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Preface

To many students, as well as to many teachers, mathematics may seem like a mun-
dane discipline, filled with rules and algorithms and devoid of beauty, culture and
art. However, the world of mathematics is populated with true gems and results that
astound. In our series Highlights in Mathematics we introduce and examine many of
these mathematical highlights, thoroughly developing whatever mathematical results
and techniques we need along the way.

We regard our Highlights as books for graduate studies and planned it to be used
in courses for teachers and for general mathematically interested, so it is somewhat
between a textbook and a collection of results. We assume that the reader is familiar
with basic knowledge in algebra, geometry and calculus, as well as some knowledge
of matrices and linear equations. Beyond these the book is self-contained. The chap-
ters of the book are largely independent, and we invite the reader to choose areas to
concentrate on.

We structure our book in 11 chapters that are arranged in three parts: In the first
seven chapters we examine results which are related to geometry. In Chapter 8 we
give a connection of geometric ideas and combinatorically defined objects. In the last
three chapters we further investigate topics in combinatorics, discuss a glimpse of fi-
nite probability theory and end our book with Boolean algebras and Boolean lattices.

In Chapter 1 we look at general geometric ideas and techniques. In the second
edition we added a primer on curves in the real space R’ to this chapter to give a little
insight into the richness of differential geometry.

In Chapter 2 we discuss the isometries in Euclidean vector spaces and their classi-
fication in R". We realize that the study of planar Euclidean geometry depends upon
the knowledge of the group of all isometries of the Euclidean plane and hence devote
a section to them. The study of geometry using isometries and groups of isometries
was developed by F. Klein, and this approach is fundamental in the modern applica-
tion to geometry. A first application is in Chapter 3 where we give a classification and
a geometric description of the conic sections.

In Chapter 4 we describe certain special groups of planar isometries, more pre-
cisely, we describe the fixed point groups and classify the frieze groups and the pla-
nar crystallographic groups. This especially leads to a classification of the regular tes-
sellations of the plane. In this second edition we included a beautiful non-periodic
tessellation of the real plane R?, the Penrose tiling which gets along with only two
prototiles.

In Chapter 5 we present graph theory and graph theoretical problems. In partic-
ular, we discuss colorings, matchings, Euler lines and Hamiltonian lines along with
their rich and current applications such as the marriage problem and the travelling
salesman problem. In contrast to the first edition of this book the chapter on graph
theory is now an extended stand-alone chapter and the discussion of spherical geom-
etry and the Platonic solids takes place in a new Chapter 6.

https://doi.org/10.1515/9783110740783-201
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There, we discuss the Platonic solids which historically have played an outsider’s
role in our view of the universe. For the description and the classification of the Pla-
tonic solids we use Euler’s formula for planar, connected graphs and the spherical ge-
ometry of the sphere S. In Chapter 7 we complete the discussion of planar geometries
with the introduction of a model for a hyperbolic plane and a look at the development
and properties of hyperbolic geometry.

In the second edition we added a new Chapter 8 on simplicial complexes and
topological data analysis — two important concepts from the emerging field of applied
topology.

Chapter 9 gives a detailed path through combinatorics, combinatorial problems
and generating functions. Finite probability theory is heavily dependent on combina-
torics and combinatorial techniques. Hence in Chapter 10 we examine finite probabil-
ity theory with a special focus on the Bayesian analysis.

Finally, in Chapter 11 we consider Boolean algebras and Boolean lattices and give
a proof of the celebrated theorem of M. Stone which says that a Boolean lattice is lattice
isomorphic to a Boolean set lattice. Hence, Boolean algebras and Boolean lattices are
crucial in both pure mathematics, especially discrete mathematics, and digital com-
puting.

We would like to thank the many people who were involved in the preparation of
the manuscript as well as those who have used the first edition in classes and seminars
for their helpful suggestions. In particular, we have to mention Anja Rosenberger for
her dedicated participation in translating and proofreading. We thank Yannick Lilie
for providing us with excellent diagrams and pictures. Those mathematical, stylistic,
and orthographic errors that undoubtedly remain shall be charged to the authors. Last
but not least, we thank De Gruyter for publishing our book. We hope that our readers,
old and new, will find pleasure in this reviewed and extended edition.

Benjamin Fine

Anja Moldenhauer
Gerhard Rosenberger
Annika Schiirenberg
Leonard Wienke
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1 Geometry and Geometric Ideas

1.1 Geometric Notions, Models and Geometric Spaces

Geometry roughly is that branch of mathematics which deals with the properties of
space: points, lines, angles, shapes, etc. However, the definitions and implications of
these concepts will depend on the chosen axioms as we now explain.

To understand modern geometry we must look at the historical development. Ge-
ometry means earth measure in Greek. Historically geometry was developed by the
ancient Egyptians, Chinese, Babylonians, Greeks, Hindus and others into an ad-hoc
system of formulas and observations to find areas and volumes of plane and solid
figures. The ancient Greeks were the first to try to arrange this material in a rigorous
fashion. This work culminated in Euclid’s Elements from about 300 BC.

This famous set of books attempted to give a completely rigorous treatment to
planar geometry. It sets the pattern for not only the study of geometry but the study of
mathematics in general. After the Bible it is the most widely read book in the Western
world.

The basic plan of Euclid was that geometry consisted of certain undefined notions:
points and lines, together with certain assumptions, the axioms. From these all other
geometrical facts could be proven as theorems in a sequential manner using rules of
logic. A geometrical “fact” is not a fact unless it can be deduced in the above manner.

Euclid used certain common notions on equality together with five basic axioms.

Euclid’s Axiom 1. For every point P and for every point Q with P # Q there exists a
unique line PQ passing through P and Q. (Two distinct points determine a unique line.)

Euclid’s Axiom 2. For every line segment AB and for every line segment CD there ex-
ists a unique point E such that B is between A and E and the line segment CD is con-
gruent to BE. It follows that any line segment AB can be extended by a line segment
BE congruent to a given line segment CD, see Figure 1.1.

A B E
r—e
C D

Figure 1.1: Line Extension.

Euclid’s Axiom 3. For every point O and every point A # O there exists a circle with
center O and radius OA.

Euclid’s Axiom 4. All right angles are congruent.

https://doi.org/10.1515/9783110740783-001
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Note. In Axiom 4 aright angle is defined as an angle which is congruent to its supple-
mentary angle.

Euclid’s Axiom 5. In a plane, for every line ¢ and for every point P not on £ there exists
a unique line M through P and parallel to ¢, that is, £ N M = 0.

Note. Axiom 5 is called the Euclidean Parallel Postulate. Euclid’s original formulation
was somewhat different and we will describe it later in this chapter.

As mathematicians over the centuries looked at Euclid’s method, they noticed that
there were many shortcomings in Euclid’s Elements. First, there was the problem of di-
agrams. Euclid relied extensively on diagrams or ideas from diagrams. When working
on the foundations of geometry, nineteenth century geometers discovered that the use
of these diagrams did not all follow from the five basic axioms. Therefore more axioms
are necessary to justify Euclid’s Theorems. There are now several sets of (equivalent)
formulations of complete sets of axioms for Euclidean geometry. Ironically these defi-
ciencies in the axioms for Euclidean geometry were only discovered after the discov-
ery of non-Euclidean geometry. We will discuss complete sets of axioms for Euclidean
geometry in Section 1.3.

The next and perhaps more serious problem was the problem with the parallel
postulate. Axioms 1 through 4 are concepts that can be “verified” by straightedge and
compass construction. Axiom 5 is qualitatively different. Euclid himself seemed to
have a problem with Axiom 5 and did not use it until rather late in his theorems. There
were many attempts to prove Axiom 5 in terms of Axioms 1 through 4. Actually, what
these attempts led to were alternative equivalent forms of the parallel postulate. We
mention several of these and discuss them later.

(1) Iftwo lines are cut by a transversal in such a way that the sum of 2 interior angles
on one side of the transversal is less than 180° then the lines will meet on that side
of the transversal (Euclid’s original form).

(2) Parallel lines are everywhere equidistant.

(3) The sum of the angles of a triangle is 180°.

(4) There exists a rectangle.

In the nineteenth century, N.I. Lobachevsky (1792-1856), J. Bolyai (1802-1860) and
C.F. Gauss (1777-1855) working independently discovered that by assuming other par-
allel postulates a geometry can be developed, that is, every bit is logically consistent
as Euclidean geometry. Their work was the basis for non-Euclidean geometry.

The discovery of non-Euclidean geometry had a profound effect on human think-
ing. Essentially it said that geometry is dependent on the axioms chosen and nothing
is a priori true. This type of thinking led almost directly to the discoveries in modern
physics highlighted by relativity theory.

The proper modern approach to the study of geometry is that Euclidean geometry
is only one geometry among infinitely many. Further there is some evidence that our
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universe is non-Euclidean! In addition, geometry, through transformation groups, is
intricately tied to group theory.

In the modern approach a geometry or geometric space will consist of a set whose
elements will be called points. There will be other notions defined on this set — lines,
incidence, congruence, betweenness, distance, planes and dimension.

Note that not every one of these notions will be present in every geometry.

After the basic concepts there will be axioms describing the properties and rela-
tionships of these ideas.

The theory of this geometry will consist of the theorems proved about the basic
concepts.

1.1.1 Geometric Notions

The basic elements of a geometry or geometric space are called points. The set of lines
of a geometry will be a distinguished class of subsets of points. A point will be incident
with a line if it is an element of that line.

A geometric figure is a subset of the set of points of the geometry. The study of the
geometry will be about congruence of geometric figures where congruence is a specific
equivalence relation on the class of geometric figures.

A metric geometry is one where there is a function which allows the measure of
distance. Distance or metric is a real-valued function d defined on pairs of points of
the geometry satisfying the ordinary distance properties:

(i) d(x,y)=0andd(x,y) = 0if and only if x = y;
(i) d(x.y) = d(y,x);
(iii) d(x,y) < d(x,2) + d(z,y).

If a geometry has a metric on it, it is a metric geometry. Otherwise it is a non-metric
geometry.

The class of planes of a geometry is another class of subsets of points. If there
is only one plane comprising the whole geometry, it is a planar geometry. The whole
geometry is called space. Important in this regard is the concept of dimension. Dimen-
sion is a positive integer-valued function on certain subsets of the geometry describing
a “size”. If there is a dimension function, usually a line will be 1-dimensional and a
plane 2-dimensional.

1.2 Overview of Euclid’s Method and Approaches to Geometry

Euclid’s Elements introduced the axiomatic method to the study of geometry and
mathematics in general. Besides this there are several different approaches to the
study of geometry.
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The first is the axiomatic approach which was the method applied by Euclid. In the
axiomatic approach the undefined notions are given, the axioms chosen and theorems
proven in the spirit of Euclid. In general, an axiom system and the axiomatic method
consists of:

(i) A set of undefined terms; all other terms are to be defined from these.

(ii) A set of axioms.

(iii) A set of theorems which are logical consequences of the axioms. The undefined
terms and the axioms are subject to the interpretation of the reader.

Important to the axiomatic approach is the concept of models. An interpretation of
an axiom system is giving a particular meaning to the undefined terms. If all axioms
are true in an interpretation then it’s a model. If there exists a bijection between the
sets of interpretations of undefined terms which preserves each relationship between
undefined terms then we get isomorphic models. In isomorphic models there is a bi-
jection between them which preserves geometric structure, that is, the bijection takes
congruent figures to congruent figures.

Models serve as testing grounds for potential theorems. Ifit is true in the geometry,
it must be true in every model. Hence if we have an assertion about a geometry and
we find a model where this assertion is false then this assertion cannot be a theorem
in the geometry.

A set of axioms is consistent if there are no contradictory theorems. The exis-
tence of a concrete model establishes absolute consistency. The existence of an abstract
model (an interpretation in another abstract system) establishes relative consistency.

An axiom is independent if it cannot be logically deduced from the other axioms
in the system. An axiom system is independent if it consists of independent axioms.
To determine the independence of an axiom, produce a model in which one axiom is
incorrect and the others are correct.

An axiom system is complete if it is impossible to add an additional consistent and
independent axiom without adding additional undefined terms.

Finally, a system is categorical if all models are isomorphic. Categorical implies
completeness.

The second approach to geometry was introduced by F. Klein (1849-1925) in his
Erlanger Programm in 1885. This is called the transformation group approach. In this
method a geometry is defined on a set by those properties of the set which are invari-
ant or unchanged under the action of some group of transformations of the set. This
group of transformations is called the group of congruence motions of the geometry
and in this approach knowing the geometry is equivalent to knowing the congruence
group.

For example, in this approach planar Euclidean geometry would consist of those
properties of the Euclidean plane, defined as real two-dimensional space equipped
with the ordinary metric, that are invariant under a group called the group of Euclidean
motions. This group consists of all the isometries or distance preserving mappings
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of the plane to itself. In this geometry two figures would be congruent if one can be
mapped to the other by an isometry or congruence motion.

A final approach to geometry is by imposing a coordinate system. This is called
analytic geometry and uses linear algebra.

In the analytic geometry approach, a coordinate system is placed on the geometry.
It is then considered as part of a vector space over some field. Geometric notions are
then interpreted in terms of the linear algebraic properties of the coordinates.

The analytic approach leads to the same theorems as the other approaches but
often makes the proofs much simpler.

If there is no coordinate system, a geometry is known as a synthetic geometry. The
following is a very elementary theorem of Euclidean geometry. We give two proofs —
one synthetic and one analytical to show the difference.

Theorem 1.1. IfA and B are two points in the Euclidean plane and ¢ is the perpendicular
bisector of the line segment AB then any point on ¢ is equidistant from A and B.

In school geometry this theorem is often stated as: The perpendicular bisector of
AB is the locus of points equidistant from A and B.
We give a synthetic proof as well as an analytic one.

Proof. (synthetic) Let ¢ be the perpendicular bisector of AB. Recall that this means ¢
goes through the midpoint of AB and is perpendicular to line segment AB. We then
have the diagram with P any point on ¢ and C the midpoint of AB, see Figure 1.2.

A C B

Figure 1.2: Any point P is equidistant from A and B.

