know the acceler-
ation as a function of the proper time on the curve (K(7)),

2. motion II, stationary in z = 0,
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3. motion III, uniform motion from O to A.

Solution. Calling 0 (7) the hyperbolic angle between the tangent-line to the curve
and t axis, we can write>

dt d
vy = — = |v| cosh (1) = cosh O(7); v, = ar _ |v| sinh 6(7) = sinh 6(7).
dr dr
(5.3.10)
Then v can be written, in the language of “hyperbolic vectors”, as
v =v + hv, = explh6(7)] (5.3.11)
and the pseudo-orthogonal unit vector n (Chapter 4) as
n = h exp[h 6(7)]. (5.3.12)
Substituting (5.3.11) and (5.3.12) into (5.3.5), we obtain
d explh0(T do(r
ToMIDL — th expl0r) [} 207 = k() {1 exol0()]}
dt dt
= O0(t) =6+ | K(r)dr. (5.3.13)

The same result could be obtained by means of (5.3.6).

By means of the value of §(7) obtained by (5.3.13), we obtain the components
of v and n, from (5.3.11) and (5.3.12), respectively.

If we also write r in the language of hyperbolic vectors, we have

rEt—f—hxz/[vt—i—hvz]dT:/exp[hH(T)] dr. (5.3.14)

By means of the value of §(7) obtained by (5.3.13), from (5.3.14) we obtain the
expressions equivalent to the ones which in the Euclidean plane give the parametric
equation of a curve from its curvature ([28], p. 24)

TA T T,
t(Ta) = to +/ cosh (') dr’ =t +/ cosh [/ K(") dT”] dt', (5.3.15)
0 0 0

TA T 7—/
x(14) = xo—l—/ sinh@(7") d7’' = :ro—i—/ sinh [/ K(") dTN‘| dt'. (5.3.16)
0 0 0

These expressions have been recently obtained in a different way ([51], (11 a, b)).
Now we consider the straight-line O A which forms with the ¢ axis the hyper-

bolic angle

(1)

0 = tanh ™!
t TA)

(5.3.17)

and we have

3The following procedure is formally equal to the ones which, in the Euclidean plane, are
developed by means of complex numbers.
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1. (I) proper time, 74,
2. (II) proper time, t(74) from (5.3.15),
3. (III) proper time 7(OA) = t(74)/coshé.

Motions (IIT)+(I) can be considered a round trip.

The motions (I)4(II) are not a closed curve, however we can close it by a
reversed motion of twin (I) up to crossing again the stationary twin. Since the
curvature (acceleration) is given by a second derivative, it is independent of the
parameter direction ([28], p. 17), then the result is to double the proper times and
obtain the ratio o -

i W) (5.3.18)
where t(74) is given by (5.3.15).

Equation (5.3.18) allows us to construct an inertial clock (e.g., the time on

the Earth) from data taken on a rocket, as is shown in [51].

Conclusions

As we know, the twin paradox spreads far and wide, having been considered the
most striking exemplification of the space-time “strangeness” of Einstein’s theory
of special relativity. What we have striven to show is that hyperbolic trigonometry
supplies us with an easy tool by which one can deal with any kinematic problem in
the context of special relativity. Otherwise it allows us to obtain the quantitative
solution of any problem and dispels all doubts regarding the role of acceleration
in the flow of time.

Actually, if we consider “true” the space-time symmetry stated by Lorentz
transformations, in whatever way obtained, the hyperbolic numbers provide the
right mathematical structure inside which the two-dimensional problems must be
dealt with. Finally, we remark that the application of hyperbolic trigonometry
to relativistic space-time turns out to be a “Euclidean way” of dealing with the
pseudo-Euclidean plane.



Chapter 6

General Two-Dimensional
Hypercomplex Numbers

In this chapter we study the Euclidean and pseudo-Euclidean geometries associ-
ated with the general two-dimensional hypercomplex variable, i.e., the algebraic
ring (see Section 2.2)

{z=z+uy; v>=a+upB; z,y,a,f € R; u ¢ R}, (6.0.1)

and we show that in geometries generated by these numbers, ellipses and general
hyperbolas play the role which circles and equilateral hyperbolas play in Euclidean
and in pseudo-Euclidean planes, respectively.

Moreover we show that these geometries can be studied simultaneously by
using a two-dimensional variable without specification if it is elliptic or hyper-
bolic. In this way all the discussed geometries, are “unified” and the theorems
are demonstrated by just one analytical development. By means of this approach
we demonstrate, in an unusual algebraic way, Hero’s formula and Pythagoras’
theorem for the general Euclidean and pseudo-Euclidean plane geometries.

Definitions
Referring to the definitions of Section 2.2, we call
e Fuclidean, the geometry associated with complex numbers;

e pseudo-Fuclidean, the geometry associated with canonical hyperbolic num-
bers.

In the general case we call
o clliptic, the geometries associated with general systems with A < 0;
e hyperbolic, the geometries associated with general systems with A > 0.

In the following developments we do not consider the geometry associated with
parabolic numbers which has been widely studied by Yaglom [81], who has shown
its link with the Galileo group of classical kinematics.

6.1 Geometrical Representation

Here we briefly extend to general number some definitions given in Chapter 4.
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Let us introduce a plane by analogy with the Gauss—Argand plane of the
complex variable. In these representative planes, which are called the names of the
number systems, i.e., elliptic or hyperbolic, we associate points P = (z, y) with
the general two-dimensional hypercomplex numbers z = x 4+ u y. Their topology is
the same as the Euclidean plane for elliptic numbers, and as the pseudo-Euclidean
(space-time) plane for hyperbolic numbers [38]. The hyperbolic plane is divided
into four sectors [47] by straight lines (null lines [81]) = + (3 + v/A)y = 0. With
the same definitions of Section 4.3, a segment or line is called of the first (second)
kind if it is parallel to a straight line passing through the origin located in the
sectors containing the axis Oz (Oy).

Let us also consider the hypercomplex conjugate of z, which we indicate by
Z, given by (Section 2.2)

Z=z+ (B8 —uw)y. (6.1.1)
Therefore we have z 4+ z = 2x + Sy € R. The “square module” of z is given by
D=zz=2"—ay’+fry. (6.1.2)

This real quantity is a definite quadratic form for A < 0 and it is not definite (it is
zero for z, y on the null-lines) for A > 0. It defines, in the representative planes,
the square distance of a point from the origin of the coordinates. It must be taken
in the quadratic form of (6.1.2), which can also be negative (see Chapter 4).

If we consider two points P; = (x5, y;), P; = (2, y;), their square distance
D, ; is given by an extension of (6.1.2)

Dij = Dji = (Zz — ZJ)(EZ — Ej) = ziZi —+ ijj — ZZ‘ZJ' — iji
(25 — x5)° — oy —y;)* + Blai —x5)(yi —y;).  (6.1.3)

We set
Di o= Zi2i7 (614)

which represents the square distance from the origin of coordinate axes. For hy-
perbolic numbers this square distance is positive for segments of the first kind,
negative for segments of the second kind. In Section 6.2 we exclude the points in
a position for which D;; = 0 (null distance).

The definition of distances (metric element) is equivalent to introducing the
bilinear form of the scalar product. The scalar product and the properties of hyper-
complex numbers allow us to state suitable axioms ([81], p. 245) and to give the
structure of a vector space to the representative planes of elliptic and hyperbolic
numbers. When the linear distance (a segment length or radial coordinate) has to
be used, we follow the conventions of Section 4.3 and put

dij = \/|Dijl. (6.1.5)

From (6.1.3) it follows that the equation of the locus of P = (z, y) which has the
same distance from a fixed point P. = (z, y.) is

(z—ze)? —aly —ye)* + Bz — x)(y — ye) = K, (6.1.6)
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which represents a conic section that we call the fundamental conic section. There-
fore in the representative planes of general algebras, these conic sections can be
considered as extensions of Euclidean circles (the locus of points which are at a fixed
distance (r) from a given point P..). Moreover, as it has been shown in Chapter 4
for equilateral hyperbolas in the pseudo-Euclidean plane and later in this chapter
for the general geometries, the conic section (6.1.6) retains many peculiar prop-
erties of Euclidean circles. Then, following Yaglom ([81], p. 181) we call “circles”
the conic sections represented by (6.1.6). We call K the square “semi-diameter”,
and P. = (x., y.) the center of the conic section, and in general we extend the
Euclidean terminology by using the italic style included in quotation marks.

For A > 0 (the conic sections are hyperbolas) K can be positive or negative
and, as it is shown in Section 4.5, we can assign a kind to these hyperbolas, and
to call hyperbolas of the first (second) kind if their tangent straight lines are of
the first (second) kind ([55], p. 52). For hyperbolas of the first kind K < 0, for
hyperbolas of the second kind K > 0.

We define “semi-diameter” of the hyperbolas to be the quantity

k=+/K]| (6.1.7)

The hyperbolas with common center and square “semi-diameter” k? and —k? are
said to be conjugate.

For fixed values of «, 8 we have a family of conics. These conics have the same
coeflicients of the quadratic terms; then, as it is known from analytical geometry,
they have the same eccentricity, directions of axes and, as far as hyperbolas are
concerned, the null-lines as asymptotes. From another point of view we can asso-
ciate with a given conic an («, ) algebra so that this conic, in the representative
plane, has the properties of a circle.

As for complex and hyperbolic planes, the angular coefficient of a straight
line, determined by two points P;, P;, is given by (Chapter 4)

my; = Y1 (6.1.8)

$i—$j

Indicating by m the angular coefficient of straight lines, from the previously given
definition, we have

e if 2am — ] < VA the straight line is of the first kind,

e if 2am — ] > /A the straight line is of the second kind.

Now we are in position to generalize well-known theorems of Euclidean geometry.
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6.2 Geometry and Trigonometry in Two-Dimensional
Algebras

6.2.1 The “Circle” for Three Points

As in Euclidean and in pseudo-Euclidean planes, circles and equilateral hyper-
bolas are determined by three points, so the general “circle”, given by (6.1.6) is
determined by three points. We have

Theorem 6.1. Given three non-aligned points P; = (x;, y;), i = 1, 2, 3, in the rep-
resentative plane of a generalized two-dimensional hypercomplex number, there is
a “circle” (6.1.6), passing for these points. This “circle” has square semi-diameter
given by

D12D13D35

K=-— 6.2.1
1A G2 (6.2.1)

and the “center” in a point P., associated with number z.. We have
b= (=B +2u)[D1ol(2z3 — 22) + Dao(21 — 23) + D3o(22 — 21)] ' (6.2.2)

2A-S
Proof. These three points can be considered as the vertexes of a triangle, then
this problem is the generalization of the well-known Euclidean problem of finding
a circumcircle of a triangle. In the representation on a Cartesian plane, the problem
is solved if we know the center P. = (z, y.) and the circle radius. Now the problem

is the same and we find z, y., K, by solving the system of three equations derived
from (6.1.6)*

Dye=(2n—2:)(Zn—Zc) = 2nZn+ 2cZc — 2nZe — 2c2n = K forn =1, 2, 3. (6.2.3)

Subtracting the first equation (n = 1) from the other two (n = 2, 3), we obtain
two equations for the unknown z., Z.. In matrix form

20— 21 22— 21 Ze 2929 — 2121
ez = Z - , (6.2.4)
23— k1 k321 Ze 2323 — R1%1

with the solution

R %272 — 217221 T 222323 — 232222 T 212321 — 212323

c =

= - - - - _ (6.2.5)
2122t 2321 + 2223 — 2221 — 2123 — 2322

The solution for z is the conjugate of (6.2.5). From one of (6.2.3), (6.2.5) and the

equation for z., we find

(22 — 21) (22 — 21) (23 — 21)(Z3 — 21)(22 — 23) (%2 — Z3)
(2’1224‘2351 + 29023 — 2021 — 2123 —2’352)2
D12D13D32

= _ . 6.2.6
<2’122+23§1+2’223—22§1—22123—2352)2 ( )

K = —

IThe following calculations have been performed with the scientific software Mathematica
[79].
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Let us call @ the term in round brackets of the denominator, then

Q=-Q, (6.2.7)
and, calculating @ as a function of the points’ coordinates, we have
Q = 21204+ 2321 +2923 — 29721 — 2123 — 23 29
(=B +2u)[z1(ys — y2) +x2(y1 —y3) + x3(y2 —y1)].  (6.2.8)

The content of the square brackets can be recognized, but for the sign (Chapter
4), as the double of the area () of the triangle and, by means of (2.2.10), we have

Q*=4A-5% (6.2.9)
and from (6.2.5) and (6.2.6) we obtain (6.2.2) and (6.2.1), respectively. O

We note that the area of the triangle is independent of the particular geom-
etry. It is shown in Chapter 4 that it has the same value for Euclidean and for
pseudo-Euclidean geometries. In the same way it can be shown that it is indepen-
dent of «, 8 too.

Equation (6.2.1) represents the generalized expression for the square “semi-
diameter” of the circumcircle of a Euclidean triangle and for the circumscribed
equilateral hyperbola in pseudo-Euclidean geometry. For the canonical systems
(6.2.1) becomes

Dy2DysD dy2dy 5d
DiaDisDsa_y diadisdss (0 ) n )
P T 15 (6.2.10)
_Di>Di5Dss 21, A=
16 52 oL As

For hyperbolic numbers, K can be positive or negative, i.e., the circumscribed
hyperbola is of the second or first kind, depending on the sides’ kinds.

6.2.2 Hero’s Formula and Pythagoras’ Theorem

In this section we demonstrate in an unusual, algebraic way Hero’s formula and, as
a consequence, the theorem of Pythagoras. These demonstrations hold for elliptic
geometries, as well as for hyperbolic ones.

We know that in Euclidean geometry the triangle area can be expressed as a
function of the triangle sides lengths by means of Hero’s formula. Now, since the
characteristic quantities are the square distances, we have
Theorem 6.2. For the general two-dimensional geometries the area of a triangle as
a function of the square side lengths can be obtained by the following generalized
Hero’s formula:

D}, + D73+ D35 —2(D12D1 3+ D12Dss + Di3Dss)
4A
(D13 + Dy3 — D12)?> —4 D13 Ds3
4A '

S? =

(6.2.11)
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Proof. We start from the identity
(Zl — ZQ)(Zl — 22) = [(2’1 — 2’3) — (Zg — 23)][(21 — 53) — (22 - 23)] (6212)
Expanding the right-hand side and taking into account (6.1.3) and (6.2.8), we
obtain
Dy2 = D3a+ D31 —2(22 — 2z3)(21 — 23) — Q
= 2(52 — 23)(21 — 2’3) =—Dio+ D35+ D31 — Q. (6.2.13)

Multiplying (6.2.13) by its hypercomplex conjugate and taking into account
(6.2.7), we have

4 D39 D3y = (=D + D3s + D31)? — Q2. (6.2.14)
Substituting (6.2.9) into (6.2.14) we obtain Hero’s formula (6.2.11). O

We note that this demonstration is another example of how the proposed
approach allows us to demonstrate theorems by means of identities as shown in
Chapter 4. For complex numbers (Euclidean geometry) this expression can be
easily reduced to the product of four linear terms which represents the well-known
Hero’s formula.

As a consequence of (6.2.11) we obtain

Theorem 6.3. For a right-angled triangle the following generalized theorem of
Pythagoras holds between the square side lengths,

D35 = Dy3+ Drs. (6.2.15)

Proof. Let us solve (6.2.11) in terms of the quadratic distance D3,

D3o=Di3+ Do F2/D12D15+ A - S2; (6.2.16)

if D12D13+A-S? =0, (6.2.16) becomes (6.2.15) which for Euclidean and pseudo-
Euclidean geometries is the theorem of Pythagoras for a right-angle triangle.

For a general algebra, if we have DyoD13 + A - S? = 0, we say that sides
Py P, and Py P are “orthogonal”, and the theorem of Pythagoras holds for all
two-dimensional hypercomplex systems.

We note that the definition of “orthogonal” line, here reported, is the same
as that of differential geometry, i.e., two vectors are “orthogonal” if their scalar
product (which depends on the metric) is null. d

As already pointed out in [38] this theorem holds, in the form of (6.2.15), for
all systems, i.e., with a sum in the right-hand side but for hyperbolic geometries,
since the sides are of different kinds, the square distances have opposite signs.
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6.2.3 Properties of “Orthogonal” Lines in General Algebras
We have

Theorem 6.4. For the general two-dimensional geometry the angular coefficients
(my) and “m” of “orthogonal” lines are related by

_ Bm+2

= dam 5 (6.2.17)

my

Proof. The relation we are looking for can be obtained using Pythagoras’ theorem
(6.2.15). Let us consider the straight lines determined by points Py, P; and Py, Ps;
if these straight lines are orthogonal, substituting in (6.2.15) the coordinates of
points, we have

(x5 —22)* — a(ys — y2)* + B(ws — 22) (Y3 — y2) = (x5 — 1) — a(ys — y1)*

+ Bz — x1)(ys — y1) + (21 — 22)* — ayr — y2)® + Bl — 22) (Y1 — ).
(6.2.18)

After simplifying this equation and substituting the angular coefficients given by
(6.1.8), we obtain the relation (6.2.17). O

Equation (6.2.17) can be written in a form which shows immediately the
reciprocity relation between my and m,

2amym—FB(my +m)=2; or Qamy —F)2am— () =A. (6.2.19)

From the second relation it follows that if a straight line is of one kind (Section
6.1), its “orthogonal” straight line is of the other kind.

For canonical systems 3 = 0 and v = F1, we obtain the well-known relations
of Euclidean and pseudo-Euclidean geometries

my = —. (6.2.20)
am

6.3 Some Properties of Fundamental Conic Sections in
General Two-Dimensional Algebras

6.3.1 “Incircles” and “Excircles” of a Triangle

Let there be given three points which can be considered the vertexes of a triangle,
and the three straight lines passing through them. We put the problem of finding
a “circle” inside the triangle “(incircle)” and three “circles’, outside the triangle
and tangent to the straight line prolongations of the three sides “(excircles)’.
This problem represents an extension to geometries associated with a general
two-dimensional algebra of a well-known Euclidean problem. The solution of this
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problem shows the properties which are preserved when going from Euclidean
geometry to general geometries, which properties must be considered peculiar to
the Euclidean geometry. On the other hand we cannot construct a hyperbola inside
a triangle, but we see that, solving together problems concerning “incircle” and
“excircles”, we find four “circles” with the properties of the four Euclidean circles
(Figs. 6.2-6.4).

By utilizing a property of Euclidean incircles and excircles, we change the
problem to the follwing one: to find “circles” with their centers equidistant from
three straight lines.

This problem has a solution; moreover the “circles” which we find, also have
other properties of the corresponding Euclidean circles. These other properties can
be demonstrated by simple calculations, as it is shown in Chapter 4 for equilateral
hyperbolas in the pseudo-Euclidean plane. We note that for hyperbolic geometry
we must consider, in general, both conjugate arms of the hyperbolas, since the
square distance from a straight line and the center of a hyperbola can be positive
or negative depending on the side (straight lines) kind, as we also see in the
numerical examples of Section 6.4.

For the solution of the problem we must find the center P. = (z., y.) and
“semi-diameter” k = \/ﬁ of “incircle” and “excircles”. This problem is solved
by means of two linear equations, as in Euclidean geometry. Let us begin with
pseudo-Euclidean geometry.

Distance Between a Point and a Straight Line in a Pseudo-Euclidean Plane

In Euclidean geometry the distance d..,, between a point P, = (z., y.) and a
straight line vg : {sin¢x + cos @y + g = 0}, is equal to the value which we obtain
after substituting the coordinates of P, in the equation of vg. Moreover we usually
take the positive quantity

denp = |singx, 4 cos pye + gl (6.3.1)

as the distance between the point P. and the straight line vg. Actually the quantity
sin ¢ x. 4+ cos ¢ y. + g can be positive or negative depending on the position of the
point with respect to the straight line.

By means of Theorem 4.9 we know that the same relation holds for pseudo-
FEuclidean geometry. In particular if we consider a straight line in canonical form
~vg ¢ {sinh, @ x 4+ cosh. 8y + g = 0}, (4.3.7) becomes the linear function of z.., y.
given by

de~y = |sinhe 0z, + coshe 0 y. + q|, (6.3.2)

and, as in Euclidean geometry, we take the absolute value which removes the sign
depending on the position of the point with respect to the straight line.

For the solution of the problem we must preserve the sign with a simple geo-
metrical consideration. Actually, for Euclidean geometry, we note that the centers
of excircles, with respect to the incircle, are on opposite sides of one straight line,
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then since we are finding the centers of the four circles by means of the same
linear equations, we have to equate the distances but for the sign. Therefore,
let us consider the straight lines determined by three points P, P>, P35 and let
us denote ~; : {sinh 0; x + cosh. 6; y + ¢; = 0} the straight line between points
Pj, Py, i # j, k. By introducing two quantities €;, €2 equal to &1, which take into
account the elimination of the absolute values in (6.3.2), we find the centers of the
inscribed and circumscribed hyperbolas by means of equations

ey = €1ders, devy, = €2dcrys. (6.3.3)
The semi-diameters shall be obtained from the center coordinates and one of
(6.3.2).
The Solution for General Algebras

All the exposed considerations can be applied to general algebras, and we have

Theorem 6.5. Given a straight line v; : {y—m; x—c; = 0} and a point P. = (x., y.)
outside the straight line, the distance between them is a linear function of the point
coordinates, given by

1 A
ey T 5 ‘f(mz) |<yc —mM; e — ci)|7 (634)
where
fmy) =1 — a(my)? + pm;. (6.3.5)

Proof. With the definition (6.3.5) we obtain, as for canonical systems, that the
square distance from P, and ~y; is proportional to the result of substituting the
coordinates of P, in the equation of ~;, in particular

A- (yc —M;Te — Ci)2
D.,, =— 6.3.6
v 4 f(my) ( )
and, also in this case, the distance can be put in the linear form (6.3.4) (]

As for Euclidean and pseudo-Euclidean planes, the sign of y. — m; . — ¢; is
determined by the position of the point P, with respect to straight line ~;.
In our specific problem the straight line passing through points P} and FP; is
given by
. Yk Yy . .
Vi Ay —yj=———(x—x;) | i #jF#k}, (6.3.7)
Tk — Ty
and the angular coefficient of the straight line “orthogonal” to ~;, is given by
(6.2.17)
o 2(wy — ) + By — yk)
my = .
=B (x; — xk) + 20 (Y5 — yr)
Therefore for the starting problem, we have
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Theorem 6.6. The centers and “semi-diameters” of “incircle” and “excircles” of
a triangle are given, as functions of the side lengths, by

€1 71d23 —€2T2d13+ €3T3d12

T =
61d23*€2d13+63d12
d _ d - d
yo = SLY1d23 — 2 13+ €Y3 12 (6.3.8)
€1d23—€2d13+€3d12
o A 82 . VIA[-S
(e1dag — €2di3 + €3d12)? le1d2s —e2diz +ezdial’

where ey, € = +1 and €3 = €1 €3.

Proof. The results (6.3.8) are obtained by solving the system (6.3.3), with d.-,
given by (6.3.4) and m;, ; given by (6.3.7) and setting e3 = €1 €a. O

We have obtained the centers and the semi-diameters of “incircle” and “ex-
circles” by means of the same equations. By analogy with Euclidean geometry, we
define as inscribed the “circle” with the smallest semi-diameter (e; = —ep = €3 =
—1).

We note that the expressions for k£ as a function of the side lengths are the
same as those of Euclidean geometry.

In Section 6.4 we show two numerical examples relative to elliptic and hy-
perbolic planes, and their graphical representation.

6.3.2 The Tangent Lines to the Fundamental Conic Section

By means of the analytic methods used up to now and by the support of an
adequate software, the theorems of Section 4.5 can be demonstrated for the fun-
damental conic section associated with the general two-dimensional algebra. In
particular Theorem 4.22 becomes

Theorem 6.7. If from a point P = (z,, y,) we trace a straight line which crosses
the fundamental conic section (6.1.6) in points S; and Sa, the product of the
square distances from P to Sy and Sy is constant and is obtained by substituting
the coordinates of P in the equation for the fundamental conic section

DTSI ’ Dpisz = [(wc — fp)Z —a(ye — yp)2 + B(xe — 2p) (Ye — Yp) — K]Z- (6.3.9)

Because the theorem holds for all the secants, in particular it is true for
tangent lines, if they exist. In this case we have S; = Sy =T and

D2 = (Dpg — K)* = Dpg = Dpr + K, (6.3.10)

which represents Pythagoras’ theorem for the right-angled triangle PT Po. Then
we have the extension of Theorem 4.15

Theorem 6.8. The tangent line to a fundamental conic section is “orthogonal” to
the diameter.
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6.4 Numerical Examples

Figs. 6.2-6.4 represent two applications of the results obtained in section (6.2)
about the “circumcircle”, “incircle” and “excircles” of a triangle?.

In particular let us consider three points P, = (3,4), P, = (6,8), P3 =
(7, 3); the first application is pertinent to elliptic geometry and in Fig. 6.2 we
report the five ellipses, obtained with the values of the parameters a = —3, § =
-1, A=-11<0.

In the second application we refer to hyperbolic geometry and in Figs. 6.3 and
6.4, the five hyperbolas, obtained with the values of the parameters o = 3, g =
—1, A =13 > 0, are reported.

The “circumcircles” have the coordinates of the centers obtained by (6.2.2)
and the square “semi-diameters” given by (6.2.6). The centers and “semi-diame-
ters” of the “incircle” and “excircles” are obtained by (6.3.8). Following the
convention of Section 6.1 we have mio = 4/3, my3 = —1/4, ma3 = —5 and
12ami2— B =9>VA=V13, 2amiz—p|=1/2 < VA, [2amys—[] =29 >
VA.

Then the sides P, P, and P,P5 (the straight lines ~y3, ;) are of the second
kind, the side P; P (the straight line 75) is of the first kind. The hyperbola tangent
to straight lines 73, 71 is of the second kind (z—.)?—(y—v.)? = k2, the hyperbola
tangent to straight line vy, is of the first kind (x — 2.)% — (y — y.)? = —k>.

As far as the circumscribed hyperbola is concerned, we report both the con-
jugate arms, tough the problem is solved by a hyperbola of a specific kind. In this
particular example Dj9, D13 < 0, Dog > 0, then from (6.2.1) we have K < 0,
i.e., as one can note from Fig. 6.3, the circumscribed hyperbola is of the first kind
(Y = ye)? — (v — 2c)* = k.

As far as the inscribed and ex-inscribed hyperbolas are concerned, their pa-
rameters are obtained by means of (6.3.8) and, by analogy with Euclidean geom-
etry, we define as inscribed the hyperbola with the smallest “semi-diameter”. By
observing Figs. 6.3 and 6.4, we shall see that these hyperbolas also have other
properties of the corresponding Euclidean circles.

2These figures were obtained with the software Mathematica [79].
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Figure 6.1: Given, in the Euclidean plane, three points P, = (3, 4), P> = (6, 8),
P; = (7, 3), these points can be considered the vertices of a triangle. In this figure
we report the incircle, circumcircle and ex-circles of the triangle, associated with
the canonical complex algebra {z = = +iy}.

20 |

@

o

Figure 6.2: Given three points P, = (3, 4), P» = (6, 8), P; = (7, 3), these points
can be considered the vertices of a triangle. In this figure we report the in-
scribed, circumscribed, and ex-inscribed ellipses associated with the elliptic algebra
{z=z+uy; v>=a+pu; v,y € R, a= -3, 3=—1, A= —11}. This example
and the following ones are generalisations of the Euclidean circles shown in Fig.
6.1.
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0

Py

10 20

Figure 6.3: Given three points P, = (3,4), P, = (6,8), P3 = (7, 3), these
points can be considered the vertices of a triangle. In these figures and in the
following ones we report the hyperbolas associated with the hyperbolic algebra
{z=z+uy; v =a+pPu; r,yeR,a=3,8=-1, A =13}

e Up: The “circumscribed’” hyperbola.

e Down: The “inscribed” hyperbola.

As for Euclidean incircles, the inscribed hyperbola is tangent to the triangle sides
(and not to the external straight line) and its center is inside the triangle.
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10 10 20

10 \

Figure 6.4: The “ex-inscribed’ hyperbolas of the triangle of Fig. 6.3. As for
Fuclidean excircles, the ex-inscribed hyperbolas are tangent to a triangle side
and to two external straight lines and their centers are outside the triangle.



Chapter 7

Functions of a Hyperbolic Variable

7.1 Some Remarks on Functions of a Complex Variable

For real variables, the definition of polynomials (linear combinations of powers)
stems from the definitions of elementary algebraic operations. Since for complex
variables the same algebraic rules hold, also for them the polynomial can be defined
and, grouping together the terms with and without the coefficient i, we can always
express them as P(z) = u (z,y) +iv (z,y), where u, v are real functions of the real
variables z, y.

As far as the transcendental functions of a complex variable are concerned,
we cannot “a priori” assume that they can be written in a similar form, i.e., that
the versor i can be taken out from the function for obtaining two real functions
linked by i. The Euler formula for the exponential function has been considered
as a secret of nature up to the formalization of the theory of analytic functions
given by absolutely convergent power series to which the same algebraic rules
of the polynomial can be applied. Then for these functions we can always write
w= f(z) = flz+1iy) = u(x,y) +1v(z,y). Since v and v are obtained in an
algebraic way from the binomial x + iy, they cannot be arbitrary functions but
must satisfy definite conditions. These conditions can be obtained in many ways.
Following Riemann, we say that a function w = f(z) = u(x,y) +iv(z,y) is a
function of the complex variable z if its derivative is independent of the direction
with respect to which the incremental ratio is taken. From these conditions two
partial differential equations, named after Cauchy and Riemann, link u and v.

A formal way for obtaining these equations is the following one. Let us con-
sider a generic expression w = u (z,y) + iv (z,y) and perform the bijective sub-
stitution z = z +1iy, Z = x — iy; we say that w is a function of z if it does not
depend on z, i.e., its partial derivative w z = 0'. By means of the derivative chain
rule we carry out the calculation and obtain

We=UpZzFuyyz+i(VetzFvyysz)=[us—vy+iuy+va)]/2=0,
from which the Cauchy—Riemann conditions follow;
Ug =Vy, Uy = —Vg. (7.1.1)

The functions of a complex variable have the property that, even if they are
functions of x and y, they are just functions of z.

IThe comma stands for differentiation with respect to the variables which follow.
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The same conclusion is obtained if we consider functions of just z. In this
case u, v must satisfy the partial differential equations

Uy = —Vy, Uy = V. (7.1.2)

These equations have a physical relevance. Actually if we give to u, v the physical

meaning of the components of a two-dimensional vector field E = (u,v), (7.1.2)
represent the conditions rot E=0, div E =0. F is a harmonic field since, thanks to
(7.1.1) and (7.1.2), w and v satisfy the Laplace equation U 4, +U ,,, = 0. Moreover
the Laplace equation is also invariant under the transformations z, y = u, v,
where u, v are given by the real and imaginary part of a function of a complex
variable [69]. These functional transformations are called a conformal group.

This link between functions of a complex variable and relevant physical fields
is outstanding, as we can see with the following examples. We know that the
study of a central field is simplified if we use polar coordinates which have the
same “symmetry” of the problem and reduce the dependence of the function we
have to calculate (as an example the potential) just on one variable (the distance
from the source). The same result occurs with functions of a complex variable
and a harmonic field. Actually two functions (u(x,y), v (z,y)) of the variables
x, y become one function of one variable w(z). A practical result is that some
problems related to Laplace or Poisson partial differential equations can be reduced
to integrals or solved by means of functional transformations.

Now let us state a link between the multiplicative group of complex numbers
and the conformal group of functional transformations. In the language of the
classical Lie groups, the two-dimensional Euclidean group (recalled in Section
3.1.2) is said to be a finite group because it depends on three parameters, whilst
the conformal group is said to be infinite because it depends on arbitrary functions
(see Section 7.2.3).

The Euclidean group is very important in itself. Moreover, if considered as
addition and multiplication of complex constants and variables, it represents the
simplest subgroup of the conformal group. Both groups derive from the symmetries
related to the “operator” “i” of a complex variable. A connection between these
two groups can be found if one looks for a field which satisfies the Laplace equation
and is invariant for the rotation group. Having set these requirements the problem
is equivalent to calculating the potential of a central field, which is a function only
of distance from the source. This problem is usually solved ([69], p. 341) by means
of a polar coordinate transformation (z, y = p, ¢), which transforms the Laplace
equation into u ,, + p~tu, + p2u e = 0.

The use of a complex exponential transformation, which has the same sym-
metries as the polar one, leaves the Laplace equation invariant; then with the
transformation

r=expX cosY, y=expX sinY or X =In+/22 + 32, Y =tan " *(y/x),
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we have to solve the equation
Uxx +Uyy =0. (7.1.3)

The U invariance for rotation means independence of the rotation angle, repre-
sented here by Y. Therefore Uyy = 0, and U depends only on the variable X.
The partial differential equation, (7.1.3), becomes an ordinary differential equation
d*U/dX? = 0, with the elementary solution

U=aX+b=aln/22+y2+0, (7.1.4)

which represents the potential of a point charge. Then in the (X, Y) plane the
straight lines X = const. give the equipotential, and, as is better known, the circles
22 + 9% = const. are the equipotentials in the =, y plane. We can note that, from
the “symmetry” of the finite rotation group, we have obtained the Green function
for the partial differential Laplace equation.

From this example there follows a practical and simple solution for particular
problems, as an example: if we know an equipotential of a plane harmonic field
and a conformal transformation u, v < x, y, which maps the given equipotential
into a circle, the other equipotentials are given by Inv/u? + v2.

7.2 Functions of Hypercomplex Variables

7.2.1 Generalized Cauchy—Riemann Conditions

In Appendix C we shall introduce the functions of a hypercomplex variable by
means of matrix algebra; here, following an approach that is similar to the one
used for introducing the functions of a complex variable, we obtain the Generalized
Cauchy—Riemann (GCR) conditions, for functions of N-dimensional commutative
systems.? Scheffers’ theorem quoted in Section 2.1 allows us to define the functions
of commutative hypercomplex variables by extending Riemann’s ideas concerning
the functions of complex variables. Let us denote by x = 20 + e; 2° (the unity
versor eg has been omitted) the hypercomplex variable and w = w® + e; w® a hy-
percomplex function. w® are real and differentiable functions of the real variables
20, . . Nl

We say that w is a function of the variable x in a domain D if for all Py =
(z§) € D, the limit of the incremental ratio Aw does not depend on the manner in
which the point Py + A P approaches the point Py, with the additional condition
that Ax is not a divisor of zero. If these conditions are satisfied w is called a
holomorphic function [60].

2The functions of hypercomplex variables allow us to associate the group of functional trans-
formations (conformal mapping) with the hypercomplex numbers. In Section 7.2.3 we explain
their relevance.
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This requirement implies that the components must satisfy some Cauchy—
Riemann-like equations given by a system of first-order partial differential equa-
tions. These equations, as Cauchy—Riemann conditions, can be obtained in many
ways and with the same mathematical rigor as for the theory of functions of a
complex and bicomplex variable [60] and [73]. Here we give two equivalent formu-
lations.

Theorem 7.1. w is a holomorphic function of the variable x if the following Gen-
eralized Cauchy—Riemann conditions (GCR) are satisfied:

ow
(GCR) Gam = W = CmWo, (7.2.1)
Proof. Let us denote by dw and dx the differentials and by p = e,p® the hyper-
complex derivative of w with respect to the hypercomplex variable x, so that

dw=pdzx. (7.2.2)

We can write p de
w  w.dr
=0 (7.2.3)
dx ey dx”
Since the incremental ratio must be independent of the dx direction, we can take

dz" = (d2°,0,...,0) obtaining
dw/dr=w,=wp. (7.2.4)

Le., The derivative of w with respect to the hypercomplex variable x is given by the
partial derivative with respect to the variable x°.

If we take dax = (0,...,da™,...,0) in the direction of the coordinate axis

m, we obtain the Generalized Cauchy—Riemann conditions (7.2.1) which are an

extension of the one which holds for functions of a complex variable w , = i w 4.

O

The partial differential equations (7.2.1) are N — 1 differential conditions
between hypercomplex functions; then they correspond to N(N — 1) relations
between real functions. Since all the partial derivatives of the NV functions w® with
respect to the N variables 2@ are N2, only N partial derivatives are independent,
i.e., the number of derivatives of a component with respect to the N variables.
Then we have

Theorem 7.2. All the partial derivatives can be expressed as functions of the partial
derivatives of just one component.

A straightforward consequence of this property is: if we know, in a simply
connected domain, a component of a holomorphic function, we can calculate, but
for a constant term, the other components by means of line integrals. This property
is similar to the well-known property of functions of a complex variable, and in
Section A.3.1 we see the application to quaternions.
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Now let us show a relation between the partial derivatives of the components
w® and the characteristic matrix. This relation represents an alternative formu-
lation for (GCR). In [73] it is demonstrated that this condition is necessary and
sufficient for the definition of the functions of a hypercomplex variable.

Theorem 7.3. The Jacobian matriz of the components of a hypercomplex function
is the same as the characteristic matriz.

Proof. By substituting the components in (7.2.2) we have
ow’ o o
dwzegdwﬁzeﬁﬁdx"’; pdr =enp ewdmvzeﬁCgvp dz”. (7.2.5)

Equating the last terms of these equations, by means of (2.1.4), we have

dwP of

Bo7 = Can?
By noting that the elements on the left-hand side are the ones of the Jacobian
matrix, we obtain the demonstration of the theorem and a second formulation of
(GCR) conditions. O

=p’. (7.2.6)

From this theorem follows

Theorem 7.4. The characteristic determinant of the derivative of a hypercomplex
function is the same as the Jacobian determinant.

7.2.2 The Principal Transformation

As for complex numbers, let us consider the bijective transformation between the
components of a hypercomplex number and its principal conjugations:

202 a2V o g1z, N1z where, as in Sections 2.1.6 and C.3.5,
7 indicates the k' conjugation. We call this transformation the principal trans-
formation. As well as for complex variables we equate real with hypercomplex
variables and this is algebraically correct since the determinant of transformation
is different from zero. So we write the hypercomplex function w as a function of
kg,

k

w=w(z,'z,... ,(Nfl)f).

Calculating by the derivative chain rule, the partial derivatives of w with respect
to the components x#, we have

N-1
W =W+ Y W kg T, (7.2.7)
k=1

where we have pointed out the dependence on hypercomplex variable x. Since
T, = ey, by comparing (7.2.7) with (7.2.1), we have w 5z = 0, and it follows
that w depends only on x.
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This result allows us to obtain (7.2.1) in the same way as for the functions of
a complex variable, i.e., by requiring that wi, = 0 for all *z. The derivative can
be formally obtained as a derivative of a function of z. Therefore we can state

Theorem 7.5. The derivative of a function of a hypercomplex variable is a function
just of x, and not of its conjugations; then it is a holomorphic function as well.

These considerations lead us to believe that it is important, for both mathe-
matical analysis and for applied sciences, to develop a function theory for hyper-
complex variables analogous to the one for a complex variable. In this chapter we
begin these studies as regards the hyperbolic variable and in Chapters 8-10, we
give some geometrical and physical applications.

7.2.3 Functions of a Hypercomplex Variable as
Infinite-Dimensional Lie Groups

S. Lie showed [50] that continuous groups can be related to systems of differential
equations. This property can be inverted in the following way: If the “composi-
tion” of solutions of a differential system is yet a solution, this system defines a
continuous group [5]. Two possibilities can occur;

1. solutions depend on arbitrary constants,
2. solutions depend on arbitrary functions.

In the first case we have a finite continuous group and its order is given by the
number of arbitrary constants. In the second one (the system is a partial differential
system) the group is an infinite-dimensional Lie group.