Then |AC| = |BC| by the definition of the midpoint. We denote the length of the line
segment AB by |AB|. We later also write ||AB|| = |AB|l if we consider the line segment
ABasavector AB. Further, <(CA, CP) = <(CB, CP) for the angles between the respective
line segments since all right angles are congruent. Finally, ICP| = |ICP]|. Hence the
triangles ACP and BCP are congruent by the side—angle—side criterion or SAS criterion.
Then |AP| = |BP|| using corresponding parts of congruent triangle being equal. [

Proof. (analytic) We impose the standard coordinate system on the Euclidean plane.
Without loss of generality, we can place A at (-1, 0) and B at (1, 0). The perpendicular
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bisector ¢ of AB is then the y-axis and hence a general point P on ¢ has coordinates
(0,y). Then

[AP] = \(-17 +y2 = \1+2

and

IBPI = Y12 +y2 = \1+y2

Therefore |AP| = |BP. O

1.2.1 Incidence Geometries — Affine Geometries, Finite Geometries, Projective
Geometries

Perhaps the simplest type of geometry is an incidence geometry. An incidence geometry
is a geometry satisfying the following three incidence axioms:

Incidence Axiom 1. For every point P and point Q # P there exists a unique line ¢
through P and Q.

Incidence Axiom 2. For every line ¢ there are at least two distinct points incident
with .

Incidence Axiom 3. There exist three distinct points such that no line is incident with
all three of them.

On a basic incidence geometry we impose some further conditions. An affine ge-
ometry is an incidence geometry which satisfies the Euclidean parallel postulate, that
is, given a point P and a line ¢ not containing P, there exists a unique line through P
parallel to ¢. By parallel we mean that the lines ¢ and k are coplanar and ¢ n k = @.

The parallel postulate is tied to solving linear equations. Hence given an n-dimen-
sional vector space over a field A, we can always build an affine geometry on it defining
lines in terms of linear equations. Hence A" without any metric is called affine n-space.

The elliptic parallel postulate for an incidence geometry assumes that there are
no parallel lines. A projective geometry is an incidence geometry which satisfies the
elliptic parallel postulate and assumes that every line has at least three points on it.

Given an affine (n + 1)-space A"™!, we can build a projective n-space P" by consid-
ering points as 1-dimensional subspaces of it. We pursue this further in the exercises.

Classical projective geometry grew out of the perspective problem in art and is
constructed by adding ideal points to Euclidean geometry.

A finite incidence geometry is an incidence geometry with finitely many points. In
an affine geometry we have the following theorem.
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Theorem 1.2. In any affine geometry a line parallel to one of two intersecting lines must
intersect the other. This implies that in an affine geometry parallelism is transitive.

Being a finite affine geometry restricts the number of points that can be in it.

Theorem 1.3. In a finite affine geometry the following is true:

(a) Alllines contain the same number of points.

(b) Ifeach line has n points then each point is on exactly n + 1 lines.

(c) Ifeach line has n points then there exist exactly n? points and n(n + 1) lines.

Proof. Let ¢ be a line in a finite affine geometry. Suppose that ¢ = {p;,p,,....p,n} and
q ¢ ¢. Let £, be the unique line through g which is parallel to £. We claim that g is on
exactly m + 1 lines. Each point p; € ¢ defines a unique line gp;. We claim that the set
of lines {¢;,qp;. - ... qp,,} is the complete set of lines containing g. Let ¢, be any other
line containing q. If ¢, is parallel to ¢ then ¢ = ¢, by the Euclidean axiom. If ¢, is not
parallel to ¢ then they intersect at some point p;. But then p;, g € ¢, and hence ¢, = gp;.
The result then follows. If ¢; = {q;,q,,-..,q;} then g is on exactly ¢ + 1 lines as above.
Thus m+1 = t + 1 and m = t. Therefore each line has the same number of points,
and if this number is n, we have also proved that each point is on n + 1 lines. This
proves (b).

For (c) there are n points and n+1 lines, hence there are at least n(n+1) points. But
here we have counted each point n times. It follows that the total number of points is
n(n+1)—n:n2. O

Similar results follow for finite projective geometries where a projective geometry
is an incidence geometry with no parallel lines.

Theorem 1.4. In a finite projective geometry the following is true:

(1) All lines contain the same number of points.

(2) Ifeach line has n points then each point is on exactly n lines.

(3) Ifeach line has n points then there exist exactly n* — n+1 points and n* — n + 1 lines.

1.3 Euclidean Geometry

As we have remarked, mathematicians in the nineteenth century realized that there
were many shortcomings in Euclid’s treatment. In the latter part of the century
D. Hilbert (1862-1943) gave a modern treatment in the spirit of Euclid and provided a
complete set of axioms for Euclidean geometry. Undefined terms are point, line, plane,
incidence, between, and congruence. Hilbert presented five groups of axioms: axioms
of incidence, axioms of order, axioms of congruence, axioms of parallels, and axioms
of continuity.
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Axioms of Incidence. These are the three basic incidence axioms to make Euclidean
geometry an incidence geometry.

Axioms of Order. Axioms to describe betweenness. We write A — B - C to indicate that
A, B, C are pairwise distinct collinear points and that B is between A and C.

(1) Order Axiom1. IfA-B-CthenC-B-A.

(2) Order Axiom 2. For each A # C there exists a B such that A — C — B; this is the line
extension axiom.

(3) Order Axiom 3. IfA, B, C are collinear then not more than one is between the other
two.

(4) Order Axiom 4 (Pasch’s Axiom after M. Pasch (1843-1930)). If A,B,C are non-
collinear and ¢ is a line not incident with any of them then if ¢ passes through AB
it will pass through AC or BC. This indicates that if a line enters a triangle it must
leave it.

(5) Order Axiom 5. Given A # C there exists a B such that A — B — C; that is, lines are
infinite.
Axioms of Congruence. Axioms to describe the congruence relation =.

(1) Congruence Axiom 1. Given AB with A # B and a point A’, there exists a B’ such
that AB = A'B'.

(2) Congruence Axiom 2. Congruence is an equivalence relation on line segments
and angles.

(3) Congruence Axiom 3. If ABNBC = Band A’B' nB'C’' = B' thenif AB= A'B',BC =
B/'C'thenAC=A'C'.

(4) Congruence Axiom 4. In a plane, given an angle <(BA, BC) and a line B'C’, there
exists exactly one line segment B’A’ on each side of B'C’ such that «<(B’A’,B'C’) =
<(BA,BC).

(5) Congruence Axiom 5. Side—angle—side, or SAS, criterion for the congruence of tri-
angles.

Axioms of Continuity. Axioms to describe the completeness properties of lines, re-
lated to the completeness of the real numbers.

(1) Continuity Axiom 1 (Archimedean Axiom). If AB and CD are line segments then
there exists an integer n such that n copies of CD constructed contiguously from A
along line AB will pass point B.
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(2) Continuity Axiom 2 (Line Completeness Axiom). Any extension of a set of points
on a line with its order and congruence relation that would preserve all the axioms
is impossible.

Axiom of Parallels. Axiom to describe the Euclidean parallel property — In a plane,
given a line ¢ and a point P ¢ ¢, there exists exactly one line ¢’ through P parallel to ¢,
thatis, ¢n e’ = 0.

Remark 1.5. This is, in the context of Euclidean geometry, with just the other four ax-
iom sets, equivalent to Playfair’s axiom, named after F. Playfair (1748-1819). In a plane,
given a line £ and a point P ¢ ¢, there exists at most one line ¢’ through P parallel to £.

1.3.1 Birkhoff’s Axioms for Euclidean Geometry

In the 1930s G. Birkhoff (1911-1996) devised a shorter complete set of axioms for Eu-
clidean geometry. He based his axioms, however, on algebra and on measurement.
Birkhoff shifted the axioms from geometric axioms to algebraic axioms and results on
the real number system.
The undefined terms in the Birkhoff system are point, line, distance and angle.
He then has the following axiom system in addition to the completeness of the real
number system. Again we write AB for a line and AB for a line segment.
(1) Axiom 1 (Line measure-ruler axiom). The points on any line can be placed in one-
to-one correspondence with the real numbers such that d(A,B) = |B - A|.

(2) Axiom 2. There exists a unique line on any two distinct points.

(3) Axiom 3 (Protractor axiom). We call a straight line extending infinitely in a single
direction from a point, a half-line. In a plane, a set of half-lines {¢, m, n, .. .} through
any point O can be put into one-to-one correspondence with the real numbers a
modulo 27 so that if A and B are points, not equal to O, of £ and m respectively,
the difference a,, — a, mod 27t of the numbers associated with the half-lines is
<(0A, OB).

(4) Axiom 4 (Axiom of Similarity). Given two triangles ABC and A’B’C’ and some con-
stant k > 0 such that d(4’,B') = kd(4,B), d(A’,C") = kd(A, C) and <(A’B',A'C’) =
+<(AB,AC), we have d(B',C') = kd(B, C), <(B'C',B'A") = +<(BC, BA) and <«(C'A’,
C'B') = +<(CA, CB).

1.4 Neutral or Absolute Geometry

From Euclid’s time until the discovery of non-Euclidean geometry there were many at-
tempts to prove that the parallel axiom is not independent of the other axioms. One of
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the strongest such attempts was by G. G. Saccheri (1667-1733) in the 1700s. He was a Je-
suit priest and began looking at what is now called neutral geometry and proved a col-
lection of startling theorems. Although he said that many of these had to be false and
therefore disproved Euclidean geometry, what he actually did was lay out the founda-
tion of non-Euclidean and hyperbolic geometry.

Neutral geometry, which is also called absolute geometry, is the incidence geome-
try formed by assuming all the Euclidean axioms except the parallel postulate. A the-
orem that can be proved without recourse to the Euclidean parallel postulate or any of
its equivalent formulations is a neutral geometric theorem, while a Euclidean result is
one which requires the Euclidean parallel postulate. Note that any neutral theorem is
also a Euclidean theorem.

We first show that in neutral geometry parallel lines do exist. We do this by proving
the alternate interior angles theorem in one direction. We need certain preliminaries.

Theorem 1.6 (Exterior Angle Theorem). The exterior angle of a triangle is greater than
either of the nonadjacent interior angles.

Note that each of our proofs is the same as the corresponding Euclidean proofs,
however, we cannot use either the parallel postulate or any of its equivalent formula-
tions.

Proof. Recall that we cannot use the Euclidean parallel postulate. However, it can be
shown that assuming SAS, the angle—side—angle (ASA), side—angle—angle (SAA) and
side—side-side (SSS) criteria are all valid congruence conditions. Let ABC be any tri-
angle as in the diagram below. Let D be on the extension of side BC. We first show that
the exterior angle <(CA, CB) is greater than angle <(4B, AC). Consider Figure 1.3.

A F

B C

Figure 1.3: Diagram for the exterior angle theorem.

Let E be the midpoint of AC and let BE be extended its own length through E to F. Then
AE = EC, BE = EF and <«(EA, EB) = <(EC, EF) since vertical angles are equal. Therefore
AAEB = ACEF by SAS, and hence <(4B, AE) = «(FC, FE) by the corresponding parts
of congruent triangles. Since <(CA, CD) > <(CF, CE), the whole being greater than one
of its parts, it follows that <(CA, CD) > <(AB, AE).

We do an analogous construction to show that

<(CA, CD) > «(BA, BC). O
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We now prove in neutral geometry one direction of the alternate interior angle
theorem. From this we can derive the existence of parallels.

Theorem 1.7 (The Alternate Interior Angle Theorem). If the alternate interior angles
formed by a transversal cutting two lines are congruent then the lines are parallel.

We note that in school geometry this theorem is usually stated as an “if and only
if”. However, the other direction is equivalent to the Euclidean parallel postulate.

Proof. Recall that two lines in a plane are parallel if they do not meet. Let the line AB
cross lines ¢ and m so that the alternate interior angles are equal. Suppose that £ and
m meet at a point C as in Figure 1.4.

Ay e ¢ A/

ce’ eC

St
o [

/ B

Figure 1.4: Alternate interior angles.

Then angle a is an exterior angle of the corresponding triangle ABC and therefore by
the exterior angle theorem, angle a is greater than angle 8, contradicting that they are
equal. Therefore ¢ and m must be parallel. O

Since all right angles are congruent the following corollary is immediate.
Corollary 1.8. Two lines perpendicular to the same line are parallel.
From this we obtain the existence of parallels.

Corollary 1.9. Given a line ¢ and a point P ¢ ¢, there exists a line ¢; through P and
parallel to £. Therefore parallels exist in neutral geometry.

Proof. From point P drop a perpendicular to £ with foot Q and at P erect a line m per-
pendicular to PQ. From the previous corollary m is parallel to ¢, see Figure 1.5. O

As we will see, the angle sum of a triangle will be crucial to distinguish Euclidean
from non-Euclidean geometry. We prove one other neutral geometric theorem along
these lines.

Theorem 1.10. Inneutral geometry the angle sum of a triangle must be less than or equal
to 180°.

Proof. From the exterior angle theorem (Theorem 1.6), the sum of any two angles of a
triangle is less than 180°. Assume there exists a triangle ABC with angle sum 180° + p°,
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Q 14

Figure 1.5: Parallels in neutral geometry.

p > 0. From exercise 13 we can find a triangle A, B, C; with the same angle sum as ABC
but

(4B, AC)) < %q(E,A_C).

Now build a sequence of triangles A, B,,C,, with the same angle sum as ABC but with

<(A,B,,A,C,) < — <(AB,AC).

1
n

So,

lim <(4,B,,A4,C,) =0

n—oo

which means that

<(ByA, B,C,) + <(CA,, C,B,) = 180°

for large n which contradicts the above. O

1.5 Euclidean and Hyperbolic Geometry

As we have seen in the previous section, given all the axioms of Euclidean geometry,
there are only two possibilities for parallels. In a plane, given a point P and a line ¢
with P ¢ ¢, either there is a unique parallel to ¢ through P or more than one parallel
through P.

Theorem 1.11. In neutral geometry, in a plane, if there exists a point P and a line ¢ so
that there exists a unique parallel to ¢ through P then this property holds for any point P
and any line € with P ¢ ¢. Further, in a plane, if there exists a point P and a line ¢ so that
there are more than one parallel to ¢ through P then this property holds for any point P
and any line ¢ with P ¢ ¢.

If two lines ¢ and m have a line that is perpendicular to both lines then the lines
are parallel. Suppose that given a point P and a line ¢ there is a unique parallel. Then
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if a line is perpendicular to one of the two lines it must be perpendicular to the other
by the uniqueness of parallels. It follows that if there is more than one parallel there
must be a line which is parallel to one line with an angle less than 90° to the other
line. Therefore there must be a minimal such angle. This is called the angle of par-
allelism. From this we can deduce the following. The proof we outline in the exer-
cises.

Theorem 1.12. In aneutral geometry, in a plane, given a point P and a line ¢ with P ¢ ¢, if
there exist more than one parallel to ¢ through P then there exist infinitely many parallels.

From these results we see that in a neutral geometry, given a point P and a
line ¢ with P ¢ ¢, there are exactly two possibilities: there is a unique parallel line
to £ through P or there are two or more parallels to ¢ through P. Furthermore, this
property is uniform throughout neutral geometry.

We now define two parallel postulates for a neutral geometry.

The Euclidean Parallel Postulate. Given a neutral geometry, the Euclidean parallel
postulate, that we will abbreviate EPP, is that in a plane if P is a point and ¢ a line with
P ¢ ¢ then there exists a unique parallel to ¢ through P.

The Hyperbolic Parallel Postulate. Given a neutral geometry, the hyperbolic parallel
postulate, that we will abbreviate HPP, is that in a plane if P is a point and ¢ a line with
P ¢ ¢ then there exists at least 2 parallels to ¢ through P.

A non-Euclidean geometry is any geometry which does not satisfy the Euclidean
parallel postulate. A hyperbolic geometry is a neutral geometry together with the hy-
perbolic parallel postulate.

We thus have the following theorem.

Theorem 1.13. A neutral geometry is either Euclidean geometry or hyperbolic geometry.

Results that are true in Euclidean geometry but not in hyperbolic geometry are
called purely Euclidean results, while results that are true in hyperbolic geometry but
not in Euclidean geometry are called purely hyperbolic results.

Many of these types of results are tied to the angle sum of a triangle. The following
theorem is crucial.

Theorem 1.14. In Euclidean geometry the angle sum of any triangle is 180°, while in
hyperbolic geometry the angle sum of any triangle is strictly less than 180°.

1.5.1 Consistency of Hyperbolic Geometry

We have seen that given a neutral geometry it is either Euclidean or hyperbolic. How

do we know that hyperbolic geometry is actually consistent, that is, perhaps there
exist theorems that are both true and false in hyperbolic geometry.
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This was handled by C.F. Gauss (1777-1855), N. 1. Lobachevsky (1792-1856) and
J. Bolyai (1802-1860), who are considered the discoverers of non-Euclidean geometry,
by building a model of hyperbolic geometry within Euclidean geometry. Hence the
consistency of Euclidean geometry implies the consistency of hyperbolic geometry.
The particular planar models they constructed we will study in Chapter 8. Somewhat
later E. Beltrami (1835-1900) and F. C. Klein (1849-1925) constructed a model of Eu-
clidean geometry within hyperbolic geometry and thus the consistency of hyperbolic
geometry implies the consistency of Euclidean geometry. We say that Euclidean ge-
ometry and hyperbolic geometry are co-consistent.

1.6 Elliptic Geometry

After the discovery of hyperbolic geometry B. Riemann (1826-1866) proposed a geom-
etry which differed from both of these.

The Elliptic Parallel Postulate, or Riemann Parallel Postulate, which we abbreviate
RPP, is that in the planar geometry there are no parallel lines.

There were historical reasons for studying this. When geometers studied projec-
tions of one plane onto another, they built a geometry that had no parallel lines. Every
pair of lines either met in the plane or at a point at infinity. This was called projective
geometry. Further, if we consider the surface of a sphere as a plane and lines as be-
ing great circles on a sphere then there are no parallel lines. This is called spherical
geometry.

An elliptic geometry is a geometry which satisfies the elliptic parallel postulate.

We note that elliptic geometry cannot be a neutral geometry. Something must be
lost from the neutral axioms. In spherical geometry, the geometry on a sphere, lines
become great circles, but we either lose the betweenness axioms if we maintain axioms
for an incidence geometry or we lose incidence geometry by allowing lines to intersect
at two points — the antipodal points of great circles.

We will examine spherical geometry closely in Chapter 6. As we will see, whereas
in hyperbolic geometry the angle sum of any triangle is less than 180°, the angle sum
in any elliptic geometry is greater than 180°.

1.7 Differential Geometry

We close this chapter by mentioning briefly differential geometry. This is the study of
geometry by using differential and integral calculus methods. Classically it was the
study of curves and surfaces in Euclidean space. Differential geometry is a vast and
important subject in modern mathematics.
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We here consider curves in the real space R?, equipped with the canonical scalar
product

XYY =x)1 + X5 + X3Y3

where
X1 Y1
X=x | and ¥V =1y,
X3 V3

More on the scalar product in general can be found in [12]. Curves are of course
geometric objects. The area of differential geometry has wide-ranging applications
in both other areas of mathematics and physics. The geometry of curves has been
extended beyond real spaces to what are called manifolds. Roughly speaking a real
n-manifold is a topological space that locally looks like a real n-space. We will not look
at general manifolds but we will examine the basic differential geometry of curves in
IR® to give a little insight into the richness of differential geometry and the way of work-
ing in this field, especially in that of curves in R>.

Curves in R? and the Serret—Frenet apparatus
First, we have to introduce the cross-product of two vectors U and W from R3.
The cross product is a bilinear map which assigns a new vector to W and W,

RxR >R, @W) —TxW.

This map is uniquely characterized by the following properties:
1. If ¢ [0,m] is the angle between W and W then [@ x W| = [Z|[[W] sin(¢).
2. If|¥ xW| # 0then¥ xW L W and further det(¥, W, ¥ xW) > 0.

We remark that we discuss determinants later in Chapter 2.

But anyway, for convenience we give here directly det(#, W, i x W) via the Sarrus
principle. Let ¥ = (gé ), W o= (&) and U xW = (% ) Then det(¥, W, ¥ x W) =
UyW,V3 + UpW3Vy + UsWyVy — UgW3Vy — LWy V3 — UsWyV;.

Remark 1.15. Property 1. fixes the length of the vector ¥ x W and property 2. its direc-
tion.

We get

U XW = |8 x W sin(ep)m

where 7 is a unit vector perpendicular to the plane containing ¥ and W in the direction
given by the right hand rule:
u w; UyW3—U3W;
Ifu = (u; ) and W = (Wi ) then o xW = (léWi*ufW; )
w3

u3 Uy W)r—UpWy
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As already mentioned, curves in R> are geometric objects. Traditionally, to study
these objects, methods from calculus are employed. We now start with the concept of
a curve in R>. Certainly, this includes the case of a curve in R?.

Definition 1.16.
1. A parameterized curve is a continuous map ¢ : [a,b] — R? where [a, b] is an
interval in R. The parameter t € [a, b] is called time. The position vector at the

¢ (t)
time t is c(t) = ( c;(t) ) We call the image of ¢ the path of c.

cs(t)
2. A parameterized curve ¢ : [a, b] — R’ is differentiable if c is differentiable on the
open interval (a, b).

ot —— c(t)
Recall, if c(t) = ( &(t) ) then c'(t) = ( () ) stands for the derivative.
(1) k(6
Definition 1.17.
1. Acurvec : [a,b] —» R’ is n times continuously differentiable on (a, b) if it has
continuous derivatives on (a, b) up to the order n.
2. Acurvec : [a,b] — R’ is regular if it is at least two times continuously dif-

TR "
ferentiable on (a, b) with nonvanishing derivatives ¢ (t) and ¢" (¢) for each time
t €(a,b).

Agreement:
In what follows we only consider regular curves with the described properties. In
the literature the definition is often a bit different than the one given here. One has to

T
consider especially times with ¢”' (t) = 0. We want to avoid parts of the curve that are
straight lines.
Definition 1.18. Let ¢ : [a, b] — R be a curve.
—
1. The velocity vector vc(ti at t is the derivative c’(t) of the position vector at ¢, that
—
is, v.(t) = c'(t). We call v, the velocity of c.
2. The speed at time t is the length ||vC(ti|| of the velocity vector vc(ti, and is a scalar
quantity.
3. The accelerative vector ac(t; at time t is the derivative of the velocity vector vc(t;
at time ¢, that is,

0 _n
ac(t) =v.(t) =c"(t).
We call a, the acceleration of c.

Remark 1.19. It is useful to think of ¢ as a time parameter and picture a curve as a
particle moving along the path. Given a point P then t is the time it gets to point P.
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Examples 1.20.
1. Letc:[0,2r1] — R3,
r cos(t)
cB=| rsin®) |, rerr>o.
0
Then
—rsin(t)
T T
c'(t)=| rcos(t) and |c'(t)]| =r (constant).
0
2. Letc:[0,21] » R,
r cos(t)
c®=| rsin(t) |, r hconstant,r,h> 0.
ht
Then
N —rsin(t) .
@)= rcos(t) and |c'(t)| = Vr*+h? (constant).

h
Definition 1.21. Let ¢ : [a, b] — R> be a regular curve. Then length of c is defined by
b
—_
length of ¢ = J||c'(t)||dt,
a

that is, to get the length we integrate speed with respect to time.

r cos(t)

Example 1.22. Let c(f) = ( rsin(t) ), 0 <t < 2m1. Then
0

21 N 21
length of ¢ = J||c'(t)||dt = J rdt =2mr
0 0

Definition 1.23. Letc : [a,b] — R? be aregular curve. Then c is a constant speed curve

! !
if |c'(t)|l = const =: k for all times. It is a unit speed curve if ||c'(t)|| = 1 for all times.

Reparameterizations

Given a regular curve ¢ : [a, b] — R>.

Traversing the same path at a different speed (and perhaps in the opposite direc-
tions) amounts what is called reparameterization.
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Definition 1.24. Let ¢ : [a,b] — R> be a regular curve. Let h : [d,e] — [a,b] be a
continuous map such that h : (d,e) — (a, b) is a diffeomorphism between (d, e) and
(a,b).

Then¢ = coh: [d,e] — R’ is a regular curve, called a reparameterization of c. We

have &(—uj = c(h(u); where t = h(u).

(t) ..
Example 1.25. Let ¢ : [0,277] — R3, c(t) = ((s:(i)xf(t) ) Take the reparameterization func-
tion h : [0,71] — [0, 2m], t = h(u) = 2u. Then

cos(2u)
ey =ct), &)= sin(u)
0

—_—
Note, ¢ describes the same circle, but traversed twice as fast, so speed of ¢ = ||c’ ()] = 1

—’——)
and speed of ¢ = ||¢" (u)| = 2.

Remarks 1.26.

1. The curves c and ¢ describe the same path in R?, just traversed at different speed
(and perhaps in opposite directions).

2. Compare velocities: Let Z:(—uﬁ = c(h(u) ). By the chain rule, recall t = h(u), we get

_dm:@.ﬂzﬁh’

du dt du du

If i’ > 0 then we have an orientation preserving reparametrization, and if h’ < 0
an orientation reversing one.

Lemma 1.27. The length formula is independent of parameterization, that is,
if¢: [d, e] > R is a reparameterization of ¢ : [a,b] — R then

length of ¢ = length of c.

Lemma 1.28. Regular curves always admit a very important reparameterization. They
can always be parameterized in term of arc length which we define now.

Along a regular curve ¢ : [a,b] — R? there is a distinguished parameter called arc
length parameter or the natural parameter. Fix t, € [a, b]. Define the following function
(arc length function)

t
s=s(t), telab], s(t)= JIIC'?;H dr.
to

Thus, if t > t, then s(t) = length of c from t, tot, and if t < t,, then s(t) = — length of c
fromt, to't.
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By the fundamental theorem of calculus s = s(t) is strictly increasing and so can
be solved for t in terms of s, t = t(s) (reparameterization function). Then Z‘fs_j = c(t(s)
is the arc length reparameterization of c. Hence, we get the following.

Theorem 1.29. A regular curve admits a reparameterization in terms of arc length.

Example 1.30. Reparameterize the circle

r cos(t)
c(—ts =| rsin(t) |, te€][0,2m],
0

in terms of arc length parameter, that is, up to a trivial translation of parameters, s = t.
Hence unit speed curves are already parameterized with respect to arc length (as mea-
sured from some point). Conversely, if ¢ is a regular curve parameterized with respect

—_—
to arc length s then c is unit speed, that is, ||c’(s)| = 1 for all s. Hence, the phrases
“unit speed curve” and “curve parameterized with respect to arc length” are used in-
terchangeably.

We may rewrite that in the following theorem.

Theorem 1.31. Any regular curve ¢ : [a,b] — R> has a unit speed parameterization.
The parameterization is in terms of the arc length parameter.

In the following we introduce the Serret—Frenet apparatus. It is named after J. Ser-
ret (1819-1885) and J. E. Frenet (1816-1902). Because of all the details of calculations
we relax the notation and write ¢ for the curve and often € for the position vector at a
time t. The Serret—Frenet apparatus consists of three vector functions and two scalar
functions which provide a complete characterization of a regular curve. Also for these
and related vectors we mostly write just X instead of x(_tj if there is the time parameter
t for them.

We first introduce the Frenet vectors which provide a rectangular frame at every
point on the curve that is called moving trihedron.

We will assume that we have a unit speed curve ¢ parameterized by the natural
parameter which is now called t¢.

The first vector is the unit tangent vector tCTS at the point (:(75 This is the normal-
ized velocity vector at time t, so that

. d w
te=——=—- (attimet).
I el

Since 7, is a unit vector, we have (7., ,) = 1and hence the derivate of (7,, ) is 0. Then
—
tl

N
we have by the product rule (TC), ) = 0, and therefore té is a perpendicular to TC) The

(o

=
vector té is called the curvature vector (at time t).
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— —
The direction of té tells us which way the curve is bending. Its magnitude || té | tells
us how much the curve is bending, IIYZII is called the curvature (at time t). Recall that

-
IIté | # O at each time by agreement.

Definition 1.32. Let ¢ be a unit speed curve. The curvature x = x(t) of c is
=7 ]
x=x(t) =[] = |"] # 0.

Conceptually, the definition of curvature is the right one.

Using the chain rule one can obtain a formula for computing curvature which does
not require that the curve be parameterized with respect to arc length.

Letc: [a, b] — R> be aregular curve with time t. We reparameterize ¢ with respect

to the arc length s:
c:ldel »>R, s=st).
So by the chain rule
(6 _ di(s) ds _ di(s) |dc(®) ”
dt ds dt ds
Hence,

dcales

Lemma 1.33. It holds
1D

40 ‘“ ||

We choose 7, to be a principal unit normal vector along t as

A
= _ tc _ tc
ne=-——=—.

f K

(1

To define the final Frenet vector we choose 17; = T, x i,. This is called the binormal
vector. As already mentioned, at each time these three vectors are mutually perpen-
dicular unit vectors which form a moving trihedron.

We now describe a set of relations between Frenet vectors and their derivatives,
called the Serret-Frenet formulas. .