Let us consider the well-known example of complex numbers. We know that
the variable z is used for representing plane vectors in Euclidean plane, i.e., in
a plane with its own geometry, summarized by the invariance with respect to
roto-translations group. The functions of a complex variable satisfy the partial
differential Cauchy-Riemann system and so do their compositions (the functions
of a function). Therefore they can be related to an infinite-dimensional Lie group
(conformal group), which represents the two-dimensional harmonic field. Among
these functions there is the identity function w = z and we can say: vectors and
vector fields, belong to the same group; then they have the same symmetries. Oth-
erwise the functions of a complex variable can be considered as a function of just
one variable (z) with the symmetry between components stated by the structure
constants. This property characterizes all the commutative hypercomplex systems.

Actually GCR conditions (7.2.1) represent a partial differential system and
the composition of solutions (functions of a function) is yet a solution of this sys-
tem; then the functions of commutative hypercomplex variables define an infinite-
dimensional Lie group. We have

1. every hypercomplex number can be associated with the finite group of a
geometry,
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2. the functions of a hypercomplex variable can be associated with the infinite-
dimensional group of functional mappings.

The first group can represent vectors, the second one can be associated with phys-
ical fields. Therefore it follows

Theorem 7.6. If vectors and vector fields can be represented by hypercomplex
variables and hypercomplex functions, they have automatically the same invari-
ant quantities. The structure constants can be considered as symmetry preserving
operators not only from an algebraic point of view, but also for functions.

Vector functions of vectors

The just exposed considerations allow us to introduce a concept which relates
vectors to vector fields: vector functions of a vector. Now let us explain what this
statement means.

Vectors are usually represented in a three-dimensional Euclidean space by
the expression ¥ =7z + Jy + k z and are determined by modulus and direction (a
scalar quantity and angles). As it is known, the modulus represents the invariant
quantity with respect to the Euclidean group of roto-translations.

In addition to vectors also vector fields are of physical relevance. They are
given by three functions of the point (z, y, z) and are represented as E(x, Y,z) =
TE1(x,y,2) + JEa(z,y,2) + EE;}((E, y,z). The three components are independent
one from the others except that, for relevant physical fields, they must satisfy
some (partial) differential equations. As a consequence of their representation
in Euclidean space, we require that components are transformed as components
of vectors and have the same invariant (the modulus given by a quadratic ex-
pression). We do not give any meaning to an expression like E(f’) On the con-
trary, for representations by means of complex numbers we give a meaning to
w = f(z) = f(fx + ;y) and the same meaning can be given to functions of
commutative hypercomplex variables. Moreover, the functions of a hypercomplex
variable can be considered as functions of just one variable, as shown in Section
7.2.2, with the symmetry between the components stated by the structure constants.

7.3 The Functions of a Hyperbolic Variable

7.3.1 Cauchy-Riemann Conditions for General Two-Dimensional
Systems

Now we apply the methods exposed in Section 7.2.1 to general two-dimensional
systems considered in Section 2.2; we have w = w® + uw' and = 2° + ua'. The
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other symbols have the meaning of Section 2.2. The conditions (7.2.6) become

ow®  ow° o )
9.0 A1 z oz
gfiﬁ 35)11 = < ol ZO+6Z1 > (7'3-1)
020 Ozt
and we obtain the GCR
Ow® owt  ow®  ow! ow'!
ozt V020" Bx0 ozl g 020 (7.3.2)

The same conditions are obtained from (7.2.1)

n 0z0 920 ) =% 920 T\ 90 0z0 )’

By equating the coefficients of the versors we obtain (7.3.2).

ow'

w
Ozt

ou?
Ozt

7.3.2 The Derivative of Functions of a Canonical Hyperbolic
Variable

Let us consider in a domain D of the (z, y) plane two real differentiable functions
u = u(x, y), v = v(x, y) of the real variables z, y. We associate with these func-
tions a function of a canonical hyperbolic variable w = f(z) = f(z+hy) = u+ho.
We say that the function w = w4+ hv is a function of z if the GCR conditions are
satisfied. Equations (7.3.2) become

Uy = Vy; Uy = Vg (7.3.3)
These functions are called hyperbolic analytic or more simply h-analytic [47], and
the derivative is given by

dw

Ezf’(z):ugchh”uIEuerhuy.

(7.34)
Differentiating (7.3.3) with respect to = (or y) and equating the mixed partial
derivatives v 4, = vy, we see that u(z, y) (and v(x, y)) satisfy the wave equation.
This result is analogous to that obtained for functions of a complex variable with
respect to the Laplace equation. In particular the system (7.3.3) represents the
canonical form of hyperbolic partial differential equations. Moreover we have

Theorem 7.7. The transformations with functions of a hyperbolic variable leave
the wave equation unchanged.

Proof. Tt can be demonstrated with the procedure followed for the Laplace equa-
tion with respect to the conformal group. ([l
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As well as for functions of a complex variable it can be easily shown [47] that
rational functions are h-analytic with the additional condition that the denomi-
nator is not a zero-divisor. This last condition represents a peculiar characteristic
of hyperbolic functions and of a representative hyperbolic plane. Actually, if we
approach zg on an arbitrary line, the tangent to this line must not be parallel to
axes bisectors. In particular, if we call 7 a real parameter and consider the line

C=xz(r)+ hy(r), (7.3.5)

this line, in addition to being “ a Jordan line”, must satisfy this condition which
also means that in the hyperbolic plane we can consider just some closed cycles.

7.3.3 The Properties of H-Analytic Functions

Equations (7.3.3), as functions of decomposed variables &, n (Section 2.1.7), be-
come

Ue—Ve=(Uu—0)e=0e=0; up+v,=u+v),=0¢,=0, (7.3.6)

where we have put ;9 = u — v and ¢ = u + v. Then 9 is a function of just n and
¢ of £ and can be put as arbitrary functions of ¢ = x +y, n = x — y, respectively.
As a consequence the general expression of the functions of hyperbolic variables
can be expressed as the linear combination [47]

=gty H o], v=gbaty) —vE-yl  (737)

If we give to x the physical meaning (see Section 4.1.2 at p. 30) of a normalized
time variable, (7.3.7) show that ¢, 1 represent the onward and backward solutions
of the wave equation and u, v are a linear combination of them (Section C.7). Vice
versa we can say that the real decomposition of a hyperbolic system is equivalent
to D’Alembert transformation of the wave equation [72].

7.3.4 The Analytic Functions of Decomposable Systems

From (2.2.22) and (2.2.23) it follows that the positive and negative powers of de-
composable systems are obtained as the powers of the decomposed systems [43].
Then by calling e, es the versors of an idempotent basis, £, 1 the hyperbolic de-
composed variables (Section 2.1.7), we have: The elementary functions, expressed
by power series of ( = e1 £ + ean with coefficients ar, € R, are given by

f(Q) = Zak k= Zak (er&4ean)t =ey f(€)+ex f(n). (7.3.8)
3 %

Then the elementary functions of these systems are an analytic continuation of the
functions of a real variable. From (2.2.20) it follows: Analytic functions, defined by
series with real coefficients, of conjugate variables are conjugate analytic functions

f(z) = f(2). (7.3.9)
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In particular, following the same procedure shown in ([60], Section 17) for the
bicomplex functions and in Appendix C for the commutative hypercomplex sys-
tems, it can be demonstrated that analytic continuations of circular, exponential
and logarithm functions have the same properties as the corresponding real and
complex functions. Then the decomposability of hyperbolic systems allows us to
set up their functions

e in the same way of functions of a complex variable [47],

e or by means of (7.3.8) which represents an analytic continuation of real func-
tions of a real variable.

7.4 The Elementary Functions of a Canonical
Hyperbolic Variable

Exponential Function

This function has been already introduced in Section 4.1.1 where it was the starting
point for introducing hyperbolic trigonometry.

exp[z] = explz + hy] = explz] (coshy + h sinhy). (7.4.1)
This function can be extended as is shown in Section 4.2.2. We can easily verify
that “real” and “hyperbolic” components of (7.4.1) satisfy (7.3.3).
Logarithm Function

It is defined as the inverse of the exponential function [47]
1
for || > |y| = Inz=In[z+ hy] = 3 In[z® — y*] + htanh™* g, (7.4.2)
x

1
for |z| <|y| = Inz=In[z+ hy] = 3 In[y? — 2] + htanh ™! %

Hyperbolic Trigonometric Function
Setting in (7.4.1) x = 0, we have

expl[hy] = coshy + h sinhy; exp[—hy| = coshy — h sinhy
and

exp[hy] +exp[—hy] explhy] — exp[—hy]

2 ' 2h '
As well as for functions of a complex variable, the substitution y = z allows us to
define cosh z, sinh z. Comparing the series development of (7.4.3) with the ones
of real functions coshy, sinhy we obtain

cosh[hy] = cosh[y], sinh[hy] = h sinh[y]. (7.4.4)

coshy = sinhy = (7.4.3)
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Then from (4.4.2), (4.4.3) and (7.4.4) we get

cosh z = cosh[z + hy] = coshz coshy + h sinh z sinh y,
sinh z = sinh[z 4+ hy] = sinh z cosh y + h cosh z sinh y. (7.4.5)

Circular Trigonometric Functions

In complex analysis the circular trigonometric functions are defined by a continu-
ation into the complex field by means of Euler’s formula, exactly as we did in the
previous section when we defined the hyperbolic trigonometric functions. From
this point of view circular trigonometric functions seem not to be in agreement
with the properties of functions of a hyperbolic variable. Nevertheless we know
that the circular trigonometric functions are usually considered for describing the
solution of the wave equation, and thus their introduction appears important.
They can be introduced by means of (7.3.8) or, comparing absolutely convergent
series, we extend (7.4.4) to circular trigonometric functions and apply the usual
properties of the functions of the sum of angles. Following ([25], p. 72) we define

cos z = cos[z + hy] = cosx cosy — h sinz siny,

sinz = sin[z + hy] =sinz cosy + h cos zsiny. (7.4.6)

We note that in the complex field the components of hyperbolic and circular
trigonometric functions are given by products of both circular and hyperbolic
functions and they can be obtained one from the others. Now from (7.4.5) and
(7.4.6) we see that circular and hyperbolic trigonometric functions hold the same
properties that they have in the real field.

Derivatives

It is easy to verify that the functions just defined satisfy conditions (7.3.3) and
their derivatives can be obtained by the same differentiation formulas which hold
for real and complex variables. As an example, we have

d explz] exple] dlnz 1
———— =ex =-.
dz PEL 02 z

7.5 H-Conformal Mappings

As well as for functions of a complex variable we call [47] h-conformal mappings the
functional bijective mappings =, y < u, v with u, v satisfying conditions (7.3.3).
The first property must be that the Jacobian determinant (J) of the mapping
o(u, v) ou\? v\ > PN

== - [=— | = 7.5.1
e dll= (3 - () =wer asy

e ) = |
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must be # 0.
Therefore, since analytic functions are defined if f/(z) # 0 and is not a zero
divisor, we have

Theorem 7.8. For a domain in which f(2) is differentiable the mapping is bijective.

Writing (7.3.3) in decomposed form (7.3.7), the Jacobian determinant be-

ﬂawz”§?3H=C¥>Cﬁ>_d@+wwww (75.2)

which is zero when the derivatives with respect to £ or n are zero, i.e., on the
straight lines parallel to axes bisectors x + y = const. These straight lines are
called characteristic lines of the differential system (7.3.3). Unlike for conformal
mappings of a complex variable for which J is never < 0, for hyperbolic mappings it
changes sign when crossing the characteristic lines which represent [47] ramification
lines. From (7.3.7), it follows that the characteristic lines of system (7.3.3) are
mapped into the new characteristic lines

utv=da+y); u—v=d-y), (7.5.3)

i.e., for x £y = const, it is u £ v = const. From this we have [47]

Theorem 7.9. In an h-conformal mapping, lines parallel to characteristic lines are
transformed into lines parallel to characteristic lines: the topologies of starting and
transformed planes are the same.

In other words both planes are divided into the four sectors which, in Section
4.1, we have called Rs, Us, Ls, Ds. Since a Jacobian determinant cannot change
sign in bijective mappings, the borderlines of starting and transformed domains
must be on the same side with respect to characteristic lines.

As an example, this implies that we cannot map the internal points of a
circle into a half-plane. Vice versa we shall see that we can map the points of an
equilateral hyperbola on the z axis of the transformed plane (Theorem 7.20).

Now we see that if we represent hyperbolic functions in a plane in which the
geometry is the one generated by hyperbolic numbers (Section 3.2), in every point
zo in which f(zg) is holomorphic we have

Theorem 7.10. The hyperbolic conformal mappings have exactly the same proper-
ties as the conformal mappings of a complex variable, in particular:

1. The stretching is constant in hyperbolic geometry and is given by | f'(2)||
which is equal to the Jacobian determinant of the mapping.

2. The hyperbolic angles between any two curves passing through zg, are pre-
served.
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Proof. 1. From the definition of the derivative we have

. Aw dw o
|A z|#£0
and i
w J—
— f/
iz 1'(2). (7.5.5)

If we multiply the sides of (7.5.4) by the corresponding ones of (7.5.5) we have
ldwll = [Lf* ()] - ld 2], (7.5.6)

then in hyperbolic geometry (distance defined as ||z||) the stretching does not
depend on direction, moreover ||f'(z)| is the characteristic determinant of the
derivative of f(z), then it is equal to the Jacobian determinant of f(z).

2. Let us consider, in the representative hyperbolic plane, a regular curve A(7)
given by (7.3.5), which passes through the point zo = (7). This curve is mapped
into a curve A of the w plane passing through the point wg = f(20) = f[z(70)].
For the derivative chain rule we have

wy = f'(20) 2’ (10); (7.5.7)

since differentiability requires that f’(zp) # 0 and for regular curves z'(7) # 0,
we can put all terms in (7.5.7) in exponential form and by calling 9, ¢, v the
arguments of w’, f'(z), 2/(7), respectively, we have

exp[d] = exp[g]exp[y] = J-—y=0¢. (7.5.8)

Then the mapping w = f(z) rotates all curves passing through the point zy of the
same hyperbolic angle equal to the argument of the derivative at the point zo. 0O

7.5.1 H-Conformal Mappings by Means of Elementary Functions
Exponential and Hyperbolic Trigonometric Functions

Exponential function w = exp[z+hy]. Let us consider the mapping between the
planes (z, y) < (u, v) by means of the exponential function (7.4.1)

u+ hv = exp[z + hy] = explz](coshy + h sinh y).

e Whereas the variables z, y assume all the values in their plane, the functions
u, v assume just the values € Rs.

e The zero divisors of the (z, y) plane (axes bisectors = +y) are mapped
into the half-lines u £ v =1 for {u £ v =1} € Rs.



100 Chapter 7. Functions of a Hyperbolic Variable

e Since J = exp[2x] > 0, sectors (Rs, Ls) of the (z, y) plane are mapped into
the same sectors of the (u, v) plane starting from the crossing point of lines
u+v=1Lu—v=1,1ie., inpoint u=1 v=0.

e The border-lines of sector (Ls) of the (u, v) plane are given by the square
inside the lines u + v = 1 and the axes bisectors.

e Lines H(z) : {y = yo} are mapped into the half-lines u = v - cothyo; u > 0.

y1

yo

ix0 ix1 X

Figure 7.1: Mapping of a rectangle in the (x,y) plane by means of function u+hv =
explx 4+ hy]. The lines Hz : {y = yo} are mapped into the half-lines u = v - coth ygo
u > 0. The lines Rz : {x = zg, y = 7;7 € R} are mapped into the arm (€ Rs) of
equilateral hyperbolas u+ h v = exp[zg+ h 7]. So the rectangle in the (z, y) plane,
c1 < & < ¢; by <y < by, is mapped into the domain of the (u, v) plane between
the equilateral hyperbolas exp[c1 + h 7] < u+hv < exp[ca + h 7] and the half-lines
u = v -cothby; u = v-cothby; u > 0. We note, once again, that this mapping
is equivalent to a sector of an annulus obtained in the complex plane, mapping a
rectangle by the complex exponential.

e Lines N(z) : {x = 29, y = 7;7 € R} are mapped into the arm (€ Rs) of
equilateral hyperbolas u + hv = explzg + h 7].

e The rectangle in the (z, y) plane c; < x < ¢a; b1 < y < by is mapped into the
domain of the (u, v) plane between the equilateral hyperbolas exp[c; +h 7] <
u—+ hv < explea + h7] and the half-lines u = v - cothby; uw = v - cothbs (Fig.
7.1).
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yi

y0

x0: x1: X

Figure 7.2: Mapping of a rectangle in the (x,y) plane by means of the function
u+ hv = cosh[z 4+ hy|. Lines € Rs x = const = xg, y < xo are mapped into a
part of the arm € Rs of hyperbolas u? /Cosh2 zo — v? /sinh2 xo = 1 with vertex
on the u axis in point uy = cosh g, focuses in points up = (& cosh 2z, 0) and
asymptotes ©u = v - cothzg. As xg increases the vertex goes far from the axes
origin, asymptotes go near the axes bisectors. Lines y = const = yg, * > Yo
are mapped into hyperbolas u?/cosh? 5j — v?/sinh? yy = 1 with vertex on the u
axis in point uy = coshyy, focuses in points up = (£ cosh 2yg, 0) and asymptotes
u = Fw-coth yg. As yg increases the vertex goes far from the axes origin, asymptotes
go near the axes bisectors. For the bijective mappings it must be z > y.

Hyperbolic cosine w = cosh[z + hy]. We have
u = coshzcoshy, v =sinhzsinhy. (7.5.9)

e In decomposed variables we have ¢ = cosh&,; ¥ = coshn = ¢, ¥ > 1 and
J = sinh ¢ sinh 1 changes its sign on the axes bisectors x4+y =0and x—y =0
which are mapped into the lines u + v = 1 and u — v = 1, respectively.

e All points of the (£, ) plane are mapped into points of the first quadrant for
¢, > 1

e In the (z, y) plane, points in all sectors are mapped into points € Rs with
|u| > 1. This is evident from (7.5.9) since u, v have the same value by chang-
ingr«—yandz, y— —z, —y.
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e Lines € Rs © = const = xg, y < xo are mapped into a part of the arm € Rs

of hyperbolas
2 2
Im : { uQ - = 1)2 = 1} .
cosh®xy  sinh” xg

These hyperbolas have the properties

— wvertex V7, = (coshzg, 0),
— focus Fr, = (cosh2zq, 0),
— asymptotes u = v - cothxg € (Ls, Rs).

— As x( increases the vertex and focus go far from the axes origin, the
asymptotes go near the axes bisectors.

e Lines y = const = yg, = > Yo are mapped into hyperbolas

2 2
Zy,: { u2 — — U2 = 1}.
cosh®yo  sinh”yq

These hyperbolas have

— wertex Vz, = (coshyg, 0),
— focus Fz, = (cosh2yq, 0),
— asymptotes u = £v - cothyy € (Ls, Rs).

— As yg increases the vertex goes far from the axes origin, asymptotes go
near the axes bisectors (Fig. 7.2).

e Now we verify that all hyperbolas are € Rs of the (u, v) plane inside the
lines u v = 1.

Proof. If we look for the intersections of these lines with hyperbolas, we have
u+ v = cosh z cosh y + sinh z sinh y = cosh[z & y] = 1; since this condition is
satisfied just for zero divisors, it never happens. O

e The hyperbolas 7, : {x = 20} and Z, : {y = yo} are the transformed curves
of two orthogonal lines; therefore for the second property of h-conformal
mapping (Section 7.5), they must cross orthogonally. Now we verify this

property.

Proof. In the Euclidean plane the cosine of the angle between two crossing
curves is proportional to the scalar product between the gradients to the
curves. This property also holds for curves in the hyperbolic plane by the
formal changes of cos = cosh and Euclidean scalar product = hyperbolic
scalar product (see p. 33). Since the components of the versors of the gradients
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in the crossing point Pz = (cosh g coshyg, sinh g sinhyg) are proportional

to
coshzy sinhzxg coshyy sinhyg
for Z, : { ————, — , for Z,, : , — ,
coshyg ' sinhyg coshzgp’ sinhxg
the hyperbolic scalar product is zero. (I

Hyperbolic sine w = sinh[x + hy|. Unlike the previously considered functions,
sinh[z 4+ hy| maps the complete (z, y) plane into the complete (u, v) plane.
Actually functions ¢ = sinh¢, v = sinhn are an increasing bijective mapping
&, m < ¢, Y. Coming back to x, y variables, we have

u=sinhacoshy, v = coshzsinhy. (7.5.10)

J = cosh(z + y) cosh(z — y) > 0, i.e., the whole (z, y) plane can be mapped into
the whole (u, v) plane.

e Lines z £ y = 0 are mapped into lines u +v = 0.

e Lines x = const = xy for £y > 0 are mapped into the arm € Rs and for
2o < 0 in the arm € Ls of hyperbolas

2 2
U v
I, : { —— — 5 = 1}.
sinh®zg  cosh” xg

These hyperbolas have

— wvertex V7, = (sinhzg, 0),
— asymptotes u = v - tanhzy € (Us, Ds).

— As xg increases the vertex and focus go far from the axes origin, asymp-
totes go near the axes bisectors.

e Lines y = const = yy are mapped, for yo > 0 into the arm € Us, and for
1o < 0 into the arm € Ds of hyperbolas

2 2
Zy,: { - 02 — u2 = 1}.
sinh“yo  cosh” yq

These hyperbolas have

— wvertex Vz, = (0, £sinhyy),
— asymptotes u = v - cothyg € (Ls, Rs).

— As y increases the vertex goes far from the axes origin, the asymptotes
go near the axes bisectors.
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y1

y0|

'x0 ix1 X : : u

Figure 7.3: Mapping of a rectangle in the (x,y) plane by means of the
function u+ hv = sinh[z + hy|. Lines x = const = x( are mapped for
o > 0 into the arm € Rs and for xg < 0 in the arm € Ls of hyperbolas
(u?/sinh® zy) — (v?/cosh®zy) = 1. The vertexes of these hyperbolas
are on the v axis at the point uy = +sinhzy. The asymptotes u =
4o - tanh zy are in sectors Us, Ds. As x( increases the vertex goes far
from the axes origin, the asymptotes go near the axes bisectors. The
lines y = const = y are mapped for yy > 0 into the arm € Us and for
Yo < 0 in the arm € Ds of hyperbolas (v?/sinh? yg) — (u?/cosh® yg) = 1.
These hyperbolas have the vertexes on v axis, in points vy = +sinh yq
and asymptotes u = Fv - coth yg.

The rectangle of the (z, y) plane +¢; < & < £eg; +by < y < +bs is mapped
into the domain of the (u, v) plane, between the hyperbolas (see Fig. 7.3)

Ls — Rs
= 4 sinhcy coshT+ h cosheysinhT <u+ hv
< #£sinh ¢y cosh 7 + h cosh ¢, sinh 7
Us— Ds
= +sinh b; cosh7 + h coshby sinhT < v+ hu
< +£sinh by cosh 7 + A cosh by sinh 7.
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A short summary

Let us summarize the elements of the three just exposed mappings which can be
considered peculiar to the hyperbolic plane.

We have seen that for both exp|z] and sinh[z], J is always > 0. This property
means that the whole z plane can be bijectively mapped into the w plane with the
following difference: sinh[z] is mapped into the whole w plane, exp[z] € Rs.

In particular, let us consider exp[z] in the (¢, ¢) plane; we have:

e the n = 0 axis is mapped into the line ¢ = 1,
e the £ = 0 axis is mapped into the line ¢ = 1;

then, numbering anticlockwisely the quadrants in the Cartesian representation of
the decomposed variables, we have:

e 1 Q. of the (£, n) plane is mapped into the sector ¢ > 1, ¢ > 1,

e II Q. of the (¢, ) plane is mapped into the band 0 < ¢ <1, ¢ > 1,

e III Q. of the (&, n) plane is mapped into the square 0 < ¥ < 1,0 < ¢ < 1,
e IV Q. of the (£, n) is mapped into the band 0 < ¢ < 1, ¢ > 1.

Now let us consider cosh[z]. We have J = 0 on axes bisectors of the (z, y)
plane. Therefore no domain which crosses the axes bisector can be bijectively
mapped. Actually sectors (Us) and (Rs) of the (z, y) plane are mapped into
the (Rs) sector of the (u, v) plane. Further since cosh is an even function, the
sectors (Ls) and (Ds) too, are mapped into (Rs) of the (u, v) plane. Moreover
characteristic lines of the (z, y) plane are mapped into lines u + v = 1, the sector
(Rs) of the (u, v) plane is |u| > |v|, u > 1.

Logarithm Function

We have J = 1/(22) = 1/(2? — y?), then the axes bisectors are the characteristic
lines. The mapping can be bijective just for domains inside one of the four sectors.

Circular Trigonometric Functions

Sine w = sin[x + hy]. We have
u=sinrcosy ; v =cosxsiny (7.5.11)

and u +v = sin(z +y), u—v = sin(x — y), then |[u+v| < 1, |[u —v| < L
J = cos(z + y) cos(x —y) so J =0 for x + y = w/2. These lines limit the domain
for bijective mapping to points  +y < 7/2 and z — y < w/2. The domain of the
(z, y) plane, given by |x +y| < 7/2, |z —y| < 7/2, is the square with vertexes at
the points Py 3 = (0, £7/2) e Py 4 = (£7/2, 0). This square is mapped into the
square of the (u, v) plane with vertexes at P 3 = (0, +1) and Py , = (£1, 0) (see.
Fig. 7.4).
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The zero divisors = £y are mapped into v = Fwv.
Segments x = const =y < 7/2, |y| < w/2—~1, are mapped into ellipse arcs

u = siny; cosy, v = \/1 —sin?~; siny. In the same way, segments y = const =
Yo < /2, |x| < 7/2 — 72, are mapped into ellipse arcs.

3

YA AV
by b
P, P
by b,
P P P Py
I U
(> ak
P, Pl
aq all

Figure 7.4: The square domain h-conformally mapped by the function u+ hv =
sin[z+hy]. Since u+v = sin(x+y), u—v = sin(r—y), then |u+v| < 1, ju—v| < 1.
J = cos(x + y) cos(x —y) so J =0 for z + y = w/2. These lines limit the domain
for bijective mappings to points  + y < 7/2 and  — y < m/2. The domain of the
(z, y) plane, given by |z + y| < 7/2, |z — y| < 7/2, is the square with vertexes
at the points P 3 = (0, £7/2) and P, 4 = (£7/2, 0). This square is mapped into
the square of the (u, v) plane with vertexes at the points Pj ; = (0, £1) and
Py, = (£1, 0). The zero divisors = +y are mapped into u = +u.

Cosine w = cos[z + hy]. We have
U= COST COSY ; v = —sinzsiny. (7.5.12)

The zero divisors x £ y = 0 are mapped into the lines u + v = 1. We have
J = sin(z + y)sin(z — y), then J = 0 for x = +y; it changes its sign on the
axes bisectors which represent the limit for bijective mappings of domains. We
can also see, from (7.5.12), that points symmetric with respect to axes bisectors
P, = (21, y1) and P, = (y1, 1) are mapped into the same point of the (u, v) plane.
Then we can have bijective mappings for points in the triangle |z| > |y|, 0 < z <
/2, —m/2 < y < w/2. The triangle with vertexes at the origin P; = (0, 0) and
at Py 3 = (m/2, £7/2) on axes bisectors are bijectively mapped into points of the
triangle with vertexes on the axes at P{ = (1, 0) and P; 3 = (0, F1) of the (u, v)
plane (see Fig. 7.5).

3Circles for 1 = 7/4, segments of v axes between —1 < v < 1 for 41 = 0.
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We also have u + v = cos(z + y), u— v = cos(z — y), then |u +v| < 1,
lu—v| <1
Segments x = const = y; < m, y < 71 are mapped into ellipse arcs* u =

cosy1 cosy, v = —4/1 — cos? y; siny.

Segments |y| = const = 75 < m, © > 7 are again mapped into ellipse arcs.

Y4 c L = ¢
b P >§ b

a, P2 Pl a’
/

Figure 7.5: The triangular domain h-conformally mapped by the function u+hv =
cos[xz 4+ hy]. We have bijective mappings for points in the triangle |z| > |y, 0 <
x < 7/2, —w/2 < y < w/2. The triangle with vertexes at the origin P; = (0, 0)
and at Py 3 = (7/2, £7/2) of (z, y) plane is bijectively mapped into the triangle
with vertexes at P; = (1, 0) and P; 5 = (0, F1) of the (u, v) plane.

The Function w=1/z

We have J = 1/(2?—y?)? > 0, then the whole hyperbolic z plane can be bijectively
mapped and, from the symmetry of the transformation, it goes into the whole w
plane.
In decomposed variables we have
1 1 1 1
- =—=¢€y— te1— 7.5.13
¢ ef+en 3 n’ ( )
then the mapping is equivalent to two inversions with respect to the unit points
on the axes of decomposed variables. The point P(&, 1) is mapped into the point

Pr(z% = %, Tk = %) and, coming back to z, y variables, we have

z y
= YT T a e

Tt —y x
4In particular, we have circles for v, = /4, segments of v axes between —1 < v < 1 for
v1 = 7/2.

(7.5.14)
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If we put the variables in exponential form x + hy = pj, exp,[h 6], we find in the
hyperbolic plane the well-known results for complex variables,
1

(ph)T = —, 9T = —0. (7515)
Phn

Now we look for the geometrical meaning of (7.5.14) and (7.5.15).
1. Sectors are mapped into themselves.

2. Arms of the hyperbola 22 — y2 = 1 are mapped into themselves, but for the
inversion y > 0 = y < 0 and vice versa.

3. Arms of the hyperbola 32 — 22 = 1 are mapped into themselves, but for the
inversion x > 0 = x < 0 and vice versa.

4. Points defined in Section 4.5 as external points, x> —y? > p? > 1, are mapped
into points defined as internal points, which are between the axes bisectors
and the hyperbola 22 — y? = 1/p? and vice versa.

5. The four arms of the hyperbolas 2 — y?> = +p? are mapped into the same
arms of the hyperbolas 22 — y? = +£1/p?.

Points symmetric with respect to equilateral hyperbolas. Two points P, P* in
Euclidean geometry are symmetric with respect to a straight line if the segment
between them is orthogonal to the straight line and their distance from the straight
line is the same. A similar definition is extended to symmetry with respect to a
circle: two points P, P*, in Euclidean geometry, are symmetric with respect to a
circle with center at O = (0, 0) and radius R if the three points O, P, P*, lie on
a single ray which start from point O and if OP x OoP" = R2.

The complex function w = 1/z is related with this symmetry ([69], p. 284).
Actually, if z represents the complex coordinate of P, the coordinate of P* is R?/z.

We obtain the same result in a hyperbolic plane by considering the symmetry
with respect to equilateral hyperbolas.

Let us consider the equilateral hyperbolas with center in O = (0, 0):

I:[z?—y* =97 (7.5.16)

We say that points P = (z), P* = (z*) are symmetric with respect to T, if the
three points O, P, P*, lie on a single ray and OP x OoP" = p?. The same as in
complex analysis, from (7.5.15) we obtain z* = p?/Z. For symmetric points the
following theorem holds.

Theorem 7.11. By considering points P = (z) and P* = 1/(2) symmelric with
respect to the hyperbolas (7.5.16), all equilateral hyperbolas passing through P and
P* are pseudo-orthogonal to T'.

Proof. Thanks to Theorem 4.20 on p. 48, the proof of this theorem is the same as
for functions of a complex variable ([69], p. 285). O
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7.5.2 Hyperbolic Linear-Fractional Mapping

In the complex field the following functions are also called circular (or Mébius),
bilinear or homographic mappings. We extend to hyperbolic variables the well-
known studies about complex variables ([69], p. 282 and [48], p. 128).
As for complex variables, we call hyperbolic linear-fractional or bilinear, the
mappings
az+ 0 o ad— By « By—ad B

w = = — =
yz+d oy 2z +0/7) v YAz +0/y)  z+6/y

(7.5.17)

where w, z are hyperbolic variables and «, 3, v, d, B = (v — a§)/v? hyper-
bolic constants which must satisfy the conditions v # 0; ||ad — 8| # 0. These
conditions imply that w is not a constant and J # 0. We have

(@6 = BY)(@6—B7) _ [lad =B
(vz=8)(FE—0)2  lvz—dlI>"

The sign of .J, which is the same for all z, is determined by (o d— 3 +)(@d—37) # 0.
If we include the “points at infinity” (w = oo for z = —§/v and lim,_,.c w = a/7)
and let the points at infinity of axes bisectors ([81], p. 278) correspond to zero
divisors, the mapping from the closed z plane and the closed w planes is bijective.
Then we have

Theorem 7.12. The linear-fractional function maps the extended hyperbolic plane
h-conformally into the extended hyperbolic plane.

As for complex variables we have the group property
Theorem 7.13. The bilinear-mappings constitute a (non-commutative) group, i.e.,

1. a linear-fractional transformation of a linear-fractional transformation is a
linear-fractional transformation;

2. the inverse of a linear-fractional transformation is a linear-fractional trans-
formation.

Proof. The demonstrations are the same as for complex variables. O
From (7.5.17) follows: a linear-fractional transformation is equivalent to the

transformations

5 B
D=z, M) W=, T w:%—i—w' (7.5.18)

)
Zl

performed in the specified order.

e Transformations I) and III) correspond to axes translations in z and w planes,
respectively.
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e Transformations IT) correspond to an inversion and a homothety. Actually
w'w' = BB/(z'Z"), and unit hyperbola 2'Z" = 1 is transformed into hyperbola

w'w’ = BB.

Now let us see how z and w planes are divided in sectors. The transformed sectors
can be determined by considering the three mappings of (7.5.18). We have to note
that this division is not a limit to bijectivity of transformation but means: if a line
in the z plane passes through many sectors, the transformed line will pass through
the transformed sectors of the w plane.

Actually the centers of inversion are at the points zg = {(—3/v), H(—=d/7)}
and wyg = {N(a/7v), H(a/v)} of z and w planes, respectively; then unitary hy-
perbolas with center in zy are transformed into hyperbolas with center at wy and
square semi-diameter p2, = BB. The sign of p2, is the same as the one of J.

Sectors in the two planes are defined by lines from points zg and wy and
parallel to axes bisectors. These lines correspond to zero divisors of z + §/v, w —
a/y. }

If J o« BB > 0, the sectors of the z plane are mapped into the same sectors
of the w plane.

If J < 0, the sectors (Rs; Ls) of the z plane are mapped into sectors (Us, Ds)
of the w plane and vice versa.

In these sectors the internal parts of hyperbolas (z — z0)(Z — Z9) = %1 are
mapped into the external parts of hyperbolas (w — wg)(w — 10g) = £p? and vice
versa. This means: equilateral hyperbolas (z —29)(Z — Z9) = +p? < +1 are mapped
into the equilateral hyperbolas (w — wg) (@ — wo) = £p2 /p? > +p2,.

Now let us extend to hyperbolic plane some well-known theorems of complex
analysis ([69], p. 282).

Theorem 7.14. The image of a straight line or an equilateral hyperbola under a
linear-fractional mapping is a straight line or an equilateral hyperbola.

In particular, straight lines and equilateral hyperbolas which pass through
z = —0/~ are mapped into straight lines; all other straight lines and equilateral
hyperbolas are mapped into equilateral hyperbolas. Moreover if J > 0, the hyper-
bolas are mapped into hyperbolas of the same kind, if J < 0, into hyperbolas of
the other kind.

Proof. The theorem is evident for the linear mappings I) and III) of (7.5.18).

For mapping II) we begin to show the property that for complex variables is
called circular property: the function w = 1/z maps straight lines and equilateral
hyperbolas into straight lines or equilateral hyperbolas.

The equations of straight lines and equilateral hyperbolas are given by

a(x® —y*) +bx+cy+d=0. (7.5.19)
If a = 0, we have straight lines. As a function of hyperbolic variables we have

==+ hy)(e—hy)=22, x=(2+2)/2, y=nh(z—2)/2



7.5. H-Conformal Mappings 111

and (7.5.19) becomes
azZ+Dz+Dz+d=0with D= (b+hc)/2. (7.5.20)

Substituting z = 1/w the form of (7.5.20) does not change, then we have again
straight lines and equilateral hyperbolas. O

Theorem 7.15. A pair of points z1, zo symmetric with respect to an equilateral
hyperbola (T') is mapped by a linear-fractional transformation into a pair of points
2}, 23 symmetric with respect to the image of the hyperbola (T'*).

Proof. Actually equilateral hyperbolas passing through zi, zo are pseudo-ortho-
gonal to I' and are mapped into equilateral hyperbolas passing through points
2}, 5. Thanks to the preservation of hyperbolic angles for h-conformal mappings,
these hyperbolas are pseudo-orthogonal to I'*) then from Theorem 7.11, p. 108,
they are symmetric with respect to I'*.

We note that if I" is a straight line, the symmetry means that points P, P*
lie on a pseudo-Euclidean normal and have the same pseudo-Euclidean distance
from the straight line. (]

The linear-fractional mappings depend on three hyperbolic constants, i.e.,
on six real constants, thus they are determined by six conditions. The simplest
ones are to require that three arbitrary points of the z plane correspond to three
arbitrary points of the w plane. This transformation is determined by means of
the following theorem.

Theorem 7.16. There is only one linear-fractional transformation which maps three
given points z1, z2, z3 (so that their difference is not a divisor of zero), into three
given points w1, wa, ws. This transformation is given by the formula

w—w w3 — w2 Z— 21 23 — 29

- : (7.5.21)

wW— Wy W3 — W, Z—Z2o 23—21

Proof. The proof is the same as for the complex variable [47] and ([69], p. 287). O
From this theorem follows

Theorem 7.17. The function w = f(z) given by (7.5.21) maps the equilateral
hyperbola which passes through three points z, (k = 1, 2, 3), into the equilateral
hyperbola which passes through three points wy (k =1, 2, 3).

With respect to the same problem of complex analysis we have to note: as it
is demonstrated in Chapter 4, the equilateral hyperbola that passes through three
points has square semi-diameter given by (4.5.13), from which

Pz X —(Zl — 22)(21 — 22)(21 — 23)(21 — 23)(23 — 2’2)(53 — 22)

and the same expression holds for P,,. If the signs of P, and P, are the same, the
kind of the corresponding hyperbolas is the same and J > 0.
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Theorem 7.18. The linear-fractional transformations preserve the cross ratio be-
tween four corresponding points of an equilateral hyperbola.

Proof. The proof follows from (7.5.21). O

Examples of linear-fractional transformations

Theorem 7.19. The linear-fractional function which maps unit hyperbola |z| = 1
with center at O = (0, 0) into unit hyperbolas is given by

w = explh a] 12 — A

7.5.22
— (7.5.22)

where z1 (with |z1] < 1) is the point of the z plane mapped into O of the w plane.
Proof. Since z; with |z1| < 1 is mapped into w = (0, 0), the point 1/Z; is mapped
into w = oo; then the transformation is given by w = C(z — z1) /(1 — Z; 2).

Let us show that |C| = 1. Since all the points on the boundary of the unit

hyperbola in the z plane are mapped into points on the boundary of the unit
hyperbola of the w plane, i.e., |w| =1 for z = exp[h 6], from (7.5.22) we obtain

[C] [(exp[=h 0] — z1)|
exp[h 0] [(exp[h 6] — )|

lw|=1=

=101,

hence C' = exp[h a] and we obtain (7.5.22). O

We conclude this paragraph by studying the hyperbolic counterpart of the
linear-fractional transformations of complex variables used by Poincaré for rep-
resenting in a half-plane the non-Euclidean geometry which Beltrami and Klein
considered in a circle ([25], p. 55) (see Chapter 9).