Note, that the definition of f; implies ¢ = k7,. The plane formed by 7, and 1, is
called the kissing plane or osculating plane for c. We finally choose 17; = TC) x 11, (at
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time t). This 17; is called the binormal vector (at t). As a unit vector the unit normal
vector n_’)c is orthogonal to i;, and so n_’:_, is in the (£., I?C))-plane.

This implies n_i = aTg + ﬁlz for some scalar functions a and . Now the binormal
vectoris b, = T, x TT..

N
Then ||17C)|| =1,s0 b'C is orthogonal to 17; But

7 AT S "
b =t.xn.+t.xn.=t.xn
i S A
by the definition of 7/ and ¢, x t, = 0. Then
—
T xn. =% x (at, +pb,) = -7,

for a scalar function 7. This function T = 7(t) is called the torsion.
Finally, 7 = b, x £, which gives

- - — —
+ b, x t. =-kt. +1h,.

sl

N
ne =bx t + b
Hence we have the following Theorem.

Theorem 1.34 (Serret—Frenet formulas for unit speed curves).

A

t. = kng,
N

i hrad g
n, = —kt. + b,
7 =
b. = -tn..

Theoretically, any question about regular curves can be answered using the
Serret-Frenet apparatus.

In the next subsection we continue to consider some important examples using
the Serret-Frenet apparatus.

Remark 1.35. For a general speed curve we just get the Serret—Frenet formulas by mul-
tiplying by the speed (see Lemma 1.33).

Then we get the following corollary.

Corollary 1.36 (Serret-Frenet formulas for general speed curves).

DA P 1 I

(= x|

nl = k|| % + 7|c s
PR T

b, = -7|c'||n;.
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If we look at the Taylor series, named after B. Taylor (1685-1731), expansion for a
unit speed curve we gain a better understanding of the curvature and the torsion. The
first two terms give the best linear approximation and involve the unit tangent t(—OS
The first three terms give the best quadratic approximation.

This appears in the (T,_f, n;)-plane and is controlled by the curvature. The torsion T
controls the twisting orthogonal to the kissing plane.

1.7.1 Some Special Curves

In this subsection we consider general speed curves. We use the Serret-Frenet appa-
ratus to study special curves in R>. The first question we look at is to determine when
a curve is planar, that is, lies completely in a plane. Since the torsion measures the
twisting out of a plane the answer easily is that a curve will be planar if and only if
its torsion is 7 = 0. Without loss of generality we may assume that the curve is of unit
speed.

Theorem 1.37. A unit speed curve c lies completely in a plane if and only if its torsion is
7=0.

Proof. A plane E is determined by a point P, € E and a normal vector V orthogonal
to E. Suppose that ¢ : [a, b] — R’ is a unit speed curve and planar.

Then there exists a fixed vector ¢ such that ((c(t) - c(—aS),7> = 0. This implies on
taking derivatives that (c—'(—t_s,ﬁ) = 0, that is, (Tg,ﬁ) = 0. Differentiating again gives
(" (0,q) = 0, thatis, (T, q) = 0.

Therefore, 7 is always orthogonal to 7, and 71, and hence in the direction of IZ

Since 7 is fixed this implies that b, is constant, so IZ = 0. Since IZ = -1, it
follows that T = 0.

Conversely, suppose T = 0. Then 17; is a constant. Let g(t) = ((c(t) - c—(cﬁ), bCTS).
Theng'(t) = (tc—(t_j, m) = 0. Therefore g(t) is a constant and since g(a) = 0 we have
g(t) = 0 for all t and hence c(_tj is planar with binormal vector 17; (in fact, it lies in the
kissing plane). O

The next question we look at is when a curve is circular or part of a circle. Again
we may assume that the curve is of unit speed.

Theorem 1.38. A unit speed curve c is part of a circle of radius r if and only if T = 0 and

=1
K=

Proof. Itisstraightforward to see that T = 0 and k = constant # 0. Now, supposet = 0
and x is constant. Then consider

g6 =clt +%m
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Then we get
P
£= K
- 1 —
=t.+ < (—Ktc +Tbc)
:TC)—TC) =0 attimet.

Therefore g() = P is a constant. Hence c(£)+ %nc(t; =P and further c(6-F = —%m

Thus, (& - B = % Therefore c lies on a circle with center P and radius % O

Acurvec: [a,b] —» Rlisa cylindrical helix if there exists a fixed vector ¥ and a
fixed angle a such that (Tg,ﬂ) = cos(a) at each point on the curve, that is, ¥ makes
the same angle with the tangent TC) at each point. We next completely characterize
cylindrical helixes. Again we may assume that the curve is of unit speed.

Theorem 1.39. A unit speed curve c : [a,b] — R? is a cylindrical helix if and only if the
ratio 7 is constant.

Proof. Certainly, we have 7 # O for a unit speed cylindrical helix.
Suppose c is a cylindrical helix. Then there exists an angle a and a fixed vector
U with (Tg,ﬂ) = cos(a) for each time t. Hence, (k7,, W) = O for each t, so ¥ is a unit
vector in the (7,, l?c))-plane. Therefore W = cos()t, + sin(@)lz. Taking (f,, ) = cos(a)
implies 8 = aand U = cos(a)m + sin(a)m.
Differentiating gives
ne

—
ne

0 = cos(a)km, — sin(a)T

= (cos(a)x - sin(a)T)
and, hence,
cos(a)x — sin(a)t =0
and f = cot(a) is a constant.
Conversely, suppose § is a constant. Then there exists an angle with cot(a) = §
Let

T - cos(a)Tg + sin(a)lTé.

N
Then U’ = T)), so U is constant and (Tg,ﬁ) = cos(a) by the Serret-Frenet formulas.
Therefore c is a cylindrical helix. O

In theory, the Serret-Frenet formulas can answer any question involving curves.
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1.7.2 The Fundamental Existence and Uniqueness Theorem

In this subsection we prove that a regular curve is completely determined, except for
the position in space, by its natural parameters, that is, its curvature and its torsion.
Using the chain rule we may calculate curvature and torsion for an arbitrary param-
eterized regular curve (Lemma 1.33). Hence, the above statement holds for regular
curves in general (see Theorem 1.29). Hence, we now assume that ¢ : [a,b] — R’
is a unit speed curve.

The intrinsic equations for c are the curvature and torsion functions. With respect
to the positions we need isometries. We consider isometries in general in Chapter 2.
For this subsection we just need the special case R>.

An isometry of R? is a mapping f : R> — R with [¥ - V| = Im —mll for all
X,V € R3, that is, f preserves distances. Two curves c; and c, are congruent if there
exists an isometry f with ¢, = f(c;) for the paths of ¢; and c,. We will discuss isometries
in a more general setting in the next chapter.

Theorem 1.40 (Fundamental existence and uniqueness theorem for curves). Let x(t),
1(t) be arbitrary continuous functions on [a, b]. Then except for the position in space
there exists a unique unit speed curve with curvature k(t) and torsion 1(t) as functions
of a natural parameter.

Proof. We prove the uniqueness first. Suppose that ¢ : [a,b] — R’ is a unit speed
curve with curvature x(t) and torsion 7(t) at time t. We show that any unit speed curve
on [a, b] with the same curvature and torsion is congruent to c.
Suppose that c* : [d,e] — R? is another unit speed curve with the same curvature
. * Y — —
and torsion. Move ¢* so that ¢*(d) = c(4aS. Next rotate t.., 7.+ and b.- so that they
coincide at ¢ = a with T, 7, and b,.
* % T
Let ¢** be the new curve. We show that ¢™ " (t) = C(_tj Now

d

- — — —
E( tc’tc**> = <KrTc>’tc**> + <Ktc>m>’

B e ety = (KT 4 1B T2 + (K + 752,
d —» — —

2 (Pobel) = (T, bl) + (-1 B).

These then sum to zero, so
d - —
ST + @iy + (BuBe)) = 0.
Hence

(T, E2) + (M, 72) + (b, b ) = m = constant,
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but () = t .. (a), n.(a) = n..-(a) and b_(a) = b--(a), so m = 3. However ||(£_, {.--)|| <
L I, izl < 1, II(EC),ZE:)II < 1and so (Tc),t?:) = 1and since 7, and tc—’ are unit

vectors, it follows that 7, = ... Now

T) _ dm _ dC**(t) _ t—)
¢ oae oAt T

Hence (ﬁ = C*T(ts +E, E) is a constant, but c(a) = m, SOE) =0.
Given kx(s) and 1(s), the existence of a unit speed curve with this curvature and tor-
sion follows from the existence theorem for ordinary differential equations (see [26]).
(In fact, the Serret-Frenet equations give nine scalar differential equations. From
the fundamental existence theorem for ordinary differential equations there exist so-
lutions. Then givenTC> we define c(t) = j; mda.) O

1.7.3 Computing Formulas for the Curvature, the Torsion and the Components of
Acceleration

Using the velocity and the acceleration there are some straightforward formulas for a
regular curve. First, let v, be the velocity and a, the acceleration. Then 7, = "‘V’;Z”

We now assume that the regular curve is in addition three times continuously dif-
ferentiable. We differentiate the velocity v, to get the acceleration a.. We have then
v, = ||, and further

— —
@ = ety + v | e,
and hence

2— _I> .
[[“n at time t.

ctie

— —
a. = x|v;
This gives
- 3> .
v x @, = VAT, x (KIIVéIIzn_’C + té) = k|| 'b. attimet.
Therefore b, is in the direction of v, x @, at time ¢.

Since bc(t; is a unit vector, we get then

m: v (t Xm '
@ x @l

Further examination will lead us to how to compute the curvature and the torsion. We
have

3
Ve x @l = klvel,
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that is,
- =
V. xa .
K= M at time t.
Ivell
—>
To find the torsion, we consider ¢’”, what we assume to exist in this subsection. We
get
—> — —_ — —
n 2% 2\/ Tl of -
" = KITeIPng + (KIV2) 7ie + velee + Jve | &
—
= aTC) + B + KTIIVC’||3bC,
hence

and therefore

T o o T
wxay,c"y  wxa,c"y
K*|vele Ve > al?
2
Example 1.41. Consider the curve ¢ with c(t) = < {2 ) and compute the Serret-Frenet
apparatus. ’
2 0 1 2
w=l2], @=|2 ,Tc’=t2+2 t ],
t2 2t 2
2t2 . 2t
—
Vexa@ = -4t |, Wx@l =20 +4, b= s—| -4t
2t + 4
4 4
and hence
= 28+ 4
Q2 +23
Now
O —> =4 T;
CT; o _ (ve xag,c
5 7 % @?
and hence
. 8
2 + 4)%
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1.7.4 Integration of Planar Curves

We consider plane curves, so that 7 = 0. For such curves it is always possible to inter-
pret the Serret-Frenet equations to obtain the parameterization of the curve. Let ¢ be
the angle that is made bch’ with the x-axis. For planar curves the slope of this is the
derivation (considering the plane as the (x,y)-plane). Then ¢ = IK(l’)dl’ + ¥1, where

B — x().
Example 1.42. We show that the equations k(t) = %, T = 0, t > O are the intrinsic
equations of a logarithmic spiral. We have ‘Z—t =k(t) = %, then ¢ = log(t) + y;, while
this implies that ¢ = e®™1. This leads to x(t) = % = e @M,

Then by integrating the Serret-Frenet equations for planar curves (t = 0 implies
planarity):

1 () (o

_ <§e¢yl(cos(¢) + sin(¢))> .
le? " (sin(¢) - cos(¢p))

_i o [ Cos(0)
@)= N <sin<@)>

which in polar coordinates is

r(@) = —e°

ﬁ"'

and hence a log spiral.

Exercises

1. Given an affine (n + 1)-space A™*!, show that we obtain a projective n-space P" by
considering points as 1-dimensional subspaces of it.

2. Prove Theorem 1.2, that is, in any affine geometry a line parallel to one of two
intersecting lines must intersect the other. This implies that in an affine geometry
parallelism is transitive.

3. Prove the following theorem.

Theorem. In a finite projective geometry the following are true:
(a) All lines contain the same number of points.
(b) Ifeach line has n points then each point is on exactly n lines.
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10.

(c) Ifeach line has n points then there exists exactly n* - n + 1 points and n* - n + 1
lines.

(Hint: Follow the proof for a finite affine geometry modified in that there are no
parallel lines.)

Show that the minimal model for a planar affine geometry (the affine geometry
with the smallest number of points) has 4 points and 6 lines.

Let K be a field. We define the affine plane A,(K) by taking as points the pairs
(x,y) € K? and as lines the sets

e.={xy) eK*|x=c} withcek
and
bmp = 106y) € K> |y = mx+b} withm,b e K.

Show that A,(K) satisfies the axioms of a planar affine geometry. In particular,
show that A,(Z,) represents the minimal model of a planar affine geometry.
Show that in a neutral geometry, given a point P and a line £ with P ¢ ¢, if there is
more than one parallel to ¢ through P, there must be infinitely many parallels.
(Hint: As discussed, if there is more than one parallel there is an angle of paral-
lelism which is less than 90°. Show that any line which is interior to the angle of
parallelism is also parallel to £.)

In Euclidean geometry, given three lines [, g and k such that k intersects [ and g,
assume that one external angle is equal to the inner one opposite on the same side
or that the sum of the inner angles on the same side is 180°. Show that l and g are
parallel.

Complete the proof of Theorem 1.6. Show that

<(CA, CD) > «(BA, BC).

Show that in a neutral geometry the following are equivalent:

(a) The Euclidean Parallel Postulate.

(b) The angle sum of any triangle is 180°.

Given a finite set S of points in the Euclidean plane R?, either all points are on one
line, or there exists one line which contains exactly two of the points (J. J. Sylvester
(1814-1987)).

(Hint: Assume that not all points are on one line and that each line through two
points of S contains a third point of S. Let L be the set of connecting lines which
contain at least two points of S. Show that there cannot exist a line £ from L and
a point P from S which is not on ¢ such that the distance from ¢ to P is minimal
under all distances from such line—point distances.)
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Each set of n > 2 points in the Euclidean plane which are not all in one line deter-
mines at least n distinct connecting lines (P. Erd0s (1913-1996)).

(Hint: Use Exercise 10 and induction on n.)

Show that, in the context of Euclidean geometry, with the other four axiom sets,
the axiom of parallels is equivalent to the existence of non-congruent similar tri-
angles, that is, non-congruent triangles for which the corresponding angles have
the same measure.

In neutral geometry, given triangle ABC and angle <(AB, AC). Then there exists a
triangle A;B;C; with the same angle sum as a triangle ABC and

(4B, AC)) < %q(ﬁ,A_C).

(Hint: Let E be the midpoint of BC. Construct F such that AE = EF. Show that
AEB = CEF.)
Prove Lemma 1.27.
. 2
(Hint: Use the fact that ||c'(¢)|| > 0.)
r cos(t)

Reparameterize the curve c : [0,27] — R3, c(t) = < rsin(t) ), r,h > 0, in terms of
ht
arc length parameter.
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2 Isometries in Euclidean Vector Spaces and their
Classification in R”

2.1 Isometries and Klein’s Erlangen Program

In the previous chapter we mentioned an approach to geometry introduced by F. Klein
(1849-1925) in his Erlanger Programm in 1885. This is called the transformation group
approach. In this method, a geometry is defined on a set by those properties of the set
which are invariant or unchanged under the action of some group of transformations
of the set. This group of transformations is called the group of congruence motions of
the geometry and in this approach knowing the geometry is equivalent to knowing the
congruence group.

For example, in this approach, planar Euclidean geometry would consist of those
properties of the Euclidean plane, defined as a real two-dimensional space equipped
with the ordinary metric, that are invariant under a group called the group of Euclidean
motions. This group consists of all the isometries or distance preserving mappings
of the plane to itself. In this geometry two figures would be congruent if one can be
mapped to the other by an isometry or congruence motion. In this chapter we consider
the transformation group approach to Euclidean geometry by studying the Euclidean
group of motions [5]. This chapter can be considered as the bridge to the book [12]. In
[12] we considered the algebraic part of Euclidean vector spaces. Here we start with
their geometric part.

In order to form the Euclidean group, we start with Euclidean vector spaces V,
which are real vector spaces equipped with a scalar product. We then consider isome-
tries which are mappings f : V. — V which preserve distance.

If, in addition, we define F : V — V, F(¥) := f(¥) - f(0), then F preserves angles
and hence maps geometric figures to congruent geometric figures.

Recall that distance in a Euclidean vector space can be computed via the scalar
product or inner product. We then define an isometry via scalar products.

Definition 2.1. Let V be a Euclidean vector space with scalar product ( , ). Let f :
V — Vbeamappingand F : V — V, F(¥) = f(¥) - f(0). We call f an isometry if

(F@W),F(w)) = (v,w) forallv,w e V.

Anisometry f : V — V is called a linear isometry if in addition f(0) = O.
If f is an isometry then certainly F is a linear isometry.
Lemma 2.2. Eachisometry f : V. — V is injective.
Proof. Consider v, w € V with f(V) = f(w). Then also F(V) = F(W), and
0 = (F(V) - F(W), F(v) — F(W))

https://doi.org/10.1515/9783110740783-002
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Hence, v = W. Therefore f is injective. O

Remark 2.3. If V is infinite-dimensional, then an isometry f : V — V is not necessar-
ily surjective. The reason is the following.

Let B be an infinite basis of V and & € B. Then there is a bijection ¢ : B — B\ {€}.
But we have the following.

Lemma2.4. IfG = {f : V. — V | f anisometry and bijective} then G is a group with
respect to the composition.

Proof. We have G # 0 because the identity idy, is in G.

Letf € Gand F : V — V, F#) = f(¥) - f(0). F is a linear isometry and bijec-
tive. Hence, if f € G then also F € G, and vice versa. Therefore it is enough to prove
Lemma 2.4 for linear isometries. Let f,g € G be linear isometries. The composition of
the two elements f, g € G is in G, because

(fog®).fo8(W)) = {f(g)).f(8(W))) = (g(¥),g(W)) = (¥, W),

and f o g is bijective.

The associative rule holds in general for the composition of maps.

The identity idy is the identity element of G.

Let f € G be a linear isometry. We finally have to show that the inverse mapping
f 1.V S5 Visan isometry, that is, we have to show that

F@).f W) = @, W).
Since f is bijective there exist X,y € V with f(X) =V, f(y) = w. This gives
Fref@.fofD) = %Py = FERL.FG)),

which holds because f is a linear isometry.
Therefore

(@) = @),
Hence, G is a group. O
We next show how isometries preserve distance and angle.

Lemma 2.5. Let V be an Euclidean vector space, f : V. — V be an isometry on V and
F:V - V,F@) = f(#) - f(0). Then f preserves distance, and F preserves distance
and angle. That is, if i,V € V then |t - V| = |f(@) - f(V)|| = |[F(@) - FV)| and <(it,V) =
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<(F(u), F(v)). It follows that if M is any geometric figure in V then f(M) = M, that is,
maps a geometric figure to a congruent geometric figure.

Proof. Letf : V — V be an isometry and v € V. We may assume that f is a linear
isometry. Then

191 = @, 9) = J(F@LFD) = )]

Hence a linear isometry preserves norm and so directly preserves distance and angle,
which are defined in terms of scalar product and norm. O

Lemma 2.6. Letf : V — V be a linear isometry.
(@) Iff(V) = AV forsomeA € R,V # 0, then |A| = 1.
D) Viwe f@) LfWw) forallv,we V.

Proof. Claim (b) holds by definition, but follows also from Lemma 2.5. We now prove
claim (a):
Suppose f(¥) = AV with ¥ # 0. Since f is injective we have A # 0. Then

I = [FG)] = 1AVI = A1V,

hence |A| = 1. O

Remark 2.7. Since isometries are not necessarily bijective, from now on we always
assume that V is a finite-dimensional Euclidean vector space. In this case we have
that isometries are not only injective, they are already bijective.

Theorem 2.8. Let V be a finite-dimensional Euclidean vector space with scalar product

(', ). Then the following hold:

(1) Letf:V — V be an isometry with v, = f(0). We define Ty, V=V, Ve f(V) + V.
Let f' be the map defined by f = 1y o f', thatis,f' : V — V,V = f(V) - V. Then f'
is a linear isometry.

(2) Letf :V — V be alinear isometry. Then f is a linear transformation of V.

(3) Letf : V — V be anisometry. Then f is bijective.

Recall thatamap f : V — V is a linear transformation if f(V + W) = f(¥) + f(W),
farv) =rf(¥) forallv,w e Vandr € R.

Proof. (1) Since ¥, = f(0) and f is an isometry, we get

(f'@).f' (W) = {(f @) - Vo, f(W) — Vo)
= (f(¥) - f(0),f (W) - f(O))

= (V,W).

Hence, f' is a linear isometry.
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(2) LetB= {Bl, Bz, e Bn} be an orthonormal basis of V and B{ = f(Bi) fori=1,2,...,n.
Then B’ = {b},b),..., b} also is an orthonormal basis of V because certainly

and by [12, Lemma 14.24], b/, *gB; are linearly independent and therefore
form a basis of V. Hence, if V € V, we have a linear combination

n
=1

n
V=Yxb, xeR and f(#)=YAb, AeR
. =

We calculate the Aj. From

SO - < ZA]-B;,B{>
>

we get
Ai:<f(\7),f(i)i)>:<]7,Bi>:Xi, i:1,2,...,n,

which is independent of f.
For each i the map

V> (V,b;)b)

isalinear transformation, and hence f is a linear transformation as a sum of linear
transformations.

(3) Inany casef is injective by Lemma 2.2. Consider v, = f (0), Ty, V-V, Ve V47,
and f' defined by f = 7; of', thatis, f': V — V, 7+ f(V) - V.
By (1) and (2) then f' is an injective linear transformation. Since V is finite-
dimensional, f’ (as a linear transformation) is in fact bijective (recall if B =
{by, by,..., by} is a basis of V then also B = {f'(b,),f'(b,),....f'(b,)} is a basis
of V because f' is an injective linear transformation). Therefore also f is bijec-
tive. O

Remark 2.9. Wecallamap 1y : V — V,V = V + ¥, a translation by V.

EBSCChost - printed on 2/10/2023 4:13 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

2.1 Isometries and Klein’s Erlangen Program =— 35

Corollary 2.10. Letf : V — V be an isometry, where V is as in Theorem 2.8. Then there
exists a translation T : V. — V and a linear isometry f' : V. — V such thatf =t f'.

Before proceeding to describe the various different types of isometries, we recall
the importance that triangles play in the congruence theory of planar Euclidean ge-
ometry (see Chapter 1). The next theorem explains why in terms of isometries.

Theorem 2.11. Let R? be the two-dimensional real vector space equipped with the
canonical scalar product. Then an isometry f : R> — R? is completely determined by
its action on three non-collinear points, that is, on a triangle.

Proof. Let f : R*> - R’ be an isometry and A, B, and C three non-collinear points.
First we show that if f(A) = A, f(B) = B, f(C) = C then f(P) = P for any point. Suppose
P + f(P). Then, since f preserves distance, the distance from A to P is the same as the
distance from f(A) = A to f(P). Therefore A is equidistant from P and f(P) and hence
on the perpendicular bisector of Pf(P). The same is true for Band C and hence all three
are on the perpendicular bisector of Pf(P), contradicting that they are non-collinear.
Hence P = f(P). Now suppose that g is another isometry with f(4) = g(4), f(B) = g(B),
f(C) = g(C). As explained, isometries have inverses and therefore

fog (A=A, fog (B =B fog(C)=C
It follows from the first argument that f - g"}(P) = P for any point P and therefore
f(P) = g(P) for any point P. O

Remark 2.12. In what follows we need some facts about linear transformations and
matrices which we describe now.

Let B = {b,, b,,..., b,} beabasis of R". Letf : R" — R" be a linear transformation,
that is, we have f(V + W) = f(V) + f(W), f(rV) = rf (V) forall V,w € R", r € R. Since Bis a
basis we have representation

n
fby) = Z ajyb;,
i=1

f(Bz) = Z aizili,

i=1

with uniquely determined a; € R. This means, that f is, with respect to the fixed ba-

sis, uniquely characterized by the real numbers a;;, and these we may pool as a ma-
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trix
all a12 .o aln
(121 a22 . a2n
Ag(f)=A= . . . . € M(nxn,R).
Ay Ay ... Gpy

We often write just A = (a;) and denote the special matrix

1 0 ... ... O
0 1

: -1 0
o ... ... 0 1

the nth unit matrix, by E,,. If f,g : R" — R" are linear transformations, and if, with a
fixed basis B, f corresponds to A € M(n x n,R) and g corresponds to B € M(n x n, R),
then the matrix

ay ap ... ap by by ... by h ¢ .- Cip

ay ap ... 4y byy by ... by €y Cp ... Oy
AB = . ) ) . = .

am Ay ... Ap b bpn .. bm € Cn2 -+ Cmn
with

n
Cij:Zaikbkj, i=1,2,...,n;j=1,2,...,n,
k=1

corresponds to the linear transformation f - g.

The linear transformation f : R" — R" is bijective if and only if f is injective and
surjective; moreover, the matrix A, which corresponds to f with respect to the fixed
basis B, is invertible, that is, there exists a C € M(n x n,R) with AC = CA = E,; Cis
called the inverse matrix of A, denoted by C = AL

NowifX = Y1, xl-Bl-, with the basis B = {b;, b, ..., Bn}, then we have a representa-
tion
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Hence, the coordinate vector

Xy
X2
)_ZB = .
Xn
is mapped onto the coordinate vector
n
1 2i=1 A1iX;
n
. %) im1 AoiX; .
VB = = . =A-Xp,
n
Yn Yic1 AniX;

37

the matrix product of A with the column vector Xz. In what follows we need some more

properties and facts about matrices of M(n x n, R).

Definition 2.13.

n If
ap dp Qi
an ap Qo
A= .
an Ay Ann
then the matrix
all azl e anl
a12 a22 “ e anz
a, @Gy .. dp

is called the transpose of A denoted by A”.

We have the following facts for A, B € M(n x n, R):
M @n" = 4;

2 AB)T =BTAT;

(3) IfAis invertible, then (A7) = 4T,

Also, if
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is a column vector, then the transpose
ST
X = (XX Xp)

is a row vector, and we have the property that (4 - )?B)T = )?g - AT is the product of
the row vector X} with the matrix A”.

(2) LetA € M(nx n,R). An important invariant of A is its determinant det(A).
Let S,, be the symmetric group on n letters. We define the sign of a permutation

0 €S, by
. -1, ifoed,
sign(o) =
+1, ifo ¢ A,.
Here A, is the alternating subgroup of S,, (see [12, Chapter 8]).
If
all a12 o aln
a21 a22 “ e azn
A= . . . e M(nxn,R)
Ay Ay ... Gy

then the determinant det(A) is defined by

det(A) = z Sign(o)alg(l)azg(z) e am(n).

€S,

In the special cases n = 2 and n = 3 we get:

ap ap
det << = ayay — Apay;
an ap

(a)

(b)

ap adp ag
det a, ay axp
as das dsz

= apapass + Apayds + A;3a 03, — A31dpdyz — Ay dy3dsy — Apdyndss.

We have the following facts. Let A, B € M(n x n, R). Then these five statements hold:
(1) det(E,) =1.

(2) det(AB) = det(A) - det(B).

3) det(AT) = det(A).

(4) det(A) + 0 & Aisinvertible.

(5) If Ais invertible then det(A™") = -

EBSCChost - printed on 2/10/2023 4:13 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



2.1 Isometries and Klein’s Erlangen Program = 39

The set of the invertible matrices forms a group under the matrix multiplication, de-
noted by GL(nxn, R), the general linear group. The subset of GL(nxn, R) of the matrices
A with det(A) = 1forms a subgroup of GL(n xn, R), denoted by SL(n xn, R), the special
linear group. Let A € GL(n x n, R). There are several possibilities to calculate A™!. The
easiest way is probably with help of the Gauss—Jordan elimination which is an algo-
rithm that can be used to determine whether a given matrix of M(n x n, R) is invertible
and to find the inverse if it is invertible. We here just give the analytic solution. Let
A € GL(n x n, R). We define the adjugate adj(A) via the cofactors

Ay e Ay Ay -e- gy
i+j a; R P a;_q; e Qq;
S — (_1)Y i-1,1 i-1,j-1 i-1,j+1 i-1n
a; = (-1) det @ e gl @ ,
i+1,1 - i+1,j-1 i+1j+1 - i+1,n
an ce. an)]'_l an)j_'_l . apn
and
all a12 e aln
. ay ap ...
adj(d) = | .
Ay Ay ... Ay

Then A™ = g5iadj(A).

As a reference we give [5].

In what follows we consider linear isometries f : V — V, V a Euclidean vector
space with scalar product ( , ) and dim(V) = n. We know that f is bijective. Let B =
{Bl, Bz, ceos Bn} be now any orthonormal basis of V. Let

X = xJol +le32 +~~-+xn5n and y =y151 +y21472 + ~~-+yan.
Then

&Y) = XY1 + XYp + o+ + XpYy

because

o i
Bobp=gy=1"
0, ifi#j.
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This we may write a bit differently. Let

Vn
and
ST
Xg = (X X955 Xy).