For a complex variable the linear-fractional transformation w = (2 —14)/(z+1)
maps the internal points of the unit circle with center at O = (0, 0) into the half-
plane y > 0, and, in particular, its circumference into the y = 0 axis. Considering
the same transformation in the hyperbolic plane, we have

Theorem 7.20. The linear-fractional function

z—h 2h 2h
— El_ —1:—7 ‘.2
w T z+h:>w e (7.5.23)

whose inverse transformation is

1+w  2v+h(l—u?+0?)
= hy=~h = 7.5.24
F=T+hy 1—w 1+u2 —v2—2u ( )

maps the left and right arms of unit hyperbolas into the y = 0 axis.

The following proof allows us to see how the topology of a hyperbolic plane
determines a more intricate mapping with respect to the one of the complex plane,
but also has similar properties.
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Proof. Divisors of zero in the z plane are given by the straight lines y £ = = —1
and in the w plane by the straight lines u +v = 1.

Since J « h-(—h) = —1 < 0, the corresponding equilateral hyperbolas of the
w and z planes are of different kinds.

The center of inversion in the z plane is at C, = (0, —1), in the w plane is
at Cy, = (1, 0). The unit hyperbola with center at zo = (0, —1) is mapped into
a hyperbola with semi-diameter p = 2 and center at wy = (1, 0). Internal and
external points, as usual, are inverted.

Equilateral hyperbolas are mapped into equilateral hyperbolas that pass
through the transformed domain.

In the complex plane the limiting circle (mapped into the z axis) is given by
ww = 1. Now let us consider in the hyperbolic plane the same equation ww = 1,
which is mapped on the z plane into (z —h)(Z+h) = (z+h)(Z — h) and, as in the
complex plane, represents the straight line z — Z = 0, i.e, the = axis.

Let us investigate in more detail the transformation of the two arms of a unit
hyperbola. By considering the parametric equations

1) w=coshf, v=sinhf, 2) w=—coshf, v=—sinh6, (7.5.25)
their mapping into the (z, y) plane is obtained by (7.5.24)
sinh 0

sinh 6
2 = - = h(6/2). 5.2
Y+ hy 1+ cosh ) tanh(6/2) (7.5.26)

Now we see how the two arms of the unit hyperbola and some points are mapped
in agreement with the topology of the hyperbolic plane.

e The arm 1) of (7.5.26) € Rs is mapped into the exterior part of segment
—1 < +1 of the y = 0 axis (sectors Ls, Rs with respect to zero divisors of
the z plane).

e The arm 2) of (7.5.26) € Ls is mapped into the segment —1 < +1 of the
y = 0 axis (sectors Us with respect to zero divisors of the z plane).

e Point (—1,0) corresponds to point +oo of both arms of the hyperbola.

e Point (41, 0) corresponds to point —oo.

e The vertex of the right arm (wy = w — 1 = 0) corresponds to x — oo.

e The vertex of the left arm corresponds to point z = (0, 0).

e Points of the hyperbola with v > 0 are mapped into the semi-axis x < 0.
e Points v < 0 are mapped into the semi-axis = > 0.

e The axes bisectors u = +v are mapped into y = 1 + +x.
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e The center of the “limiting hyperbola” is mapped into the point (0, k).

The first two results are the same as the mapping of the circle into the complex
plane. With the same symbol, in the complex plane we have
4w 204+i(1—u?—0?)

z=x+iy=1i =
1y 1—w 1+u24+0v2—-2u

and for u = cos¢, v = sing we have z = —cot(¢/2). The half-circle on the
right and left sides with respect to the coordinates’ origin are mapped as the
corresponding arms of the unit hyperbola.

Let us consider the conjugate arms of the limiting hyperbola € Us, Ds :
ww = —1 in the z plane; we have

(z—h)(Z4+h)=—(z+h)(Z2—h)=>22=1¢€ Ls, Rs.

We say, as a particular example of a general rule, that conjugate arms are not
mapped into conjugate arms, i.e., only conjugate hyperbolas with center at the
“inversion center” of the z plane are mapped into conjugate hyperbolas with center
at the “inversion center” of the w plane. ([

7.6 Some Introductory Remarks on Commutative
Hypercomplex Systems with Three Unities

We have seen in Section 2.2 that the types of two-dimensional systems derive from
the kind of solutions of the characteristic equation of degree 2. The same happens
for hypercomplex numbers with more than two dimensions and the types of the
numbers are linked to the possible solutions of an equation of degree N. Then the
number of the systems is always limited. Here we make some introductory notes
and give the multiplication tables for systems with unity or in decomposed form.

The classification of these systems is known. In particular for non-separable
(commutative and non-commutative) systems the classification is reported in [13],
while for separable systems it is reported in [24].

The commutative systems with unity are five. Two of these systems are non-
separable and have the following multiplication tables:

ey | e1| ez €o | €1 | €2
er|ea| 0] (a); er | 010 | (b). (7.6.1)
es| 00 ea| 010

In the tables for non-separable systems the versor ey represents unity. In general,
the product e; ey, is in the (i + 1)** row and in the (k + 1) column. By analogy
with two-dimensional systems we call these systems generalized parabolic systems.

The other three systems are separable and each of them is composed of a
system with two units and a system with one unit (real). By setting o = 0, =1 the



7.6. Commutative Hypercomplex Systems with Three Unities 115

three separable systems can be summarized in the following table, where ey and
eo are the idempotent sub-unities.

e | er 0
e1 | aeg | O | (7.6.2)
0 0 €9

7.6.1 Some Properties of the Three-Units Separable Systems

We obtain systems with a unity versor by means of a linear transformation. If we
call the new versors 1,i7,j we have 1 = ey 4+ e5. As far as the other versors are
concerned, we can put i, j as an arbitrary linear transformation of eg, e1, es. In
particular, by setting i = ey ; j = eg — e3, we have in vector-matrix form

1 1 0 1 €o
) = 0 1 0 el (7.6.3)
J 1 0 1 €2
and the inverse
€o 1 1 0 1 1
e1 =3 0 2 0 ) . (7.6.4)
es 1 0 -1 j

The multiplication table for the new versors is easily obtained from the multipli-
cation table (7.6.2)

1 i j
BT (7.6.5)
j i 1

We say that ( = eg7 +e1£+ean =t +ix+ jy = z. The transformation for the
variables is given by (7.6.3) and (7.6.4) by substituting the variables 7, £, n for the
versors 1, ¢, j and ¢, x, y for eg, ey, ea, respectively. The characteristic matrix is
obtained by multiplying the hypercomplex number ({) by the versors and taking
the coefficients of the versors. By using table (7.6.2) we obtain

T af 0
& v 0], (7.6.6)
0 O n

from which it follows that the invariant is given by p = 1 (72 — a £2); this quantity
is equal to the product of the invariants of the component systems. As a function
of the variables ¢, x, y, the invariant becomes

p=(t=ylt+y?-az’] (7.6.7)
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The plane t = y is a divisor of zero for all three systems. The existence of other
divisors of zero depends on the two-dimensional component systems.

Let us see how the three-dimensional systems are related to the possible so-
lutions of a cubic equation. The systems of Table (7.6.2) correspond, depending on
the a« =1, 0, —1 value, to three real solutions, three real but two equal solutions,
one real and two complex conjugate solutions, respectively. The systems of Table
(7.6.1) correspond to three real but equal solutions.

The Exponential and Logarithm Functions
As an example we report these functions obtained by means of the property (7.3.8)
exp|(] = eg exp(T + €1 £] + €2 exp[n]. (7.6.8)
For @ = 1 we have (Section 4.1.1)
exp[¢] = eg exp|7] (cosh & + e sinh §) + ez exp|n)].
For the variable z we obtain
explt+ix+jy] = %{exp[t + y] coshz + exp[t — y|}

+ dexp[t + y] sinhx + %{exp[t + y] coshz — exp[t —y]}.

(7.6.9)
By inverting these expressions, we obtain the definition of the logarithm
Inft + iz + jy] = 1ln {(t -V ({E+y)?— mg} +itanh™ | ——
2 t+y
J (t+y)?—=?
Sln [ Y——F—— | . 7.6.10
* 2 . t—y ( )
For o = —1 the hyperbolic functions must be replaced by the circular functions
and —z2 by 22.
The Generalized Cauchy—Riemann Conditions
Let us put
F(z) =U(t, @, y) +iV(E x, y) + 5 W(E, ©, y); (7.6.11)

then the function F(2) is called a function of the hypercomplex variable z = t +
1x + jy, if the real functions U, V, W have partial derivatives with respect to the
variables ¢, z, y and these derivatives satisfy (7.2.1), which in this case become

OF 19F 10F

- - X .6.12
ot i dx j Oy (7.6.12)
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Substituting in the function F' the components U, V, W, we obtain the following
partial differential equations:

ar  or Jar \at ‘ot e )28 '\ar ot ) 2o

oy oy oy 7 ot T T o ot ot o
Equating the coefficients of the versors we obtain the (GCR) conditions. We ex-
press these conditions writing the partial derivatives of V., W as functions of the

partial derivatives of U,

ov_ov_zou v _ou ou

o 0y «adx’ Oxr Ot Oy’

ow _ou ow _ou  ow _ou

o 9y’ ox odxr’ Oy Ot
It is easy to verify that these conditions are satisfied by the functions U, V, W
given by (7.6.9) and (7.6.10).



Chapter 8

Hyperbolic Variables on Lorentz
Surfaces

8.1 Introduction

In this chapter we start from two fundamental memoirs of Gauss [39] and Beltrami
[3] on complex variables on surfaces described by a definite quadratic form. By
using the functions of a hyperbolic variable, we extend the results of the classic
authors to surfaces in space-times described by non-definite quadratic forms.

To make our exposition self-consistent, we are obliged to begin by summa-
rizing the essential points of the authors’ memoirs which can quite rightly be
considered two milestones in the history of mathematics, not only for their scien-
tific contents but also for the perfection of style and neatness of expressions'. Of
course our summary can not substitute for reading of the original sources or, at
least, an unabridged complete translation, but allows us to stress the points we
consider essential for our treatment. Here we briefly recall the basics of Gauss’
differential geometry and some remarks taken from Beltrami’s introduction to the
paper we summarize in Section 8.4.

The starting idea of Gauss was: to study the properties of surfaces in Eu-
clidean space by means of a quadratic differential form which gives the distance
between two neighboring points (infinitesimal distance). This quadratic form is ob-
tained by applying Pythagoras’ theorem to two points on a surface in Euclidean
space, represented by Cartesian coordinates:

ds® =da® +dy* +dz> (8.1.1)

The equation of the surface f(x,y,z) = 0 can be replaced by the parametric
equations
x=ux(u, v); y=ylu, v); z=2(u, v), (8.1.2)

where the two parameters u , v can be taken as curvilinear coordinates on the sur-
face. Thus one can write the differentials of =,y , z as functions of the differentials
of u, v:

dy 0z 0

oy Z
dx—%du—i-avdv, dy—%du—i—%dv, dz_%du+%dv. (8.1.3)

IThese last words are taken from the commemoration of Beltrami at the London Mathematical
Society [10].

ox @
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By substituting (8.1.3) into (8.1.1), Gauss obtained the? < metric (or line) ele-
ment >

ds* = B(u,v) du® 4+ 2 F(u,v) du dv + G(u,v) dv?. (8.1.4)

Here we report the meaning of the metric element and the required regularity
conditions from the introduction of Beltrami’s paper (Section 8.4).

< We recall that when we study a surface just from its metric element it
must be considered regardless of its representation, as an example in a Cartesian
space. Actually these representations can generate misleading. What we have to
take into account is that different points on the surface correspond to different
values of coordinates u, v. The possibility that one point in the space corresponds
to different values of u, v, is a consequence of its representation.

The nature of coordinate lines u = const., v = const. remains undefined,
while for giving exact formulations, we consider the regions 2 of the surface S in
which the following conditions are satisfied:

1. the functions E, F, G in every point are real, monodromic, continue and
finite;

2. the functions E, G, EG — F? = H?, in every point are positive and different
from zero so that the differential form is positive definite.

Some of these conditions are necessary so that all points of € are real, the other
ones give conditions about the coordinate system. Actually, since in general cos§ =
\/%, sinf = \/%7 where 6 is the angle between the tangent to coordinate lines
in point u, v, the condition H > 0 implies that 0 is different from 0° or 180°,
i.e., that two curves of different coordinate systems are tangent. Summarizing,
all small regions of the surface around an internal point of 2 are covered by a
network of coordinate curves similar to the ones of two systems of parallel lines
on a plane (systems which, in general, are not orthogonal). These regions can be
called ordinary regions. >

Coming back to Gauss, he showed that from line element (8.1.4) it is possible
to obtain all the geometrical features of a surface, in particular the angle between
two curves, the area of a part of the surface and the finite distance between two
faraway points. This last aspect allows us to introduce the geodesic lines which
generalize a property of a straight line on a plane: the shortest line between two
given points. In Chapter 9 we see how the introduction of geodesic lines has allowed
Beltrami to give a Euclidean interpretation of non-Euclidean geometries.

Another fundamental quantity which can be obtained from the metric el-
ement is the Gauss curvature. We give its geometrical meaning: let us consider
a straight line orthogonal to a surface and the sheaf of planes specified by the
straight line. The intersection of each of these planes with the surface gives a line.
Every one of these lines is better approximated, in the given point, by a circle

2In this and subsequent chapters, we use <. ..> to identify material that is a literal translation
of the original author’s words.
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called an “osculating circle”. The circles with the minimum and maximum radius
are in two orthogonal planes and Gauss found (Theorema Egregium) that their
product is independent of the surface representation, i.e., it is an invariant quan-
tity with respect to the transformations of parameters u, v. Gauss called curvature
the reciprocal of this quantity which can be calculated by means of the functions
E, F, G and of their first and second derivatives. Actually it is given by

oo L [0[L (06 _Fom\]_ o[1 (o8 ,or Fom
T 2H |Ou |H\du E ov ov |H \ Ov ou FE Ou
(8.1.5

with H? = EG — F2.

In general the curvature changes from point to point. If it is constant in all
points, the curvature radii with respect to the sheaf of planes are also constant. If
this property holds true, the surface is called a constant curvature surface as we
shall see in Chapter 9.

8.2 (Gauss: Conformal Mapping of Surfaces

The development of the theory of conformal mappings is directly connected to the
involvement of Gauss in geodesic observations [11].

In 1822 the Danish Academy of Science announced a prize for a derivation of
all possible projections of the Earth’s surface which could be used for the produc-
tion of maps. The precise problem was to map a given arbitrary area into another
area in such a way that “the image is similar to the original in the smallest parts”.
Gauss won the prize with an essay [39] which laid the formalization of < The the-
ory of conformal mapping for functions of a complex variable. > We give below
the salient points of the Gauss essay.

Let us consider two surfaces represented by means of their line elements
(8.1.4) as functions of the parameters ¢, u, and T, U, respectively:

) ds? = e(t,u)dt®> +2 f(t,u)dtdu+ g(t,u)du?; (8.2.1)
) dS? = E(T,U)dT? +2F(T,U)dT dU + G(T,U)dU?. (8.2.2)

For representing the first surface on the second one we must define a bijective
mapping T'(t, u), U(t, w). This mapping must satisfy both the conditions imposed
by the problem and by the nature of surfaces. After this transformation the line
element of the second surface is written as

dS? = E(t,u) dt* + 2 F(t,u) dt du + G(t,u) du® . (8.2.3)

The requirements of the problem can be put in the form: < let us consider two
arbitrary infinitesimal arcs on a surface and the transformed ones on the second
surface, the latter must be proportional to the former and the angles between
them must be equal. >
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Gauss’ solution of the problem. Since the conditions must be true for every dt, du,
then e, f, g must be proportional to E, F, G, respectively. Moreover the trigono-
metric functions of the angles depend on the ratios between e, f, g, then the second
condition is satisfied if the first is.

The analytical condition required by the problem becomes

E F G
—_ = = = — =m s
e f 9

where m is the magnification ratio of the linear elements of the first surface when
they are mapped on the second one. This ratio is, in general, a function of ¢, u,
i.e., of points. If it is constant the map is a homothety between the finite parts of
the surfaces too.

Let us now return to quadratic forms and decompose them into linear factors.
Since ds? > 0, the differential form is definite, then it must be f2 —eg < 0 and
the factors are complex conjugate

ds? = é [edt+ (f—ﬁ—i\/egff?) du} [edt+ (f—i\/eg—fZ) du} . (8.2.5)

the problem is reduced to two separate integrations of linear differential equations.
The first one is given by

(8.2.4)

edt+ (f+iveg— f)du=0, (8.2.6)

the second one is obtained by exchanging i — —i. Equation (8.2.6) can be inte-
grated by means of an integrating factor (in general complex) function of ¢, u, as
we shall see in Beltrami’s work (Section 8.4).

The integral can be split into a “real” and an “imaginary” part and written
as p + iq, where p and ¢ are real functions of ¢, u. The integral of the second
equation is p —iq and the integrating factor is the complex conjugate of the first
one. Differentiating, we have

ds* = n(dp +idq)(dp —idq) = n(dp* + d¢?), (8.2.7)

where n is the square modulus of the integrating factor and is a real finite func-
tion of ¢, u. This expression of line element is called isometric. In the same way
the second form can be decomposed into linear terms and we can write dS? =
N(dP? + dQ?), where P, Q, N are real functions of T, U. These integrations
(which, from a practical point of view, can be performed just for particular cases)
must be done before solving the problem.

If we express T, U by means of such functions of ¢, u that satisfy the problem
conditions given by (8.2.4), we have dS? = m? ds? and, using the new variables,

(dP +1dQ)(dP ~1dQ) _ .,

(dp +idq)(dp — idq) N (8.2.8)
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the numerator of the left-hand side is divisible by the denominator if (dP +1d Q)
is divisible by (dp +idq) and (dP —idQ) by (dp — idq), or vice versa. Then
(dP +id @) is zero when dp + idq = 0, i.e., < P +1Q is constant if p + iq is
constant. This means that P 4+ 1@ is a function just of p +iq and P —1Q just of
p —iq. > Or, inversely, if P +1i@Q is a function of p —igand P —1Q of p+1iq. In
particular, it can be shown that if P 4+ i@ is a function of p+iq and P —iQ of
p —iq, the angles are the same if P +1Q) is a function of p —iq and P — i@ of
p +iq, the angles change sign. These conditions are also sufficient.
Setting
P+iQ = f(p+iq), P—iQ= f'(p—1iq),

the function f’ is determined by f: if the constants in f are real, then f’ = f, so
that to real values of p, ¢, real values of P, ) correspond. If there are imaginary
elements we must exchange i for —i. In every case f' = f, then f f' = |f|?, and
a problem described by a differential quadratic form has been reduced to a problem
for a linear form. We also obtain

1 / _1 gt
P=2(f+f). Q=5(-1).

Calling ¢, ¢’ the derivative of f and [,

.. dP+idQ

m = ,/%W = \/fqﬂ. (8.2.9)

Then, using curvilinear coordinates and integrating the differential form (8.2.6),
we obtain the < complete solution of the proposed problem by applying the theory
of functions of a complex variable.

_ dP —idQ
! — - 7
¢'(p—1iq) didg

we have

8.2.1 Mapping of a Spherical Surface on a Plane

The general theory is now applied to the proposed problem: let us consider the
sphere with radius R represented by

T = Rcos tsin u, y= Rsin tsin u, z = Rcos u; (8.2.10)

the metric element is

ds? = R*(sin? udt? + du?) = R? sin u® (dt 42w ) (dt _y du ) . (8.2.11)

sin u sin u

We must solve the integrable differential equation dt¢ F i Si‘fﬂ—“u = 0, the integral of
which is ¢ £1 In cot (u/2) = Const.. Introducing the new variables

du

sin u’

p=t, q¢=In cot(u/2), and dp=dt,dq= (8.2.12)



124 Chapter 8. Hyperbolic Variables on Lorentz Surfaces

we have the isometric form
R2

cosh? ¢

ds* = R?sin? u (dp? +dq¢*) = (dp? +dg?). (8.2.13)

In the last passage we have used the equality sin u = liggtty&{ 3)2) = 1:;?;)) gq =

1/ cosh ¢. Let us now consider the plane with metric element
dS? =dT* +dU?; P+iQ=T+iU = E=G=1, F=0.
Then, if f is an arbitrary function, we put
P=R{f(t+1ilncot u/2)} and @ = I{f (¢t +1In cot u/2)}.

Let us take a linear function f(v) = kwv; we have

T+iU =k (t+1iln cot u/2) (8.2.14)
and the amplification ratio is
k
= . 8.2.15
m Rsin u ( )

This representation is the Mercator projection. Setting f(v) = k expliv], we have
T+1U =k exp|[In tan (u/2) +1it] = k(cos t + 1 sin t) tan (u/2) (8.2.16)

and the amplification ratio is
ktan (u/2)
=7 8.2.17
" Rsin u ( )

This representation corresponds to a polar stereographic projection.

8.2.2 Conclusions

We have seen how the idea of decomposing the differential quadratic form of a line
element into two linear complex conjugate factors allows us to obtain the solution
of the problem by considering just one of them.

Let us now examine the main passages of Gauss’ demonstration and the
meaning assumed by i.

1. For obtaining the metric element in isometric form, the quadratic form is
decomposed into two linear forms. In this passage the i is introduced as the
square root of —1.

2. The linear form is considered as a two-component quantity (real and imagi-
nary parts), then i assumes the meaning of a versor.

3. The last step is the introduction of functions of a complex variable and i
becomes a symmetry preserving operator.

Since all these properties are in common with hyperbolic numbers, as shown in
Section 2.2.1 for point 1) and in Section 7.2.3 for point 3), in the next section all
the above results are extended to non-definite line elements.
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8.3 Extension of Gauss Theorem: Conformal Mapping
of Lorentz Surfaces

Let us consider the same problem solved by Gauss with reference to Lorentz sur-
faces, i.e., with f2 —eg > 0, represented by their line elements

1) ds* = e(t,u)dt® +2 f(t,u)dtdu+ g(t,u)du?; (8.3.1)
1) dS* = E(T,U)dT?+2F(T,U)dT dU + G(T,U)dU?. (8.3.2)

Thanks to observations in Section 2.2, we can decompose the line elements into
the product of two hyperbolic conjugate linear factors

dsQZE{edt%- (f—!—h\/fz—eg) du} [edt—&— (f—h\/fQ—eg) du} ; (8.3.3)

the problem, as before, is reduced to the integration of a linear differential equation

edt+ (f+hyf?—eg)du=0. (8.3.4)

The integral of (8.3.4) can be divided into a “real” and a “hyperbolic” part and
written as p + hq, where p and ¢ are real functions of ¢, u. The integral of the
other factor of (8.3.3) is p — h ¢. Differentiating, we have

ds* = n(dp + hdq)(dp — hdq) = n(dp* — dq?), (8.3.5)

where n is the square modulus of an integrating factor (generally hyperbolic) and
is a real finite function of t, u.
In the same way the second form can be decomposed into linear terms and
we can write dS? = N(dP? — dQ?), where P, Q, N are real functions of T, U.
Let us now introduce the hyperbolic variable z = p + h ¢ and the hyperbolic
function w = P + h @ and the differentials dz = dp + hdq, dZ = dp — hdq,
dw=dP+hdQ,dw=dP — hdQ; we have

dS? Ndw/dw)
e (dZ> (8.3.6)

From Section 7.5 we know that this ratio is independent of direction, and the
hyperbolic angle between two lines is preserved, if w is a hyperbolic function of
the hyperbolic variable z. Calling J the Jacobian determinant, we have that the
constant “amplification” (M) is given by

N
M==1. (8.3.7)
n

We can extend to the pseudo-Euclidean plane the well-known theorem valid in the
Euclidean plane:
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Theorem 8.1. The mappings by functions of a hyperbolic variable preserve the
isometric form of the non-definite line elements.

Proof. If we consider line elements in isometric form, we have

du? — dv? (du+hdv)(du— hdv)

(ug + hvg)(ug —hvg)(dz+hdy)(dz —hdy)

= (uf —v))(da® —dy?) = J(da® — dy?). (8.3.8)
O

8.4 Beltrami: Complex Variables on a Surface

The starting point of Beltrami’s paper is the just exposed Gauss’ work. In partic-
ular Beltrami applies the results of his own research on differential geometry ([4],
I, p. 143) and the properties of the quantities called < differential parameters >
(34].

Gauss started from a particular problem, solved it in a general way and
applied the results to the original problem for which the necessary integrations
could be performed in elementary ways. Beltrami pursues the common properties
to solutions of Gauss’ problem and obtains a result which goes beyond the specific
problem and becomes very important for partial differential elliptic equations [75].

Let us consider the line element (8.1.4) and, following Beltrami, summarize
some expressions that will be used. Let us consider the line elements ds, ds start-
ing from point w, v, to which the increments du, dv and du, dv, respectively,
correspond and the angle € between them which is considered positive from ds to
ds. The following expressions are true for every e:

dsds cos e = Edudu + F(dudv + dvdu) + Gdvdv,
dsdssine = H(dudv — dv ou). (8.4.1)

Calling AQ the area of the parallelogram with sides ds, ds, we have
AQ = +dsdssine = +H(du dv — dv du).
Now we recall the expressions of differential parameters ([4], I, p. 143)

Ed)?v - 2F¢,U¢,u + G¢72u

A1¢ - H2 )
A1(¢, ) = Edotpyy — F(¢ 0y + b uth ) + Gyt H?,
Ag = % <G¢’“;F¢’”> + <E¢;F¢“) ] : (8.4.2)

where ¢ and 1) are two arbitrary functions of u, v.
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o A1¢ is called the differential parameter of the first order,
o Aq(p, ¥) is called the mized differential parameter of the first order,
o Ay is called the differential parameter of the second order.

The order is determined by the maximum order of the derivatives of functions ¢, 1.
The differential parameters are invariant with respect to the transformations of
variables u, v. They also have the following properties:

1. Since the equations ¢ = const, 1) = const represent two surfaces, Aj ¢ repre-
sents the squared length of the gradient of ¢ as well as of a vector orthogonal
to the surface ¢ = const ; for the same reason, if A(¢, 1) =0, then the two
surfaces ¢ = const and 1) = const are orthogonal.

2. If Ay = 0, and we take the curves p=Const, together with the orthogonal
curves, as a coordinate system, the metric element is in isometric form.

8.4.1 Beltrami’s Equation

Let there be
Udu+Vdv, Udu+V'do,

the imaginary conjugate factors, introduced by Gauss, in which the right-hand
side of (8.1.4) is decomposed. We have

F+id F—-iH
U=VE, V="—"_""\ V=" _——, 8.4.3
VE VE (843)
Then V'V’ = G. With the same symbols of Section 8.2, we consider the ratio
Ubu+Vov  FEdu+ Fov+iHov

Udu+Vdv ~ Edu+ Fdv+iHdv

The complex term in the right-hand side (obtained by multiplying the numerator
and denominator by the conjugate of the denominator) can be put in exponential
form pel? and, equating the real and imaginary parts from (8.4.1), we have

0s . s .
pcosA = —cose, psin A = —sine,
ds ds

and p = %, A = ¢; then

Ubu+Vév Udu+Vdv ;.
5s = I e'c. (8.4.4)

If we take ds = ds, the element in the left-hand side can be considered as given by
a rotation of an angle € of the element in the right-hand side. Then the complex
differential binomial Udu+V dv is obtained from the binomial Udu+V dv multiplied
by e'¢, where € is the rotation angle. This property is the same as that is satisfied
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by complex variable x+iy represented in a Gauss plane. This property is true even
if we multiply Udu + Vdv by an integrating factor (in general complex) v (u, v),
so that v (Udu + Vdv) = dp + idq = dw. Since ¥ (Udu + V'dv) = dp — idq = dw,
we see that the variables p, ¢ are the same used by Gauss for expressing ds? in
isometric coordinates. Actually we have

dp? + d¢?

ds* = (Udu + Vdv)(Udu + V'dv) = BE
~

From these observations we infer that if we want to fruitfully apply to surfaces the
theory of functions of a complex variable, we do not have to use u+i v but rather the
variables p, q, introduced by Gauss, after multiplication by a complex integrating
factor v (u, v), so that v (Udu + Vdv) = dp+1idg = dw and 5 (Udu + V'dv) =
dp —idq = dw.

The integration can be performed just for particular problems, however some
peculiar characteristics of the Gauss functions f(u, v), for transforming a metric
element into an isometric form, can be known.

Let us consider its derivative

_ f,udu + f,vdv _ f,u + f,vv,u

w - . .4.
. y(Udu+Vdv) v (U+Vuy,) (84.5)

Following Riemann, this derivative must be independent of direction v ,,, then it

must be
Ufo—Vfu=0.

All the characteristic properties of f(w) are contained in this equation.
Actually, by substituting U, V from (8.4.3), we have

Ef,v - Ff,u = ZH.f,u (846)

By squaring, we have
Ef% —2Ffufv+Gf% =0,

which means
Aif=0. (8.4.7)

This is the first property: the functions f(w), as functions of u, v, have null the
first differential parameter and are the only ones with this property.

Writing the function f by means of its real and imaginary parts, f = ¢ +1i,
and substituting in (8.4.7) we obtain Aj¢p— A1)+ 2iA1 (¢, ¥) = 0, and since ¢, ¥
are real functions it follows that

I) Aq(p, ) =0, 1) A = Ay,

The first equation means that the family of curves ¢ = Const, v = Const are
orthogonal. The second one that curves ¢ = Const, 1» = Const are isometric.
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Substituting f = ¢ + i in (8.4.6) we obtain the real equations

E(b,v - Fd),u Ew,v - Fw,u

H = _'l,/},u 5 H

= b, (8.4.8)

and also a P a P
“n Loy D= T = g, (8.4.9)
These equations give necessary and sufficient conditions for characterizing the
real and imaginary parts of the function f, which allow us to solve the proposed
problem.
Differentiating and equating the second mixed derivatives, we obtain an equa-
tion for both ¢ or ¥ which is today called Beltrami’s equation

G(b,u - F¢,v E¢,v - F¢,u o
( G Fs ),ﬁ <H )] —0 (8.4.10)

and the operator L is called Beltrami’s operator [29]. The same equation is obtained
for the function 1. Thanks to (8.4.2), we can write

Lo =

Ayp =0, Aytp=0. (8.4.11)

The complex functions f = ¢+1 1, given by two conjugate solutions of Beltrami’s
equations (8.4.11) can be called, following Beltrami, complex variables on surfaces.
Then summarizing we have obtained for functions ¢, 1 the following properties:

1. The first and the second differential parameters are zero.
2. The real components have the second differential parameters equal to zero.

3. All real functions ¢, which satisfy Beltrami’s equation, can be considered as
the real part of a complex function f(w).

Functions of Ordinary Complex Variables

f(w) is a function of u 4 iwv if (7.1.1) are satisfied. By means of these conditions
we can eliminate ¢ from (8.4.8), and we find, for the unknown ¢ ,, ¢, the ho-
mogeneous linear system

(H-—E)p,+F¢p,=0, Fo,—(H—E)p, =0;

this system is satisfied only if the determinant of the system (H — E)? + F? =0,
equivalent to the conditions F = 0, H = E. Since H?> = EG, it follows that
E = G, which are the conditions for isometric expression of the line element.

So we have: for isometric coordinates on surfaces the same properties which
are satisfied on a plane (referred to x, y coordinates) by the function of an ordinary
complex variable x 41y hold. Actually Beltrami’s equation allows us to reduce the
general partial differential elliptic equations to canonic form [75].
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8.5 Beltrami’s Integration of Geodesic Equations

In the previous chapters we have seen how hyperbolic numbers and functions of
a hyperbolic variable can be successfully used for solving problems in space-time
as well as complex analysis is used for problems in the Euclidean plane. So it is
natural to try to extend Beltrami’s results, just reported, to “Lorentz surfaces”,
i.e., to space-time surfaces described by a non-definite quadratic differential form.

We begin by recalling another Beltrami theorem which refers to integration
of geodesic equations.

8.5.1 Differential Parameter and Geodesic Equations

We recall some concepts of classical differential geometry [6] and [34] which do
not appear in recent books [28] and [57]. In particular we report a method for
obtaining the equations of the geodesics firstly obtained by E. Beltrami ([4], Vol.
I, p. 366) who extended to line elements an integration method used by Jacobi for
integrating the dynamics equations.

Let us extend the definitions of differential parameters to an N-dimensional
semi-Riemannian space Vy with a line element given by ([34], p. 39)

N
ds’ =e Z gir da’ dz®, (8.5.1)
i, k=1

where e = +1 in a way that ds? > 0. If U, V are any real functions of the x?
(¢=1,2,...,N), the invariants defined by

R, 0U 0U
AU =g — — =4¢"U, 5.2
1U g aiC’L 3xh g U,Z U,ha (85 )
aouU v
A (U V)=g hazi 5F =9 UiV (8.5.3)

where ¢** are the reciprocal elements of the metric tensor g;;,, are called Beltrami’s
differential parameters of the first order. Since the equations U = const, V = const
represent (N — 1)-dimensional hypersurfaces in Vi, A; U represents the squared
length of the gradient of U as well as of a vector orthogonal to the hypersurface
U = const ; for the same reason, if A(U, V) = 0, then the two hypersurfaces
U = const and V = const are orthogonal.

The Equations of the Geodesics

We report an important application of differential parameters, due to Beltrami,
which is an alternative way (with respect to the classical one) for obtaining the
equations for geodesics [34]. This method, recently applied for integrating impor-
tant fields of General Relativity [7], is used in this section, in Chapter 9 and in
Appendix B.



8.5. Beltrami’s Integration of Geodesic Equations 131

Let us now consider the non-linear partial differential equation of the first
order
AT =ce€, (8.5.4)

where e is the same as in (8.5.1). The solution of this equation depends on an
additive constant and on N — 1 essential constants a; [34]. Now if we know a
complete solution of (8.5.4), we can obtain the equations of the geodesics by the
following theorem ([6], p. 299) and ([34], p. 59).

Theorem 8.2. When a complete solution of (8.5.4) is known, depending on N — 1
essential constants «;, the equations of the geodesics are given by

ot/0ai; = B;, (8.5.5)

where §; are new arbitrary constants, and the arc of the geodesics is given by the
value of T.

Obviously the above theorem is particularly useful for applications with re-
spect to Euler’s differential system

d?z! N dxt da®
- L, —/— — =0, 8.5.6
ds? +i = *ds ds ( )

when we have a complete solution of (8.5.4) at our disposal or this solution is
easily obtained.

To be sure, the integration of a partial differential equation is usually con-
sidered as a problem more difficult than that of a system of ordinary differential
equations. Actually Hamilton and Jacobi achieved a major success by recognizing
that this relationship may be reversed. In particular a result due to Bianchi [6]
and [34] is the following:

If the fundamental form (8.5.1) can be re-expressed in the generalized Liou-
ville form

ds® = e [X1(x1) + Xa(x2) + -+ Xn(zn)] Zei(dxi)z ) (8.5.7)

i=1

where ¢; = +1 and X; is a function of z% alone, then a complete integral of (8.5.4)
is

N
T :c—!—Z/\/ei(eXi—Fai) da’, (8.5.8)
i=1

where c and «; are constants, the latter being subject to the condition Eivzl a; = 0.
In this case the geodesic equations are immediately given by

or 1 €; d.Z‘i

b~ 2) Jaexiton (5:5:9)
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Geodesics Equations in the Hyperbolic Plane

Let us extend to infinitesimal distances the hyperbolic or space-time distance
defined in Section 4.1.1,
ds? = da® — dy*. (8.5.10)

By means of the method just summarized, we can find the geodesics in pseudo-
Euclidean plane, described by line element (8.5.10). At first we have to solve the
partial differential equation with constant coefficients

or\? or\?
AT==—] - | =] =e==£1.
w=(5) - () —e==

The elementary solution is given by 7 = Ax+ By+C with the condition A2 —B? =
+1. Then we can put

I) A=coshf, B=sinh0, if Ay = +1; (8.5.11)
II) B=coshf, A=sinhf, if A7 = -1. (8.5.12)

The equations of the geodesics are obtained by equating d7/06 to a constant c:

I) if Ay7=41 = xsinhf+ycoshf =c,
Iy if Aj7=-1 = =xcoshf+ ysinhf =c. (8.5.13)

Equations (8.5.13) demonstrate the result anticipated in Chapter 4: In the pseudo-
FEuclidean plane it is more appropriate to write the straight line equations by means
of hyperbolic trigonometric functions instead of circular trigonometric functions
as it is done in Fuclidean plane. We note that integration of the equations of the
geodesics in Euler’s form (8.5.6) would not give the condition on the integration
constants of (8.5.11) and (8.5.12) which allows us to introduce the hyperbolic
trigonometric functions in a natural way. With the definitions of Chapter 4, we
see that the geodesics (8.5.13) represent lines of the first kind for A;7 = +1 and
lines of the second kind for Aj7 = —1.
Equations (8.5.13) in parametric form become

x = ¢ sinhf + z,

) x = ¢ coshf + z,
y = —¢ coshb + vy,

Y= —¢ sinh 0+ 1, and II) { (8.5.14)

By means of this integration method we have obtained at once the two kinds of
straight lines anticipated in Section 4.3.

Now let us consider, together with straight line (8.5.13, I), a second one
(zsinh 1 + y cosh §; = ~) and calculate with the methods of differential geometry
the trigonometric functions of the crossing angle 6.. Actually in the Riemannian

geometry by means of differential parameters we have cos 6. = %. Now
1(u 1

performing the calculations with the metric element (8.5.10) we obtain
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Aq(u, v) = cosh(6 — 61), Aj(u) = Ay(v) = 1. The cosine of Riemannian
geometry has been substituted by hyperbolic cosine, the same result is obtained
for sine.

The same results hold for surface geometry and expressions (8.5.2) become

dsdscosh e = Edudu + F(dudv 4+ dvdu) + Gdvdv, (8.5.15)
dsdssinh e = H(dudv — dvdu). (8.5.16)

To these expressions we can give the same meaning of classical differential geom-
etry, (8.5.15) represents the scalar product and, thanks to results of Chapter 4,
(8.5.16) represents an area.

8.6 Extension of Beltrami’s Equation to Non-Definite
Differential Forms

Using the theory developed in previous chapters by means of hyperbolic numbers,
we can extend Beltrami’s results to Lorentz surfaces, by the following

Theorem 8.3. The “Gauss’ problem”, for both definite and non-definite quadratic
forms, is solved by the same Beltrami’s equation, taking the absolute value of H.

Proof. Let us consider a differential quadratic form
ds* = Edu® + 2Fdudv + Gdv* (8.6.1)

with A2 = F2—EG > 0, which represents a Lorentz surface, and its decomposition
into linear elements
Udu+ Vdv, Udu+ V'dv.

By analogy with definite forms, we have the decomposition into two hyperbolic
conjugate factors

F+hA F—hA
U=VE, V= =2 8.6.2
= = (8.6.2)

we proceed as Beltrami and, with the same meaning of symbols, we put the ratio

USu+Vév  ESu+Fév+hHsv

Udu+Vdo  Edu+ Fdo+ hHdo ©¢

in exponential form and, equating the real and hyperbolic parts, by means of
(8.5.16) we have

) 0
pcosh A = % cosh €, psinh\ = % sinhe.
ds ds
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Then p = %, A =¢, and

Ubu+Vév Udu+Vdv 4,
0s - ds c

(8.6.3)

If §s = ds, the element on the left-hand side is obtained from the element on the
right-hand side by means of a hyperbolic rotation e. This result can be interpreted
as a Lorentz transformation between the differential quantities Udu + Vv and
Udu 4+ Vdv. Then, as for a complex variable, if we want to fruitfully apply to
Lorentz surfaces the theory of functions of a hyperbolic variable, we do not have
to use u 4+ hv but rather the variables p, ¢ obtained by Gauss integration, after
multiplication by a hyperbolic integrating factor y(u, v), so that v(Udu+ Vdv) =
dp + hdq = dw and ¥(Udu + V'dv) = dp — hdq = dw. So we have

dp?® — dg?

ds* = (Udu + Vdv)(Udu + V'dv) = oIE
~

(8.6.4)

The integration can be performed just in particular cases, in any case some char-
acteristics of the transformation functions f(u, v) can be known. Equation (8.4.6)
becomes

Ef,—Ff,=hAf,. (8.6.5)

Squaring, we have Efzv —2Ffufo+ Gf?u = 0, which means
Aif=0. (8.6.6)

Then the first differential parameter of functions f(w) is zero.

Calling ¢, 9 the real and hyperbolic parts we can write f = ¢ + h, and
substituting in (8.6.6) we find A1¢ + A1ty + 2h A1 (¢, ) = 0 and, for the real
functions ¢, ¥, we obtain

Ai(p, ) =0, Ajp=—-A12.

The first equation indicates that curves ¢ = C'onst are orthogonal to curves ¢ =
Const, the second equation indicates that curves ¢ = Const, ¥ = Const are
isometric.

Substituting f = ¢ + h in (8.6.5), we find the real equations

E¢,1) - F¢u Ew,v - F¢,u

A — = w,u 5 A = ¢,u (867)

and also

G¢,U_F¢,’U _ . Gdj,u_Fw,v _
— A - Vs A - D v (8.6.8)

These equations show the differential properties of real and hyperbolic parts of the
functions f which solve the proposed problem.
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Actually, differentiating and equating the second mixed derivatives, we ob-
tain an equation for both ¢ or ¥ which, as for complex variables, corresponds to

Beltrami’s equation
G¢,u _ F¢,U E¢,v — F¢,u _
( A )u + ( A , =0, (8.6.9)

Ao =0, Ay =0. (8‘6.1%

Lo =

which can be written

Summarizing we have obtained for functions ¢, v the following properties:
1. The first and the second differential parameters are zero.
2. The real components have the second differential parameters equal to zero.

3. A real function ¢, which satisfies (8.6.9), can be considered as the real part
of a function f(w) of a hyperbolic variable.

Conclusion

In Chapter 4 we have seen that the introduction of hyperbolic numbers has allowed
a Euclidean formalization of trigonometry in the “flat” Minkowski space-time. In
a similar way, thanks to the introduction of functions of a hyperbolic variable,
we have extended the classical results of Gauss and Beltrami to two-dimensional
varieties with non-definite metric elements (Lorentz surfaces).



Chapter 9

Constant Curvature Lorentz Surfaces

9.1 Introduction

It is known that, in the XVIIIth century, the growth of a new physics also drove
the mathematics into new ways with respect to Euclidean geometry which, fol-
lowing Plato and Galileo, had been considered the “measure and interpretation”
of the world. From then on new subjects emerge, such as differential calculus,
complex numbers, analytic, differential and non-Euclidean geometries, functions
of a complex variable, partial differential equations and, at the end of the XIXth
century, group theory.

This apparent breaking up of a unitary culture was unified again with the
constant curvature surfaces studies and, in this way, many subjects, which looked
to be abstract, found a concrete application.

The most important aspects of these surfaces derive from the fundamental
works of Riemann ([61], p. 304), (1854) and Beltrami [2], (1868). In the former
it was shown that the constant curvature spaces are the only ones, among the
spaces which today we call Riemann spaces, in which the same motions (roto-
translations) of a flat Euclidean space are possible. In the latter it was shown
that the non-Euclidean geometries of Bolyai—-Lobachevski and Riemann himself
can be represented in a Euclidean way, on constant curvature surfaces (negative
and positive constant curvature, respectively).

Here we summarize the most important aspects of these studies, which have
gone beyond mathematical importance and brought about a great change in sci-
entific thought. In the historical description of the principal steps, we refer to the
works of Beltrami, who made the most important contribution, developing ideas
which were completed, from a formal point of view, by Klein (1872) and Poincaré
(1882), using complex variables.

Beltrami, referring to the paper of Gauss summarized in Section 8.2, ob-
served that among the representations of the sphere on a plane, the one in which
the geodesics on the sphere (great circles) are transformed into geodesics on a plane
(straight lines), is the most important from a practical point of view: this trans-
formation allows a simple measurement of distances. From a geometrical point of
view, it is known that this transformation corresponds to the projection of points
of the spherical surface from the center of the sphere to a plane, tangent to the
sphere at a pole. Beltrami inquired about the existence of other surfaces, repre-
sented by line element (8.1.4), for which a transformation of variables may exist,
which transforms geodesics on the surface into straight lines on a plane.



138 Chapter 9. Constant Curvature Lorentz Surfaces

The answer to this question is contained in a paper of 1865 ([2], p. 263), in
which he stated that < The only surfaces which may be represented on a plane, in
such a way that geodesics correspond to straight lines, are just the ones which have
constant curvature (null, positive, negative). > The results for the first two cases
were known because they correspond to the plane and the sphere. The research of
the meaning of the third case led Beltrami to write a paper which is considered
a milestone, not only for the history of science, but also for all scientific thought:
Saggio di interpretazione della geometria non-euclidea, today known as Saggio ([2],
p. 374).

Let us recall!, from the introduction of this paper, some important passages
in which the author inquires into the basic meaning of Euclidean geometry and
extends it: < The fundamental criterion of demonstration of elementary geometry
is the possibility of superimposing equal figures. This criterion not only applies
to plane, but also to the surfaces on which equal figures may exist in different
positions. Surfaces with constant spherical curvature have this property uncondi-
tionally. .. The straight line is a fundamental element in figures and constructions
of elementary geometry. A particular characteristic of this element is that it is
completely determined by just two of its points. .. This particular feature not only
characterizes straight lines on the plane, but also is peculiar to geodesic lines on
surfaces. .. > In particular < an analogous property of straight lines completely ap-
plies to constant curvature surfaces, that is: if two surfaces, with the same constant
curvature, are given and a geodesic line exists on each surface, superimposing one
surface on the other, in such a way that the geodesics are superimposed in two
points, they are superimposed along all their extension. The analogies between
spherical and plane geometries are based on the aforesaid property. > The same
geometrical considerations, which are evident for the sphere, may be extended to
negative constant curvature surfaces, which, as it has been recalled before, can be
represented on a plane, in such a way that every geodesic corresponds to a straight
line.

Beltrami demonstrated that < the theorems of non-Euclidean geometry (of
Lobachevsky) for the plane figures made by straight lines, are valid for the analo-
gous figures made by geodesic lines on the Euclidean surfaces with negative con-
stant curvature, which we can call pseudo-spherical. > Then <« results that seemed
to be inconsistent with the hypothesis of a plane can become consistent with a
surface of the above-mentioned kind and, in this way, they can get a simple and
satisfactory explanation. > A geometrical representation of this constant curvature
surface < is given by the surface obtained by rotating “the constant tangent curve”
also called “tractrix”, > and the geodesics on this “pseudo-sphere” may be mapped
on a plane and become the chords of a circle, in which distances are not measured
by means of Fuclidean geometry, but by Gauss geometry. The lengths become
infinite near the circumference, so the circle represents a limiting circle?. Chords

IMany of the arguments, summarized in Beltrami’s words, will be more thoroughly explored
in the remainder of this chapter.
2A representation of the figures in this circle has been given by M.C. Escher in the woodcuts



9.1. Introduction 139

of infinite length in the circle may be compared with straight lines in the plane.
Beltrami concludes: < With the present work we have offered the development of a
case in which abstract geometry finds a representation in the concrete (Euclidean)
geometry, but we do not want to omit to state that the validity of this new order
of concepts is not subordinate to the existence (or not) of such a correspondence
(as it surely happens for more than two dimensions). >

Now we recall the very important epistemological aspect of this work: the for-
mulation of Euclidean geometry starts from postulates which are in agreement with
the experience and all the following statements are deduced from these postulates
(axiomatic-deductive method). Lobachevsky uses the same axiomatic-deductive
method, but he starts from “abstract” postulates, which do not arise from ex-
perience. The work of Beltrami demonstrates that the theorems of Lobachevsky
are valid on a surface of Euclidean space, i.e., also starting from arbitrary axioms,
we can obtain results in agreement with our “Fuclidean” experience. These con-
cepts can be generalized and applied to scientific research: arbitrary hypotheses
acquire validity if the consequent results are in agreement with experience. The
most important discoveries of modern physics (Maxwell equations, special and
general relativity, quantum theory, Dirac equation) arose from this “conceptual
broad-mindedness”.

Coming back to Beltrami’s interpretation, a lot of great mathematicians
completed his interpretation from many points of view (elementary mathemat-
ics, differential and projective geometries, group theory [36]) and the definitive
mathematical formalization was performed by means of complex analysis. All
these studies for a definite line element could have been extended to non-definite
forms but these last ones were considered too far from common sense as Poincaré
pointed out in a famous paper [59]. These considerations were surpassed by the
theory of special relativity. Actually the most important objection of Poincaré was
that the common sense can not accept geometries in which the distance between
two distinct points is zero. As is today well known, this is the property of the
Minkowski space-time, then the relation between space and time stated by special
relativity gives a physical meaning to non-definite quadratic forms; following Bel-
trami, we can say that results which seemed to be inconsistent with the hypotheses
of Euclidean geometry (symmetry) can become consistent with another important
physical symmetry and, in this way, they can get a satisfactory explanation. This
“symmetry” can be extended to surfaces characterized by non-definite line ele-
ments which are today named Lorentz surfaces. Then as Riemann surfaces with
constant curvature (definite line elements) form one of the essential topics of ge-
ometry, so Lorentz surfaces with constant curvature (non-definite line elements)
are relevant for physics [77].

A milestone in the study of the former is the application of complex num-
bers theory, which yields the best mathematical formalization [25], [29] and [81].

Clircle Limit I-IV (1958-60). In these paintings the correspondence between the representation
and the properties peculiar to non-Euclidean geometry are increasing from I to III (“mathemat-
ically perfect” [63]).
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In the same way, the formalization of hyperbolic trigonometry in Chapter 4, the
introduction of functions of a hyperbolic variable in Chapter 7, the extension of
Gauss’ and Beltrami’s theorems in Chapter 8 allow us to use “hyperbolic math-
ematics” for a complete formalization of constant curvature Lorentz surfaces. We
shall see that the functions of a hyperbolic variable and the methods of classical
differential geometry allow us to establish a complete analogy between Riemann’s
and Lorentz’s constant curvature surfaces. In particular, expressions of the line el-
ements and equations of the geodesics written as functions of hyperbolic variables
are the same as the ones written as functions of complex variables and motions
on both these surfaces may be expressed by complex or hyperbolic bilinear trans-
formations.

The obtained results also have a physical meaning. Actually, as we show in
Chapter 10, if the variables x, y are interpreted as time and one space variable,
respectively, the geodesics on constant curvature Lorentz surfaces represent rel-
ativistic hyperbolic motion. This result has been obtained just as a consequence
of the space-time symmetry stated by the Lorentz group, but it goes beyond spe-
cial relativity, because the constant acceleration is linked with the curvature of
surfaces, as stated by Einstein’s field equations [31], as we show in Chapter 10.

9.2 Constant Curvature Riemann Surfaces

We begin this chapter by recalling the classical studies on constant curvature
Riemann surfaces. This exposition allows us to show how the study of constant
curvature surfaces can be considered as an emblematic example of the development
of the scientific method in the last two centuries. Actually the starting point is
the study of the positive constant curvature Riemann surface represented by the
sphere already considered in Gauss’ work (Section 8.2). Its study is performed by
means of Euclidean geometry and also its representation on a plane is obtained as a
geometrical projection of the spherical surface on a Cartesian plane. The following
step is the study of the Euclidean “tractrix” for which the representation on a
Cartesian plane can be obtained by a variable transformation. The same result
can also be obtained [29] by considering a two-sheets hyperboloid represented in a
Minkowski three-dimensional space-time which, for its non-definite metric, is out
of our geometrical intuition. When this analytical way has been taken it becomes
possible to extend the obtained results to a one-sheet hyperboloid represented in
a three-dimensional space with non-definite metric. On this hyperboloid we can
represent the constant curvature Lorentz surfaces [81].

9.2.1 Rotation Surfaces

The parametric equations of the sphere (8.2.10) can be considered as representative
of a rotation surface. These surfaces are very important in the present study
because, among them, there are positive and negative constant curvature surfaces.
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Therefore we start by introducing the general form of the line element of rotation
surfaces.
Line Element

Let us consider in a three-dimensional space, structured by an orthogonal Carte-
sian frame (O, XY, Z), the curve Z = F(X) on the X, Z plane and the surface
obtained by rotating this curve around the Z axis. Calling r, v two parameters,
we have the rotation surface

X =rcosv, Y =rsinv, Z=F(r); (9.2.1)

the function Z = F(r) is called the generating curve or also meridian curve.
The line element (8.1.4), as a function of the parameters r, v, is given by

ds® = [1+ F2(r)|dr® + r2dv?, (9.2.2)

where F'(r) indicates the derivative of F(r) with respect to r. Introducing the

new variable
u= / \/1+ F2(r)dr, (9.2.3)

we can express 7 as a function of u and obtain

ds* = du® + r? (u)dv® = r*(u) <T62l?u) + dv > (9.2.4)

which is considered ([6], p. 141) the characteristic form for line elements of rotation
surfaces. The isometric form is obtained by introducing the new variable p =
+ [du/r(u), and we have the line element

ds* = f(p)(d p* + dv?). (9.2.5)

It is known that, given a general line element, we can obtain a corresponding
surface just in some particular case, but this is always possible for line element
(9.2.4), since a problem about differential equationb is considered as solved if we
obtain a solution in integral form. We have ([6], p. 337)

/,/1 - dr du (9.2.6)
= i/ N (Z:f)z ~1dr (9.2.7)

or
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Equations of Geodesics

For the line element expressed by (9.2.5), the equations of geodesics can be easily
obtained by means of Theorem 8.2, p. 131.
Actually let us consider a surface represented by the line element

ds® = f(p)(dp® + d¢?).

The first step is the solution of the partial differential equation

ar= () () -

Here we follow a direct procedure, without using the general solution given in
Section 8.5.1. By the substitution 7 = A ¢+ 71(p) + C, where A, C are constants,
we obtain the solution in integral form,

r=ao+ [V - EdpsC. (9.28)

The equations of geodesics are given, in implicit form, by

or _ Adp
52:¢—/ B. (9.2.9)

VI -2~

Now we show

Theorem 9.1. The coordinates p and ¢ can be expressed as functions of the line
parameter T.

Proof. From the identity

T—A—=7—-AB, (9.2.10)

in which the terms on the left-hand side are evaluated by (9.2.8) and (9.2.9), we
obtain a relation between 7 and p,

roapy [ L (9.2.11)
Vf(p) — A2
and, by using (9.2.9), we obtain a relation between 7 and ¢. O

This result allows one to write the geodesics in the same parametric form as
the Euler equations given by (8.5.6).
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9.2.2 Positive Constant Curvature Surface
Line Element

For metric elements (9.2.4), the curvature (8.1.5) becomes

1 d*r(u
r(u) du?

~—

K=-—

(9.2.12)

If we look for a surface with K = cost = 35 we obtain r(u) for a positive constant

curvature surface u
r(u) = asin (E + b) , (9.2.13)

where a and b are integration constants. We do not lose in generality by setting
b=0, a= R and, from (9.2.6), we have

Z(u) = :t/\/l —cos?(u/R)du = £ Rcos(u/R). (9.2.14)

Inverting (9.2.13), from (9.2.7) we have
Z(r)=+vVR%—r2. (9.2.15)

By substituting (9.2.14) to X and Y in (9.2.1), we obtain the parametric equations
of the sphere (8.2.10):

X = Rsin (%) cosv, Y = Rsin (%) sinv, Z = Rcos (%) , (9.2.16)

where 0 < u < Rmr, 0 < v < 27. With respect to Gauss’ expressions (8.2.10) in
which w is the central angle, in (9.2.16), u is the arc on the surface. The metric
element is given by

2
ds* = du® + R*sin*(u/R) dv? = R?sin*(u/R) ( du ) + va) . (9.2.17)

R2sin®(u/R

Isometric Form of the Line Element, Representation of a Surface on the Plane

Using the Gauss procedure described in Section 8.2, by means of the transforma-
tion u, v — p, ¢ where

du
) = /Rsin(mzlncot(uﬁ]i’),
6 = v, (9.2.18)

we obtain the isometric form of a line element
d p2 + d¢2

ds® = R? 5
cosh” p

(9.2.19)
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This isometric form is preserved (Section 8.2) in a complex exponential transfor-
mation

x+1iy =exp[p +1¢] = explp|(cos ¢ + i sin @), (9.2.20)
which gives
dx? + dy?

ds® =ap? =V __
’ (1+ a2+ y2)?

(9.2.21)

This transformation has a simple geometrical interpretation.

A

P,=(0,0,R)

| <
S

P.(p)

Figure 9.1: Projection of a plane section of a sphere from its north pole into
its equatorial plane. From the similar triangles P, O P, and O H F,, we obtain

OP,=R gﬁ) = R tanu/2 and the relation Ps(u) — P,(p).

Referring to Fig. 9.1, let us consider the projection of a point Pj, of the
sphere X? + Y2 + Z? = R?, from the pole P, (0, 0, R) into the point P, of the
equatorial plane Z = 0. By considering the similar triangles OP, Py and OH P,
we obtain the polar coordinates [29]

cos(u/(2R)) ox
sin(u/(2R)) Rexplpl,

angular coordinate : v = ¢; (9.2.22)

radial coordinate : OP, =R

then z, y can be considered as normalized (divided by R) Cartesian coordinates
of a polar projection into the equatorial plane.
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If on this plane we introduce the complex variable z = = + iy and the con-
jugate z = x — iy, we can write
dz? + dy? 5 dzdZz

ds? =4R?>—— 7 ___ =4p?__""" 9.2.23
§ (1422 492)2 (14 22)? ( )

Relations Between Coordinates on the Plane and on the Spherical Surface

Here we see how a complex variable allows one to obtain useful results in a simple
way. We begin by stating the link between the coordinates of the points on the
sphere and the coordinates of the points on the plane. From (9.2.18) and (9.2.20)
we have

2Z2+1=—5——; 24+ 2z =2cot(u/2R)cosv,
sin®(u/2R) (u/2F)
s(u/R
zz—1= M ; 2 —Z=21icot(u/2R)sinv
sin®(u/2R)
and (9.2.16) become
z —z 71
X-rZY 2 y__4rE-Z z-_p¥ - (9.2.24)
zz+1 zz+1 zz+1

The inverse transformation gives the complex coordinate as a function of the
coordinates of a point on the sphere
X +1iY
i=m

As a first application we show: in the polar projection all the circles on the
sphere are mapped into circles on the equatorial plane and vice-versa.

Proof. Actually the circles on the sphere are given by the intersections of the
planes

aX +bY +cZ+d=0 (9.2.25)
with the sphere. By means of (9.2.24) we obtain the lines on the (z,y) plane
a(z+2z)—ib(z —2)+c(zz—1) +d(zz+1) = 0. (9.2.26)

If ¢ 4+ d # 0, these lines are circles, if ¢+ d = 0, they are straight lines. Equation
(9.2.26) depends on three parameters, therefore represent all the circles on the
(z,y) plane. O

In particular if d = 0, the planes (9.2.25) pass through the center of the
sphere and their intersections are great circles, i.e., geodesic lines which depend
on two parameters. From (9.2.26) we obtain the geodesic on the (x, y) plane

a(z+2) —ib(z — 2) + ¢(2z2 — 1) = 0.

Geodesic lines can be also obtained by the integration method exposed in Section
9.2.1, as we shall see for the other constant curvature surfaces. The results for this
and the following cases are summarized in Table 9.1.
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Polar isometric forms

ds? Equations of the geodesics
(1) R? d:;tgf sin(¢ — o) = tane sinhp
tanh p = cos esin (TF2)

(2) RQ% sin(¢ — o) = tanh e cosh p

coth p = cosh € cosh (%)

(3) R? dfjs;;lf sinh(o — ¢) = tanh € sinh p
tanh p = cosh esin (72)

(4) R? dg’i;glﬁz sinh(o — ¢) = tane cosh p

coth p = cos e cosh (%)

Cartesian isometric forms

ds® Equations of the geodesics

(1) AR G 2y 2SRy
4R2<‘i2d2)2 27 4 2expltiol=zexplio]

1422 tan e
(2) AR%dz” + dy* (1 — 2® — y*)? o¥ +y? +2TREERe Y ] = 0
4R2(’12d2>2 zg+i%fexp[w]+1:0

1—2z2Z tanh e
(3) AR a? —y? —pmherbhon 1
4R? (1‘12:52 25 4 preelshaZemlhol _ 1 _
(4) 4R2% @? —y? —puinhoz—coshoy 41—
4R? (ldjj;)Q 25 4 prexelhal—Zexplho] 4 _

Table 9.1: Line elements and equations of the geodesics for constant curvature
surfaces with definite (1, 2) and non-definite (3, 4) line elements. In rows (1) and
(2) z = x +1iy is a complex variable and in rows (3) and (4) z = =z + hy is a
hyperbolic variable. x, y are the coordinates in the Cartesian representation; €, o
are constants connected with the integration constants (A and B) of the equations
of the geodesics as follows: ¢ = B and ¢ = sin"'(A/R) in rows (1), (4) and
¢ = sinh " '(A/R) in rows (2), (3). The constants are determined by setting two
conditions that fix the geodesic, as the passage in two points (see Table 9.2) or one

point and the tangent in this point. 7 is the line element on the arc of geodesics.
T0 = AB.

Motions

Now we see another important application of the complex variable formalism. From
a geometrical point of view, given a surface and a generic figure represented on it,
the allowed displacements of the figure on the surface, are called “motions”. From
an analytical point of view, we call motions the transformations of variables which
leave the line element unchanged. Following Klein (see Chapter 3), the motions
are a group and this gives motions a physical relevance and the name itself.
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Actually the invariants of the physical conservation laws can be considered
as the invariants of a group. In particular the conservation laws of momentum
and angular momentum derive from the invariance of Newton dynamics equations
with respect to translations and rotations, respectively. We have also seen (Section
7.1), how from the invariance with respect to rotations the Green function for two-
dimensional Laplace equation can be obtained. In a similar way in Chapter 10, the
relativistic hyperbolic motion shall be obtained, from the invariance with respect
to hyperbolic rotations (Lorentz’s transformations).

Now we observe a kind of “unification” of the constant curvature surfaces
of the translation and rotation groups on the Euclidean plane. Actually the roto-
translation group is “composed” by two independent groups characterized by a
two-parameters group (translations) and a one-parameter group (rotations). On
the other hand, referring to the most evident Euclidean example of a spherical
surface, the motions are represented by just one three-parameters (as an example
the Euler angles) group which gives the rotations around the center.

This Euclidean vision of motions is lost when we represent the spherical
surface on a plane, since the induced geometry (distances, geodesics) is defined
by a Gauss metric, i.e., just in an analytical way. In any case the use of complex
numbers allows a very simple analytical description of motions.

Actually let us take a representation of the sphere on the complex z plane.
From (9.2.26) we see that the circles on the sphere are mapped into circles on the
plane, then since the motions on the sphere preserve the geometric figures, the
same must happen for the circles on the z plane. We know from the theory of
complex variables [69] that this property is held by bilinear mappings

w= 2245 (9.2.27)

Yz+46

where «, 3, 7y, § are complex constants, three of which are independent. Among
these general transformations we must take the ones which, from a geometrical
point of view, transform, on the sphere, great circles into great circles and, on the
plane, geodesic circles into geodesic circles. From an analytical point of view these
transformations must leave the line element unchanged. By means of the geomet-
rical approach these transformations have been obtained by Cayley and are named
after him: Cayley transformations ([6], p. 152). The analytical approach can be
found in ([29], p. 106). Actually the general mapping (9.2.27), is particularized to
a transformation depending on two complex constants («, ) and their conjugates

w= 228 (9.2.28)

- —Bz+a
with the unimodularity condition aa@ + 33 = 1. Since this condition is real it
reduces the four parameters to three, and (9.2.28) depends on three real parameters
instead of the six parameters of (9.2.27). The inverse transformation is

_aw-—f3
S et (9.2.29)
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9.2.3 Negative Constant Curvature Surface
Line Element

As well as for the positive constant curvature surface with line element (9.2.4),
2

T(lu) ddz(f) = cost = —#, we obtain, depending on the integra-

tion constants, three typical forms representative of negative constant curvature

surfaces ([6], p. 337)

setting K = —

2
ds* = du® 4+ 7% exp {];ﬂ dv?, (9.2.30)
ds® = du? + A% cosh® %} 2, (9.2.31)
ds? = du?® + A% sinh? [%} dv?. (9.2.32)

In particular, for the form (9.2.30) we obtain by means of (9.2.7) the generating
function expressed by elementary functions

Z(r)= :I:{\/R2 —r2—Rln

(9.2.33)

R+\/W]}

Introducing (9.2.33) into (9.2.1), parametric equations of the surface in three-
dimensional Euclidean space are obtained, as functions of parameters r,v, with
O0<r<R, 0<v<2m.

The curve given by (9.2.33) in the reference frame (O, r, Z), is a “tractrix”
with asymptote coincident with the Z axis. This curve is also called “the constant
tangent curve” for the following property: if we consider a tangent straight line to
the curve, the length of the segment between the contact point (7') and the point
in which the tangent line in T" crosses the asymptote of the curve, is constant. This
property can be demonstrated by an analytical procedure starting from (9.2.33).
As we have noted in Section 9.1, this rotation surface was called pseudosfera
(pseudo-sphere) by Beltrami.

In the cases of line elements (9.2.31) and (9.2.32), Z(r) can be expressed by
means of elliptic integrals ([6], p. 337). In the present study we consider the line
element (9.2.32), similar to line element (9.2.17) obtained for the sphere and, in a
similar way ([29], p. 98), we obtain the polar isometric form

dp? + d¢?

ds* = R®——;
sinh” p

(9.2.34)
By means of exponential transformation (9.2.20) we obtain the Cartesian isometric
form, which like (9.2.23), can be also expressed by means of the complex variable
z=x+1y as
dx? + dy?

v+ dy = 4R?

ds? =4R?>— 7 —_
’ (1 — a2 — y7)? (1 22)?

(9.2.35)
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This expression holds in the internal part of the circle 2% + y? < 1 ([6], p. 614),
([29], p. 100) and, as 22 + y*> — 1, we have d s®> — oo .

Equations of Geodesics

Geodesic lines can be obtained by the integration method exposed in Section 9.2.1,
substituting the general function f(p) of (9.2.9) and (9.2.11) with R?/sinh? p. It is
known that if we express the line element with new variables, by means of the same
transformations we obtain the geodesics in a new reference frame. In particular by
means of the transformation (9.2.20), we obtain the geodesics on an (z,y) plane.
The results are given in the second row of Table 9.1.

9.2.4 Motions

As we have seen for positive constant curvature surfaces, the expression of line
element (9.2.35) as a function of a complex variable allows us to obtain the motions.
Actually the transformations which leave unchanged the expression of the line
element are given again by bilinear complex transformations, similar to Cayley’s
formula, which leave also unchanged the limiting circle ([6], p. 618), ([29], p. 122)

w= OfZJr?, with the inverse z = M, (9.2.36)
Bz+a Bw—a

with aa — 88 = 1.

Representation of Negative Constant Curvature Surfaces in a Half-Plane

This representation, due to Poincaré ([6], p. 614), ([25], p. 55) and (][29], p. 101),
is epoch-making from historical and practical points of view. Actually, from the
historical point of view, it has allowed the representation of the non-Euclidean
geometry of Lobachevsky on a half-plane, i.e., out of a limited zone as it is the
interior of a circle. From a practical point of view this representation allowed one
to obtain the geodesic distance between two points as a cross ratio which is the
quantity preserved in projective geometry with respect to the group of bilinear
transformations. Moreover it represents another example of the applications of
complex formalism for studying the extension of Euclidean geometry.

We add the personal note that just this use of the complex variable stimu-
lates us to use the hyperbolic formalism for extending the Minkowski (or Lorentz)
geometry to constant curvature surfaces shown in this chapter and, for doing this,
to formalize the arguments as exposed in previous chapters.

From complex analysis we know ([6], p. 615 and [69]), that the transformation

.14z -2 1= (22 4+ 2
(=&+in=i 2y 5 +1 ( 5 yg,
11—z (1-=z)2+y (1-2)+y

(9.2.37)
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whose inverse is
¢—1i
C+i’

z (9.2.38)
maps the interior part of the unit circle with center at the coordinate axes origin
of the z plane into the half-plane n > 0 of the ¢ plane. In particular, the center
of the circle is mapped into the point (0, i), and its circumference into the n = 0
axis. The metric element (9.2.35) becomes ([6], p. 615)

R2 dé'z + d"]Q )

2 _
ds® = "

(9.2.39)

Equations of Geodesics in the Half-Plane

Applying the method exposed in Section 9.2.1, in particular (9.2.9), to line element
(9.2.39), (f(p) = R?/n?), we obtain the equations of the geodesics ([6], p. 609),
([29]. p. 101)

E-B?+n*=0C, (9.2.40)

where B and C are constants. Equation (9.2.40) represents circles orthogonal to
the limiting straight line 7 = 0. Their center is on the £ axis, and the straight line
orthogonal to the £ axis are also (particular) geodesics. We note that by means
of the transformation (9.2.38), we can obtain the geodesics on the (z,y) plane.
In agreement with the properties of conformal mappings and, in particular, of
bilinear transformations, the geodesics are circles orthogonal to the limiting circle.

Motions in the Half-Plane

For this representation the motions are given by the unimodular bilinear transfor-
mations with real coeflicients «, 8, 7, § ([6], p. 609),

a(+ 3
yC+S

w=p+iv= (9.2.41)

These transformations do not change the limiting line n = 0.
Actually we have ([29], p. 122)

Theorem 9.2. The bilinear mappings represent the motions in the representations
of negative constant curvature surfaces if they preserve the domains in which the
Lobachevsky metric is represented.

Geodesic Distance Between Two Points in the Half-Plane

Referring to line element (9.2.39) we begin by taking two points on the geodesic
line represented by the £ = 0 axis. In particular A = (0,a), B = (0,b) with
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0 < a < b. The linear line element becomes d s = dn/7n, and the (non-Euclidean)
distance (indicated by d), is given by

d=R | —'=Rln-. (9.2.42)
o 1

This expression can be written so that it is invariant for bilinear mapping, i.e.,
as the cross ratio defined in the following way: given, on a line, four points

(A, B, C, D), the quantity gfg, which is indicated by (A, B; C, D), is called
cross ratio ([81], p. 215). This relation also holds for the limiting case A —
oo, B — 0 ([6], p. 612), which represents the present one.

Actually if we consider, together with points a, b, the points “c0” and “0” of

the y axis, (9.2.42) can be written as

d=RIn(b/a) = R In(0, 0; a, b).

Taking into account that this expression is invariant with respect to bilinear map-
pings [30], we can extend the measure of distance to every point on the half-plane.
Actually by means of (9.2.41) we can map the points A, B into every other two
points (A’, B’) of the half-plane n > 0. By means of the same transformation the
line £ = 0 becomes the geodesic circle which passes through A’, B’, and the points
00, 0 become the points in which the geodesic circle crosses the ¢ axis. Indicating
by M7, Ms, these two last points, the geodesic distance can be written as

d = RIn(M,, My; A', B'). (9.2.43)

This expression shows that, as it happens in Euclidean geometry, distance on
constant curvature surfaces can be expressed as a function of the coordinates
of the points. In some texts [25] and [30], in which the methods of differential
geometry are not used, (9.2.43) is taken as an axiomatic definition of the distance
since it satisfies the necessary requirements.

From (9.2.42) or (9.2.43) we can see that d(AB) = —d(BA). We can also see
that if the point A is fixed and B — M; or — M, the cross ratio becomes oo or
0, respectively and, in both cases d — co. The points on the limiting line are at
infinite non-Euclidean distance from all the finite points.

In Section 9.4 we shall see how the distance between two points can be
expressed as a function of complex (or hyperbolic) variables in points A, B. And a
similar result is also true for positive constant curvature surfaces for both definite
and non-definite line elements. These results are summarized in Table 9.2.

9.2.5 Two-Sheets Hyperboloid in a Semi-Riemannian Space

Now we give another formalization of the geometry on a negative constant curva-
ture Riemann surface, widely considered in modern books ([29], p. 98). In particu-
lar this treatment derives from the concept introduced by special relativity which,
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giving a physical meaning to non-definite quadratic forms, allows one to see in
a similar frame both the two constant curvature Riemann surfaces and the two
constant curvature Lorentz surfaces. Practically, by considering three-dimensional
spaces with non-definite metrics [34], we can apply the same procedure developed
for the sphere to other quadric surfaces, obtaining similar results [81].

Let us consider in three-dimensional space, structured by an orthogonal
Cartesian frame (O, X,Y, Z), a two-sheets hyperboloid defined by the equation

X2 4+Y?*-27? = -R? (9.2.44)
or, as a function of the parameters u , v,
X = Rsinh (u/R)cos v; Y = Rsinh (u/R)sin v; Z = tRcosh(u/R).
(9.2.45)
It is a rotation surface generated by an up-down hyperbola in the (X, Z) plane

rotating around the Z axis. We suppose this figure in a space with non-definite
metric (three-dimensional Minkowski space-time)

ds* = dX? +dY? — dZ*. (9.2.46)
The metric element for the two-sheets hyperboloid (9.2.45) is given by
du?
ds® = du® + R?sinh®(u/R) dv?> = R? sinh®(u/R ( + d112> ,
(u/R) (u/R) R2sinh?(u/R)

(9.2.47)
which is the same as (9.2.32). This result is equivalent to the one obtained in Sec-
tion 9.2.2 for the sphere in Euclidean space. Then the sphere in three-dimensional
FEuclidean space and the two-sheets hyperboloid in three-dimensional Minkowski
space-time are positive and negative constant curvature Riemann surfaces [29].
This results in an example of a more general theorem ([34], p. 201).

Before introducing this theorem, let us point out that in a flat semi-Riemann-
ian space with line element

N
ds* = Z ca(dx™)?,  with ¢, positive or negative constants, (9.2.48)
a=0
the surfaces
N
Z ca(z)? =+ R?, with the same ¢, of (9.2.48),
a=0

are called fundamental hyperquadrics [34] and [57]. For these surfaces we have ([34]
p. 203)

Theorem 9.3. The fundamental hyperquadrics are N-dimensional spaces of con-
stant Riemannian curvature and are the only surfaces of constant Riemannian
curvature of an (N + 1)-dimensional flat semi-Riemannian space.

In particular, the constant curvature is positive if in the equation of the
fundamental hyperquadric there is +R? and negative if there is —R2.
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9.3 Constant Curvature Lorentz Surfaces

9.3.1 Line Element

The theorem just exposed can be used for finding the constant curvature Lorentz
surfaces, but here we follow a direct approach. Let us consider a Lorentz surface
with the line element given by

ds® = du® — r?(u) dv. (9.3.1)

For this line element the Gauss curvature K is given by [29]

In particular, if we put K = £R~2 and with a suitable choice of the initial condi-
tions, we obtain

e for positive constant curvature surfaces (PCC)

ds* = du® — R*sin®(u/R) dv?, (9.3.2)

o for negative constant curvature surfaces (NCC)

ds®> = du® — R?*sinh®(u/R) dv?. (9.3.3)

9.3.2 Isometric Forms of the Line Elements

As shown in Section 8.3, the non-definite line elements can be transformed into
the isometric form [29]

ds® = f(p, ¢)(dp® — do?). (9-3.4)

In particular, (9.3.2) is reduced into isometric form by the transformation

du
= — —_— = 1 2 N =
P / Rsin(u/R) neot(u/2R); ¢=v
and (9.3.3) by the transformation

du . . _
p= /Rsmh(u/R) = Intanh(u/2R); p=v.

We obtain

d 2 d 2 d 2 d 2
ds? = RQ% for PCC,  ds® = RQ% for NCC.  (9.3.5)
cosh” p sinh® p
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As stated by Theorem 8.3 these isometric forms are preserved from transformations
with functions of the hyperbolic variable. Then by means of the hyperbolic polar
transformation (4.1.6)

T+ hy = exp[p + h @] = exp|p](cosh ¢ + hsinh @), (9.3.6)
(9.3.5) can be rewritten in the form

dz? — dy?

dz? — dy?
T y2)72 5 for NCC,

(9.3.7)

where x, y can be considered the coordinates in a Cartesian representation.

ds® = 4R? for PCC,  ds* = 4R?

9.3.3 Equations of the Geodesics

With the method summarized in Section 9.2.1, we can find the equations of the
geodesics for a surface with the particular line element

ds® = f(p)(dp® — d¢?).
We obtain

=46+ [V AR dp+C. (9:38)

The equations of the geodesics are given by

or Adp
94 @ +/ B. (9.3.9)

VIip)+ A

As in Section 9.2.1, from (9.3.8) and (9.3.9) we obtain a relation between p and
the line parameter 7:

or f(p)dp

T-A—= | —/——— =
01~ Vi

Application to Constant Curvature Surfaces

7— AB. (9.3.10)

Let us consider a positive constant curvature surface with the line element given
by (9.3.5). For this case we have f(p) = R?cosh™? p and (9.3.8)-(9.3.10) become,
respectively,

dp + C, (9.3.11)

2 4 A2 cosh®
=g [V R
cosh p
(R/A)2 + 1sinh(B — ¢) = sinh p, (9.3.12)
tanh p

T—AB=Rsin™! | ————
1+ (A/R)?

(9.3.13)
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In order to obtain simplified final expressions we put in (9.3.12) and (9.3.13)
A = Rsinhe, B = 0. In a similar way we obtain the equations of the geodesics
for the negative constant curvature surfaces represented by (9.3.5). In this case we
put A = Rsine, B =o.

Since we know from differential geometry [57] that, if we transform a line
element, the same transformation holds for the equations of the geodesics, by
substituting (9.3.6) into (9.3.12) we obtain the equations of the geodesics in a
Cartesian (z,y) plane. Equation (9.3.12) becomes

2 exp[p](sinh ¢ cosh o — cosh ¢ sinh o) = tanh e(exp[2p] — 1).

Substituting the x, y variables from (9.3.6) the expressions reported in Table 9.1
are obtained.

In the Cartesian representation of this table, we report the line elements and
the equations of the geodesics as functions of complex (definite line elements 1 and
2) or hyperbolic (non-definite line elements 3 and 4) variables. These expressions
for definite and non-definite line elements are the same if they are written as
functions of the z variable (complex or hyperbolic, respectively) [81].

The “Limiting Curves”

The results reported in Table 9.1 for constant curvature surfaces with definite line
element are well known and the geodesics are represented in the (x,y) plane by
circles limited by the “limiting circle” [6] and [29]. The equation of the limiting
circle is obtained by equating to zero the denominator of the line element in
Cartesian coordinates. For negative constant curvature surfaces this equation is
given by x2 + y? = R?, while for positive constant curvature surfaces it is given
by z2? + 2 = —R?, representing a circle with imaginary points. Then for positive
constant curvature surfaces the geodesics are complete circles. Now we show that
the same situation applies to constant curvature surfaces with non-definite line
elements.

For positive as well as for negative constant curvature surfaces, the geodesics
are hyperbolas of the form

(y—w0)* = (x — 20)? = &, (9.3.14)

where xg, Y9, d depend on two parameters which can be obtained as functions of
A and B from the equations reported in Table 9.1. In particular, the half-diameter
d of the geodesic hyperbolas, as well as the radius of the geodesic circles on the
constant curvature Riemann surfaces, are

goBR_ 1
A AVIK]

From the same equations we see that for ¢ — 0 (A — 0) the geodesics are given
by straight lines through the coordinate axes origin, as it happens for constant

(9.3.15)



156 Chapter 9. Constant Curvature Lorentz Surfaces

curvature Riemann surfaces. The limiting hyperbolas are:
y?— 2?2 =1 for PCC; 22 —y? =1 for NCC.