Then (%,y) = ?(KT; - ¥, the matrix product of a row vector with a column vector.
Now, let f : V — V be a linear isometry. Let Az(f) = A be the matrix which
corresponds to f with respect to 3. Then

FEFP) = FR@)g - FG)) g = Axp)T - (A7) = X5 - ATAV = 35 - Js = (4,7
because f is a linear isometry.

Remark 2.14. In the following the orthogonal matrices A € GL(n, R) play an impor-
tant part. These are exactly those matrices which, for a fixed orthonormal basis, are
allocated in a unique way to linear isometries.

Definition 2.15. A matrix A € GL(n, R) is called orthogonal if A7 = AT, where A7l is
the inverse and AT the transposed matrix of A.

Theorem 2.16. Let A € GL(n, R) be orthogonal. Then |det(4)| = 1.

Proof. From ATA = E,, E, the identity matrix in GL(n, R), we get
1= det(A7A) = det(AT) det(A) = (det(A))’

because det(AT) = det(A). It follows that det(4) = +1. O

Remark 2.17. If O(n) = {A € GL(n,R) | A orthogonal} then O(n) is a group with respect
to matrix multiplication. If A, B € O(n) then

(AB)' =B7'a7' = BTAT = 4B)T.

Theorem 2.18. Consider an A € M(n x n,R), and let R" be equipped with the canonical
scalar product. Then the following are equivalent:

(1) Ais orthogonal.

(2) The rows of A form an orthonormal basis of R".

(3) The columns of A form an orthogonal basis of R".

Proof. Transition from A to AT shows the equivalence of (2) and (3).
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(1) meansATA = E,, that is, Al =AT,
(2) means AAT = E,, thatis, At = AT,
This gives the equivalence of (1) and (2). O

Theorem 2.19. Let V be a finite-dimensional Euclidean vector space with scalar product
(, ).Let B beanorthonormal basis of V. Letf : V — V be a linear transformation and
Ag(f) the matrix allocated to f with respect to B. Then

fisalinearisometry < Ag(f)isorthogonal.

Proof. Letn = dim(V)and A := Az(f) € M(nxn,R). Since B is an orthonormal basis we
get (V,W) = XLy for all #,W € V, where X5 and j; are the vectors of the coordinates
with respect to B (written as rows) of ¥ and w, respectively.

If f is a linear isometry then

X5V = (Axp)" - AV = X5AT AV 5

for all rows X3,z € R", and hence, ATA = E,, that is, A is orthogonal. The fact that
ATA = E, follows from the following observation:

IfC,D € M(n x n,K), K a field, and if v Cw = vTDw for all ,w € R" (written as
rows), then C = D.

Proof of the fact. Let C = (ci) and D = (dl-}-). If we take the canonical basis

8 =(0,...,0, _1_,0,...,0)

> >

kth place
of K" then

oT s oT o
Ci}-=eiCj=eiDj=di]-

foralli,j=12,...,n. O

Now, let A be orthogonal. Then
(V, W) = Xy = XpAT Aj = (A%p) AV = (FV).F(W)),
that is, f is a linear isometry.

Remark 2.20. Let V be a finite-dimensional Euclidean vector space with a scalar prod-
uct ( , ). Let B be a fixed orthogonal basis of V. Then we have essentially all linear
isometries f : V — V, if we have all orthogonal matrices A € O(n), where n = dim(V).
Together with Corollary 2.10, we then have essentially all isometries by the transla-
tions and the linear isometries.
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We can obtain better geometrical insight by a suitable choice of an orthonormal
basis, which then gives for each linear isometry a suitable normal form for the respec-
tive orthogonal matrix.

Letf : V — V be a linear isometry. Let ;, 13, be two orthonormal bases of IV and
let A; = Ag (f), A, = Ag,(f) be the matrices for f relative to B, and B,, respectively. If
By = {by,by,..., by}, By = (b, B, ..., b} and

n
b; = injbi’ C = (xy),
i=1
then as is well known

A, = CALC.

The point is to find for f an orthonormal basis B such that Az(f) is an orthogonal
matrix which describes f geometrically in a suitable manner.

By Theorem 2.19 and its proof, it is enough to assume that V = R" equipped with
canonical scalar product

. ST
KY) =X 1+ X+ XYy =X Y,

where
X1 V1
. X2 . V2 n
X = . , Y= . eR
Xn Vn

(written as columns).

This we assume from now on for the following parts in this chapter. We proceed
in steps and consider first the most interesting cases n = 2 and n = 3. Finally, we give
a complete description of the linear isometries for general n.

We remark that the R" is equipped with an Euclidean geometry with respect to
the canonical scalar product.

2.2 The Isometries of the Euclidean Plane R?

In the space R? and R? isometries are also often called moves or congruence motions.
For consistency we always speak about isometries. We first describe the orthogonal
matrices of O(2). Let A = (¢ 3) € 0(2). Then det(A) = +1. Let first det(A) = 1. Then

_ d -b a c
Al= :AT:< >
<—c a) b d
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and therefore

1=ad-bc=d* + b

Hence, there exists an a € [0, 271) with a = cos(a), ¢ = sin(a), and we get

Ao <cos(a) —sin(a)>

“ \sin(@) cos(a)

a

The linear isometry f which corresponds to D, (with respect to {&,, &,}) is a rotation
(counterclockwise) with angle a and center 0 = (0, 0), see Figure 2.1.

f(&)

(@)
.
—

Figure 2.1: Linear isometry f corresponding to D,,.

f(8;) = cos(a)é; + sin(a)é,,

f(é,) = —sin(a)é; + cos(a)é,.
Now, let det(A) = -1. Then
_ -d b a c T
A= = =A".
< c —a> <b d)
Hence, —a = d and b = c, and therefore det(A) = -1 = -a® - c*and

A <cos(a) sin(a) )

sin(a) -cos(a)

a

for some a € [0, 2m).

The linear isometry which corresponds to S, with respect to {é;, &} is a reflection
at the line ¢ through the center 0 and which has the angle % to the x-axis, see Figure 2.2.
We call a the reflection angle.

f(8;) = cos(a)é; + sin(a)é,,

f(8,) = sin(a)é; — cos(a)é,.

This can be seen as follows (see Figures 2.3 and 2.4).
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é
f@)
14
0 7
2 > %
a &
f&)
Figure 2.2: A reflection at the line ¢ through the center 0.
y
& ..
2 f(e1)
0 B
‘ 3 X
€
Figure 2.3: Calculation for f(&,).
f(&,) = cos(a)é; + sin(a)é,. (2.1)
\é2
\ f@)
4
P N\
0 N2
R
a v 1
|— \\ |
vl
\u R
f(&)
Figure 2.4: Calculation for f(é,).
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Hence we have the following result.

Theorem 2.21. A linear isometry of the plane R? is either a rotation or a reflection at a
line ¢ through 0, that is, at a one-dimensional subspace.

Remark 2.22. In the case of a reflection at a line ¢ through 0, we may choose an or-
thonormal basis. Such a basis we get from a given one just by a rotation, where one
vector of the basis is on the line ¢, see Figure 2.5.

N1 R

Figure 2.5: Orthonormal basis with one
vector on a line ¢.

For this orthonormal basis {b/, B;}, the corresponding orthogonal matrix for the reflec-
tion at the line ¢ is just (§ & ). We keep this in mind for later use.

Now we consider arbitrary isometries of the plane R?.

We have to add to the linear isometries for each vector ¥ € R? the translation
T; R? — R%, W > Wi, Letf : R? — R%*bean isometrywithf(f)) =v.Lett; : R?> - R?,
W +— W+V; T; be a translation and f = 7y of” where f' is a linear isometry. We just write
f' =Dy and f' = S, if the corresponding matrix (with respect to {&;,&,}) is D, and S,,
respectively.

First, let f = D, for some a € [0, 277). We begin with the remark that 7; o D, o 7_;
is a rotation with center (v, v,) = 7T, where v = (K; ) € R Here we consider 7/ as the
point with the plane coordinates v; and v,.

If a = 0, then f = 7; is a translation.

Now, let a # O, that is, D, is a nontrivial rotation. We show that there exists a
vector it = (! ) € R? such that

Ty ODa °oT_ 3 =Ty ODa,
that is,

Ty-D

=

a(lt
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For this, we have to show that for each v = (K; ) there existsa il = (ﬁ; ) such that
u - D, (i) = v. This is equivalent with the solution of the linear system of equations:

(cos(a) - Dy, — (sin(a))u, +v; = 0,

(sin(a))y + (cos(a) — Nu, + v, = 0.
This system always has a solution because
(cos(a) — 1)2 +sin’(@) > 0

if a € (0,2m) or, in general, if & is not a multiple of 2rz. Hence, f = 7; o D, a € (0, 27),
is a rotation with rotation center & € R.

Now, let f' = S, for some a € [0,2n). Then S, is a reflection at a line g, through
the center 0.

Choose a normed direction vector i for g, that is, g, = Ril with [|[i| = 1. Add a
vector W to i such that {ii, W} is an orthonormal basis for R%. Then there exist A, HeR
with V = Al + pw.

Therefore we get

f =15 °Sa = Tpgpiv © Sa = Taa © (Tyiii © So)-

Since W is orthogonal to &, we have that 7,5 ° S, is a reflection S at the line
T%yw(go) = 8.

IfA = 0, then f is just a reflection at g, g is the line parallel to g, and 7,;(g,) and
halfway between them.

If A # 0, then f is a glide reflection, that is, an isometry consisting of a reflection S
atthelineg = T 4it(80) followed by a nontrivial translation 7,3, where ii is parallel to
a direction vector for g.

This we can also see as follows.

We have

f=Ty0 80Ty oSy = Ty o Ty 0 Sy = Tyy,,

for some ¥, € R?.

If75,5 = idge, thenfisjustareflectionatthelineg = T%V(go). Nowlet 7y,; # idg..
Then f2 is a nontrivial translation, and f2 fixes the two lines ¢; = Pf2(P) and ¢, =
f (P)f3 (P), P € R? and therefore ¢, and ¢, are parallel (but not necessarily distinct).
Moreover, f interchanges ¢; and ¢,, and hence f leaves invariant the line ¢ parallel to
¢, and ¢, and halfway between them, see Figure 2.6.

Hence f is a reflection at ¢ followed by a translation 7, where W is parallel to a
normed direction vector for ¢, that is, f is a glide reflection, see Figure 2.7.
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f(P) £2(P)

p fA(P)

Figure 2.6: Invariant line ¢.

Figure 2.7: Glide reflection.

Theorem 2.23 (Classification of the isometries of the plane R?). An isometry of the
Euclidean plane R? has one of the following forms:

(1) arotation,

(2) a translation,

(3) areflection,

(4) aglide reflection.

Example 2.24.
1. Letf:R? > R?be an isometry given by

3 _4
()-(;
y 5 3
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(with respect to &;, &,).
Since

vilw nld

()-(

is a rotation with center 0, then f is a rotation with a rotation center i = ( ,Lj; ). We
calculate i by solving the system

3 4
-=1)u; - -u, = -1,
(2-1)u-Fu

4 3
Eul + <§ - l)uz =-1

—%, u, = % Hence the rotation center of

\—/
/N
< =
\_/

vl Gilw

This system has the unique solution u; =
fisa' =(-1,2).
2. Letf:R? - R?be an isometry given by

()= G o)G)+G)
— +

y 1 0/\y 2
(with respect to &, &,).

Certainly, f is a glide reflection. We calculate the reflection line g and the transla-
tion vector X parallel to €.
The reflection line for the linear isometry

()= 0)G)-sC)

is gy = R( % ). As a direction vector for g, we may take (%). The vector w = ( _11) is
orthogonal to &i. We calculate A, u € Rsuch that v = (1) = Aji+uw, that is, we have
to solve the system

A+pu=1,
A-pu=2
We get A = % and y = —%, thatis, v = %ﬁ - %W.
Since W is orthogonal to i1, we get that 7_i ; S is a reflection at the line g = R( } )—
2

%( ory=x+ % The translation vector X parallel to g then is X = Al

3.

Remark 2.25. If Pisa polygon in the Euclidean plane R*and f : R?> — R? an isometry,
then P and f(P) are of equal area.
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From the definitions of length and angle we automatically get the congruence the-
orems for triangles in the Euclidean plane R%. Hereby two triangles are congruent if
they are equal in the form and area.

Theorem 2.26 (Congruence Theorem 1, or SSS Criterion). Two triangles, which coin-
cide in the three side lengths, are congruent.

Theorem 2.27 (Congruence Theorem 2, or ASA Criterion). Two triangles, which coin-
cide in two angles and the included side length, are congruent.

Theorem 2.28 (Congruence Theorem 3, or SAS Criterion). Two triangles, which coin-
cide in two side lengths and the included angle, are congruent.

Theorem 2.29 (Congruence Theorem 4, or SAA Criterion). Two triangles, which coin-
cide in one side length, one included angle and the excluded angle, are congruent.

With these observations we may prove many results in the Euclidean Geometry of
the plane R? just by using isometries. We demonstrate this via two proofs of the Gougu
Theorem (Theorem of Pythagoras).

1. Proof (China ca. 2000 BC). The four boundary triangles are all congruent (see Fig-
ure 2.8). Hence all have the area %ab.

C b A a

Figure 2.8: Classical proof of the Gougu
a b Theorem.

For the area of the boundary square we get

(a+b)2:a2+2ab+b2:4-%ab+c2,

hence

a+ b =c O
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2. Proof (James Garfield 1875).

C a B
' B
b Cc
49
B' =AY
BI
a c
al
c' b’ A Figure 2.9: Garfield’s proof of the Gougu Theorem.

Moving the triangle ABC along the line segment AB together with a rotation with cen-
ter A and angle 90° gives the triangle A'B'C’. These two triangles are congruent (see
Figure 2.9). Hence, a = a', b = b’, ¢ = ¢’. Further, a + B = 90°, a' + B’ = 90°, and
therefore y = 90°. Therefore all three triangles are right triangles. The area F of the

trapezoid is therefore

F:a+b

- height = %(a +b)(a+Db).
We get

1(a +b)? = lab + 1ab + 1c2

2 2 2 2
using the three triangles. This gives

@+ b =c

Remark 2.30. We here used that the sum of the interior angle of a triangle in the Eu-

clidean plane R? is 180°. This can be seen as follows

We have a' = @ and B’ = B by the alternate angle theorem (see Figure 2.10).