The former limiting hyperbola does not intersect the geodesic hyperbolas.

For the latter we find the intersecting points by subtracting the equation of
the limiting hyperbola (®3 = [2? — y*> — 1 = 0]), multiplied by tane, from the
geodesic hyperbolas (®; = [(#? —y? +1) tane —2(z sinh o —y cosh o) = 0]). In this
way we have the system

2?2 —y?—1=0,
tane — xsinh o + ycosho = 0. (9.3.16)

Now we show that as for Riemann negative constant curvature surfaces, we have
Theorem 9.4. The geodesics cross orthogonally the limiting hyperbola.

Proof. Let us calculate the scalar product (in the metric of the hyperbolic plane)
of the gradients to ®; and ®, in their crossing points:

a(bl 8(1)2 8@1 6@2 9 9 )
- . —4 — _ rsinh Lol
Jdr Ox Oy Oy [tane (z” — y°) — zsinho + y cosh o]

Since in the crossing points 2% — 2> = 1, due to (9.3.16), this product is zero.
Then, as for definite line elements, ®; and @5 are pseudo-orthogonal [34]. O

We note that this property, as many others, can be considered a direct con-
sequence of the fact that the equilateral hyperbolas represented in the pseudo-
Euclidean plane satisfy the same theorems as the circles in the Euclidean plane,
as shown in Chapter 4.

From an algebraic point of view this also follows from the fact that the
equations of circles and equilateral hyperbolas are the same, if they are expressed
in terms of complex and hyperbolic variables, respectively.

9.3.4 Motions
We have
Theorem 9.5. The motions are given by a bilinear hyperbolic transformation.

Proof. Actually, as reported in Table 9.1, the expressions of the line elements
of Euclidean and pseudo-Euclidean constant curvature surfaces, written in terms
of complex or hyperbolic variables, respectively, are the same. Then, also the
transformations which leave unchanged the line elements are the same, if they are
written in terms of complex or hyperbolic variables.
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In particular, calling z = x + hy and w = p + hq two hyperbolic variables
and «, 0 two hyperbolic constants, we obtain the following expressions for the
motions:

w:w; (@a+BB=1) for PCC; (9.3.17)
—Bz+a
_az+f s
= Feva (aa—pp=1) for NCC. (9.3.18)

These transformations are also reported, without demonstration, in ([81], p. 288).
As for constant curvature Riemann surfaces, they depend on three real constants.
O

9.4 Geodesics and Geodesic Distances on Riemann and
Lorentz Surfaces

Let us recall from differential geometry that two points on a surface generally
determine a geodesic and the distance between these points can be calculated by a
line integral of the linear line element. It is known that, for the constant curvature
surfaces, the equation of the geodesic as well as the geodesic distance can be
determined in an algebraic way as functions of the point coordinates. In what
follows we determine these expressions for all the four constant curvature Lorentz
and Riemann surfaces, in the representation on the (z, y) plane; then with line
elements given by (9.2.23), (9.2.35) and (9.3.7). For Lorentz surfaces, only points
for which the geodesic exists ([57], p. 150), are considered. The method we propose
is based on the obtained results that the motions which transform geodesic lines
into geodesic lines are given by bilinear transformations.

We proceed in the following way: we take the points P, P> in the complex
(hyperbolic) representative plane z = = +iy (2 = x 4+ hy) and look for the
parameters of the bilinear transformation (9.3.17) or (9.3.18) which maps these
points on the geodesic straight line ¢ = 0 of the complex (hyperbolic) plane w =
p—+ig (w = p+ hq). The inverse mapping of this straight line will give the
equation of the geodesic determined by the given points. Moreover this approach
allows us to obtain the distance between two points as a function of the point
coordinates, and we show that the proposed method works for positive constant
curvature surfaces as well as for the negative ones.

9.4.1 The Equation of the Geodesic

Theorem 9.6. For Riemann and Lorentz positive and negative constant curvature
surfaces, the geodesics between two points are obtained as functions of the points’
coordinates as it is summarized in Table 9.2.
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Proof. Here we consider positive constant curvature Lorentz surfaces for which
the motions are given by the bilinear transformations (9.3.17). Let us consider the
two points

Py (z1 =21+ hys = prexp[hb]), Pa: (22 = 2 + hys = p2 exp[hbs])
and look for the parameters (a, () of the bilinear transformation (9.3.17), which

maps Pp, P, into points Po = (0, 0) and P, = (I, 0), respectively, of the plane
w = p+ hq. The o, § parameters are obtained by solving the system

w; = 0= az = —0; wgzl:azg—l—ﬂ:l(—ﬁz'g—l—&).

By setting the constants in hyperbolic polar form: o = p,exp[hb,], § =
pp explhbs], we obtain

ppexplhls] = —pap1explh(bo + 01)], (9.4.1)
(22 — z1) exp[2hb,] = (1 + Z129). (9.4.2)

Equation (9.4.2) can be rewritten as

|22 — 21 { ( <2’221
l=—"——exp|h|20,+arg| ——— .
|14 21 25 P @ & 14 Z129
Since [ is real, we have

zZ9 — 21 |22—2’1|
20 — | =0 l= ——+—. 9.4.3
a+arg<1+2122> ’ ‘1+2122| ( )

The constants of the bilinear transformations are given but for a multiplicative
constant; therefore setting p, = 1, we obtain from (9.4.1)

9/@ =0, + 04, pPg = —pP1- (9.4.4)

Now the equation of the geodesic between points Py, P; is derived from the trans-
formation of the geodesic straight line w — w = 0 by means of (9.3.17):

(z? —y® — 1)pysinh(0, +05) + x(sinh 26, — p?sinh26,) (9.4.5)
+  y(cosh 26, + p3 cosh205) = 0.

Similarly, for the positive constant curvature surfaces with definite line element,
by setting o = poexplitvha], 8 = pgexplivg], (9.4.1) becomes pgexpliyg] =
—pap1expli (Yo + ¥1)]. By substituting, in the right-hand side —1 = explin],
we obtain

Yg =7+ Yo + 91, pg=p1. 0
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9.4.2 Geodesic Distance

The transformations discussed above allow us to find the geodesic distance
0(z1, z2) between two points P; and P, as a function of the point coordinates.
In particular we have

Theorem 9.7. For Riemann and Lorentz negative constant curvature surfaces, the
distance between two points can be expressed by a cross ratio, which is a function
only of the complex or hyperbolic coordinates of the points.

Proof. Let us take a negative constant curvature Lorentz surface. By using the
line element (4) in Table 9.1, in Cartesian isometric form, the distance between
Py = (0, 0) and P, = (I, 0), on the ¢ = 0 geodesic line, is given by

1
dp —1 141
=2 =2R- h =Rln——. 4.
500, 1) R/O L = 2R tanh ™! 1= Rln 1 (9.4.6)

This equation can be written as a cross ratio ([30], p. 182), i.e., in a form which is
invariant with respect to bilinear transformations ([81], p. 263) and ([25], p. 57).
Actually we have
1+1
1-1"
The points 1 and —1 are the intersection points between the geodesic straight line
g = 0 and the limiting hyperbola 22 — y? = 1, then (9.4.6) and (9.4.7) represent
the same result expressed by (9.2.43).
By means of the same arguments of the last paragraph in Section 9.2.4 we
can obtain the distance between any two points in the plane, by replacing [ with
the expression as a function of the point coordinates (9.4.3)

(1, -1;0,0). (9.4.7)

1 21— 2o

6 = 2 R tanh™ .
(21, 22) an ‘1 — 2122‘

(9.4.8)

Equation (9.4.8) is also valid for negative constant curvature Riemann surfaces,
with the value of [ given in Table 9.2. O

For negative constant curvature Riemann surfaces the result of (9.4.8) is
obtained in a different way in ([25], p. 57).

Theorem 9.8. Also for the positive constant curvature surfaces the geodesic dis-
tance between two points can be written as a function of a cross ratio and then as
functions of the point coordinates.

Proof. Let us consider the line element (1) of Table 9.1, in Cartesian isometric
form, and calculate the distance between points Py and P, on the geodesic line
q=0,

l .
B dp 4, R _i-1_ R oL
0(0,1) = QR/O 7= 2Rtan™ " [ = ; lni—i—l : In(—i,1;0,1). (9.4.9)
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Now —i, i are the intersection points between the geodesic straight line ¢ = 0 and
the limiting circle 22 + y? = —1. Since the properties of the cross ratio are also
valid for imaginary elements, we can again substitute for [ its expression reported
in Table 9.2, obtaining

|21 — 22|

8(z1, 22) = 2Rtan ! - — =L
(21, 22) |14 Z1 2]

(9.4.10)

If we apply the same procedure for non-definite line elements, we obtain the same

expression (9.4.10) where z; and zy are hyperbolic variables. O
’ Motions ‘ l ‘ Yo, o ‘ Vg,08 ‘ Pg ‘
_ +8 _ aw—p |z2—21] 1 14z
1) |w= fBZera z= g:ﬁm |1f21 212\ 3 arg (ﬁ) 7+ Yo + 91 P1
@ | w=ghs |s=Ferw | nonwy | aue(5ER) | wtdetin | m
_ +B _ aw—p |22 —21] 1 142 2
() | w= % = gz+a |1f£1 z12\ 2 arg ( zzzj;lz) O + 61 e
— +8 _ —aw+p |z —21] 1 1-2
@ | w=g=8 =Gt | e [ fag(82) | date | op
The equations of the geodesics
M (@ + 9% = Dp1sin(Pa +1p)
—z(sin 2¢a — p3 sin2¢g) — y(cos 2o + p3 cos 2¢g) = 0
) @ +y” + Dp1sin(Pa + ¥3)
+a(sin 2¢a + p? sin 2¢3) + y(cos 2¢q — p? cos 2¢p3) =0
® @ =37 — D)p1 b {0 1 05)
+z(sinh 20 — p? sinh 205) + y(cosh 204 + p? cosh 205) =0
@ @ — % + D1 sinh(0a + 05)
—z(sinh 204 + p? sinh 205) — y(cosh 20, — p? cosh203) =0

Table 9.2: Equations of the geodesics for the four constant curvature surfaces,
with definite (rows (1) and (2)) and non-definite (rows (3) and (4)) line elements,
obtained by the method exposed in Section 9.4.1. In particular, given two points
in the z plane, P, = (21 = prexplivh]), Po = (22 = paexplits]), we call a =
Pa €xplitha], B = pgexplityg] the constants of the bilinear mapping, reported in
the second column of the upper table, which maps these points into points Py =
(0,0) and P; = (1,0) of the w plane. In column 5%, 6! and 7*", these parameters
are reported as functions of the coordinates of Py, Ps.

With these parameters we obtain the geodesics in the z plane by transforming
the straight line w — w = ¢ = 0, by means of the same mapping. The equations
for the geodesics are reported in the lower part of the table as functions of the
parameters.

The value of [ (given in the 4! column) allows us to calculate, by means of (9.4.8)
or (9.4.10) the geodesic distance between points Py, Ps.



Chapter 10

Generalization of Two-Dimensional
Special Relativity

(Hyperbolic Transformations and the
Equivalence Principle)

In Chapter 5 we have seen how hyperbolic trigonometry, introduced in the flat
pseudo-Euclidean plane, has allowed us a complete treatment of accelerated mo-
tions and a consequent formalization of the twin paradox. In this second chapter
concerning physical applications we shall see how the expansion from algebraic
properties to the introduction of functions of hyperbolic variable allows an in-
triguing extension to general relativity of the symmetry of hyperbolic numbers,
just introduced through special relativity.

This extension can be interpreted in the light of Einstein’s words as we briefly
summarize in Section 10.3.

10.1 The Physical Meaning of Transformations by
Hyperbolic Functions

In Chapter 7 we have seen that the wave equation is invariant with respect to
h-conformal mappings. Now we stress the physical relevance of this property, due
to the fact that it is equivalent to say that the speed of light does not change
in the coordinate systems obtained by these functional transformations, and this
infinite group of functional transformations can be considered as a generalization
of the Lorentz—Poincaré two-dimensional group. We briefly recall how Einstein
established the Lorentz transformations of Special Relativity.

As is well known, the starting point was to look for invariance of Maxwell’s
equations (wave equations in general) with respect to uniform motions of refer-
ence frames, in the same way as dynamics equations are invariant with respect to
Galileo’s group.

Einstein was able to obtain in a straightforward way and by means of el-
ementary mathematics the today named Lorentz transformations, starting from
the two postulates

1. all inertial reference frames must be equivalent,
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2. light’s velocity is constant in inertial reference frames.

Now we note that the second postulate can be replaced by a more general formu-
lation. Actually, as the Michelson experiments pointed out and Einstein himself
observed in the introduction of the General Relativity paper (recalled in Section
10.3), the constance of light velocity is not limited to inertial reference frames.
Thus we can say that while, from one point of view, Lorentz transformations ob-
tained by Einstein are a right solution of the first requirement, from a more general
point of view the second postulate could be formulated in a more general way. Ac-
tually, as we have stressed in this book, the link stated between space and time
can be interpreted as The symmetry or group or geometry between these vari-
ables, and this relation holds true for every reference frame and, as a consequence,
it must be extended to them. The physical relevance of hyperbolic transformations
derives from this fact: all the coordinate systems they introduce satisfy the required
space-time symmetry and, in this way, they represent a generalization of the second
postulate, i.e., they allow us to generalize the Lorentz—Poincaré two-dimensional
group also to the accelerated reference frames which preserve the right symmetry.

Following the positions in Section 4.1.2, p. 30 we give to the x variable the
physical meaning of a normalized (speed of light ¢ = 1) time variable and to y
the physical meaning of a space variable, and we write the hyperbolic variable
w = t+ hz and its function f(w) = wu(t,z) + hov(t,z). The system of partial
differential equations (7.3.3) is written

Ug =V Ut =V (10.1.1)
Now we emphasize the physical meaning of the functional transformations.

It is known that linear Lorentz transformations of special relativity represent
a change of inertial frame. Relating the space and time variables to Cartesian
coordinates, the inertial motion is represented by straight lines and, applying the
linear Lorentz transformations, these lines remain straight lines.

The functional transformations change the straight lines in one reference
frame into curved lines in another frame. From a physical point of view, a curved
line represents a non-inertial motion, i.e., a motion in a field. The question which
arises is whether these functional transformations represent any physical field.
Now we show that by extending to hyperbolic functions the procedure reported
at the end of Section 7.1 for complex variables, we obtain

Theorem 10.1. The relativistic hyperbolic motion (Section 5.2)
t=g !sinh(g7); =g ' cosh(gr) (10.1.2)

derives from the solution of a wave equation independent of hyperbolic rotations
(Lorentz transformations).

Proof. For the t, x variables, the experimental evidence for symmetry is provided
by the invariance under Lorentz transformations or, by (4.1.8), the independence
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of hyperbolic angle 6. Thus let us find a solution U(¢, x) of the wave equation
U —U 2 =0, independent of the hyperbolic angle. We can proceed as in Section
7.1, and write the hyperbolic variable ¢ + hx as an exponential function of the
variable p + h 0 defined in Section 4.1, multiplied by h. The factor h allows us
to obtain a function z(t) with |dz/dt| < 1 (i.e., the hyperbolic variable ¢ 4+ hz in
sectors Us or Ds (see Section 4.1) as it must be from physical considerations. By
applying this transformation, we have

t =exppsinhf; x =expp coshd (10.1.3)

with the inverse
p=1Invx2—12; 0=tanh '(t/x). (10.1.4)

We must solve the equation
U,pp—Ugo=0. (10.1.5)

The U invariance under “hyperbolic rotation” means independence of the 6 vari-
able. Therefore U g9 = 0, and U depends only on the variable p. The partial differ-
ential equation (10.1.5) becomes an ordinary differential equation d?U/dp? = 0,
with the elementary solution

U=Ap+B=Alnvz2 -2+ B. (10.1.6)

If we consider, as for the Laplace equation, the “equipotentials” U = const, in the
p, 0 plane, these lines are straight lines which can be expressed in parametric form
and, in agreement with (5.2.1) and (5.2.3), written as p =const.= In(g~1!), § = g .
Going over, by (4.1.4) to t, x variables these straight lines become the hyperbolas
(10.1.2), which represent the hyperbolic motion (5.2.1). From (5.2.3), 7 is the
proper time also in agreement with the fact that it represents the ¢ variable in a
reference frame in which x is constant. O

Equation (10.1.2) is the law of motion of a body in the field of a constant
force, as is the case of a uni-dimensional central field, calculated by the rela-
tivistic Newton’s dynamic law. In this example the motion has been obtained as
a transformation through the exponential function of a particular straight line.
This transformation belongs to a group which preserves the proper symmetry of
space-time. So we can say that, as well as the space-time symmetry is described
by hyperbolic numbers, in the same way space-time fields are formalized by means
of functions of hyperbolic variables. Practically, what we have done is to use suit-
able mathematics with the symmetries of the problem. In the next sections this
principle is applied to the results obtained in Chapter 9.

From a physical point of view these results represent a mathematical formal-
ization of the equivalence principle thanks to which, following Einstein ([32], p.
150), < we are able to “produce” a gravitational field merely by changing the sys-
tem of co-ordinates. > Actually “A theory based on the Poincaré four-dimensional
linear group, even being the symmetry group of space-time, provides no natural
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explanation for the equality of the inertial and gravitational mass, and it can
not alone prescribe the form of the dynamical law ([9], p. 4)”. On the contrary,
the possibility of introducing hyperbolic functions with the space-time symmetry
satisfies this requirement.

10.2 Physical Interpretation of Geodesics
on Riemann and Lorentz Surfaces
with Positive Constant Curvature

Let us now summarize and interpret, from this last point of view, the results of
Chapter 9.

In Section 9.2.4 we have briefly recalled the link between groups and physical
conservation laws. In particular we have recalled that the independent groups of
rotations and translations in the Euclidean plane are unified on constant curvature
surfaces.

In Section 7.1 we have also seen how the functions of a complex variable
allowed us to obtain the Green function for Laplace’s equation from the invariance
with respect to rotations.

In a similar way in Section 10.1, from invariance of the wave equation with
respect to Lorentz transformations, the hyperbolic motion (corresponding to the
uniformly accelerated motion of Special Relativity) can be obtained.

The invariance with respect to translation group does not give similar results,
whereas now we see how the “unification” on the constant curvature surfaces of
rotation and translation groups (Section 9.2.4) gives some intriguing results.

Let us start by considering the well-studied example of the sphere in a Eu-
clidean space. On this surface the group of roto-translations (which from a geo-
metrical point of view, represents the rotations around the center) is represented
by three parameters (such as Euler’s angles). If this surface is projected on a plane,
for instance by means of a stereographic projection, we lose the intuitive geometri-
cal representation since, on this representative plane, distances and geodesic lines
are obtained in the frame of a Gauss metric. Moreover, as we have seen in Section
9.4, in spite of the lack of an intuitive vision, motions, geodesics and geodesic
distance are easily expressed, by means of complex variables, as functions of the
coordinates of the points.

The Euclidean representation disappears when we study the other constant
curvature surfaces such as the pseudo-sphere and the Lorentz constant curva-
ture surfaces which represent the simplest extension of geometry in the pseudo-
FEuclidean plane. Otherwise, for a physical interpretation of these last surfaces, we
assign to one of the variables the meaning of time coordinate, so the geodesic lines
now represent the motion of a particle under the action of a particular field. Before
going into their physical meaning we come back and look for a physical meaning
of the geodesics on the sphere.
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10.2.1 The Sphere

We have repeatedly seen how the unimodular multiplicative groups of complex
and hyperbolic numbers leave invariable the circles and equilateral hyperbolas
centered in the origin of the coordinates, respectively. We know that the functions
of a complex variable are related to Laplace’s equation, so we give to the rotation
symmetry a physical meaning in the light of this equation, saying that the rotation
group preserves the equipotential of a central field with a source in the coordinate
origin. A similar, but more general, physical interpretation can be given to results
obtained by studying the sphere surface and, in this way, we find an unexpected
relation with General Relativity.

A geodesic circle in the x,y representation (Table 9.1, row (1)) can be con-
sidered as an equipotential curve generated by a point source in its center. On
the other hand the geodesic circles have the geometrical meaning of stereographic
projections, from the north pole to the equatorial plane, of the geodesic great cir-
cles on the sphere ([29],p. 96). This projection induces on the (z,y) plane a Gauss
metric, so that the radius of the geodesic circle on the plane depends both on
the radius of the sphere and on the position (connected with the constant A) of
the great circle on the sphere. In fact from data in Table 9.1 we obtain that the
radii of these circles are inversely proportional to the constant A times the square
root of the curvature of the starting surface: r = 1/(A vK). Then the parametric
equations of these circles are given by

r=z0+ (AVEK) tcos|[AVK s,  y=uyo+ (AVK) 'sin[AVKs], (10.2.1)

where s indicates the line element and xg, yo the center coordinates. Comparing
(10.2.1) with (7.1.4) we see that the field intensity is related to the curvature.

10.2.2 The Lorentz Surfaces

Now we extend the above considerations to Lorentz Surfaces. By giving to the
variables the meaning of Section 10.1, the geodesics (9.3.14), taking into account
(9.3.15), are given in the ¢, x plane by the hyperbolas: (z — x¢)? — (t — t9)? =
1/(AVK)? where K is the Gauss curvature. In parametric form as functions of
the line element (proper time), we have

t=to+ (AVK) 'sinh[AVKs], =z0+(AVEK) 'cosh[AVK s]. (10.2.2)

Comparing (10.2.2) with those of the hyperbolic motion ([52], p. 166) and 10.1.2,
we have
t=to+(g9) 'sinhg7r; 2=+ (g9) ' coshgr.

Then the geodesics on constant curvature surfaces, represented on a plane, corre-
spond to a motion with constant acceleration and g x VK.

Here we note that the result of (10.2.2) can be considered as a generalization
of (10.1.2), obtained again by using space-time symmetry as stated by Lorentz
transformations.
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Moreover (10.2.2) go over to (10.1.2) since Einstein, when formalizing the
general relativity, started from the equivalence principle and postulated that the
gravitational field would be described by the curvature tensor in a non-flat space.
Here (10.2.2) states a relation between (gravitational) field and space curvature
without the need for this postulate.

In addition to the exposed “geometrical description” of a physical effect, we
can make sense of the obtained results by recalling some of Einstein’s epistemo-
logical considerations in the introduction of his fundamental work [32]. In the next
section we briefly recall the Einstein way to general relativity, for clarifying these
assertions.

10.3 Einstein’s Way to General Relativity

For the mathematical formalization of the theory of General Relativity, Einstein,
following the approach to Special Relativity, made a practical start from the two
postulates ([32], p. 149, p.154)

1. <« The laws of physics must be of such a nature that they apply to systems
of reference in any kind of motion;

2. In the special case of absence of a gravitational field and for infinitely small
four-dimensional regions the theory of Special Relativity is appropriate, if
the coordinates are suitably chosen. >

The second postulate is equivalent to saying that the space-time symmetry, stated
by Lorentz transformation is a general law of nature. Otherwise, unlike special
relativity for which all the results have been obtained by means of the axiomatic
deductive method and an elementary mathematics, now the steps from the starting
intuitions to the conclusive formalization were very hard [58], but the astonishing
experimental confirmation of the results gives credit to the starting postulates and
to intermediate steps.

General Relativity is considered one of the most important scientific works
of all times, and all the hypotheses, even if they are of very different nature, agree
in a harmonious way.

Einstein, notwithstanding this success, in the description of his effort in look-
ing for the best formalization, seems not completely satisfied as can be noted by
the following words ([32], p. 153):

<4 There seems to be no other way which would allow us to adapt systems
of co-ordinates to the four-dimensional universe so that we might expect from
their application a particularly simple formulation of the laws of nature. So there
is nothing for it but to regard all the imaginable systems of co-ordinates, on
principle, as equally suitable for the description of nature. >

In the first part we find today’s well-known principle, following which the
description and the solution of a physical problem are simplified if the problem is
formalized by means of a suitable mathematics with its symmetries.
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The second part concerns the use of differential geometry. This use, following
E. Cartan ([13], articles 71, 73, 105), detaches Einstein from group theory, the basis
of special relativity and of the starting ideas of general relativity. Actually looking
for physical laws which do not change when we change the reference frame is a
characteristic property of groups.

We now recall another Einstein’s assertion [33] which can be related with the
previous one:

< Our experience teaches us that the nature represents the realization of what
we can imagine of most mathematically simple. I believe that a purely mathemat-
ical construction allows us to reveal the concepts which can give us the key for
understanding the natural phenomena and the principles that link them together.
Obviously the experimental confirmation is the only way for verifying a mathe-
matical construction describing physical phenomena; but just in the mathematics
we can find the creative principle. >

From these concepts we could presume that Einstein was looking for a trans-
formation group which would preserve the four-dimensional space-time symme-
tries and by means of “the mathematics linked to this group”, obtain the simplest
formalization of the law of nature.

We add that since this group must describe fields it must be an infinite-
dimensional group represented by functional transformations. Up to now this
group has not been found. But we have seen how these requirements are satis-
fied by the functions of hyperbolic variable for two-dimensional space-time.

10.4 Conclusions

The exposed results have been obtained thanks to the “mathematics generated
by hyperbolic numbers” and, in particular, to the introduction of the infinite-
dimensional group of functional transformations which preserve the space-time
symmetry stated by the Lorentz group. As we have repeatedly shown, this pos-
sibility derives from the coincidence between the quadratic invariants for both
the multiplicative group of hyperbolic numbers and the two-dimensional Lorentz
group.

This coincidence does not hold in more than two dimensions since the phys-
ical laws are represented in a Euclidean space (or Minkowski space-time) with
a quadratic invariant, while the commutative hypercomplex numbers which al-
low us to introduce the infinite-dimensional groups of functional transformations,
generate geometries different from the multidimensional Euclidean ones.

From these observations we can not yet derive conclusions about the pos-
sibility of extending to more than two dimensions the results obtained in two
dimensions. In any case if we want to consider the obtained results as a starting
point they could stimulate the investigation of multidimensional hypercomplex
systems, both for a more complete mathematical formalization and for inspecting
physical applications.
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The appendices of this book are devoted to the introduction of a four-
dimensional hypercomplex numbers system and to a newly formalized theory of
commutative multidimensional numbers.



Appendix A

Commutative Segre’s Quaternions

Up to now, we have formalized the application of hyperbolic numbers for studying
the space-time symmetry stated by special relativity by means of the analogy with
complex numbers. This formalization has provided a mathematical tool which
allows us an automatic solution of problems in two-dimensional space-time, in the
same way as we do in FEuclidean plane geometry. As we have repeatedly recalled,
this was possible thanks to the coincidence between the multiplicative group of
hyperbolic numbers with the two-dimensional Lorentz group.

A relevant characteristic of these group is to possess divisors of zero, a prop-
erty which was considered, for a long time, very far from the common geometrical
intuition [59] and limited the studies of multidimensional commutative systems
with this property. Actually, as we have reported in Section 2.1.2, p. 6, the exten-
sion of real and complex numbers can be done only by releasing

e the commutative property of the product;
e to be a division algebra, i.e., not to have divisors of zero.

From a geometrical point of view, relevant results [42] have been obtained by
means of non-commutative systems without divisors of zero. In particular by the
Hamilton quaternions for representing vectors in the three-dimensional Euclidean
space and, more generally, by Clifford algebra [45].

On the other hand we have shown in Chapters 7-10, the relevance of the
introduction of functions of hyperbolic variables and we know that the functions
of complex variables are very important for the determination of two-dimensional
physical fields (Section 7.1), described by Cauchy—Riemann partial differential
equations, as pointed out in ([54], p. 1252): “The extraordinary apt way in which
the properties of functions of a complex variable fit our need for solutions of
differential equations in two dimensions, does not apply to equations in more
dimensions for which our task will be, in general, more difficult”.

Actually we have

e the Hamilton quaternions can be considered as an extension of real and
complex numbers as regards the property of being a division algebra;

e the commutative systems can be considered as an extension of real and com-
plex numbers as regards the commutative property of products and the pos-
sibility of introducing their functions, which could represent physical fields
[71].
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Also if many problems must be tackled and solved, the goal, in studying the multi-
dimensional commutative systems, is in the possibility of giving a positive answer
to [54] for problems in more than two dimensions. Then, since before looking for
applications, we need a well-formalized mathematical theory, in these appendices
we begin this task from a four-dimensional commutative number system, which
has been called [20] Segre’s quaternions for the reasons summarized in Section
A.l1.1.

Actually there are two peculiarities of this system which stimulate its study:
1. four coordinates are usually considered for describing the physical world;

2. these numbers can be considered as composed by two systems of complex
numbers, which have a well-known physical relevance.

We shall see that, thanks to this last property, many characteristics can be ob-
tained by an extension of complex analysis.

A.1 Hypercomplex Systems with Four Units

The four-units commutative hypercomplex systems are fourteen in number; we
recall, from [13] and [24], their multiplication tables.

1. Six of them are non-decomposable.

€0 €1 €9 €3 €0 el €9 €3 (N el €9 €3
€1 €9 €3 0 €1 —€0 €3 | —€2 €1 0 0 0
b
WD Teal 001 PraT o0 " 9gToT0T 0
€3 0 0 0 €3 | —€2 0 0 €3 0 0 0
(A11)
€o | €1 | €2 | €3 € | €1 €2 €3 €o | €1 | €2 | €3
€1 €3 0 0 €1 €3 0 0 €1 €9 0 0
b
(a) ea | 0 | e3| O | (b) e | 0 | —e3| O | (c) e 01010
€3 0 0 0 €3 0 0 0 €3 0 0 0
(A.1.2)

2. Two systems (not reported) are obtained by adding a unit to the three-units
systems of Tables (7.6.1).

3. Six systems are obtained by the three two-dimensional systems. Actually
calling o, @” two quantities that can be 0,41, we summarize these systems
in the following table (three systems are repeated):

€o €1 0 0

€1 04/60 0

0 0 o o (A.1.3)
0 0 e | o'’ey
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A.1.1 Historical Introduction of Segre’s Quaternions

Out of the fourteen systems of four-units commutative hypercomplex numbers
mentioned above, five of them can be considered as a generalization of a historical
method due to Corrado Segre [67] who studied a geometrical representation of
complex numbers. He proposed the following complexification: let there be given
the complex number z = x4 iy and let us substitute the real variables z, y for the
complex variables x = z! = 2! + ky! and y = 22 = 22 + ky?, where k is a unit
vector with the same properties of i, i.e., k2 = —1, but different from i since, in
a geometrical representation, it represents the unit vector of another axis. Then
we have z = x1 + ky1 +ix2 +1kyo, and calling j = ik the unit vector of a new
axis, we obtain a four-dimensional commutative hypercomplex number with the
following multiplication table:

1] k[ i] j
k| -1 j| —i
SRR (A.1.4)
il =i | =k | 1

This multiplication table is similar to the one of Hamilton quaternions; then we
can call these numbers Segre’s (commutative) quaternions.

A.1.2 Generalized Segre’s Quaternions

From an algebraic point of view this process of complexification can be general-
ized to 2" dimensions ([60], Chap. 5) as proposed by Segre, as well as to other
two-dimensional systems. In this case we can take for z and z,,, (m = 1,2) the hy-
perbolic numbers (h), parabolic numbers (p) and elliptic numbers (e), as reported
in Table A.1. It has been proposed [20] to call these numbers generalized Segre’s
quaternions.

Some years after their geometrical introduction these numbers were reconsid-
ered by F. Severi [68] in association with functions of two complex variables. After
this association G. Scorza-Dragoni [66] and U. Morin [53] began to study the ex-
istence and differential properties of quaternion functions and, in recent time, has
been also reconsidered by Davenport [27] and Price [60]. From a physical point of
view, there is an important difference between the functions of two complex vari-
ables and functions of commutative quaternions. Actually, while for the former,
two real functions of four real variables are defined, for the latter four real func-
tions of four real variables are introduced. These functions, as we have shown in
Section 7.2.3, can represent vector fields, which automatically have the same sym-
metries (groups, geometries) and then the same invariants of the quaternions, since
the structure constants act as “symmetry preserving operator” between vectors
and the corresponding vector fields. These symmetries are the ones of the geome-
tries “generated” by hypercomplex numbers (Chapter 3). We shall see that when
commutative quaternions are represented in their geometry, they keep the same
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[z ] 2m ] TABLE | Ref. |
h] h | (AL3),a =a” = +1
hle |(A13),d =a"=-1 [66]
e| h | (Al3),d =a"=-1 [66]
el e | (ALl3),a/ =a" =-1|160],[66]
h|l p | (A13),0/ =a" =0
p| h| (A13),a =a"=0
el p (A.1.1,b) [71], [26]
pl e (A.1.1,b) [71], [26]
pl| p (A.1.1,¢)

Table A.1: Generalized Segre’s quaternions. The first and second column indicate
the two-dimensional numbers (h, p,e) considered. In the third column we report
the table in Section A.1, to which the number system corresponds, and in the
fourth column the references in which they have been studied or applied.

Note that the three systems from the second to the fourth rows represent the
Segre’s commutative quaternions which has been recently reconsidered [27] and
[60].

differential properties of complex numbers, in particular for conformal mappings.
Therefore if a physical field can be associated with their functions, the problem
we consider can be simplified, as it can if we use polar coordinates for problems
with spherical symmetry or hyperbolic numbers for space-time symmetry [71].

A.2 Algebraic Properties

Here we study three systems among the generalized Segre’s quaternions, reported
in Table A.l: in particular the systems that are decomposable into the two-
dimensional hypercomplex systems considered in Section 2.2 and Chapter 6. Here
these systems are indicated by Hs. We also indicate by Q C Hy the set of quater-
nions defined as

{e=t+iz+jy+kz t,z,y,2€R; 0,5, k¢ R}, (A.2.1)

where the versors i, j, k satisfy the following multiplication rules.

1 i J k
i @ k| aj
5 2 1 ; (A.2.2)
k| aj | 1 o

In particular, according to the value of «, the Q systems shall be named after the
two-dimensional component systems:
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1. for a < 0: Elliptic quaternions, in particular canonical (Segre’s) if a = —1;
2. for a = 0: Parabolic quaternions;
3. for a > 0: Hyperbolic quaternions, in particular canonical if a = 1.

Here we consider just canonical systems (o = 0, £1). We observe that the first
system is isomorphic with the classical Segre’s quaternion (corresponding to the
fourth row of Table A.1), with the multiplication table (A.1.4). The second system
corresponds to the fifth and the sixth rows, the third system to the first row of
Table (A.1.4). The three systems can generally be studied together only by taking
into account the different values of a, as was done in Chapter 6 for the two-
dimensional component systems.

A characteristic matrix (Section 2.1.3, p. 7) is obtained by taking the coeffi-
cients of units of the four numbers ¢, iq, jq, kq. It is given by

t ar Yy oz
|l t oz oy _( A|B
M=11 a: t az :(?‘T> (A-23)
z Yy x t

where A and B represent 2 x 2 matrices. From (A.2.3) we obtain the matrix
expressions of versors, written in boldface (Section 2.1)

10 00 0 a 0 O
1— 010 0| i 1 0 0 O
oo 1oOo0)]7"10 0 0 «
0 0 01 0 0 1 0
0010 0 0 0 «
. 0 0 01 0 0 1 0
=l 1000 *{0a 0 o0 (A.2.4)
01 0 0 1 0 0 O
The determinant of matrix (A.2.3) is given by
t ar y a«az t+y a(z+2) 0 0
_ x t oz oy T+ 2z t+y 0 0
IMI = y az t ax = 0 0 t—y a(z—z)
z oy x 1 0 0 T —z t—y
= [(t+y)?— al@+2)?] [(t—y)*— alz-2)?]. (A.2.5)
This result can also be obtained from matrix theory, taking into account com-
mutativity between matrices A and B. Actually we have | M| = ||A? — B?|| =
|A+ B|| x ||A — B||; as usual we have indicated the determinants by || - ||. We put

p =gl = /| |M]l| and call p the modulus of q.
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For an elliptic system too, determinant (A.2.5) is zero on the planes

t+y=20 t—y=0
I{ et 2—0 II{I_Z_O. (A.2.6)

The planes of (A.2.6) are called characteristic planes or planes of zero divisors [53].
We can verify that the product of numbers with coordinates satisfying (A.2.6, 1)
times numbers with coordinates satisfying (A.2.6, II) is zero. As shown in Section
2.1.5, for these numbers division is not defined.

From the last expression (A.2.5) we obtain at once the characteristic equation
(minimal equation Section 2.1.6)

[(t +y— q)2 —afz + z)z] [(t —y— q)2 —ar — 2)2] =0. (A.2.7)
In Section A.2.1 we find that ¢ and the numbers
q=t—iv+jy—kz q=t+iv—jy—kz g=t—iv—jy+kz (A.2.8)

are solutions of equation (A.2.7), then (A.2.8) are (see p. 10) the principal conju-
gations. We have used, for mnemonic reason, “~” to indicate conjugations with
respect to ¢ and k and “~ 7 for conjugations with respect to j. The position of
these symbols, from bottom to top, indicates the order of conjugations in the
quaternion, from left to right.

The principal conjugations have the same properties as the conjugate of
complex and hyperbolic numbers. In particular,

1. the product of ¢ times conjugations (A.2.8) gives the determinant | M];

2. g and conjugations (A.2.8) are a group, in the sense that repeated conjuga-
tions are principal conjugations;

3. (A.2.1) and (A.2.8) can be considered as a bijective mapping between ¢, x, ¥,

z and q, , G, G. We have for o # 0,

t_q+§+§+§ q—q+q—q
= r=t—,
47 4o
a+7—q—q ¢g—q—q+q
- =k A29
y=17 1 , z 1a ( )

The property of point 2 is better seen by considering the conjugations
fg=t—iz+jy+kz 3q=t+iz—jy+kz ‘g=t+icz+jy—kz (A.2.10)

which can be obtained from ¢ by changing a sign to the variable z, y or z, or
applying the principal conjugations to

lg=t—iz—jy—kz. (A.2.11)
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The product between (A.2.10) and (A.2.11) is real and gives (A.2.5) changing the
sign of one of the variables. It is straightforward to verify that repeating one con-
jugation (A.2.10) we have a conjugation (A.2.8) while two repeated conjugations
give a conjugation of the same kind. Moreover while the components of the func-
tions of principal conjugations, but for their sign, are the same as the quaternion,
the components of the functions of these conjugations are, generally, different.

Now we consider two numbers ¢ and g1 = t1 +ix1 + jy1 + k 21 and calculate
their product and products between two conjugations:

g =tti +azx;+yyr tazzi+i(zty +tx +2zy1 +yz1) (A.2.12)
+i(tyi+yti+arzytaza)+k(zty+tzr+xyr +yxr)
L ra®+9y° a2 +2i(te+yz)+2j(ty+axz)+2k(tz+xy),

Q
Q|
=
I
»QHE
L=y
fin

=ttt —azx; +Yyyr —azz —|—i(xt1 —tz1+ 21 —yzl)
+ityn+yti—azzy —aza)+k(zty —tzi +xzyr —yx1)
‘1:_’15t2_am2+y2_a22+2j(ty—a:pz)’ (A.2.13)
(L =qq =t +azz, —yyp —azz +i(zti+ta —zy1 —yz1)
+i(—ty1+yti —azzi+azay)+k(zti —tzr —zy1r +yar)
qZ_q}t2+am2—y2—o¢z2+2i(ta€—yz), (A.2.14)
G =qq =ttt —azz —yyi +azza ti(at —tz — 2y +yz)
+i(—tyi+yti+acz —aza)+k(zti+tzr —zyr —ya1)
B2 _aa? -y +a?+2k(tz—xy). (A.2.15)

We observe from (A.2.13), (A.2.14) and (A.2.15) for q; = g, that the product of
two principal conjugations is a two-dimensional sub-algebra (1, j); (1, 7); (1, k),
respectively.

In general, quaternions we are studying have the following sub-algebras:

1. real algebra (1),
2. hyperbolic algebra (1, 5),
3. general two-dimensional algebras (1,4) and (1, k),
4. three-units algebras (1, h,j) and (1,1,7) with h =i+ k and | = i — k. The
multiplication tables of versors of these last sub-algebras are
1 h ]
algebra (1, h, j)=1| h|2a(l4j) | h |;
; I 1

algebra (1, [, j) = (A.2.16)

O e~ =
(\}
Q
—~
—
|
<
SN—
|
—




176 Appendix A. Commutative Segre’s Quaternions

Algebras (A.2.16) are the same and, according to « value, they represent a system
“composed” by one among the three two-dimensional algebras plus an one unit
algebra, i.e., they are the same considered in Table 7.6.5.

A.2.1 Quaternions as a Composed System

Following [53] we see that many properties of commutative quaternions can be
obtained in an easy way by using the decomposed form. Let us introduce the
idempotent basis

1 1
€1 = 5(1 +7); ea = 5(1 —j) = el=e1; €3 =ey e1ea=0, (A.2.17)

with inverse transformations
l=e;+e; j=e —es (A.2.18)
and variables
T=t+y; n=t—y, E=x+z (=x-—z (A.2.19)

with inverse transformations

_T+n. o T—n &40 ¢
t=—" yY=—5 ) T=T55 A= (A.2.20)

We also put
d=r+ig Z=n+ic (A.2.21)
1

2!, 22 are two independent variables in the same two-dimensional algebra and each
of them is represented in a characteristic plane.

By means of substitutions (A.2.18), (A.2.19) and (A.2.21), quaternion (A.2.1)
can be written
qg=-e 2" +ey 22 (A.2.22)

The element ¢ is the sum of elements e; z' and e 22 whose product is zero. The
algebra of ¢ is said to be reducible. From mappings (A.2.19) and (A.2.20) we can
obtain 2!, 22 from ¢ and vice versa.

In Section 2.2.2 (p. 16), we have seen the expressions of the sum, product
and (if it exists) division for systems in decomposed form. Now for quaternions

(A.2.22) and q; = e; 2] + e 27, we have

1 2
z z
g = ey 2t z% —1—62222%; " =e (zl)" + €9 (22)"; — =e1—7 ter.
q1 z 23
(A.2.23)
We can verify that (A.2.8) become
J=e1Z +e 2% (=e1Z+ez; =e 22 +erzl. (A.2.24)

Then from (A.2.23) and (A.2.24), we have ([53], p. 1249)
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Theorem A.1. If we carry out rational operations on conjugate numbers we obtain
conjugate results.

We also have

qi=e1 2" 2 tea 2?7 Gi=e1 22 P text 2 M| =2t 22222 (A2.25)
If & = —1 (elliptic quaternions), the moduli of component systems are positive,

and (A.2.25) can be written

gi=crl' P teal?Py Gi=el?P Feals' s lglt =P 2P (A2.26)
It has been pointed out that the modulus of hyperbolic numbers can be expressed
as the product of two one-dimensional invariants (distances) (p. 16), the same
relation (product of invariants of component algebras) holds for quaternions.

Solutions of the Characteristic Equation

For obtaining the solutions of characteristic equation (A.2.7), we use a decomposed
form and the following theorem ([65], p. 243).

Theorem A.2. If algebra A is the sum of algebras B and C, then the minimal
equation in A is the product of minimal equations in B and C.

A minimal equation for z!, 22, i.e., of a two-dimensional number in a real
field, is an equation of degree 2, which has z! or z? as root. Then if numbers 2!, 22
are different numbers, we have

[(r—2")—a&®] [(n—2")"—al? =0, (A.2.27)
then ) )
z’:Tiifﬂ{il ; z”znii(e{zg , (A.2.28)

where i indicates a versor of two-dimensional algebra, i.e., we have to consider
i2 = o and the solutions are complex, coincident (parabolic system) or hyperbolic,
depending on the type of component system.

In the idempotent basis defined by (A.2.17), conjugations are obtained with a
shift of versors (Section C.3.5), then we have the solutions ¢; = ey 2’ +e32”; g2 =
e1 27 +eg 2. If we take the same signs for 2/, 2” we obtain ¢ and principal conjuga-
tions (A.2.8). If we take different signs for 2, z” we obtain (A.2.10) and (A.2.11).

A.3 Functions of a Quaternion Variable

Curves in Quaternion Space

Definition. Let o €R be a parameter and [0/, ¢”'] an interval; a curve in quaternion
space
A lg(o) = t(o) +iz(0) + jy(o) + kz(0)] (A.3.1)
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is a regular mapping for o/ < o < ¢ if ¢(0) is # 0 and is not a zero divisor, and
the components have a continuous derivative ([53], p. 1252) and ([60], Sect. 31).

From a geometrical point of view the regularity condition means that the
curve ¢(o) does not have more than a point in common with characteristic planes.
We can also say that The modulus of dq/do must be # 0.

A.3.1 Holomorphic Functions

We indicate a quaternion function by
F= Fl(tv z,Y, Z) +ZE(t7 z,Y, Z) +jF](t7 z, Yy, Z) +ka(t, z,Y, Z)? (A32)

where F,, with n = 1, 1, j, k, are real functions with partial derivatives with
respect to the variables ¢, x, y, z. We have

Theorem A.3. F is said to be a holomorphic function of quaternions if ([60], Chap.
3)

1. it is differentiable with derivatives # 0 and not a zero divisor,

2. partial derivatives of components satisfy the following partial differential
equations called Generalized Cauchy—Riemann conditions (GCR):

Fl,t:Fi,a::Fj,y:Fk,z (a)
Flz:aFit:F'z:aFk (b)
GCR s ) s 5 Y A.3.3
( ) Fl,y:Fi,z: j,t:Fk,ac (C) ( )
Flvz:aﬂvy:ijz:OleJ (d)

While we proof Theorem A.3 just for elliptic quaternions, the results can be
obtained similarly for parabolic and hyperbolic quaternions.

Proof. GCR conditions can be obtained in many ways and with the same rigor as
for CR conditions for functions of a complex variable ([60], Chap. 3); here they
are obtained by means of the Hamilton differential operator V (nabla) and its
conjugations

o .0 .0 0 = 0 0 .0 0
Vea Ve ey e Voo e Ty s
= 0 .0 .0 o = o0 .0 .0 0
Vet oy Mo Vo a e oy tha A3

As is known for complex variables ([25], p. 32), the operators (A.3.4) can be
formally related to the derivatives with respect to ¢ and its conjugations. For
elliptic quaternions, by considering F' as a function of ¢ and its conjugations, via
the variables ¢, x, y, z, by the derivative chain rule, and from (A.2.9), we have

OF OF 0t OFO0x OF0y 0FJz 1=
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In a similar way we also obtain

o = 9 = 9
:47, :47,, = —_= . «J.
Ve=dge Ve=dge, V=i (A.3.6)

Then, if we impose that a function given by (A.3.2) is just a function of ¢ (and
not of the conjugations of ¢), we must have

VF=0, VF=0, VF=0 (A.3.7)
and, performing the formal multiplications, we obtain (A.3.3). |
We also have lﬁF 4R 3£ s

4 dq at’ o

From relations (A.3.3) or by applying two operators, among (A.3.6), we obtain
the following relations among second derivatives:

Fl,ty = aFl,wz:Fi,wy: i,tz:Fk,yz
= Fk:,tz:Fj,tt:Fj,yy:aFj,xz:aFj,zzy
Fl,tz = Fl,my:Fi,xz:aFi,ty:Fj,yz
= Fj,tx:aFk,tt:O‘Fk,yy:Fk‘,xm:Fk,zZa
Fl,tw = Fl,yz:Fj,my: j,tz:aFk,ty
= Fk,azz:aFi,tt:aFi,yy:Fi,zx:Fi,zzy
Fi,tm = Fi,yz: j,ty:aFj,:vz:Fk,tz
Fk,xy:Fl,tt:Fl,yy:aFl,ww:aFl,ZZ' (A39)

From the last four terms of each (A.3.9) we see that second derivatives of all
components satisfy the following equations:

1. for elliptic quaternions, Laplace and wave-like equations

Fn,tt"'Fn,aca:i(Fn,yy+Fn,zz) :O; Fn,tt+Fn,zz:|:(Fn,yy+Fn,x:c) :07

2. for hyperbolic quaternions, wave-like equations
Fn,tt _Fn,mm+Fn,yy _Fn,zz :Oa Fn,tt+Fn,wa: _Fn,yy _Fn,zz =0
Fn,tt _Fn,x:c _Fn,yy+Fn,zz =0.

If we multiply the four differential operators of (A.3.4) we obtain a real partial
differential operator of degree 4. Actually the product of the four differential op-
erators of (A.3.4) is formally equal to the product of the principal conjugations,
thus it is real. Therefore by applying this operator to a holomorphic function,



180 Appendix A. Commutative Segre’s Quaternions

an equation, called (see App. C) a characteristic differential equation is obtained
from (A.3.7) for the components of quaternion functions. This equation represents
a generalization of the Laplace equation for functions of a complex variable and
of a wave equation for functions of a hyperbolic variable.

From a characteristic differential equation or from (A.3.9) we can determine
if a real function of four real variables can be considered as a component of a
holomorphic quaternion function. Now we see that if we know, in a simply con-
nected domain, a component F, (¢, x, y, z), with n = 1, 4, j, k, of a holomorphic
function, we can calculate, but for a constant term, the other three components
by means of line integrals ([60], Chap. 4). This property is similar to a well-known
property of functions of a complex variable.

Proof. Actually for a linear differential form we can write the line integral

q
F.(q) = / (Fpidt+F, ,de+F, ,dy+F,.dz), (A.3.10)
q0

where all functions and differentials must be considered as functions of a line
parameter o.

Now let us assume that we know Fj. From (A.3.3) we can obtain the partial
derivative of the other components and write the differential forms for the unknown
components by means of partial derivatives of F}. Then

Fi(q) = /q (aFy,gdt+F de+aF ,dy+F ,dz),
o
Fi(q) = /q (Fi,ydt+Fi ., de+Fidy+F . dz),
o
Fr(q) = /q (aF .dt+Fydoe+aF dy+F dz). (A3.11)
q
Relations (A.3.9) repreSZnt the integrability conditions. O

We shall see in Section A.3.2 that, given a component, the other ones can
also be obtained by means of an algebraic method.

Analytic Functions

Let us consider a quaternion holomorphic function F(g), which we can express as
a power series in the variable ¢ about qq,

F(g) =) ¢ (q—qo)", where ¢, € Q. (A.3.12)
r=0
In particular, if ¢go = 0 we have

F(q) = ZCT q . (A.3.13)
r=0
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In a similar way as in (A.2.22) we put
¢ =eja, +exb,, where a,, b. € Hs. (A.3.14)

Substituting (A.2.22), (A.2.23) and (A.3.14) in (A.3.13), we have

F(g) =) (e1a, +ezb)(erz' +e22%)" = (erar +eaby)ler (z1) + ez (2%)']
r=0 r=0
(A.3.15)
and, from (A.2.17), we obtain
F(q) = Z[el ar (21" +eab, (%) ] = e Zar (21)" +e2 Z br (22)"
r=0 r=0 r=0
= e FY(2Y) 4 ey F2(2?%). (A.3.16)

In particular, if ¢, € R, as is the case of elementary functions, it results that
a, = b, and we have
F(g) = e1 F(z') + e2 F(2°). (A.3.17)

From (A.2.23) and (A.2.24) it follows that Analytic functions, defined by series
with real coefficients, of conjugate variables are conjugate analytic functions

—

P—

(a) = F(@: F(q) = F(q); F(q) = F(@) (A.3.18)

|

Following the notation of complex analysis we put

F"™)=u™+iv™ with m=1, 2. (A.3.19)

Functions in a Decomposed Algebra

Here we show some differential properties of functions in a decomposed algebra
obtained as a consequence of GCR, conditions.
If we sum or subtract the first and third terms in (A.3.3, a) and (A.3.3, ¢),
we obtain
Fi,*Fiy=F;, £ Fj, (A.3.20)

and if we take ¢, y as functions of 7, 1 given by (A.2.20) the left-hand side becomes
Pro(me£7y) + Fiy(ne £0y) . (A.3.21)

The same expression is obtained for the right-hand side, by substituting 1 — j.
If we substitute the value (F1) for the 7,  derivatives with respect to ¢, y and
separate the (+) and (-) cases, we have

(F,—F;)),=0, (Fi+F;),=0. (A.3.22)
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And, in the same way, we obtain

(Fi—Fk)y);::O, (Fi+Fk),<:07 (Fl_Fj),fzo’
207

(F1 + Fj)@ =0, (E — Fk)ﬂ— (Fi + Fk),n =0. (A323)
With the definitions (A.3.19) we have
u=F+F, v=F-F, v=F+F, v=F-F; (A.3.24)

we see that u', v!

are just functions of 7, & and u2, v? just of n, ¢. It follows that
ul, v! and u?, v? are constant if T, £ or m, , respectively, are constant.

It is easy to verify that

u}g =(FRi+F)e=aF;+F),= av}T; u}T =Fi+F),=F+F):= v’lg

(A.3.25)
satisfy the Cauchy—Riemann conditions for the two-dimensional component alge-
bras (complex, parabolic, hyperbolic). Analogous relations can be obtained for u?
and v?.

A.3.2 Algebraic Reconstruction of Quaternion Functions Given a
Component

In ([47], p. 205) it is shown that a function of a complex variable can be obtained
from one component by means of an algebraic method. This same method can be
extended to functions of elliptic and hyperbolic quaternions.

Theorem A.4. Let the component F(t, x, y, z) be given. We obtain the quaternion
function F(q), by means of a suitable substitution of a quaternion variable for real
variables t, x, y, z. In particular we have

Flg)=4F Q+§0+§0+(§07iq—§o+§0—§o7jq4—§o—5o—q:o7
4 4o 4
’“W) R _T_T. (A.3.26)
«

where Fy = F(qo) represents the initial value for F(q) in qo.

In the proof we follow the same procedure of ([47], p. 205):

Proof. If in gg the function is holomorphic, from (A.3.12) we can write a series
expansion about qq,

Flg)=> e (@g—q) =Fo+ > e (a— ), (A.3.27)
r=0

r=1
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where ¢, ¢, go € Q. From (A.2.9), written for the functions, we have

4F(t, 2, y, 2) = F(q) + F(q) + F(q) + F(q)

¢ [(t—to) —i(z —x0) — j(y —yo) + k(2 — 20)]"}. (A.3.28)

In a quaternion domain in which the series converge we can “complexify” them
by means of the substitutions

AP q—4QO; g — q;iqo; y_yoﬁ%; 2=z — q;kqo. (A.3.29)

With these substitutions the last three terms in square brackets of (A.3.28), are
zero except for the known term. If we call g the coefficient of unity in ¢y we have

AF(t, @y, 2) = 4+ Zcr [(t — to) + iz — o) +j(y — yo) + k(2 — 20)]"
= 4o+ Flg) - Fo. (A.3.30)

Now by means of (A.3.29) we substitute the variables in Fj, in the following way
shown for the variable ¢,

_g+4to—qo _ q+3to—izo—jyo—kz _ a+do+do+do
4 o 4 o 4 '

In the last passage we substitute the variables in gg, with their expressions given
by (A.2.9). In the same way we obtain the expressions for z, y, z. Then

t

Q+§0+§0+§0, Q*§0+§0*§o'
I

t
4 41 ’
q+do—do — o 4—do — do + o
; A.3.31
y — Iy ;2 Y (A.3.31)
and the function F'(q) given by (A.3.26) is obtained. O

A.4 Mapping by Means of Quaternion Functions
A.4.1 The “Polar” Representation of Elliptic and Hyperbolic
Quaternions

Quaternions g can be represented in a four-dimensional space by means of an
association of components ¢* with Cartesian coordinates of a point P = (¢%). Now
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we note that the most appropriate geometrical representation of these numbers
is in a space with the geometry they generate. This geometry (Section 3.2) is
characterized by a metric fixed by the characteristic determinant, an algebraic form
of degree 4, which is invariant for the four-parameters group of the translations and
a three-parameters group which, as an extension of the terminology for complex
and hyperbolic numbers, we call rotations.

It is well known that for complex and hyperbolic numbers, the exponential
function allows us to introduce the circular or hyperbolic angles that represent the
“rotations” of the related geometries. The same is true for quaternion geometries
for which the existence of differential calculus allows us to introduce functions (see
Section A.5). Moreover, from the definition of exponential function, for ¢ # 0 and
non-zero divisors, as well as for complex and hyperbolic variables (4.1.6), the polar
quaternion representation can be introduced,

g=t+ix+jy+tkz=pexplio+j0+ k], (A.4.1)

where p is the modulus and ¢, 8,1 represent three circular and/or hyperbolic an-
gles. By analogy with complex numbers we can call them arguments. Modulus and
principal arguments for elliptic quaternions are given as functions of components
of g, by

p o= YE+yT+ @ -y + @2,

¢ = %tan’l [t2 3(;;__52?_22] )

o = %tanh*1 [t2 igfj;;zl 22]

Y = %tan_l [t2 —12—(;22—_;2?4—) 22] . (A4.2)

For hyperbolic quaternions, corresponding expressions can be obtained from com-
ponents of the logarithm function (Section A.5).

As well as for Euclidean and hyperbolic geometries (or trigonometries), ex-
ponential mapping can give the most suitable formalization for the quaternion
geometries (and trigonometries). Actually if we put a quaternion constant in po-
lar form

b=by+1ib; +jbj + kb, — pgexpli B; + j B + k k] (A.4.3)

and we take constant b so that pg = 1, the motions of the geometry are given by
the three parameters 3;, §;, Br. We can check at once that

. (A.4.4)

]

@

N
LsIN

(@1 G203 4d01qi; 94D @ g
are invariant quantities with respect to the mapping ¢’ = bg.

Quantities (A.4.4) allow an operative definition of arguments and a link
between “distances” and angles as well as in the formalization of hyperbolic
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trigonometry (Chapter 4, 6). Although the way for formalizing quaternion “tri-
gonometry” may be considered straightforward, the practical realization is not
immediate and goes beyond the scope of this book. The reason for these very
short considerations is that the introduction of the three arguments allows us to
show in Section A.4 that mappings by means of quaternion functions have the
same properties of conformal mapping of a complex variable.

A.4.2 Conformal Mapping

Let us consider a bijective mapping W = F(q) where F(q) is a holomorphic
quaternion function, i.e., a bijective mapping between two real four-dimensional
spaces given by a correspondence of the components of W = (w1, w;, w;, wy) and
F(q). A necessary condition for bijective mappings is that Jacobian determinant
J must be # 0.

For functions of hypercomplex variables the Jacobian determinant is equal
to the characteristic determinant of the derivative of F(g) (Section 7.2.1). For
commutative quaternions here considered, thanks to representations of ¢ with
unity and in decomposed form, we have

JIF(@] = |F'(g)ll = JIF' ()] - J[F(%)], (A.4.5)

which is zero when the derivatives with respect to complex variables z!, 22 are

zero, i.e., if 21 or 22 are constant or F™'(z™) are zero divisors. Then, since holo-
morphic functions are defined if F’(q) # 0 and is not a zero divisor, it results that
If F(q) is derivable the mapping is bijective.

Equations (A.2.19) and (A.2.21) state that z! or 22 is constant if they lie in
planes parallel to characteristic planes

T =1+ y = consty n =1 — 1y = consts
I{ 551’4‘2:(301181}2 II{ CEQQ'_ZZCOHSQl : (A46)

Moreover if ¢, x, y, z satisfy (A.4.6), from (A.3.24) and the considerations of Sec-
tion A.3.1 it follows that Planes parallel to characteristic planes are mapped into
planes parallel to characteristic planes: The topologies of starting and transformed
spaces are the same.

Now we see that, if we represent quaternions in a four-dimensional space in
which the geometry is the one they generate (Section 3.2), for every ¢y in which
F(qo) is holomorphic we have

Theorem A.5. The quaternion conformal mappings have exactly the same proper-
ties as the conformal mappings of a complex variable, in particular:

1. The stretching is constant in quaternion geometry and is given by ||F'(q)||
which is equal to the Jacobian determinant of the mapping.

2. The three angles (arguments) of quaternion geometry, between any two curves
passing through qo, are preserved.
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Proof.

1. From the definition of the derivative of quaternion functions we have

lim — =— =F'(q) (A.4.7)

and for conjugate functions (A.4.7)

—==Fl(q), —==F(. (A.4.8)
dq dq

If we multiply the sides of (A.4.7) for the corresponding ones of (A.4.8) we
have

AW =F' () - ldqll; (A.4.9)

then in quaternion geometry the stretching does not depend on direction,
moreover ||F'(q)|| is the characteristic determinant of the derivative of F(q),
and thus it is equal to the Jacobian determinant of F'(q) (Section 7.2.1).

2. Let us consider, in the representative space of quaternion ¢, a regular curve
A given by (A.3.1) and passing through ¢y = ¢(0g). This curve is mapped
into a curve A of W space passing through Wy = F(qo) = F[q(00)]. For the
derivative chain rule we have

W = F'(q0) ¢'(00), (A.4.10)

since derivability requires that F'(go) # 0 and for regular curves ¢'(og) # 0
we can put all terms in (A.4.10) in exponential form and by calling ¥;, ¢;, v
(with I = 4, j, k) the arguments of W', F'(q), ¢'(c), respectively, we have

exp[it; +jU; + k] = explig;+j¢; +kor)explivi + 75y + kil
= 191 —-—M = ¢l ; (A411)

then The mapping W = F(q) “rotates” all curves passing through qo by the
same quantities given by the arguments of the derivative at qg. (I

A.4.3 Some Considerations About Scalar and Vector Potentials

It is well known that fields can be obtained by means of a derivation process from
scalar and/or vector potentials. The most important field obtained in this way
is the electromagnetic one defined in relativistic four-dimensional space-time. We
also know that for a two-dimensional Laplace field we can define both a scalar
and a “vector potential” [74, p. 199]. In fact if we have a scalar potential U for
a two-dimensional Laplace equation, we can find the function V' that, together
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with U define a function of a complex variable F(z) = U 4 ¢ V. If we consider in
complex-vector form the field given by gradU = (U, U, ), we can write

dF(z)
dz ’

E=v,+iv, ™Ry v, )

(A.4.12)

i.e., as Euler first stated [25, p. 37], the conjugate functions of a complex variable
have a physical relevance. In modern language, we know that the CR conditions
for f(Z) correspond to curl E = 0; div E = 0 [74]. Summing up, in the considered
two-dimensional example, we can obtain the field by means of a partial derivative
of a scalar potential U or as a derivative of a “vector potential” F(Z).

Now we see that the same result holds for quaternion functions.

Proof. In fact let us consider a four-dimensional potential Uy, that is a component
of an elliptic quaternion function F(g). From Egs. (A.3.11) or Eq. (A.3.26), we
can determine the other components U;, U;, Uy. If we consider a field given by
grad U; we have

E=  Uii+iUie+jUy+ kU, (A.4.13)

dF(q)
dg

GCR
—

Uiy — Ui +jUjp — kUpe = F'(q) =

A.5 Elementary Functions of Quaternions

An easy way for obtaining the components of a quaternion function is to use
(A.3.17), but we show other approaches here as well. We can verify that the deriva-
tives are formally equal to the ones for real and complex variables.

Elliptic Quaternions
The exponential function

The components of an exponential function can be obtained in many ways, in
particular we can use the property shown in App. C for which the exponential and
logarithm functions have the same properties of the corresponding functions of a
real or complex variable. Then we have exp[t + iz + jy + k z] = explt] - expli x] -
expljy] - explk z] and by writing the exponential of two-dimensional algebras in
terms of trigonometric functions (circular and/or hyperbolic), we obtain

Fy = explt](cos x cosh y cos z — sin = sinh y sin z
t

[

Fi = exp|
= exp[t](cos z sinh y cos z —sin x cosh y sin 2z

[

I(
](sin 2 cosh y cos z + cos « sinh y sin z
(
J(

)
)
)
)

Fk = explt](cos x cosh y sin z + sin x sinh y cos z). (A.5.1)



188 Appendix A. Commutative Segre’s Quaternions

The logarithm function

It can be obtained as the inverse of the exponential function.

Flziln{[(t+y)2+(x+z)“ Y’ + (z —2)°]}

(A5.2)

(t—
1
Fi = — {tan_l |:w+Z:| —|—ta |:
2 t+y

tanh- [ 2(ty+xz) ]

12 4+ 22 4+ y2? + 22

e [ e

1 - 1 2(tz—
F,=={tan"! Tz —tan"! i = —tan ! (tz—zy) .
2 t+y t—vy 2 12422 —y?—22

The circular trigonometric functions
Cosine: cos q = (expli q] + exp[—iq])/2

F} = cos tcosh = cos y cosh z —sin ¢sinh = sin y sinh 2

F; = —sin tsinh x cos y cosh z — cos tcosh x sin y sinh z
F; = —sin tcosh x sin y cosh z + cos tsinh x cos y sinh 2
Fy = —sin tcosh x cos y sinh z — cos tsinh x sin y cosh z.

Sine: sinq = (expli q] — exp[—iq])/(21)
F} =sin tcosh x cos y cosh z + cos tsinh x sin y sinh z
F; = cos tsinh z cos y cosh z — sin tcosh z sin y sinh z
F; = cos tcosh = sin y cosh z + sin tsinh = cos y sinh z

Fy = cos tcosh x cos y sinh z —sin ¢sinh = sin y cosh z.

The hyperbolic trigonometric functions
Hyperbolic cosine: cosh ¢ = (explq] + exp[—q])/2

Fy = cosh tcos x cosh y cos z — sinh ¢sin x sinh y sin 2
F; = sinh tsin x cosh y cos z + cosh tcos x sinh y sin 2
F; = sinh tcos x sinh y cos z — cosh tsin = cosh y sin z

Fj, = sinh tcos x cosh y sin z + cosh ¢sin x sinh y cos z.
Hyperbolic sine: sinh ¢ = (exp[q] — exp[—q])/2

Fy =sinhtcos x cosh y cos z — coshtsin z sinh y sin z
F; = coshtsin  cosh y cos z 4 sinhtcos x sinh y sin 2
F; = coshtcos x sinh y cos z —sinhtsin 2 cosh y sin z

Fi, = coshtcos z cosh y sin z + sinh#sin « sinh y cos z.

(A.5.3)

(A5.4)

(A.5.5)

(A.5.6)
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Hyperbolic Quaternions

The exponential function

= explt](cosh x cosh y cosh z + sinh x sinh y sinh z
= explt
= exp|

[

I(
](sinh @ cosh y cosh z + cosh = sinh y sinh z
xplt](cosh = sinh y cosh z + sinh « cosh y sinh z
I(

)
)
)
= explt](cosh x cosh y sinh z + sinh x sinh y cosh z). (A.5.7)

The logarithm function

It can be obtained in many ways. In particular we utilize the identity

hlq:‘ll{ln[ q(j(ﬂﬂn{qq}H [qq]H [Zg]}' (A.58)

From (A.2.13)-(A.2.15) for ¢ = g1 we observe that the arguments of the sec-
ond, third and fourth terms in the right-hand side of (A.5.8), are In of ratios
between conjugate two-dimensional numbers in the algebras (1,4), (1,7), (1,k),
respectively. Then they are the arguments of these numbers multiplied by the
corresponding versors'. In particular we have the following.

1
Fr= 3 {[(t+9)? = @+ 2] [t - 9)* — (2 = 9]}
L [(t+2)?—(y+2)?] 1 [ 20tz—y2)
=71 = —tanh
1G22 T2 B2 2
L [(t+y)?—(x+2)?%] _1 [ 20y—a2)
Fj=-1 _ Ll
TN ey a2 T2 [E e
Lo [(t+2)?—(+y?] _1 [ 2@z—ay)
Fe=q! = 5 tanh A5,
A —r— 2] 2 P22 22 (A-5.9)

The circular trigonometric functions

In this case we can not relate these functions to the exponential function of an
imaginary variable. Here these functions are defined by means of the coincidence
between absolutely convergent series: if we indicate the generic versor by (I =
i, j, k), we have coslz = cosz; sinlz = lsinz; by means of this position and
using the usual (real and complex analysis) rules for the sums of arguments of
trigonometric functions, we obtain:

Tt is known that for complex numbers we have In[z/z] = 24 arg z.
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Cosine:
Fy =cos tcos x cos y cos z+sin tsin z sin y sin z
F;, = —(sin tsin « cos y cos z + cos tcos  sin y sin z)
F; = —(sin tcos  sin y cos z+ cos tsin  cos y sin z)
F, = —(sin tcos & cos y sin z + cos tsin x sin y cos z).
Sine:

F1 =sin tcos x cos y cos z — cos tsin x sin y sin z
F; =cos tsin x cos y cos z —sin tcos x sin y sin z
F; = cos tcos x sin y cos z —sin tsin x cos y sin z

Fj, = costcos x cosy sin z —sin tsin x sin y cos z.

The hyperbolic trigonometric functions

Hyperbolic cosine: cosh g = (exp[q] + exp[—q])/2
F = coshtcosh z cosh y cosh z 4 sinh ¢ sinh x sinh y sinh z
F; = sinh t sinh « cosh y cosh z + cosh t cosh x sinh y sinh z
F; = sinh t cosh x sinh y cosh z + cosh ¢ sinh = cosh ¢ sinh z
Fy, = sinh ¢ cosh x cosh y sinh z + cosh ¢ sinh x sinh y cosh z.

Hyperbolic sine: sinh ¢ = (explg] — exp[—q])/2
F1 = sinh t cosh x cosh g cosh z 4 cosh ¢ sinh x sinh y sinh z
F; = cosh tsinh x cosh y cosh z + sinh ¢ cosh x sinh y sinh 2
F; = cosht cosh  sinh y cosh z + sinh ¢ sinh x cosh g sinh 2

Fy, = cosh t cosh z cosh y sinh z + sinh ¢ sinh z sinh y cosh z.

Parabolic Quaternions

The exponential function

Fy = exp]t] coshy ; F; = exp[t] (x coshy + z sinhy)

F; = exp[t] sinhy ; F), = explt] (zcoshy + x sinhy).

The logarithm function

It can be obtained as the inverse of the exponential function.

1 te—yz
Fi =5 nft* =7 .
_ ~1[y7 . _tz—a:y

(A.5.10)

(A.5.11)

(A.5.12)

(A.5.13)

(A.5.14)

(A.5.15)
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The hyperbolic trigonometric functions
Hyperbolic cosine: cosh g = (exp[q] + exp[—q])/2

Fy = cosht coshy ; F; = x sinhtcoshy + z cosht sinhy

F; =sinht sinhy ; Fy, = x cosht sinhy + z sinh ¢ cosh y. (A.5.16)
Hyperbolic sine: sinh ¢ = (explq] — exp[—q])/2

Fy =sinht coshy ; F; = x coshtcoshy + z sinht sinhy
F; = cosht sinhy ; Fy = x sinht sinhy + z cosht coshy. (A.5.17)

The circular trigonometric functions

The circular trigonometric functions can be calculated taking into account that
in two-dimensional parabolic algebra we have cosix = coskz = 1; sinix =
ix; sinkz = kz (see Section C.5.2, p. 233). Directly or from (A.5.3) and (A.5.4)
we obtain:

Cosine:
Fy = cost cosy ; F; = —x sintcosy — z cost siny
F; = —sint siny ; F = —x cost siny — z sint cos y. (A.5.18)
Sine:
Fy =sint cosy ; F; =x costcosy — z sint siny
F; =cost siny ; Fy = z costcosy — x sint siny. (A.5.19)

A.6 Elliptic-Hyperbolic Quaternions

The elliptic-hyperbolic quaternions make up the four-dimensional system which

corresponds to the values o/ = —1; @” = 1 in Table (A.1.3), i.e., a system com-

posed of a two-dimensional elliptic and a two-dimensional hyperbolic algebra.
We start from the table

el €9 0 0
€9 —e1 0 0
0 0 €3 €4
0 0 €4 €3

(A.6.1)

and we introduce the unity and the other versors by means of the transformation

1 1 0 1 0 e
il o1 0o 1 e
il 1 0 -1 o0 e3 (A62)
k 0 1 0 -1 €4
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and the inverse

el 1 0 1 0 1
ez | _1f 0 1 0 1 i
es | 2 1 0 -1 0 J (A.6.3)
€4 0 1 0 -1 k
We obtain, from (A.6.2), the multiplication table for new versors
14| 4|k
i | = k| -1
I A T (A.6.4)
k|=11]14 |—j

We note that in this algebra (1, 4) and (1, k), are not subalgebras and their powers

are given by all four versors.
We choose again ¢ =t +ix + jy + k 2z and the characteristic matrix is given

by
t —2 vy —x
lz t oz oy _( A|B
z Y T t

From (A.6.5) we obtain the matrix form of the versors (Section 2.1)

0 0 0 -1 00 1 0
[ 1 0 0o o o 0o o0 1
Yl o =10 o |”?7]1 0 0o o]’
0 0 1 0 01 0 0
0 -1 0 0
0 0 1 0
k= 0 o o 1 (A.6.6)
1 0 0 0

The characteristic determinant can be obtained by means of matrices A and B,
according to the property recalled on p. 173. The results is

t+y —x—=z 0 0
q* = r+z t+y 0 0
a = 0 0 t—y z—=x
0 0 z—x t—y
= [(t+y)2+(x+z)2] [(t—y)2 - (m—z)z]. (A.6.7)

As it is known that the invariant coincides with the product of the invariants of
component systems.
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We can also obtain the value of the characteristic determinant by multiplying
the number ¢ by the conjugations?

q=t—ix+jy—kz, =t+iz—jy—kz g=t—ix—jy+kz; (A6.S8)
in fact we have

(t+jy)? —(iz+k2)? =2+ +2z2+5(@2 + 22+ 2ty)], (A.6.9)

qq =
Gi={t—jy)? —(iz—kz2)?=[t*+y* +2x2—j@@*>+ 22 +2ty)], (A.6.10)

and product (A.6.9)-(A.6.10) is equal to (A.6.7).

A.6.1 Generalized Cauchy—Riemann Conditions

From (7.2.1), we have

Fo=1iFy F,=7F F.=FkFy (A.6.11)
and obtain
P w=F ,,=F;,=F, (a)
R v T
Fyi=-F,,=F, ,=—F;. (d)

A.6.2 Elementary Functions
The exponential function

For these quaternions we can not use the same method we have used for Segre’s
quaternions since (1, 7) and (1, k) are not subalgebras. Then the series expansions
of expli x|, exp[k z] are composed by terms with all four versors and they do not
represent elementary functions. Nevertheless we can obtain the components by
applying (A.3.17) to the decomposed system of Table (A.6.1), and going back to
the system with unity by means of (A.6.3).

F = %exp[t] [exp[y] cos(x + z) + exp[—y] cosh(z — 2)]

B = %eXp[t] [exply] sin(z + 2) + exp[—y] sinh(z — z)]
1

Fj = 5 explt] [exply] cos(z + 2) — exp[—y] cosh(z — 2)]

Fi = 5 expl] lexply] sin(a + 2) — exp[~y]sinh(z — 2)]. (A.6.13)

21t can be verified that they satisfy the characteristic equation which can be obtained as

(A.2.7).
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The logarithm function

F = iln{[(t%—y)z—l—(x-i-z)?] [(t—y)? — (z—2)%]}

Fo= L [jm

A=) = pe [

B, = %tanh_l {f_zj . (A.6.14)

The hyperbolic trigonometric functions
Hyperbolic cosine: cosh ¢ = (exp[q] + exp[—q])/2

Fy = cosh (t +y) cos (z + z) + cosh (¢t — y) cosh (z — z)

F;, = sinh (t 4+ y) sin (x + 2) + sinh (¢ — y) sinh (z — 2)

F; = cosh (t + y) cos (z + z) — cosh (t — y) cosh (x — z)

Fj, = sinh (t + y) sin (z + 2z) — sinh (¢ — y) sinh (z — 2). (A.6.15)
Hyperbolic sine: sinh ¢ = (exp[q] — exp[—q])/2

F1 = sinh (¢t + y) cos (z + z) + sinh (¢ — y) cosh (z — 2)
= cosh (t + y) sin (x + z) + cosh (t — y) sinh (z — 2)
=sinh (t + y) cos (z + z) — sinh (¢ — y) cosh (z — z)
Fk = cosh (¢t + y) sin (z + 2z) — cosh (¢ — y) sinh (z — 2). (A.6.16)

A.7 Elliptic-Parabolic Generalized Segre’s Quaternions

These systems seem, up to now, the most applied in different fields: Sobrero as-
sociated their functions to differential equations of elasticity [71], in more recent
time Cheng used them for computer analysis of spatial mechanisms [26]. We give
this name to the quaternion system which corresponds to the 7¢* and 8 rows in
Table A.1, i.e., a system composed by two-dimensional elliptic numbers coupled
by means of the parabolic versor or vice-versa,

g=t+iz+py+iz)=t+py+i(x+pz). (A.7.1)

If we put p i = k, we can write ¢ = t+ixz+p y+k z with the following multiplication
table for the versors

1 i p | k
i | =11 k| —p
s h 010 (A.7.2)
k|-p| O 0
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and the characteristic matrix is given by

t —x 0 0
| = t 0 0l _(A|D
M= y ot - | = ( i ) (A.7.3)
z Yy T t

The A and B matrices are the same as the matrices of complex numbers ¢t + i
and y+1 z, respectively, composed as the parabolic number A +p B. From (A.7.3)
we obtain the matrix form of the versors (Section 2.1)

0 -1 0 0 00 0 0
o 0 0 _[oo 00}
o o o =1 |'’P7l1 0 0o ol
0 0 1 0 01 0 0
0 0 0 0
0 0 0 0
e (A.7.4)
1 0 0 0

We can obtain the value of the characteristic determinant by multiplying the
number ¢ by the conjugations:?

q=t—iv+py—kz, G=t+ix—py—kz ¢=t—ix—py+kz. (AT5)

It can be also obtained from the characteristic matrix. The immediate result is

t —xz 0 O
q|* = g —tz 3 _Ox =[t*+ x2]2. (A.7.6)
zZ oy z t

A.7.1 Generalized Cauchy—Riemann conditions

From the conditions (7.2.1), we have

F,=iF F,=pF F,=kFy (A.7.7)
we obtain
Fii=F,=F,y=F . (a)
(GCR) ?ptt _ }f{f ;i’“i ;_2“0 % (A.7.8)
Foo=—Fpo; Fiy=F1,.=0 (d)

3It can be verified that they satisfy the characteristic equation which can be obtained as

(A.2.7).
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A.7.2 Elementary Functions

We know that the functions of a parabolic variable are given by (C.5.17). This
expression can be extended to these quaternions by means of the second side of
(A.7.1), and we write

flg)=ft+ix)+ply+iz)f(t+ix), (A.7.9)

where f’(t 4+ ix) indicates the derivative of the function of the complex variable
f(t +ix). In particular it follows that for exponential functions as well as for
hyperbolic and circular trigonometric functions, we can put in the expressions
of elliptic quaternions of Section A.5: coshy ~ coshz ~ cosy ~ cosz = 1 and
sinhy ~ siny ~ y; sinh z ~ sin z ~ z, but for the products sin-sinh = sin-sin =
sinh - sinh = 0.

The exponential function

Fy = explt] cos x; F, = expl[t] (y cos z — z sin) ;
F; = exp[t] sin z; Fy, = explt] (z cos  + y sin z) . (A.7.10)

The logarithm function

It is obtained as the inverse of the exponential function.