Hencewehavea +B+y =da' + B +y =180°.
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Figure 2.10: Sum of the interior angles of a triangle.

We finally want to give the elegant proof by A. Einstein (1879-1955, Nobel Prize in The-
oretical Physics 1921) although it does not use isometries. We consider the following
Figure 2.11 of right triangles.

B
G
D C1+C2:C
a
G
d
C A
b

Figure 2.11: Right triangles.

The three right triangles in Figure 2.11 are similar, hence

ab dc; dc,
@ P

Now dc, + dc, = ab. Hence

ab = a—f(az +b%), thatis, c*=d*+b°.
c

We close this section with some number theoretical problems related to right tri-
angles.

Let A be aright triangle with length c of the hypothenuse and a, b the two lengths
of the legs. Then a” + b? = ¢%.

If a, b, c are positive integers then we call the triple (a, b; ¢) a Pythogarean triple.
We consider the triples (a, b; ¢) and (b, a; c) as equal.
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A Pythagorean triple is called primitive, if gcd(a, b, c) = 1. To classify all Pythag-
orean triples we may restrict ourselves to the primitive Pythagorean triples.

The following theorem from the book Arithmetica by Diophantus (300 BC) classi-
fies all primitive Pythagorean triples.

Theorem 2.31 ([12]). Let x,y be two relatively prime natural numbers with positive and
odd difference x —y. Then (x* - y%, 2xy; x* + y?) is a primitive Pythagorean triple, and
further each primitive Pythagorean triple can be obtained in this manner.

If only a and b are positive integers then ¢ = Va? + b? which is not necessarily an
integer.

The question arises when ¢? is an integer, that is, we ask, given a positive integer
n, when is n a sum of two squares, that is, when is n = a® + b? for two positive integers
a and b. The answer is given by P. Fermat (1601-1655).

Theorem 2.32 (see[12]). Letn € N, n > 2. Then there exist a,b € Z withn = a*> + b* if
and only if

N

witha > 0,p; =1 mod 4 fori=1,2,...,kand q; =3 mod 4,y;evenforj=12,...,r.

The next number theoretical question related to right triangles is the following.
When is the area %ab a natural number if a, b, ¢ are positive integers?
The following theorem gives a particular answer.

Theorem 2.33. Let A be a right triangle with a, b, c positive integers, as above. Then the
area of A is never the square of a natural number.

Proof. Assume that the area of A is a square k? with k € N. Then we have the following
equations

A=+ and ab =2k

If gcd(a, b) = d > 2 then necessarily d|k.

Hence, we may assume that gcd(a, b) = 1. Then (a, b; c) is a primitive Pythagorean
triple. From Theorem 2.31 we know that one of a, b is even, so we may assume that
a = 2r even. Then we have rb = k2. Since gcd(a,b) = 1 we have gcd(r,b) = 1. From
Euclid’s Lemma (see Theorem 2.32 and exercise 2.3 in [12]) we see that r and b are both
perfect squares, that is, r = m? and b = n? for some natural numbers m, n. Going back
toa, b, we have a = 2m?, b = n>. Now the Pythagorean Equation becomes 4m®+n* = 2,
that is, 2m?)? + (n%)? = 2.

Now, (2m?, n%, ¢) is a primitive Pythagorean triple. We now may use the method of
infinite descent analogously as in the proof of Theorem 5.5 in [12]. This shows that the
equation 4m* + n* = ¢? has no solution in natural numbers. This gives a contradiction
and proves Theorem 2.33. O
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The general question whether a natural number n is the area of some integral right
triangle seems to be very difficult.

To get some information we should extend the questioning. Suppose we have a
natural number n which is the area of some integral right triangle with side lengths
a, b, c as above, and suppose that n has a square factor k%, k € N, son = km with
m € IN. We may scale down the triangle by a factor of k to get a triangle with side

lengths 7, %, %~ But these quotients may be not integers.

Example 2.34. Take the right triangle with side lengths (8, 15,17), its area is 60 = 22-15.
The triangle with half side lengths (4, % %), which are rational and not all integral,
has area 15.

This leads to the following definition.

Definition 2.35. A natural number which is the area of a right triangle with rational
sides is called a congruent number.

From Theorem 2.33 we know that 1 and 4 are not congruent numbers. It is easy to
check that 2 and 3 are not congruent numbers. The smallest congruent number is 5.
The area of the right triangle with rational sides ?, % % is5 = % . ? . %

The problem of determining congruent numbers is related to study of rational so-

lutions to certain cubic equations.
Theorem 2.36. Let n € IN. There is a one-to-one correspondence between the following
sets:

V= {(a,b,c) ce@’ | a+ b =c %ab = n}
and
W={(xy) e Q 1y’ =X —nPxxy # 0}.
The correspondence is given by

f: VoW,
nb 2n2>
c-a c-a

(a,b,c) — <

and

g:W-YV,
(Xy)H<x2—n2 Zﬂ x2+n2>
, Y Ty Y .

The proof is straightforward, and we leave it to the reader.
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Corollary 2.37. A natural number n is a congruent number if and only if the equation
y? = x> — n’x has some rational solutions (x, y) with xy # O.

169 1547

Example 2.38. The equation y* = x> - 900x has a solution (x,y) = (%2, 5

Theorem 2.36 we obtain a right triangle with sides

). From

119 1560 42961

(@b,c) = <%’ 19 3094)

and area 30.

2.3 The Isometries of the Euclidean Space R®

In general, in an analogous manner we can describe all isometries of R> if we can
determine all linear isometries of R>.
We need some preliminary material because there are some additional situations.

Definition 2.39. Let f : R> — R? be a linear transformation. An element A € R is
called an eigenvalue of f if there exists a vector v € R3, ¥ # 0, such that f) = Av.

The vector ¥ with f(¥) = AV, V # 0, is then called an eigenvector of f for the given
value A.

Let B = {¥};, V5, 3} be a basis of R? and V = x;¥; + X,¥, + X375. Let A € M(3 x 3, R) be
the matrix which is allocated to f with respect to B. Then f (V) = AV is equivalent to

X1 X1
A X2 = /1 X2 >
X3 X3
that is,
el 0
A-AE3)| x, |={ 0
X3 0

This system of linear equations has a nontrivial solution (x;, x,, x3) if and only if det(4—
AE3) = 0.

The polynomial y,(x) = det(4 — xE3) is called the characteristic polynomial of A.
The eigenvalues of f are the real zeros of y, (x). In general, if we extend the concept to
the general space R", y4(x) may have no real zeroes. But if A € M(3 x 3, R), then y, (x)
is a polynomial of degree 3, and hence y,(x) has a real zero. This gives the following.

If A € Ris a zero of y,(x), then there existsa V € R>, v # 0, with f(¥) = AV.

This we now want to apply for linear isometries of R>.
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Theorem 2.40. Let f : R> — R be a linear isometry. Then there exists a ¥, € R> with
V1l = 1and f(V;) = +¥,. If we choose v, and V5 so that {V,, V,, V5} is an orthonormal basis
of R, then the matrix A which belongs to f with respect to this basis {,, V5, V3} is of the

block form
+1 0 0
0 ayp ay
0 a3 as
where

(azz ax )

a3 a3

is a matrix which corresponds to a linear isometry of the plane (more precisely, the plane
spanned by the two orthonormal vectors V, and V5, the V,V;-plane).

Proof. We know by the above remarks that there areaA € Randa v, € R?, ¥ # 0,
with f(¥;) = Av;. Since f is bijective, we have A # 0. By Lemma 2.6 we get A = +1. By
normalization we may assume ||V, || = 1.

Starting with v; we apply the Gram-Schmidt orthonormalization procedure to get
an orthonormal basis {V;, ¥,, 3} of R>. The matrix for f with respect to this basis has

the block form
+1 0 0
0 ayp ay
0 a3 as

This can be seen as follows. Since f(V;) = +¥;, the first row has the form

I+
[N

o o

For the second and third rows we remark the following:
If W = r,V, + r3¥3, then (W, V;) = 0, and since f is an isometry, we get

(fw),vy) = (f(W), V;) = (f(W),f (V) = (W, ;) = 0.
This gives the desired form of the matrix A. O

We may use this to classify the linear isometries f : R> — R> geometrically. We
may choose an orthonormal basis B = {V;, V,, V3} of R® such that the (orthogonal) ma-
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trix A of f with respect to the basis B has the form

+1 0 0
A = 0 a22 a23 >
0 ap as

where
A= <azz a23>
a3 ds3

is the matrix of a linear isometry of the plane spanned by the orthonormal basis

{,, 73}. Now, there are four possibilities:

(1) f() = V; and A = D,, is the matrix of rotation in the plane spanned by V5, ¥5; f is
called a rotation around the axis given by V.

(2) f(¥) =V, and A = S, is the matrix of a reflection at a line ¢ in the plane spanned
by v, V5; f is called a reflection at the plane through v, and ¢.

(3) f(¥) = -, and A = D, is the matrix of a rotation in the plane spanned by v,, V5; f
is then a rotation around the axis given by v; followed by a reflection at the plane
spanned by ¥,, V3 which is orthogonal to ¥;; f is called a rotation reflection.

(4) f() = -V, and A is the matrix of a reflection at a line ¢ spanned by 75, V5. As
already mentioned, we may choose now ¥, and ¥; so that f(v,) = -V, and f(V3) =

V3, that is, A= (‘O1 (1)). The matrix A for f (with respect to the chosen orthonormal
basis ¥y, V,, V3) is then

-1 0 O
A=l 0 -1 O
0O 0 1

Now f is a rotation with angle 180° around the axis given by V.

Summarizing we get the following

Theorem 2.41. Let f : R> — R be a linear isometry. Then f has one of the following
forms:

(1) fisarotation,

(2) fisareflection,

(3) fis a rotation reflection.

Using Theorem 2.41, we now may describe all isometries f : R> — R>.

Case 1. f hasa fixed point, thatis, there existsav € R> withf(¥) = ¥. Thenf = T_yof oTy
is a linear isometry. Hence f, and therefore also f = ; o fo T_;, is of one of the three
types in Theorem 2.41.
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Case 2. f has no fixed point. As in the 2-dimensional case, we let ¥ = f(0). Then
f = 15 o f, where f is a linear isometry. If we argue analogously as for R?, we get the
following two new possibilities (instead of one possibility of R?):

(1) f = 15 o D,,, where D, , is a rotation with angle a around an axis ¢, and the
line given by v is parallel to ¢, that is, f is a screw displacement or rotary trans-
lation.

(2) f =1y0Sy, where S, is areflection at a plane M, and the line given by ¥ is parallel
to the plane M (that is, to all lines in M), that is, f is a glide (plane) reflection.

This can be seen as follows. Let first f be a rotation around the axis ; with rotation
angle a. We have f = 1y of. We write V = 4,7, +A,V, +A575. In the V,¥;-plane the isometry
TA,3p4A,75 o f is a rotation around some center ii. Hence in R? the isometry TA, 7, +0,7, © f
is a rotation around some axis ¢ through i and parallel to v;. If A; # O then we get a
rotary translation 7, 3, ° (Tp,7,+1,7, © .

The second possibility is that f is a reflection at a plane spanned by ¥; and a line
g in the ¥,V5-plane. Again, let v = A;V; + A,V, + A5V;. In the V,V3-plane then Tp 0y,
is a glide reflection with a reflection line g’ in the ¥,V;-plane followed by a translation
75 with # parallel to g’ in the ¥,V5-plane.

Thenf =15 f is a reflection at the plane spanned by ¥, and g’ followed by the
translation 7y, 5,, and & + A;; is parallel to the plane spanned by g' and v,. Hence,
here f is a glide reflection.

Example 2.42.
(1) Letf:R> — R>be given by

X 1 0 O X 2
y|]—={0 -1 O y |+( 1
z 0O 0 -1 z

(with respect to &;, &,, &;).
Certainly, f is a rotary translation. The rotation axis is given by

1 0 O X 0 X
0O -1 O yl+11]=1lvy]l,
0O 0 -1 z z

thatis,y =z = % and x arbitrary. Hence, the rotation axis ¢ is

=
S O
+
Ni= NI O
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The translation vector parallel to ¢ is then

2
0
0
(2) Letf:R> — R be given by
b 1 0 O X 2
yl]—=[0 1 O y |+ 1
z 0O 0 -1 z 1

(with respect to &;, &,, &;).

Since (} ©)(}) is a reflection in the plane spanned by &, and &;, we get that f
is a glide reflection, and the reflection line g, in this plane is the y-axis, the line
spanned by &,. Hence, the reflection line of

06 20)-0)

is the line g’ given by

*(o)* (1)

Therefore the reflection plane for f is the plane

1 0
Rl OJ+R{ 1 ]+(O
1

0 3

spanned by g’ and &;, and the reflection is followed by the translation To8 42,
(3) Letf: R? - R be given by

X -1 0 O X 2
y|—| 0 0 -1 y |+ 1
z 0O 1 O z 2

(with respect to &;, &,, &;).

We get that f has to be a rotation reflection, more precisely, f is a rotation around
an axis g parallel to the axis spanned by &; (with rotation angle %) followed by a
reflection at a plane M parallel to the plane spanned by &, and é;. To get g and M
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we have to find the fixed point

X
x=\y
z
of f. From
-1 0 O X 2 X
f&)={ 0 0 -1 y|+l1]|=|y
0O 1 O z 2 z

wegetx =1,y = —% and z = % Hence, g is the axis

1 0
R(o|+[ -5 ]
0 3
2
and M is the plane
0 0 1
R{1]+R]y O |+ O
0 1 0
(4) Letf : R’ - R> be given by
b -1 0 O b'e 0
y|l—=|l 0 1 O y |+1 O
z 0O 0 -1 z 1

(with respect to é;, &,, é;).
We get that f is a rotation with rotation axis

0 0
R{ 1]+ O
1
0 b
and rotation angle 1.
Now let g : R> — IR> be given by
X 1 0 O b
y|~[0 -1 O y
z 0O 0 -1 z
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(with respect to &, é,, &;), g is a rotation around the axis

1
0
0
Now f o g : R> — R is the isometry
X -1 0 O b'e 0
y|l—={0 -1 0 y |+
z 0O 0 1 z 1
Hence f o g is a rotary translation with rotation axis
0
R{ O
1
and translation vector
0
0
1
(5) Letf:R> — R be given by
X -1 0 O X 0
y|l—={ 0 -1 0 y |+ 2
z 0O 0 1 z

(with respect to &;, &,, &;).
We get that f is a rotation with rotation axis

0
RO |+( 1
1
and rotation angle 7. Now let g : R> — R> be given by
-1 0 O X

b'e
y|l—| 0 -1 0 y
z 0O 0 1 z
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(with respect to &, &,, ;). Thenf o g : R3 — R3is a translation Ty, ° R - R3,
ViV + \70 with

2.4 The General Case R" withn > 2

The arguments for cases n = 2 and n = 3 can be taken as the start for an inductive
procedure.