1
= 3 In[t? + 2%]; F; = tan™* [%}
ty+axz tz—xy
= -7 = 7. A.7.11
P2 g2 TR 2 ( )
The circular trigonometric functions
Cosine: cos g = (expliq] + exp[—iq])/2
Fy = cos tcosh z; F, = —y sin tcosh z + z cos tsinh x ;
F; = —sin tsinh x; Fy = —z sin tcosh x — y cos tsinh x . (A.7.12)
Sine: sing = (expliq] — exp[—iq])/(21)
F} = sin tcosh z; F, =y cos tcosh x + z sin ¢tsinh x ;
F; = cos tsinh z; Fj, =z cos tcosh  —y sin tsinh x. (A.7.13)
The hyperbolic trigonometric functions
Hyperbolic cosine: cosh ¢ = (exp[q] + exp[—q])/2
Fy = cosh tcos z; F, = ysinh tcos x — z cosh tsin x ;

F; = sinh ¢sin x; F}, = zsinh tcos x +y cosh tsin z. (A.7.14)
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Hyperbolic sine: sinh ¢ = (explq] — exp[—q])/2

Fy =sinhtcos x; F, =y coshtcos x — z sinhtsin x ;
F; = coshtsin z; F =z coshtcos x +y sinhtsin x. (A.7.15)



Appendix B

Constant Curvature Segre’s
Quaternion Spaces

In Chapter 9 we have referred to B. Riemann’s work Ueber die Hypothesen ... [61]
in which he extended Gauss’ ideas on surface differential geometry to N-dimen-
sional spaces'. The complete development of Riemann’s work, which is considered
one of his milestones in the development of mathematics, has been accomplished
by many mathematicians for more than half a century, leading to generalizations
to non-definite differential quadratic forms (semi-Riemannian geometry) [57] and
to non-Riemannian geometry [35]. The starting point of Riemann’s work is that
the infinitesimal distance between two points in N-dimensional space is given by
an extension of Gauss’ studies on surfaces, i.e., by a differential quadratic form.
From these forms all the properties of spaces can be obtained. He introduced what
we call today the “Riemann tensor” and the term “line element”. He also gave
the expressions of line elements for constant curvature spaces, i.e., spaces in which
“motions” are the same as in flat (Euclidean) spaces: the roto-translations.

In this appendix we start from the concept introduced in Chapter 3 of ge-
ometries associated with N-dimensional hypercomplex numbers, i.e., geometries
defined by a metric (distance between two points) given by a form of degree N
and “motions” determined by 2 N — 1 parameters. If we start from this definition
of distance a completely new differential geometry must be developed in order to
study “non-flat hypercomplex spaces” in a complete way.

We begin to study the positive constant curvature elliptic-quaternion space
(PCCQS) and make up for the lack of a complete formalized theory by using
the mathematics “generated” by quaternions. This approach is an extension of
the Gauss and Beltrami application of complex variables for studying surfaces
(Chapter 8) and, in particular, constant curvature surfaces, as we have seen in
Chapter 9. Actually the two-dimensional hypercomplex numbers provide us with a
suitable mathematical tool for studying the geometries they generate, then it seems
a natural approach to study the PCCQS by means of the quaternion mathematical
apparatus. We shall see that the ideas introduced in this way allow us to formalize
a self-consistent work. From a more general point of view, this use of quaternion
analysis for studying quaternion geometry, can also be considered as an application
of a well-accepted principle, following which a problem is simplified if we use a
suitable mathematics with its symmetries.

IWe extend the word “space” to indicate hyperspaces with the number of dimensions we are
considering. We use “varieties” as usual and mean by surfaces the two-dimensional varieties.
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In particular this appendix is organized in the following way: in Section B.1
we introduce the differential forms of degree 4, and the “conformal representations”
in quaternion spaces. In Section B.2 we find the Euler-Lagrange equations for
geodesics. These equations, as the usual ones (8.5.6), give a differential system,
linear with respect to the second derivatives, which can be reduced to the normal
form and, if the appropriate regularity conditions are satisfied, the theorem of
existence and uniqueness of solutions holds. Thanks to this property we use an
alternative method (an extension of Beltrami’s method recalled in Chapter 8, p.
130 and used in Chapter 9) for finding the equations of geodesics and then check
that the Euler—Lagrange equations are satisfied. In Section B.3 we introduce the
PCCQS, defining with this name the space in which the same motions of flat
quaternion space are allowed.

B.1 Introduction of Quaternion Differential Geometry:
Differential Forms of Degree 4

It is well known that Riemann introduced the differential geometry in N-dimen-
sional spaces, extending the quadratic form of Euclidean distance to infinitesimal
distances. In quaternion geometry we introduce in a similar way non-flat quater-
nion spaces, described by a line element given by a differential form of degree
4,

ds* = aippmd 2’ dz" d ¥ d z™, (B.1.1)

where a;pim (for ¢, h, k, m running from 1 to 4) is a fourth-order covariant tensor
which can be called a metric tensor and is supposed symmetric with respect to
the four indexes.

We have seen in Chapter 8 that Gauss showed how line elements can be
expressed in the isometric orthogonal form

ds? = Fy(z, y)[d2® + dy?]. (B.1.2)

Today x, y are called conformal coordinates and (B.1.2) is written, in the language
of complex numbers, as ([29], p. 115)

ds? = F(z, 2)[dzdz) = F(z, 2)||d 2| (B.1.3)

where we have indicated by ||d z|| the characteristic determinant (squared mod-
ulus) of the differential of a complex variable: dz = dz +idy. From (B.1.3) it
follows at once that the isometric orthogonal form is preserved by any mapping
by means of functions of a complex variable z = f(w) [29]. The same result is true
for two-dimensional pseudo-Euclidean (space-time) geometry (Chapter 8), and the
same expression of (B.1.3) can be obtained as a function of a hyperbolic variable.

It is well known that for Riemannian geometry in more than two dimensions,
it is not possible to write all line elements in an isometric form [6] and [34]. The
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same is true for the general line elements expressed by a differential form of degree
4, since the number of equations for its reduction to an “orthogonal” form is greater
than the number of unknowns. Nonetheless Riemann showed that line elements, for
constant curvature spaces of any dimension, can be written in isometric-orthogonal
form [6], and we start by considering quaternion spaces that can be expressed by
an extension of (B.1.3), i.e., a line element that has the structure of quaternion
representative space

ds* = F(q, q, 4, ) dqdqdqdq. (B.1.4)

For Segre’s quaternion (p. 172), as a function of coordinates (real variables),
(B.1.4) becomes

ds* = Fi(t,z,y,2) [(dt+dy)* + (dz+d2)?] [(dt —dy)* + (dz — d2)];
(B.1.5)
in particular, if Fy(¢, x, y, z) = 1, we call this space flat quaternion space.
As it happens in the two-dimensional case, we have

Theorem B.1. The expression (B.1.4) of a line element is preserved from conformal
quaternion mapping.

Proof. Actually let us consider the quaternion conformal mapping (Section A.4.2)
q = G(w); we have

dG _ (da\
Then (B.1.4) is transformed in
ds* = |G’ (q)|| Fa(w, ©, W, ) dw di dib did (B.1.7)

where ||G'(q)|| indicates the characteristic determinant of the derivative of G(q),
that is equal to the Jacobian determinant of the mapping (Section 7.2.1). O

Then we call conformal coordinates the ones which give to a line element
the form (B.1.4), which corresponds to the isometric orthogonal form of two-
dimensional varieties (surfaces), and we also extend the name of isometric form
to line elements in quaternion geometry given by (B.1.4) or (B.1.5). These ex-
pressions, as far as this appendix is concerned are adequate for the following
developments.

B.2 Euler’s Equations for Geodesics

Let us consider a four-dimensional space with a line element given by (B.1.1). As in
Riemannian geometry, we define geodesic to be the line between two “sufficiently
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near” points for which the variation of [ = f;l ds is zero. Here we extend to this line
element of degree 4, a method (“calculus of variations”) ([49], pp. 128-134) which
allows us to obtain the differential equations for the geodesic lines in Riemannian
geometry. We have

Theorem B.2. In a space represented by a differential form of degree 4 (B.1.1), the
equations of geodesics are given by

4 4
1 i oh
E Qi bk L xhkarB g Fm,iherlazra:hxkzo, (B.2.1)
i, h, k=1 i, h,k,r=1

form =1,2,3,4, and 'y, i nkr @5 a Christoffel-like five indexes symbol given by

8aithL 8a7"hkm 8ai7‘km aaihrm aaihk'r
Toinkr=— : — . (B.2.2
Rk 4 < oxr ox? oxh Ok dx™ ( )

Proof. Actually let us call 2%(s) the parametric equations of a geodesic line between
the points represented by the values sy, s; of line coordinates and indicate by §
the variation. If [ = f:ol ds is the length of an arbitrary line between the given

points, we must have 6l = f;ol d(ds) = 0. By applying the variation to line element
(B.1.1), we have

4ds®6(ds) = 6(ainpm)ds’ da™ dz® de™  (B.2.3)

+ Qingmdztdz" de® 5(dz™) +  aipgm det dz” 6(dz®) da™

+ a;ppmdrt 6(dmh) dz* dz™ + ainkm 5(dx’) dz" dz® dz™
Setting da' = (da'/ds)ds = i'ds we can divide both sides by 4ds3, collect
the last four terms (which, taking into account the symmetry of a metric tensor,

are the same), reverse 0 < d and express d a;ppm = % 6", then the line
integral becomes

515/ |:4a(aa;b7]f)xlxhxkxm(sxrds—i—aihkmxlxhxké(dxm) ) (B24)

Integrating the second term by parts and taking into account that § ™ = 0 in sg
and s; and di* = &' d s, we obtain

s1
/ aipemd " i d(52™) (B.2.5)

S0

s1
. S1
aihkmxlaﬁhmkémm’%—/ d(ainkm Ll gkys am
S

s1
—/ [(ainkmZ’ i iR g e 2 B —|—alhkmxkxhx)ds
S0

+d (aippm) " & E*) 5™ .
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Since da;pkm = % dx" = % 4" ds and taking into account the sym-
metries of multiple sums, i.e., all terms in the following round brackets are equal,
we can write

aaihkm _1<aaihkm aarhkm+aai7‘km aaihrm)

= : B.2.6
Ox" 4 oo T o och T Ok ( )
By collecting the five terms with derivative of the metric tensor and by means of
the Christoffel-like five indexes symbol (B.2.2), we obtain

ol = —/ ((B@inkmi" + T, inkrda")d"i% | §2™ds =0. (B.2.7)

S0

Since (B.2.7) must remain valid for arbitrary variations dz™ (as is stated by
the calculus of variations) each term of the sum in m has to be zero. Then, by
reinserting the sum symbol, the four differential equations for geodesics (B.2.1)
are obtained. O

This method can be extended to differential forms of every degree.

The system of differential equations (B.2.1) can not be solved with respect
to second derivatives by using the contravariant form of the metric tensor, as is
done in Riemannian geometry [49]. On the other hand, the system is linear with
respect to second derivatives and they can be obtained as functions of z", ™ by
solving a linear algebraic system. In particular the second derivatives are obtained
as functions of " which appear explicitly in (B.2.1), and of 2™ through the “met-
ric tensor” and its derivative in Christoffel-like symbol. Then system (B.2.1) can
be put in normal form and if the coefficients satisfy the necessary regularity condi-
tions, the theorem of existence and uniqueness of solutions keeps valid. It implies
that, if we have a solution of (B.2.1) depending on the right number of integration
constants, no matter how it has been obtained, it is the only solution. In Section
B.4 we obtain the geodesic equations by means of an alternative method.

As a conclusion we observe that in system (B.2.1) the variable s does not
explicitly appear and this allows us to reduce it to a first-order differential system.
Actually let us put #° = ¢, then we have

>t d (d:ﬂ) _dyt _dy'dxt  dy

ds? —ds\ds ) ds daods Uda

and (B.2.1) becomes a first-order differential system with respect to (dy®)/(d z?).

B.3 Constant Curvature Quaternion Spaces

Definition

In Riemannian geometry the constant curvature spaces have the following charac-
teristic property [6] and [34]: the motions (roto-translations which correspond to
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mappings that leave unchanged the line element) are characterized by the same
number of parameters as in Euclidean (Riemann-flat) spaces.

We take this property as our definition. We call constant curvature quaternion
space the ones in which the allowed motions are the same as in a flat quaternion
space. From this definition it follows that the quaternion line element must remain
unchanged for mappings depending on seven parameters.

Then these mappings may depend on just some constants and, in particular,
this condition is satisfied if the mapping depends on two quaternion constants
linked by a condition. These conditions are exactly the same which hold for mo-
tions in constant curvature Euclidean or pseudo-Euclidean surfaces (Chapter 9).
Moreover we know that motions for constant curvature Euclidean and pseudo-
Euclidean surfaces are described by bilinear mappings of complex [6] and [25] or
hyperbolic [81] variables depending on three parameters obtained by means of two
complex or hyperbolic constants, respectively. For these reasons we start from the
mapping that represents a straightforward extension of the two-dimensional case
(Chapter 9), i.e., a bilinear quaternion mapping with just two constants and their
conjugations.

The bilinear quaternion mapping

Among functions of a quaternion variable [53], we recall the linear-fractional map-
pings and write them in decomposed form. In general these mappings depend on
three quaternion constants (12 real parameters). If we call a' = e; a! + ey 3! for
1 =1,2,3, 4 with |a' a* — a®a®| # 0 and take into account the decomposability
property, the linear-fractional mapping is given by

. alq+a® ol +a? B2 4 32

= =€ €9 .
a3q+a4 a321+a4 5322_’_/64

(B.3.1)

B.3.1 Line Element for Positive Constant Curvature
‘We have

Theorem B.3. The line element of constant curvature Segre’s quaternion space is
given by the product of two line elements of constant curvature surfaces

(dph)? +(d¢h)?  (dp*)* +(d¢*)*

ds* = R* 5 5
cosh” p! cosh” p?

(B.3.2)

Proof. We return to (B.1.4) and look for an expression of F(q, q, G, q) for which
ds* does not change for a bilinear mapping which depends on two quaternion
constants (seven parameters) since, as for bilinear mappings in complex analysis,
the normalization reduces of one the eight real constants. The mapping is

_aq+p

= St (B.3.3)
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By means of elementary calculations it can be verified that mapping (B.3.3) does
not change the line element?

dgdg  djdi
(1+qq?*(1+4q)?*"

ds* = (B.3.4)

We can verify at once that the denominator of (B.3.4) is given by the sum of a
real quantity (the characteristic determinant plus 1) plus two number conjugates,
in the sub-algebra (1, j). Therefore it is real, as it must be.

The line element (B.3.4) can be rewritten by means of (A.2.25) and their ex-
tensions to differentials and by introducing, as an extension of the two-dimensional
case (Chapter 9), the value of “curvature” by means of a constant R; we obtain

dqdq dqdq
(1+4¢9)? (1+qq)?
|dz"|? |d=*|?

(14 exfz!]? 4 e2]222)2(1 + €1 |22]? + ea]21[?)?

ds* = 16R*

= 16R*

|d=1|? |dz2]?
(T4 2221+ [222)2

= 16R*

(B.3.5)

The last passage follows from the coincidence of denominators. In particular by
developing the calculations in the denominator of the third expression we obtain
a real quantity that can be rearranged, giving the expression of the fourth term.
By means of polar transformation (Section A.4.1) we have

2

e1 2 e? 2% = e1 exp[(t]4ea exp[C?] = e1 exp[p' +id']+es exp[p®+ip?] (B.3.6)

and

dz" = exp[¢"]dC™; | expl¢"]]* = exp[¢"]exp[C"] = exp[2p”]; n=1, 2.
(B.3.7)
These substitutions allow us to write

4 1exp[CM]? [dC|? | exp[¢?][?]dC?|?
(14 [exp[CH2)2(1 + [ exp[¢?][?)?

1 exp[2p'][dC[? exp[2 p%)|dC?|?
(1+exp[2pH])*(1 + exp[2 p?])*]

ds* = 16R

= 16R

The last term corresponds to (B.3.2) which is the product of line elements of
two-dimensional constant curvature surfaces (Chapter 9). (]

2For developing the calculations it must be (& + ﬁ5)2 (aa + 55)2 # 0.
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B.4 Geodesic Equations in Quaternion Space

Let us consider a four-dimensional line element of degree 4 (B.3.2) in a more
general form, i.e.; as a product of two two-dimensional line elements of degree 2,

dst = [bin(zt, 22)dzt daz")[em (2P, 2h) d 2t d ™)

dstyy dsly = Fi o Fs4, (B.4.1)

where i,h = 1,2; [,m = 3,4 and we have set
ds%l) = bih(xl, m2)dmidmh = Fi_o,
dsé) = (2?2t dalda™ = F3_ 4. (B.4.2)

‘We have

Theorem B.4. The geodesic equations in a quaternion space, characterized by line
element (B.4.1), can be obtained with two integrating steps, via two differential
forms of degree 2.

For the differential forms of degree 2, geodesics can be calculated by means
of classical differential geometry.

Proof. Let us apply to line element (B.4.1) the variational method, by which
geodesic equations are obtained,

§(ds*)y=6(Fi_a Fs_4) = F1_26(F3_4) + 6(Fi_2) F5_4. (B.4.3)

The total variation is zero if partial variations of (B.4.3) are zero, then geodesic
lines on the planes z!, 22 are three-dimensional geodesic varieties in quaternion
space. Actually the coordinates of points on the geodesic lines on each plane can
be expressed as functions of a parameter, in particular of the line parameters
which we call 8y, 65, respectively. The intersection of these varieties gives geodesic
surfaces in quaternion space. After having found the geodesics on z', 22 planes,
we can express b;, dz' d 2" as a function of 01, d6; and ¢, d 2! d ™ as a function
of 05,df; and calculate the geodesics in two-dimensional space defined by the

variables 61, 0. O

By this method, lines in four-dimensional quaternion space are determined.
For asserting that these lines are all the geodesics we shall verify, as a first step,
that they depend on the right number of integration constants and as a second
step that they satisfy Euler’s equation (B.2.1). These tests give us confidence that
the two-steps integration gives the right equations.

Now we return to the integration problem. In Chapter 9 it is shown that the
most suitable method for obtaining the equations of the geodesics for constant
curvature surfaces is to use Beltrami’s integration method, recalled in Section
8.5.1, p. 130, that will be used in two steps for solving our problem with line
element (B.3.2).
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Let us write (B.3.2) in the form (B.4.1) with ds(;) and d s(9) given by

dstyy = f2(@') [(da')? + (da®)?]5 d sty = f2(2%) [(da®)? + (da?)?],  (B.A4)
where f(z!), f(2®) are two arbitrary functions® of the variables 2! and 2°.

As first step we calculate geodesics equations in the planes with line elements
ds%l) and ds%Q), starting with plane “1”. Equation (8.5.4) becomes

Avby = % l(gﬁjf + (gﬁ;)zl =1. (B.4.5)

01 (z*, 2?) = 0, (z") + oy 22 (B.4.6)

Setting

and substituting in (B.4.5), we obtain

o0,
drl

61(zt, 22, a1) = /,/fQ(xl) — a2 dat +ay 2? (B.4.8)

and the geodesic equations

P2 — a3, (B4.7)

and

B _ / S
oor ~ ] PG o
Equation (B.4.9) links together the variables z' and 2.

By using (B.4.8) and (B.4.9), a relation that links up ! and z? with 6; can
be calculated. Actually, let us consider the identity

O, det + 2% = oy. (B.4.9)

01 — Q1 @al = 91 — 1 01 (B410)

and substitute in the left-hand side the values obtained from (B.4.8) and (B.4.9).
There results a link between z! and 6,

f2(")
VA ah) —of

By using (B.4.9) and (B.4.11), also 22 can be written as a function of the parameter
01, as will be shown for line element (B.3.2). The obtained result allows one to
verify the coincidence between 61 and the line coordinate along the geodesics, as
stated by Theorem 8.2.

0, = dr' + ay 071 . (B.4.11)

3In the example here considered the function f is the same for both parts of (B.4.4), but the
results we obtain are also valid if f(x') and f(z3) are different functions.
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Proof. By differentiating (B.4.9) and (B.4.11) and solving the system, we calculate
dr! and dz? as functions of f(x'), d6,,

det = W db,; da® = % doy, (B.4.12)

which allows one to verify the relation
dstyy = f2(2) [(dah)? + (da®)?) = db} (B.4.13)

that demonstrate the assertion. O

Analogous results are obtained for the plane “2”, by substituting z!, z? =
23, z* and o1 = ao.
Now we carry out the second step. Thanks to (B.4.13), equation (B.4.1)
becomes

ds*=d6? d03 = ds®> =edb dfy with e = +1. (B.4.14)

The geodesic equations on the surface 61, 65 are calculated by applying the method
of Section 8.5.1 to a quadratic line element of (B.4.14). Referring to (8.5.1) and
(8.5.2), in the present case g1 = goo = 0; g12 = go1 = 1/2, then g'! = ¢?2 =
0; g'? = ¢! = 2. By setting e = 1, i.e., by considering the same sign for ds(1y and
ds(2), (8.5.4) becomes

00 00 90 99 90 00
Ag=20 90  ,O0 00 _ 00 00 B.A1
L 90, 90, T “ 90, 90, — " 90, 00, (B.4.15)

Setting
0=C101+Cy6, (B.4.16)

from (B.4.15) we have

expl[y] exp[—1]

1
Cl 02 = Z = Cl = D) s CQ = B (B417)
with the solution
o= GXZ’M 0, + expg_ﬂ 6> (B.4.18)
From (B.4.18), we obtain the third equation for geodesics,
99 _ exply] exp[—]
= — = 01 — 0y = o3. B.4.1
o, o 3 1 ) = 03 ( 9)

We have

Theorem B.5. Equations (B.4.18) and (B.4.19) allow us to express 61 and 05 as
functions of 6.
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Proof. From the identities
04+0,=0+0;3; 0—-0,=0-o03, (B.4.20)

in which the terms on the left-hand sides are evaluated by (B.4.18) and (B.4.19),
we obtain

01 = exp[—7] 0 + exp[—7] 03; 02 = exp[y] 0 — exp[y] o3. (B.4.21)
(]

These relations allow one to verify
ds* = df7 do3 = do* (B.4.22)

which states the coincidence between 6 and the line coordinate along the geodesics.

Finally by using (B.4.8) and the equivalent expressions for 6s, the four vari-
ables z!, 22, z3, z*, can be expressed as functions of the only parameter 6.
Equations (B.4.9), the equivalent expressions for 62 and (B.4.19) represent three-
dimensional varieties which define lines in four-dimensional space. The six arbi-
trary constants of these lines are determined (in general unambiguously) solving
three independent systems, obtained by forcing the lines into passing through two
points. With respect to Euler’s equations (B.2.1), these lines are in an implicit
form; meanwhile we have

Theorem B.6. Thanks to the coincidence between 6 and the line elements along
the geodesics, we can express the coordinates as functions of the line parameter
0, and check that Fuler’s equations are satisfied.

Proof. Actually the parametric expressions of (z!, 22, 3, x*) as functions of ¢
are obtained, in finite or integral form. Anyway in order to verify (B.2.1), we do
not need the explicit expression of function f, because only the first and second
derivatives of (x!, 2%, 23, %) with respect to 6 are necessary. Actually, from
(B.4.12) and (B.4.21), we obtain the first derivative

dr'  dx' do, f2(xl) —a?
—7 =5 ap = ol
a0~ 6, do 72(a)

and, in an analogous way,

da? da3 f2(@%) — a3 dat
O vt ey e YL

The second derivatives are calculated by

d (det?\ [ d (dat Tl d (det ) [ d (et ] o
do do | dxt do do ’ do do T | daB db g -

A suitable software allows us to verify Euler’s equations (B.2.1). O
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B.4.1 Positive Constant Curvature Quaternion Space

For PCCQS, we obtain the function 6 and the geodesics equations substituting
f(x%), with the functions given by (B.3.2). Setting (B.4.8), and the equivalent
expression for 6, into (B.4.18), we get

\/R? — a3 2 cosh? p!
0 — exgm / dp' + o (B.4.23)

cosh p!
2 2
Lex \/ R? — a3 cosh® p
p / - dp2 + a2¢2
cosh p
and the geodesics equations
h 1
@al = _/ Q1 cosh p dpl +¢1 =0, (B424)
\/ R% — a2 cosh? p!
h 2
0., = f/ e O 4P+ =0, (B.4.25)

\/ R? — a2 cosh? p2
\/R? — aF cosh2
0, = exgm / dp' + o (B.4.26)

cosh p!

\/R? — a2 cosh? p?
exp / 2 dp? + aad?

cosh p?

=03 .

Performing the integrations and substituting in (B.4.26) the value of ¢! and ¢?
obtained from (B.4.24) and (B.4.25), and redefining the integration constants

sin(e;) =aq/R; sin(ez2) = aa/R;

= {203 — Rexp[y]o1 sin(e1) + Rexp|[—v]ozsin(e2)}/(2R) ,

we obtain
sin(¢' — 01) = tane; sinh p' | (B.4.27)
sin(¢? — 0q) = tan ey sinh p? | (B.4.28)
tanh p' tanh p?
exp[y] sin™! { annp } — exp[—7] sin~* [ amnp } =0} . (B.4.29)
cos €1 COS €9
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By means of (B.4.23), all the coordinates p', &', p?, ¢* can be expressed as
functions of the line parameter §. We obtain

0— 0,
1(0) = tanh ™! in [ —2 |1 ;
p (0) an cos €1 sin R oxpl] ;
L . 6 — 9,
¢ (0) = o1 + tan sine; tan | ———— ;
R exp|y]
o g (B.4.30)
2 0 — t h_l 3 4 .
p°(0) an {cos €9 Sin (R exp[—W])] ;
$*(0) = o9 +tan~ ' |sin ey tan 0_796/
-7 ? Rexp[—]/] "

By (B.3.6) and (A.2.21) we can write geodesics equations (B.4.27)—(B.4.29) as
functions of the components of z' and 22,

tane; (72 + &2 — 1)+ 2(sinoy 7 — cos 01 £) =0, (B.4.31)
tan ey (n° +¢% — 1) 4+ 2(sinogn — cos g2 ¢) =0, (B.4.32)
2421
T2+ €24+ 1)cose
772 + CQ -1 o
=03
724+ (2 +1)cose

exp[y] sin™! {( (B.4.33)

S|

The first two equations are the same obtained, in Chapter 9, for positive constant
curvature surfaces. In the planes z!, 22 they represent circles and, in the four-
dimensional space, “hyper-cylinders” .

Finally geodesics equations can be obtained as functions of original variables
(A.2.1). From (A.2.19), we obtain (if €1, €2 # 0)

sinoy (t+y) —cosoy (x + 2)

(t+y)?+ (x+2)* +2 — -1=0, (B.4.34)
(t— )2 + (2 — 2)2 4 25002 (L= yt) —eos2 (B2 g g (Bass)
an €s

. (t+y)?+(x+2)2%-1
exp[y]sin™! [[(t Tt ot 2 1o 61} (B.4.36)
Cexnlalgin-t | =921 )
pllsin | S | =

By using (B.4.34) and (B.4.35) the quadratic terms of (B.4.36) can be substituted
by linear terms. This is also true for (B.4.33), by using (B.4.31) and (B.4.32).
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Conclusions

A complete development of differential geometry starting from a differential form
of degree 4 shall require many important investigations. The approach we have
used is an extension of the Gauss work in which he showed the link of complex
analysis and functions of a complex variable with surface differential geometry
[39]. As has been shown in Section 3.2.1, this application of complex variable
analysis is due to the fact that the geometry “generated” by complex numbers is
the Euclidean one.

In this appendix the same procedure has been applied to geometries gener-
ated by commutative quaternions, i.e., we have applied the quaternion analysis
and functions of a quaternion variable which represent the mathematics with the
symmetries of the problem we are dealing with. This approach also means that we
start from the roots of differential geometry, i.e., the works of Gauss (complex vari-
able on surfaces), Riemann (differential geometry in N-dimensional spaces) and
Beltrami (complex variable on surfaces and integration of geodesic equations). In
this way we have obtained some preliminary, self-consistent results on constant
curvature quaternion spaces.

The obtained results can be extended in a straightforward way to negative
constant curvature elliptic-quaternion spaces and to constant curvature hyperbo-
lic-quaternion spaces.

Moreover the exposed method can be a starting point for studying the con-
stant curvature spaces associated with other commutative number systems.



Appendix C

A Matrix Formalization for
Commutative Hypercomplex Numbers

In Chapter 2 we have introduced hypercomplex numbers following the historical
approach and have noted in Section 2.1.3 that, for commutative numbers, a repre-
sentation by means of matrices is more appropriate than a vector representation.
In this appendix we tackle the problem starting from this consideration and re-
quiring that the representative matrices satisfy the properties of hypercomplex
numbers, i.e., to be a commutative group with respect to multiplication. This
approach allows us to formalize the algebraic properties of hypercomplexr numbers
and, by using the well-established theory of eigenvalues, to introduce the functions
of a hypercomplex variable and the differential calculus as an analytic continuation
from real and complex fields.

This appendix is organized in the following way: in Section C.1, the ma-
trix formalism is associated with hypercomplex numbers. In Section C.2, two-
dimensional hypercomplex numbers are discussed in view of the formalism in-
troduced in Section C.1. In Section C.3, the algebraic properties of systems of
hypercomplex numbers are outlined. In Sections C.4-C.6, the functions of a hy-
percomplex variable and the differential calculus are eventually introduced.

C.1 Mathematical Operations

Let us start with some definitions and properties relative to the mathematical
operations among hypercomplex numbers. Let us introduce an N-dimensional hy-
percomplex number as a column vector, whose entries are the components of the
number. If x is the hypercomplex number, then

N-1
X = Z e, z" (C.1.1)
k=0
where z¥ € R are called the components of x and e; ¢ R are the unit vectors

along the IV dimensions or bases. In matrix representation, we can write x in its
matrix form

X = ) (C.1.2)
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and the unit vectors, which we call natural unit vectors, as

1 0 0
0 1 0

€y = . s e = . s ey en_1 = . . (C13)
0 0 1

Although e; has a different meaning with respect to e introduced in Section
2.1, nevertheless we use the same convention for the positions up and down of
indexes z* and e;. These positions indicate, in agreement with Section 2.1.4, if
by a linear transformation they transform by means of matrix a2 or (ag)_l, as
the covariant and contravariant components of a vector, respectively. Equations
(C.1.2) and (C.1.3) define the matrix representation of x.

Hereafter, when unnecessary, we do not distinguish between hypercomplex
numbers and their matrix representations. Moreover, we label the set of N-dimen-
sional hypercomplex numbers with the symbol Hy and use the term H-number
as a shorthand to hypercomplex number.

C.1.1 Equality, Sum, and Scalar Multiplication

1. Equality of two Hypercomplex Numbers. Two H-numbers are equal if all
their components are equal, one by one. One can verify that such a definition
is an equivalence relationship, since it satisfies the reflexive, symmetric, and
transitive properties.

2. Sum and Difference of Two Hypercomplex Numbers. As for column vectors,
the sum of two H-numbers is defined by summing their components. The
result is an H-number. By exploiting the above introduced matrix repre-
sentation, one can verify that the sum operation is both commutative and
associative. The column vector with all zero components, indicated with O,
is the null element for the sum, which we name as zero. With respect to
the sum, the inverse element of x is —x, which is defined as having all its
components changed in sign with respect to the components of x. Therefore,
(Hyn,+) is an Abelian group. In analogy with the above definition of sum,
the definition of difference between H-numbers can be stated as the difference
between column vectors.

3. Multiplication of a Real Number by a Hypercomplex Number. In agreement
with the multiplication of a scalar by a matrix, the multiplication of a € R
by x € Hy is an H-number, whose components are the components of x
multiplied by a, one by one. Because of commutativity in the multiplication
of two real numbers, the product of a by x can be indicated with either a x
or X a.
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C.1.2 Product and Related Operations

Before defining the multiplication between H-numbers, let us introduce the multi-
plication (which we indicate by ®) among the natural unit vectorsey, (k=0,1,...,
N —1) by

N-1
e e = Z Czkj eg. (C.1.4)
k=0

For commutative systems we must have e; © e; = e; © e;, then ij = Cjkz
Although the “unit vectors” e; have been introduced in a different formalism
with respect to versors e; introduced in Section 2.1, the constants Cj’?i are the same
as Cj’?i, there introduced (see Section C.8). Then we can write C]’?i = C’Jkl
Now let us define the multiplication of a versor e by a hypercomplex number
y € Hy as
e, Oy = Ary, (C.1.5)

where Ay, is a proper N x N real matrix and the operation in the right-hand side
of (C.1.5) is the well-known multiplication of a square matrix by a column vector.
Note that Ary is a column vector with real components, therefore it is an H-
number as well. The representation introduced in (C.1.5) of the product of a unit
vector by a hypercomplex number gives the same results as the multiplication by
means of the structure constants (see Chapter 2.1) if the following relation holds
for all elements of the matrices Ay,

(A = Ci;, (C.1.6)

where, as in Chapter 2, the upper index indicates the rows and the lower one the
columns. The multiplication between two H-numbers, x and y, can be conveniently
defined by applying (C.1.5) to (C.1.1). It ensues that

N-1 N-1
XOy= Z tfe, 0y = Zwk (Ary) . (C.1.7)
k=0 k=0
From (C.1.6) it follows: if
(Ar)s = (A ,V (i, 4, k) (C.1.8)

is true, then the multiplication between H-numbers, defined by (C.1.7), is com-
mutative. Hereafter, we consider only multiplication-commutative systems of H-
numbers, for which (C.1.8) is true. Equation (C.1.7) can be written also as

X0y =M®x)y, (C.1.9)

where the matrix M(x) — whose dependence on x has to be understood as an
explicit dependence on the components of x, so that we write M(x) instead of
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M(z% 2, ... 2N ~1) for the sake of brevity — is defined as
N-1
M(x) =Y kA, (C.1.10)
k=0

As is shown in Section C.8, the matriz M(x) matches the characteristic matric
introduced in Section 2.1.3, p. 7. Since (C.1.8) is assumed to be true, instead of
(C.1.9), one can alternatively write

X0y = M(y)x. (C.1.11)

Now, let us state the conditions for the existence of the neutral element for
the multiplication of H-numbers. We name such an element as the unity of Hy,
and indicate it with the symbol 1. By definition, V x € Hy,

10x=x (C.1.12)

must hold. Therefore, if 1* are the components of 1, by applying (C.1.7) one finds
N—1
> 1 Ax =x. (C.1.13)
k=0

Since (C.1.13) must hold V x, the following condition of existence of the Hy unity
is found:

N-1
S 1A =T, (C.1.14)
k=0

where Z is the identity N x N matrix. Hereafter, we assume that this condition of
existence of the Hy unity is satisfied — we shall see later, with some examples,
that the unity actually exists for the Hy systems we consider.

Now, let us demonstrate that the unity 1 is unique.

Proof. Let us suppose that another unity, 1’, exists in Hy. In such a case, both
101 =17and1 01=1

should hold. Because of multiplication commutativity, one concludes that 1’ = 1.

Thus, it is demonstrated that 1, if it exists, is unique. O

Inverse Element for Multiplication

Given x € Hy, the inverse element for multiplication is an H-number, x !, which
satisfies
XxOx 1=1. (C.1.15)

Since
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the inverse element exists only if the determinant of M(x) (the characteristic
determinant defined in Section 2.1) is non-zero, and one gets

x =M1 (x)1, (C.1.16)

where M~™1(x) is the inverse matrix of M(x). Since 1 is unique and the inverse
matrix is univocally defined, (C.1.16) also states that if the inverse element exists,
it is unique.

Equation (C.1.16) implies that, for all y € Hy, the following equation holds:

x'oy=M"'x)y

Therefore,

M(x71 = M7H(x). (C.1.17)
Moreover, since (C.1.15) leads to

() =x,
taking into account (C.1.17), one gets
MU x) = M(x).

A further property is

1

xoy)t=xTtoy™"

Taking into account commutativity, this relation is the same as that which holds
for square matrices in matrix algebra. Furthermore, by applying (C.1.15) one can
verify that the inverse element of 1 is 1 itself, i.e.,

171 =1.

Properties of Multiplication

Theorem C.1. The multiplication between H-numbers satisfies the distributive
property with respect to the sum, i.e.,

(x+y)0z=x0z+y0Oz.

Proof. As a matter of fact, being equal to z¥ + y* the k™" component of x + y,
one gets from (C.1.7),

N—1 N—1 N—1
(x+y)® :c —|—y Akz— Z :EkAkz—i—Z VP Az = x0z4+yoz. O
k=0 k=0 k=0

Now let us demonstrate a fundamental theorem.

Theorem C.2. Commutative H-numbers are also associative.
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Proof. As a matter of fact, given x,y,z € Hy, by taking into account commuta-
tivity and the above-demonstrated distributive property, it ensues that

N-1 N-1 N-—1
(xQy)0z = z0(xQy) = zO (Z xkAky> = Z *z20 Ay = Z P2 AL Ay

k=0 k=0 k,n=0

N-1 N-1 N-—1
X@(y@Z) = XQ(ZQY) = X®<Z ZnAnY) = Z ZHXQ-Any = Z kanAk:Any .
n=0 n=0

k,n=0

Therefore, since the matrices Aj and A, satisfy
ApAn = Ap A, ¥ (k,n=0,1,... N —1) (C.1.18)
as follows from e, © e,, = e,, ® ey, the associative property
(x0y)0z=x0(y©z)

is demonstrated. (]

Another property which can be easily verified is

x©0=0.

C.1.3 Division Between Hypercomplex Numbers

Given two H-numbers, x and y, with det[M(y)] # 0, let us define the division of
X by y as the product of x by the inverse element of y, i.e.,

X _xoyt. (C.1.19)
y
It is easy to verify that
bd 1 1
T=X, - =Y
1 y

Moreover, as one can verify, many of the rules of fraction algebra of real numbers
can be extended to H-numbers. Among them, we report
1y
x/y x’
X1 X2 X1OXs

yi Y2 y10y2’
§+§_X1QYQ+X2®Y1

Yi ¥z Y1 Oy2
In the above identities, the non-singularity of the characteristic matrices of H-
numbers which appear in the denominators is assumed.
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Divisors of Zero

We mentioned before that the inverse element of y for multiplication is not defined
if det[M(y)] = 0 and that, in such a case, the ratio x/y cannot be defined. An
H-number y # 0, whose characteristic matrix M(y) is singular, is called a divisor
of zero. The reason for such a name is explained in the following. Let us consider,
in the domain of H-numbers, the equation

XOy=0 (C.1.20)

in the unknown x, where x,y # 0 and y is a divisor of zero. The equation can be
rewritten in its equivalent matrix form

M(y)x=0. (C.1.21)
In matrix language (C.1.21) represents a homogeneous system of N equations
with N unknowns, 2°,2!,... 2N~ Since M(y) is singular, i.e., its determinant

is zero, it is a well-known result that the above system of equations admits infinite
non-zero solutions x. Stated in H-number terms, since y is a divisor of zero, a
numerable infinity of non-zero H-numbers x exists which satisfy (C.1.20). This
means that two (proper) non-zero H-numbers can have zero product, something
which never happens for real or complex numbers. In such a case, we say that the
two H-numbers, x and y, are orthogonal. This definition can be interpreted by
analogy with vector algebra where the scalar product of two non-zero vectors is
zero if they are orthogonal. The set of non-zero solutions x to (C.1.20), indicated
as Ly, is called the orthogonal set of y. Equation (C.1.20) can also be formally
written as
X = 9 #0,
y
from which the reason for the name divisor of zero is explained for y.
Formally, (C.1.20) could also be written as

y==.
X

One can wonder if the above equation makes sense. If it does, a direct implication
is that x, which is a non-zero solution of (C.1.20), is a divisor of zero as well. This
is indeed true.

Proof. An equivalent matrix form of (C.1.20) is
M(x)y =0. (C.1.22)

Since y is a divisor of zero, and therefore y # 0, (C.1.22) implies det[M(x)] = 0,
thus also x is a divisor of zero. This demonstrates that all elements of L, are
divisors of zero. O
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As a special case, let us demonstrate that 1 is not a divisor of zero.

Proof. If 1 were a divisor of zero, then at least one x # 0 would exist such that
x®1=0,
something which contradicts the definition of 1. O

To conclude, one can verify that if x is a divisor of zero and y is any non-zero
H-number such that y ¢ 1, then also x ®y and x/y are divisors of zero (in the
latter case, y is assumed to be not a divisor of zero).

Power of a Hypercomplex Number

Given any integer n > 0, the n'" power of an H-number x is defined by multiplying
x by itself n times. Being

one gets
x" = M"™(x)1 (C.1.23)

where M™(x) indicates the power of a matrix. Conventionally, we set
x"=1.

Equation (C.1.23) can be viewed as the actual definition of power. It can be
formally extended to negative-exponent powers — only for non-zero H-numbers
which are not divisors of zero — with

x "= (x_l)n =M (x)1,

where M~ (x) means

M (x) = [Mfl(x)]n .

Under proper conditions for the determinants of the involved matrices, one can
verify that many of the known properties which hold for real numbers can be
extended to H-numbers. Among them, we report (m is another integer > 0)

0" =0; 1" =1;
(Xm)n _ an; x™ ® x" = Xern; (X ® y)n _ yn ® yn;
x" — xm—n. (X>n _ X7n
X" ’ y y'n.
These properties can be demonstrated by taking into account that
M(x0y) = M(x)M(y), (C.1.24)
M (y> = M(x)M ™ (y). (C.1.25)
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Proof. As a matter of fact, given another arbitrary H-number, z, and by exploiting
the associativity of H-numbers, one gets

MEOy)oz=x0y)0z=x0(y©2z) =x0M(y)z = M(x)M(y)z,

from which (C.1.24) follows. Equation (C.1.25) can be similarly demonstrated. O

C.2 Two-dimensional Hypercomplex Numbers

As an example, let us consider two-dimensional H-numbers. When N = 2, the
generally defined H-number, z, is
T
z = , C.2.1
(+) (©21)

and its characteristic matrix (see Section 2.1), is defined as

MGG m) e

where v and ( are real numbers. We have

Theorem C.3. The two-dimensional H-numbers defined by (C.2.2) are
1. multiplication-commutative,
2. multiplication-associative,
3. the multiplicative unity exists.

Proof.

1. The matrices Ay and A1, associated with the natural unity vectors, eg and eq,
can be obtained from (C.2.2) by setting in it (z,y) = (1,0) and (z,y) = (0, 1),
respectively. They are

Aoz((l) ?) and Alz(? g) (C.2.3)

It can be easily verified that Ay and A4; satisfy (C.1.8), thus the commuta-
tivity of multiplication is demonstrated.

2. Since Ay = Z, where Z is the 2 x 2 identity matrix, (C.1.18) is satisfied, thus
the multiplication is also associative.

3. It can be verified that

1=ey= ( : ) (C.2.4)

satisfies both (C.1.12), as M(1) = Z, and the existence condition, (C.1.14).
(]
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Theorem C.4. The parameters a and 3 subdivide the above-introduced two-dimen-
sional H-numbers into three classes.

Proof. The characteristic determinant of z is:
det[M(z)] = 22 + Bry — ay®. (C.2.5)

Setting it equal to zero, gives a second-order algebraic equation in the unknown
x, whose solutions are
-+ VA
rT=—"7Y,
2
where A = 32 + 4a. The three main classes of two-dimensional H-numbers are
distinguished according to the value of A (see Section 2.1).

(C.2.6)

e The first class is that of the elliptic H-numbers, for which A < 0; in this case,
(C.2.6) gives no real solution, and therefore there are no divisors of zero.

e The second class is that of hyperbolic H-numbers, for which A > 0; in this
case, the two solutions given by (C.2.6) represent two sets — two intersecting
straight lines in the (z,y)-plane — of divisors of zero.

e The third class is that of parabolic H-numbers, for which A = 0; in this case,
the only set of divisors of zero is described by the equation z = —fy/2, which
is a straight line (the y Cartesian axis for 8 = 0).

The names of these three classes come from the conic section described by (C.2.5),
as we have already seen in Section 2.2. O

When 8 = 0 and o = =*1, 0, the above three classes are further named
as canonical (see Section 2.1). Standard complex numbers Z, often indicated as
z=x+1iy € Z,i = /=1 being the imaginary unit, are the canonical elliptic
H-numbers (o« = —1 and = 0). In this case, the usual imaginary unit, i, is found

to be in our formalism
i:elz( (1) ) (C.2.7)

This means that in our matrix representation of z, see (C.2.1), when applied to
standard complex numbers, z and y coincide with the usual real and imaginary
parts of the number, respectively.

C.3 Properties of the Characteristic Matrix M

The characteristic matrix M(x) plays a fundamental role in the definition of H-
numbers and their operations. Let us explore the main properties of this matrix,
before going on with the study of H-numbers. Some of these properties allow us
to introduce the functions of an H-number.
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C.3.1 Algebraic Properties

Let us list the main algebraic properties of characteristic matrices. Some of them
had been already introduced in the previous section. The rather elementary demon-
strations are left to the reader.

M(0) = O; M(1) =T (C.3.1)

M(ax + by) = aM(x) + dbM(y); (C.3.2)
M(x©y) = M(x)M(y);

M((x)") = M)]". (C.3.3)

In (C.3.1), O and 7 are the all-zero N x N matrix and the identity N x N matrix,
respectively; in (C.3.2), a,b € R, x,y € Hy. In (C.3.3), n is an integer and when
n < 0, x is assumed to be neither 0 nor a divisor of zero.

C.3.2 Spectral Properties

Let us consider the eigenvalue problem for the matrix M (x),that is
M(x)ug(x) = Ap(x)ug(x) . (C.3.4)

Here, ui(x) € Hy. As for M(x), also for the scalar — real or complex — eigen-
values A\ (x) and eigenvectors ug(x) the dependence on x means a dependence on
the components of x.

Now let us enumerate some properties of eigenvectors and eigenvalues.

1. The eigenvectors ug(x) are divisors of zero.

Proof. As a matter of fact, one can write (C.3.4) also as
[x — Ap(x)1] ©® ug(x) = 0.

Because
det [M(x) — A\ (x)Z] = det {M [x — A\ (x)1]} =0

must hold, x — A\gx(x)1 is a divisor of zero;' moreover, uy(x) €lx a1

Since all the elements of 1,_j,(x)1 are divisors of zero themselves, it is
demonstrated that ug(x) is a divisor of zero. O

2. If (C.8.4) admits N distinct eigenvalues, then the corresponding eigenvectors
are mutually orthogonal, i.e.,?

ur(x) © u,(x) =0; for k # n. (C.3.5)

e — A (2)1 is assumed to be different from 0.
2Hereafter, if not otherwise stated, we assume that (C.3.4) admits N distinct eigenvalues.
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Proof. As a matter of fact, as (C.3.4) is true for ug(x) and
M) u, (x) = Ay (x)u,(x) (C.3.6)

is true for u, (x), after right-multiplying (C.3.6) on both sides by uy(x), one
gets

An (X)), (%) © ug(x) = M(x)u,(x) © ug(x) = x © u,(x) © ug(x)

=X O ug(x) © up(x) = MX)ug(x) © up(x) = Ak (x)up(x) © uy(x).

From the above relationship, since the multiplication is commutative, it en-
sues that
[An (%) = Ak(x)] un(x) © up(x) = 0.

Since the two eigenvalues are distinct by hypothesis, (C.3.5) is thus demon-
strated. O

Given an H-number x, such that x # 0, and its set of eigenvectors ug(x), if
X &Ly, (x), then the following property holds,

uj (x) = (%) ug(x), (C.3.7)

where v (X) is a suitable scalar which depends on the components of x.

Proof. x can be written as a linear combination of the eigenvectors of M(x)?

N-1
X = Z en(X)u,(x), (C.3.8)
n=0

where the ¢, (x) are scalar coefficients which depend on the components of
x. By substituting (C.3.8) into (C.3.4), taking into account (C.3.5) and that
M(x)ug(x) = x © ug(x), we get

cr(x)us (%) = M (x)ug(x). (C.3.9)

Since we have assumed X €L, (x), it must be cx(x) # 0: actually, if ¢ (x)
were zero, one would get x®uy(x) = 0 from (C.3.8), and therefore x € L, (x)
would be true, in contrast with our hypothesis. Therefore, we can divide both
sides of (C.3.9) by ¢k (x) to obtain (C.3.7) with

Ak (%)
Ck (X) '

Ye(x) = O

3As known from linear algebra, if (C.3.4) admits N distinct eigenvalues, then the correspond-
ing N eigenvectors are linearly independent. In such a case, any column vector (i.e., H-number)
can be written as a linear combination of the eigenvectors.
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Equation (C.3.7) can be alternatively written as M [uy(x)] ug(x) =
Yk (x)ug(x) , which means that ug(x) is an eigenvector of the matrix associ-
ated with itself.

4. The eigenvectors of the characteristic matriz M(x) do not depend on the
components of X.

Proof. As a matter of fact, since the eigenvectors ug(x) form a linearly inde-
pendent system, given any y € Hy one can write it as a linear combination

of the eigenvectors
N-—

Z en (X, y)un (%), (C.3.10)

,_.

n=

0
where the real coefficients ¢, (x,y) generally depend on the components of x
and y. Therefore, thanks to (C.3.10), (C.3.2), (C.3.5), and (C.3.7), one can

write
N-1 N-1
cn(X7Y)M [ X y un ) ® uk(x)
n=0 n=0
= cr (%, y)ui(x) = (%, y) e (X)ug(x) . (C.3.11)

Equation (C.3.11) shows that uy(x) is an eigenvector of M(y) as well, what-
ever y is. ([

This result implies that (C.3.7) is true in the following x-independent
form u? = v,uy. Further, it demonstrates that the eigenvectors form a set
which only depends on the system of H-numbers under consideration. For
this reason, hereafter we will drop the dependence on x from the eigenvectors.

One can build normalized eigenvectors vy, which form a set of orthonor-
mal H-numbers. Let us set

1
Vi = —ug. (0312)
Yk
It follows from (C.3.5):
viOv, =0 (C.3.13)

for k # n. Moreover, from (C.3.7) one gets
Vi=vy. (C.3.14)

By virtue of (C.3.13) and (C.3.14), we shall say that the eigenvalue v, form a
set of orthonormal H-numbers. One can verify that the original and normal-
ized eigenvectors, uy and vy, share the same eigenvalues A, (x) for a chosen
H-number x.
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The orthonormal eigenvectors vy, are a complete set [40], therefore any H-
number x can be expressed as a linear superposition of them.

Proof. As a matter of fact, knowing that
M)V =x 0O v = Ap(X) Vi, (C.3.15)

one can verify — by recalling completeness of the eigenvectors of a matrix
— that

N-1

X = Z Ak (%) Vi . (C.3.16)
k=0

]

Equation (C.3.16), together with (C.3.13) and (C.3.14), plays a funda-
mental role for the H-numbers: it states that the eigenvectors v can be used
as a new set of unit vectors (i.e., a basis) instead of the natural unit vectors
er, and that the components of any H-number for them are the eigenvalues
of the associated matrix. Also, if the components Ai(x) of x happen to be
complex in this new {v} basis, this fact does not constitute a problem for
the developments that follow. Equation (C.3.16) will come in handy when
functions of H-numbers will be dealt with.

As a consequence of (C.3.16), it follows that the unity 1 can be written as

N—
1= Vi - (0317)
k=0

i

Proof. As a matter of fact, since M(1) = Z, the eigenvalues of the associated
matrix are all equal to 1, so that (C.3.17) follows. ([

In the theory of hypercomplex numbers (Section 2.2.2), the basis satis-
fying relations (C.3.13), (C.3.14) and (C.3.17) is called an idempotent basis.

The eigenvalues of the associated matrix satisfy the following properties:

Ax(0) =0; (1) =1; (C.3.18)
Ar(ax + by) = ali(x) + b (y) ; (C.3.19)
A (xOy) = A (x) A (¥) 5 (C.3.20)

A (X)) = [Ae(x)]™. (C.3.21)

In the above equations, a,b € R; x,y ¢ H, and n is an integer. When n < 0
in (C.3.21), x is assumed to be neither zero nor a divisor of zero. The proof
is straightforward.
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C.3.3 More About Divisors of Zero

If x € Hy is a divisor of zero, then
x¢ly . (C.3.22)

Proof. As a matter of fact, if x €1, were true, one would get x> = 0. On the
other hand, (C.3.21) allows writing

N—
x? = k(x)]Pvs. (C.3.23)

k=0

=

Since x # 0 for its being a divisor of zero, at least one eigenvalue \;(x) must be
non-zero, so that also x> =  ® x # 0. This demonstrates (C.3.22) to be true. [

It follows that the only solution to equation x> = 0, is x = 0.

C.3.4 Modulus of a Hypercomplex Number

Let us consider x € Hy for which det[M(x)] > 0. The modulus of x, indicated as
|x|, is defined as

x| = {det[M(x)]}/" . (C.3.24)

Demonstrating that the modulus of a divisor of zero is zero is straightforward.

C.3.5 Conjugations of a Hypercomplex Number

Let us consider x € Hy. We define N — 1 conjugations of x, indicated with

I%,2%,...,V71x, as
N-1
K= MgV (s=1,2,...,N—1), (C.3.25)
k=0

where [k + s] is the congruent* of k + s module N.

Equation (C.3.25) states that the s conjugation of x is obtained by scaling
in a cyclic way the subscript of the eigenvalues by s places with respect to those
of the eigenvectors vy.

The hypercomplex conjugations satisfy the following properties:

1. Their product is equal to the characteristic determinant
x©O'%X0 %X VN7Ix = det[M(x)]1. (C.3.26)

Proof. Tt follows from the property that the product of the eigenvalues of a
matrix is equal, but for the sign, to the matrix determinant. ([l

4We recall that, given a positive integer ¢, the congruent [q] of ¢ module N is equal to g—mN,
where m is a suitable integer number such that 0 < g —mN < N — 1.
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2. It can be demonstrated that

0=0; T=1; (C.3.27)
"(ox) = Melx; (C.3.28)
‘(x0y) ="X0°y; (C.3.29)
S(ax + by) = a*X + b°y; (C.3.30)
S(xn) = (°%)" . (C.3.31)

In the above equations, a,b € R; x,y € Hy, and n is an integer. In (C.3.31),
det[M(x)] # 0 is assumed when n < 0.

3. Since °X is an H-number, it can be written with an expression similar to
(C.3.16), that is

N-1
X = )\k(si)vk . (0332)
k=0
By comparing (C.3.25) and (C.3.32), one finds that

)\k(si) = )‘[k—i-s] (X) . (0333)

C.4 Functions of a Hypercomplex Variable

C.4.1 Analytic Continuation

Let us consider a real function of a real variable, f : R — R. Let us assume that
f can be written, in its domain, as an absolutely convergent power series. That is

f@) =" anz", (C.4.1)
n=0

where a,, € R are suitable coefficients. Similarly to the case of complex numbers,
the analytic continuation f of f is defined as

f(x) =) anx". (C.4.2)
n=0

Clearly, f : Hy — Hy. Since we are dealing with algebraic operations (sums and
products), as final result f(x) is given by real functions of the components z™,
multiplied by the unit vectors, as for functions of a complex variable.

We are going to see that it is possible to establish a link between the functions
defined by means of (C.4.2) and matrix functions. For what we reported in Section
C.1.3, (C.4.2) can also be written as

F(x) =Y an[M(x)]"1 = [Z an[/\/l(x)]”] 1. (C.4.3)
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Note that the series within square brackets is the power series of a matrix function
[40] that will be indicated with F [M(x)]. Therefore, if this series converges, also
the series in (C.4.2) converges. Moreover The following fundamental relationship
can be stated between the analytic continuation f of f and the matrix function F
associated with f,

flx) =F[M(z)]1, (C.4.4)

which can also be written
FM(x)]=MIf (x)]. (C.4.5)

As previously anticipated, (C.4.4) enables one to study the properties of hyper-
complex functions by exploiting the results known for matrix functions. A first
important result is given by the following

Theorem C.5. If M(x) admits N normalized eigenvectors vy which form a basis
[40], then

FIME)]vie = f[M(x)] v (C.4.6)
Proof. Tt follows from the theory of matrix functions since, by virtue of (C.3.17),

we can write the unity 1 as a sum of the v, and (C.4.4) becomes

N— N-1 N-—1
f(x)=F M) vi=> FIMX)vi= > f)]ve. (C.4.7)

k=0 k=0 k=0

[

O

Equation (C.4.7) establishes an important link between f and its analytic
continuation f. Generally, it holds even when the eigenvalues of M(x) are complex
numbers. In such a case, one has to consider, in the right-hand side of (C.4.7),
the complex analytic continuation of f. The resulting hypercomplex function has,
nonetheless, pure real components in the {ey} basis, since (C.4.3) contains just
real coefficients and matrices with real entries.

C.4.2 Properties of Hypercomplex Functions

We list below, leaving the straightforward demonstrations to the reader, some
properties of the functions of a hypercomplex variable:

it  flax+by) =af(z)+0bf(y), then flax+0by)=af(x)+df(y); (C.4.8)

it f(ay) = f@) + ), then f(xOy)=fx)+fy);  (CA9)

if  flz4+y)=f(2)f(y), then flx+y)=~F(x)of(y). (C.4.10)
In the above equations, a,b € R and x,y € Hy. By using (C.4.7), other inter-
esting properties can be investigated. By means of it, for instance, the analytic

continuations of the exponential and logarithmic functions can be defined. Consis-
tent with the adopted notation, we indicate these analytic continuations in bold
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characters, that is exp and In. Regarding these two functions, from (C.4.9) and
(C.4.10) it follows that they possess the same properties of the corresponding real
and complex functions

In(x ©y) = In(x) + In(y);

exp(x +y) = exp(x) © exp(y).

C.5 Functions of a Two-dimensional Hypercomplex
Variable

As one can verify, for two-dimensional H-numbers the eigenvalues of the associated
matrix are

Ae(@,y) =2+ = (ﬁif) (C.5.1)
To them, the following orthonormal eigenvectorb correspond,
1 VATS

where we have assumed, for the moment, A # 0 (elliptic and hyperbolic numbers).
The case of parabolic numbers, for which A = 0, will be tackled by applying A — 0
to the results obtained with A # 0. By applying (C.4.7), one gets

()] = (e ). .

with
fr(z,y) = % [f ( g + ?y) +f <x+ gy— \/Eyﬂ (C.5.4)
B )
f%(x,y)Z% f<x+§y+\/§y> —f<x+§y—\/§y>]. (C.5.5)

In the limit A — 0, the above equations give the following expression for parabolic
numbers,

7 (z+3y) - Sur (= + )
f [( ”” )] = 2 2 . 2 . (C.5.6)
Y /a0 yf’ (J: + §y)

In Section C.5.2 we show that the definition of functions of a parabolic variable
allows us to demonstrate, by means of plain algebra, the fundamental theorems

concerning the derivative of functions of a real variable. Now we show a first
application of the functions of two-dimensional hypercomplex numbers.
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C.5.1 Function of 2x2 Matrices by Two-dimensional
Hypercomplex Numbers

If f(x) is a real function of a real variable and F is the corresponding function
of a matrix, an analytic expression of F (,A) can be obtained by means of the
developed theory of two-dimensional hypercomplex number. Let us consider the

2 X 2 matrix
A B
as(2m), 057

and the characteristic matrix of the two-dimensional hypercomplex number z as
given by (C.2.1),

T ay
< v z+ By ), (C.5.8)

4

where o and § are real numbers and z, y are the “real” and “imaginary” parts of
z. Let us observe that the number of unknown elements in matrix (C.5.7) is the
same as in (C.5.8). Therefore we can associate z with matrix (C.5.7) by setting

{ a=B/C; z=A;
(C.5.9)
f=(D-A4)/C; y=C.
It follows that
A= (%440 =[(D - A)? +4BC]/C. (C.5.10)

By using (C.4.5), one gets

( j”ci EZ; fr (s)fi(ﬁz}g 2) ) =7 K Y o408y ﬂ (C.5.11)

where fy (z) and fg (z), are the “real” and “imaginary” parts of f(z), given by
(C.5.4) and (C.5.5), respectively, if A = 32 4 4a # 0, or by (C.5.6) if A = 0. Let
us start by considering C' =y # 0 in (C.5.9) and (C.5.10).

—~

Discriminant A # 0

), (C.5.4)

Qo

By means of (C.5.9) and (C.5.10), taking into account that z = (
and (C.5.5) become
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ﬁRK A )} (AP e \/(D—A)2+4BC)

C 2 2 2
D — A)*> + 4BC
(252 - i V! o )
sen (C) (D — A) A+ D V(D= 4)* +4BC
- T e .
2/(D — A)? +4BC

) R R 2y

Inserting (C.5.12) and (C.5.13) into (C.5.11), we obtain F (\A).

Discriminant A =0

If the elements of matrix A are such that (D — A)* + 4BC = 0, we can calculate
F (A) by applying (C.5.6). We get

fﬁ[(é’)}:%A;D)_D;AJﬂ(A;D)v (C.5.14)

fs K 4 )} _cy (AJ;D). (C.5.15)

Again, by inserting (C.5.14) and (C.5.15) into (C.5.11), we obtain F (A). Equa-
tions (C.5.9) and (C.5.10) seem not to hold for C = 0 since C' appears alone in
some denominators. Anyway, in (C.5.12) and (C.5.15) C does not appear as a
single term in the denominators. This means that (C.5.12) and (C.5.15) hold also
for the limiting case y = C' — 0, on the condition that in the function sgn (C') one
uses the left or right limit for C — 0, i.e., sgn (0) =1 (or —1), instead of the usual
convention sgn (0) = 0.

Some Considerations

It is known that the functions of a matrix are usually obtained by calculating
the eigenvalues of the matrix, transforming the vectors represented by the matrix
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lines, then calculating the functions and coming back by means of an inverse
transformation. The association here proposed gives, of course, the same result
but with one step only.

C.5.2 Functions of a Parabolic Variable and the Derivatives of
Functions of a Real Variable

Functions of a parabolic variable feature the property that their “imaginary” part
is proportional to the derivative of their “real” part. We have

Theorem C.6. The functions of a parabolic variable allow demonstrating the rules
of the differential calculus for the real functions of a real variable in an algebraic
way.

Proof. From the expressions of (C.5.6), one can obtain the functions of the canon-
ical parabolic variable (8 = 0, « = 0) which, as usual for the functions of a
complex variable, can be written as

f(2)=U(x, y)+pV(z, y), (C.5.16)

where p is the “imaginary” versor (p represents the first letter of parabolic). From
(C.5.6), we get

f(z) = f(@) +py f(2), (C.5.17)
where, as usual, we have indicated with f’(x) the derivative of the real function
of a real variable f(x). Thanks to (C.5.17), we can write

_ Slf2)]

3(+) representing the “imaginary” part of the parabolic quantity within parenthe-
ses.

The above expression allows one to demonstrate, by elementary algebra, the
fundamental differentiation rules for the functions of a real variable.

Let us indicate with f(x), g(x) and h(z) three functions of a real variable and
f(2), g(z) and h(z) their analytic parabolic continuations, as defined by (C.5.17).
We get

1. The Derivative of the Sum Functions

Proof. Since

f(2) +9(2) = [f(x) + g(@)] + py [f' () + ' ()],

it follows at once that

1 @) +9@)] = f(@)+ (). (C.5.18)
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The Deriwative of the Product of Two Functions

Proof. Taking into account the property p? = 0, we have
f(2) - 9(2) = [f(2) + py f'(2)]lg(z) + py g'(z)]
= f(x)g(z) + py[f'(@)9(x) + f(z)g'(z)].

This demonstrates that

d

4 @9@)] = f'(@)9(@) + f()g (). (C.5.19)

The Derivative of the Quotient Function

Proof. Let us consider the quotient of the analytic continuations of the func-
tions f(z) and g(z),

JG) _ (@) +py ()

9(z)  g(x) +pyg(z)
If we multiply the numerator and the denominator of the right-hand side by
the conjugate parabolic function of ¢g(z), (¢(z) = g(z) — pyg’(x)), we obtain

flz)  [f@) +pyf(=

9(2) l9(z) +pyg' (=
f(x) +pyf(
g()

)] g(z) — pyg'(=)]

Nlg(z) —pyg'(z)]

z)g(x) — f(x)g'(x)
9%(x) '

The following relation is thus demonstrated,

d {f(l’)] _ @)g(x) = f(z)g'(x)
dz | g(z) ’

The Derivative of the Inverse Function

Proof. Let us indicate

f(z) = f(z) +pyf'(z) = X +pY,

and let f~!(z) and its analytic continuations exist. Because of the analyticity
of the inverse function, we know that

F7HR) = N @) +py(f7Y) (@)



C.5. Functions of a Two-dimensional Hypercomplex Variable 235

and the definition of the inverse function gives the identity

)] =2
Then, it follows that

R = X +pY) = HX) +pY (F7H)(X)
z+pyf(=) () [f(@)] =z +py.
From the previous expressions, it ensues that
F1@) (FY [f@)] =1.
Since z = f~1(X), the relation

nd ) (C.5.21)

is demonstrated. (]
5. The Derivative of the Function of a Function

Proof. Let us consider the composite function

and set
9(2) = g(x) +pyg'(z) = X +pY.
Because of the analyticity of f, we have
h(z) = (X +pY) = f(X) +pY f(X).

Since X = g(z) and Y = y ¢'(x), we obtain

h(z) = flg(@)] + py g'(x)f'[9()].

The following result is thus demonstrated

= lo@)] = /o)) o (@) (€5.22)
(I

Some Considerations. By means of simple algebraic calculations, we have ob-
tained the fundamental rules of differential calculus in the real domain. This has
been possible thanks to the property of the versor p of parabolic numbers which
acts as a first-order infinitesimal quantity, with the following difference: the square
of p is exactly zero, whereas the square of an infinitesimal quantity is considered
smaller than the quantity itself.
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C.6 Derivatives of a Hypercomplex Function

Before introducing the derivative, it is useful to introduce the limit of a function
of a hypercomplex variable. Given x € Hy and f : Hy — Hy, we define the limit
of f(x) for x — y to be equal to £ = ({p,41,...,0n_1) if

lim lim ... lim  f*x)=¢" fork=0,1,...,N—1, (C.6.1)

20—y0 g1yl aN-1_,yN-1

under the assumption that all the limits of the components do exist.

C.6.1 Derivative with Respect to a Hypercomplex Variable

Assuming that f(z) is a differentiable function, let us define the derivative of
f(x) with respect to the hypercomplex variable x. The incremental ratio of this
function is defined as Af ¢ ot

E(X’ t) = M 7
with t € Hy. Obviously, the division in the previous definition is defined only if
det[M(t)] # 0. Under such an assumption, we define the derivative of f(x) with
respect to x as the limit of the incremental ratio for t — 0, that is

(C.6.2)

= lim E(x7t) . (C.6.3)

We say that a derivative of x exists if the limit (C.6.3) exists and is independent
of the direction with respect to which the incremental ratio is taken, see (C.6.1).
Alternatively, we could introduce the derivative by applying (C.4.7) to the real
function f’(z) (the derivative of f(z)), that is

N—-1
F )] Vi (C.6.4)

k=0
‘We have

Theorem C.7. The definitions, (C.6.3) and (C.6.4), are equivalent if t is not a
divisor of zero.

Proof. As a matter of fact, (C.6.3), together with (C.4.7), gives

df

N—-1
) = gg%z{fw<x+t>1—f[Ak<x>1}M*1<t>vk

iy 3 MO, S s o,

t—0 k(t) P

since limg_o Ak (t) = 0. O
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Equation (C.6.4) does not need the introduction of an increment t for the
definition of the derivative of f(x), and therefore it is preferable with respect to
(C.6.3). As far as the higher-order derivatives are concerned, one can demonstrate
that a proper definition is

N-1
£ ()] v,
k=0

d”f

dx"

where n is any positive integer.

With (C.6.4), one can demonstrate that properties of the derivative of real
functions (see p. 233) can be straightforwardly extended to the derivative of func-
tions of a hypercomplex variable.

This result can be formulated as

Theorem C.8. For commutative and associative systems, (Theorem C.2) differen-
tial calculus exists.

Then it represents the sufficient condition for Scheffers Theorem 2.1

C.6.2 Partial Derivatives

Equation (C.4.7) allows us to introduce the partial derivative of f(x) with respect
to one component of x, say z!. The resulting definition is

-1

of o = 8)\
i) =57 > JIA = > I 5 (v (C.6.5)
k=0

k=0

Thanks to (C.3.20), according to which the product of two H-numbers can be
evaluated, in the orthonormal basis {v}}, by multiplying their components one by
one (internal product), the above equation gives

%(x) daf xl Z df( ) o g; (C.6.6)

Noticing that 9x/0x! = e;, one gets the following fundamental result, which relates
the full derivative with the partial derivatives of a function of a hypercomplex

variable:
of df

o1 ™) = ax

In a similar way, one can verify that

(x)Oe. (C.6.7)

o0 d2f

Gzl X = g O em O

holds, and that analogous relationships hold for higher-order derivatives.
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From (C.6.7), the following relationship among the partial derivatives of f(x)
follows,

of of
em @ 21 (X) = &1 © o (x) (C.68)

and is true V I,m = 0,1,..., N — 1. Equation (C.6.8) can be considered as the
vectorial form of the generalized Cauchy—Riemann (GCR) conditions (see Section
7.3.2). A function of a hypercomplex variable which satisfies the GCR, conditions
— i.e., (C.6.8) — is called holomorphic (or holomorphic analytic). Clearly, any
analytic continuation of a real function is holomorphic, since (C.6.8) has been
derived for functions which are analytic continuations.

C.6.3 Components of the Derivative Operator

One can define a derivative operator, d/dx, by formally right-multiplying it by
the function subjected to the derivative operation

d df
2 of(x) = —
©f(x) dx

I (x). (C.6.9)

In such a case, by formally dealing with the derivative operator as if it were an
H-number, one can decompose it in the orthonormal basis {vy}

N—1
cfix = Z A <£{> Vi . (C.6.10)
k=0
Since
N—1
f(x)= ) flw&)]vi, (C.6.11)
k=0

by formally multiplying (C.6.10) by (C.6.11) and recalling that the vj are or-
thonormal, one gets

N-1
4, f(x) = ﬁ(x) => X (i{) ()] vi . (C.6.12)

By comparing (C.6.12) with (C.6.4), one gets the following expression for the
eigenvalues of the derivative operator

Ak <£<> = d)\f(x) . (C.6.13)

Thus, these eigenvalues are the derivative operators applied to the single compo-
nents of f(x) in the {v;} basis.
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C.6.4 Derivative with Respect to the Conjugated Variables

By exploiting the above results, we demonstrate a generalization of a well-known
property of holomorphic functions of a complex variable:

Theorem C.9. The derivatives of a holomorphic function with respect to the con-
jugated variable are null.

Proof. Let us decompose, within the {v;} basis, the derivative operator with re-
spect to °X, which is the s-conjugate of x. Equation (C.6.13) formally gives

d d
A = . .6.14
(%) = v (C.6.14)
Since (C.3.33) holds, (C.6.14) can also be written as
d d
A = C.6.15
* (dsx) ANy (x) 7 ( )
therefore
N—1
d d
= —— V. C.6.16
dex = dApgs(x) ’ ( )

Moreover, the latter two expressions give

d d

By using the above results, it should be noticed that, if f(x) is a holomorphic
function, one gets for s # 0,

daf d _ e df ()] v
T = g 0fx) = kzzo Do 0. (C.6.18)

This last equation states that the derivatives of a holomorphic function f(x) with
respect to the conjugated variables *X (s # 0) are null. ]

C.7 Characteristic Differential Equation

Theorem C.10. Equation (C.6.18) gives rise to systems of differential equations of
order lower than or equal to N. The components of any holomorphic function must
satisfy such differential equations. In particular, all the components of £(x) must
satisfy the same differential equation of order N, which we call the characteristic
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equation of the H-numbers,

N—-1 d f N—1 /N-1 d f
(I %) o100 = [T (X o ) o7
N—-1 d N—-1 N—-1 d
= (SI:IO d)\s(x)> ® (I;) Vk> of(x) = |Jl:[0 As <dx> ©106f(x)
N
- (%{ ©f(x) = 0. (C.7.1)

Proof. We begin by considering the composite operator (d/dx) @ (d/d *X), with
s #£ 0. Since

d
T of(x)=0,
also q d
= © 1% of(x)=0 (C.7.2)

holds. By setting equal to zero the N components of the left-hand side of (C.7.2),
one finds a system of differential equations of order 2 for the N components of
f(x).

Now we apply the operator

e
s=0 ds
to a holomorphic function f(x). By recalling orthonormality of the unit vectors vy

and (C.6.16), one gets (C.7.1), and by setting as equal to zero the N components
of (C.7.1), one finds the asserttion. O

_d 4 4
T dx T d? dN-1x

]l
Xl

We also have

Theorem C.11. An explicit form of the characteristic equation in the basis e can
be obtained by evaluating the N power of the symbolic modulus of the derivative
operator that appears in the last row of (C.7.1).

Proof. After recalling (C.3.24) and (C.6.13) and the known property that the
product of the eigenvalues of a matrix is equal to the matrix determinant, one has

T L T
dx o dAs(x) 1 = OXs(x) Ox*

Since
N-1 N-1 [Nl

X = Z As(X)vs = Z AS(X)US] e,

s= k=0 Ls=0



C.7. Characteristic Differential Equation 241

where the v* are the component of {v,} in the {e;} basis,

N-1
Vs = Z vhey .
k=0
From (C.3.16) it follows that the &' component of x is

N-1
2t =) A(@)el,
s=0

from which one finds
Oz* &
EIWES) =v,. (C.7.4)
By substituting (C.7.4) into (C.7.3) and recalling (C.7.1), the explicit form of the
characteristic equation is

N—1 /N—1 P
H (Z U§W> f(x)=0. (C.7.5)
0

s=0 k=

Since in (C.7.5) the operator applied to f(x) is real, (C.7.5) must hold for all the
components of f(x) in the {e} basis, that is

NoL/N-1 g
H (Z Uf&x’“) e 2t 2N =0 (C.7.6)
s=0 \ k=0

V(k=0,1,...,N —1). 0

C.7.1 Characteristic Equation for Two-dimensional Hypercomplex
Numbers

After recalling the form of the orthonormal unit vectors for two-dimensional H-
numbers, see (C.5.2), the characteristic equation resulting from (C.7.5) is

Eopo 1 0)(VEL0 1) (pien)_(0)
2VA Or /A Oy 2VA 0 /A Oy fa(z,y) )\ 0 )~

A few mathematical manipulations transform this equation into a more compact

form, that is
o 02 2N\ fralxy) N _ (0
(aﬁxQ +ﬁ8z8y B 83/2) ( fs(z,y) ) B ( 0 ) (€17

Equation (C.7.7) is a partial differential equation of elliptic, parabolic or hyperbolic
type [72], depending on the values of o and (. In particular, (C.7.7) becomes the
well-known Laplace equation for canonical elliptic two-dimensional H-numbers
(e = —1, 8 =0) and the wave equation for canonical hyperbolic two-dimensional
H-numbers (o« =1, 8 =0).
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C.8 Equivalence Between the Matrix Formalization of
Hypercomplex Numbers and the one in Section 2.1

In this section we show that, for commutative hypercomplex numbers, the classical
approach of Section 2.1 and the matrix formalization of the present appendix are
equivalent.

Let us start from the matrix representation (C.1.2) and (C.1.3) and indicate
by (ex)! the I*" component of the k" unit vector. From (C.1.3), we get

(ex)! = oL (C.8.1)

Now, let us consider the multiplication of a versor ey, for the hypercomplex number
y, and call it t;. We have

N—-1
ty, = e, y=eg- Z e | = Y (ek - ej) (C.8.2)
— =
N—-1 N-1 N-1 (N-1 N-1
= yj <Z ij em) = O}TJZ/] €m = Z Vi'en
7=0 m=0 m=0 7=0 m=0

The fourth passage is obtained from the third one by applying the distributive
property of multiplication with respect to the sum. This property is easily demon-
strated in theorem C.2 within the matrix formalization and it is assumed as an
axiom in linear algebra ([81], p. 243).

In the penultimate passage, the term in round brackets is a two-indexes
element which we have indicated, in the last passage, by J;*. These elements, for
commutative numbers, correspond to the ones of the characteristic matrix (2.1.4),
as we shall see in the following. Let us demonstrate some preliminary theorems.

Theorem C.12. The elements Y;* can be considered as the components of tj in
the basis e,,.

lth

Proof. Let us consider the component of ti. From the first and last members

of (C.8.2), we have

0 = 3 Wen)t = 3 90, = (C53)
* m=0 § " 7m:0 * h

O

Theorem C.13. The elements (t;)! can be interpreted as the product between a
matriz A, and a vectory,

N-1

() = Z(Ak)é' ¥’ with (Ak); =Cj;. (C.8.4)

Jj=0
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Proof. By considering the [t"

(C.8.2), we get

component of tg, from the first and fifth terms of

N-1  /N-1 U N N-1
) = Yy (Z CE em> =D v > Ol (em)

7=0 m=0 7=0 m=0
N-1 N-1 N-1

= y’ CrYy ol = Z y’ C’,lcj . (C.8.5)
=0 m=0 =0

In the last member of this equation, we can group the elements C’,lC ; in N real
N x N matrices with elements é and call these matrices Ay. O

In conclusion, for any y € Hy we can write
tp =e, -y = Ary. (C.8.6)

Note that Ay is a column vector with real components, therefore t; is an H-
number. By equating the expressions of (t;)! in (C.8.3) and (C.8.4) we obtain

N

V= (A (©87)
0

—

=
From this expression follows

Theorem C.14. For commutative numbers, V" can be considered as the elements
of a matrixz. This matrix is a linear combination of the matrices Ay by means of
the components y*

Proof. By using in the passage from the third to fourth member, the commuta-
tivity of the numbers, we have

N-1 N-1 N-—1
o= ZC,ijJE ij;anE y’ %
j=0 j=0 j=0
m
N-1 N-1 N-1
= YA =DY AT = D]V A
7=0 7=0 7=0 k
N-1
= Y= Y A (C.8.8)
§=0

O

Theorem C.15. The matriz Y matches the characteristic matriz (2.1.4) as well as
the matrizx M(y) (C.1.10). Therefore, the elements of M(y) can be obtained by
means of the practical rule (2.1.6), which is equivalent to (C.8.2).
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Proof. By means of (C.8.6) and (C.1.1), it ensues that

N-1 N-1 N-1
ey = z=x-y= ij (ej-y) = 7t (C.8.9)
k=0 =0 j=0
N-1 N-1 N-1 [N-1
= 27 yf e, = yf 2 | eg.
j=0 k=0 k=0 \ j=0

Then, from the first and last members, we have

N—1
x] =z=)x (C.8.10)
=0

[

In a similar way, we can develop (C.8.9) by means of the matrix A (C.8.4), and
obtain

N-1 N-1 N-1
Z=X-y= Z zhey  y = Z (Ary) = P (Arx) . (C.8.11)
k=0 k=0 k=0

Considering the multiplication between two H-numbers, x and y in a new way
with respect to Section 2.1, has allowed us the developments and formalizations
exposed in the present appendix. O
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