We have to extend the preparations of the case n = 3.

Letf : R" — R" be a linear transformation. An element A € R is called an eigen-
value of f if there exists a vector v € R", v # 0, such that f(@) = Av. The vector V is then
again called an eigenvector of f for the eigenvalue A. Let B = {V;,V,,...,V,} be a basis
of R"and V = x;V; + XV ++ - - + X, V. Let A € M(nxn, R) be the matrix which is allocated
to f with respect to the basis B. Then f (V) = AV is equivalent to

X1 X1
X2 X2
A =A s
Xn XTl
that is,
X1 0
X, 0
A-AE)| . |=

Xy, 0

The system of linear equations has a nontrivial solution (x;,x,,...,x,) if and only if
det(A-AE,) = 0. Again, the polynomial y, (x) = det(A—xE,) is called the characteristic
polynomial of A.

We remark that if we change the basis B to a basis 5, then the matrix A’ for f
with respect to B’ is of the form A’ = D'AD for a D € GL(n x n,R), and therefore
Xa(x) = xar(x), that is, the characteristic polynomial is independent of the choice of
the basis. The eigenvalues of f are the real zeros of y, (x). If A € Ris a zero of y4(x) then
there exists a ¥ € R", ¥ # 0, with f(¥) = A.

Nowletf : R" — R"bealinearisometry. Let B = {b,, b,,..., b,} be an orthonormal
basis for R" and A be the matrix for f with respect to B. By the fundamental theorem
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of algebra (see [12]), the characteristic polynomial y,(x) can be written as

Xa(X) = p1(0OPy(X) - P (0)q1 ()G () - - - gy (x),

0 < ¢,k and ¢ + 2k = n, and the p;(x),p,(x), ..., p,(x) are linear polynomials over R,
the q,(x), ¢;(x), ..., gx(x) are quadratic polynomials over R which have no zeroes in R.
If £ > 1then there exists a real zero of y, (x), that is, a real eigenvalue, and therefore
there exists a one-dimensional subspace W of R" with f(W) = W.
Now let £ = 0. We consider the quadratic polynomial g;(x) as an element of C[x].
If a € C\ Ris a zero of g;(x) in C, then also a is a zero of g;(x) in C. The system

2, 2,

23 2
A =a

ZY[ Zn

of equations has a nontrivial solution

Z
2
C e
Zn
Then
z
2
Zy
is a solution of the system of equations
Z Z
2 | =z
A =a
Zy Zy

Letz;=x;+1iy;,j=12,....,nanda = a + ib, thenz; = x; - iy;,j = 1,2,...,n. We get

X1 ax; — by

X, ax, - by,
A =

Xn aXn — b}/n
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and
V1 bx; + ay;
%) bx; + ay,
A =
le bxn + ayn

Let V = x;b; + xoby + -+ + X,b, and W = y;b, + y,b, + --- + y,b,,. Then the above
considerations give

f() e span(V,w) and f(W) € span(¥,w).

Here span(v, w) is the subspace of R" generated by v and w. So we got a 2-dimensional
subspace W ¢ R" with f(W) ¢ W. Since f is bijective, we get f(W) = W.
So, altogether there is a 1- or 2-dimensional subspace W ¢ R" with f(W) = W.
Let W+ be the orthogonal complement of W, thatis, W* = {V ¢ R"|{¥} L W}. Since
flis also an isometry, we get

F@, WYy = ((F o f@).f1 W) = (W' (W) = 0

for w € W and v € W+. Therefore f(W~) = W+, too. By induction hypothesis, we have
a suitable orthonormal basis for W which we may extend by a suitable orthonormal
basis for W to a suitable orthonormal basis for R" (see [5]). Altogether, maybe after a
suitable renumbering of the basis elements, we get the following result.

Theorem 2.43. Letf : R" — R", n > 2, be a linear isometry. Then there exist an or-
thonormal basis B of R" such that the matrix allocated to f with respect to B has the
form

1 0 0
0
1
-1
-1
Al

o

0 0 A
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where

_ <cos(ai) —sin(q;)

, i €0,2 i=12...,k
sin(q;)  cos(a;) ) % € [0,2m) for i

i

Remark 2.44. Again, an arbitrary isometry f : R" — R" can be described as f = 7; o f"
where 7; : R" - R", W — W + V is a translation and f' : R" — R" is a linear isometry.

Exercises

1. (a) Letf:R" — R" be alinear mapping and {Bl, 132, ... ,En} an orthonormal basis

of R".

(i) Show that f is an isometry if and only if (B,-, Bj) = (f(Bi),f(BI-)) foralli,j €
{1,2,...,n}.

(ii) Consider the following linear mappings and decide which of them are
isometries:

(A) n= 2,f(i’1) = 2131 + Bzaf(Bz) = _Bl;

(B) n= 2,f(l;1) = %ZH - %\/ng’f(Bz) = %\5771 + %Bz;

(© n=3,f(by) = -by, f(b,) = by, f(b3) = b3;

(D) n=3,f(by) = by, f(b,) = =b,, f(b3) = by + bs.
(b) Letf: R" — R" be a linear mapping. Show that

fisinjective & fissurjective &  fisbijective.

(Hint: Use the fact that any two bases B;, B, of R" have exactly n elements and
that n linearly independent vectors form a basis of R".)
2. (a) Letf:R?— R®be anisometry given by

G)-(: 2)60-0)

Is f a rotation? If yes, determine the center of the rotation.
(b) Letf : R?> > R? be a glide reflection given by

()= 0)G)-6)

— + .

y 1 0/\y 2

Write f in the form f = 1; o S, whereby S is a reflection at a line g and X is

parallel to a direction vector of g. Find the reflection line g and the vector X.
(c) Consideran f : R? - R? with

6)-( 0)6)-G)

N————
I
//
vl lw
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Is f a rotation? If yes, find the center of the rotation.
(d) Consideran f : R? - R? with

X % V3 % X 2

[ad 1 1 + .
y 5 -3 3 y -1

Show that f is a glide reflection and determine the reflection line and transla-

tion vector.
(e) Letf:R?> - R?be an isometry with

()
N
y
Is f a rotation? If yes, determine the rotation center.
(f) Letf:R? - R?be a glide reflection with

()= G o)G)+ ()
— + .
y 1 0/\y 2
Writef in the form f = 73S, whereby Sis areflection ataline g and X is parallel
to a direction vector of g. Determine the reflection line g and the vector X.
3. Letf,,f, : R* —» R?be linear isometries.
(a) Describe f; o f,, if both f; and f, are rotations.
(b) Describe f; o f;, if both f; and f, are reflections.
(c) Describef; f,, if one of f; and f, is a rotation and the other one is a reflection.
(d) Whendoesf;-f, =f, f; hold?
4. (a) Consideranf : R® — R3 with

Gl Llw
vilw !
\_/
N\
< =
N——
+
/N
—_ =
N——

X -1 0 O X 2
y|—~[ 0 0 -1 y |+ 1
z 0O 1 O z 2

X
X=1|y
z
with f(X) = X.
(b) Consideranf : R®> - R> with
X 1 0 O X
y|]—~(0 0 -1 y |+
z 0O 1 O z
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Then f is a rotary translation. Find the rotation axis and the translation vector.
(c) Consideranf : R® — R> with

X 1 0 O X 1
yl—={0 1 O y |+ 1
z 0 0 -1 z 0

Calculate the reflection plane.
5. (a) Consideranf : R® — R3 with

N <X
I
o o L
o L o
- o o
N < X
+
o N o

(i) Show that f is a rotation and calculate the rotation axis.
(i) Letg:R> — R> be a linear isometry with

X -1 0 O X
y|l—| 0 -1 0 y
z 0O 0 1 z

Show that the product f - g is a translation.
(b) Consideranf : R> - R with

X -1 0 O X 0
y |~ 0 1 O y |+] O
z 0O 0 -1 z 1

(i) Show that f is a rotation and determine the rotation axis and rotation
angle.
(i) Letg:R® — R> be a linear isometry with

X 1 0 O X
y|l]—{0 -1 0 y
z 0O 0 -1 z

Then g is a rotation around the axis

1
0
0

Show that the product f o g is a rotary translation.
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6. Let

-2
A= 2
1

o O
o O W

(a) Determine the characteristic polynomial y,(x) and the eigenvalues A;, A, and

A3 of A.
(b) Calculate the corresponding eigenvectors for each eigenvalue.
7. Let

1 0 O

3 4

A=|0 5 -3

4 3

035 3

be given. Show that A has exactly one real eigenvalue A. Calculate one eigenvector
for A.

8. LetA € M(nxn,R) be areal (n x n)-matrix. Then A is called symmetric, if A = AT,

Show the following:

(@) (AX,y) = (X,Ay) forallX,y € R".
(Hint: Use the equation (AX,y) = (A)?)T)? = )?T(AT?).)

(b) Letn =3andA € M(3x3, R) be asymmetric matrix. Let A and u be two different
eigenvalues of A and ¥ and W be the eigenvalues for A and u, respectively.
Show that v and w are perpendicular to each other, that is, (v, w) = 0.

9. Let G be a group. A subgroup N of G is called a normal subgroup of G, if gN = Ng
forallg € G, withgN = {gh | h ¢ N} and Ng = {hg | h € N}. Therefore, if N is a
normal subgroup of G, then there is for each g € Gand h € N an element h' ¢ N
withgh = W'g.

Let O*(n) be the set of all matrices A in O(n) with det(4) = 1.
Show that O* (n) is a normal subgroup of O(n).

10. (a) Let
1 1
u w9
A= . L
v v v
1 1 _2
V6 V& Ve

Determine if A is orthogonal.
(b) Let

6 -8
A:
a<c 6)

with a, ¢ € R. For which values a and c is the matrix A orthogonal?
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(c) For which k € R is the matrix

orthogonal?
11. Let T be the set of translations in the group G of all isometries of R". Show that:
(a) T isan Abelian group with respect to the concatenation.
(b) T is a normal subgroup of G (see Exercise 9 for a definition).
(Hint: If f € G, then f = 7 o f' with f' a linear isometry and a translation.
Therefore, it is enough to show that, if f is a linear isometry and t € T, then

flotofeT)
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3 The Conic Sections in the Euclidean Plane

3.1 The Conic Sections

To the classical Greek geometers the simplest geometric curve was a line. After a line
their most studied geometric curves were the conic sections. The work of the ancient
Greek mathematicians on conic sections culminated around 200 BC, when Appollo-
nius of Perga (ca. 265-190 BC) undertook a systematic study of their properties.

The aim of this chapter is to give a classification and a geometric description of
the planar conic sections.

In a Euclidean plane there are four conic sections: a circle, an ellipse, a parabola
and a hyperbola, with the circle being a special type of an ellipse, see Figures 3.1
and 3.2. They are curves of intersection of a plane and a double circular cone which
we define below.

() &

circle ellipse

Figure 3.1: Conic sections: circles and ellipses.

DA

parabola hyperbola

Figure 3.2: Conic sections: parabolas and hyperbolas.

A (double circular) cone is a pair of circular cones meeting at their common vertex.
Formally, we give the following definition.

Definition 3.1.

(1) A (double circular) cone K c R is the rotation surface of a line g around an axis h
which g cuts and which is not orthogonal to g, see Figure 3.3.
We call S the peak of the cone.

https://doi.org/10.1515/9783110740783-003
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Figure 3.3: Double circular cone.

(2) A conic section (or simply a conic) is a curve obtained as the intersection of the
surface of a double circular cone with a plane E.

Remark 3.2. For a geometric visualization we often assume that the axis h is the x3-

axis in R® and the cone is symmetric with respect to the x1X;-plane. If we suppose in

addition that the plane E does not contain the peak S of the cone, then our classifica-

tion result will give the following:

(1) If the plane E is parallel to the x;x,-plane then the resulting conic section is a
circle.

(2) If the plane E is not parallel to the x;x,-plane, not parallel to a line g’ on the cone
and not parallel to the x;-axis h, then the resulting conic section is an ellipse.

(3) If the plane E is parallel to a line g’ on the cone then the resulting conic section is
a parabola.

(4) If the plane E is parallel to the x3-axis h then the resulting conic section is a hy-
perbola.

We work in the Euclidean spaces R? and R? which we consider equipped with the
canonical scalar product

(%,yy forx,ye R',n=2or3.

Our aim is to give a classification and a geometric description of the planar conic
sections.

Remark 3.3. Before we start with this project, we need to develop the Hessian Normal
Form for a plane in the Euclidean space R>.
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A plane E ¢ R is explained by a supporting vector p € R> (considered as a point
on E) and two linearly independent plane indication vectors i, ¥ € R>:

E={p+su+tv]|s,teR}
Avector i € R3, #i # 0, is a normal vector to E if (i, &) = (A7) = 0, that is, 7 is

orthogonal to i and v and, hence, to E, see Figure 3.4. Such an 7 always exists by the
Gram-Schmidt orthonormalization procedure (see [12]).

0 Figure 3.4: Hessian Normal Form.

Fact. E = {Xx € R’ | (X,71) = d}, where d = (, 1), p € E (considered again as a vector
p= OP from the center O = G to a point P € E), and #, i # 0, is a normal vector to E.

Proof of the fact. We have to show that

E=X=p+su+tv]|s,teR}={X|Xxn)=d}

“ 9

C
&, n) = (P + st + tV, ) = (P, n) + (s, n) + {tv,n) = (P, n) = d.
oy
(X,n)y =d=(p, 1) & X-p,i) = 0.
Then (X — p) L i, and hence there exists,t € RwithX — p = sti + tv. O

The form E = {X € R® | (X, 1) = d} whered = (p,71), p € E and #i #+ 0, a normal
vector to E, is called the Hessian normal form for the plane E c R>.
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Lemma 3.4. Consider a conic section, which is formed by the cone K and the plane E. If
E contains the peak S of the cone, then K n E is a single point, a line or a pair of lines.

Proof. We may assume that the axis h is equal to the x3-axis in R® and the peak S is
equal to the center O = (0, 0, 0) =: 0. Then the equation for the cone is given by

2,.2_1.2
xp+x, =k, k>0,

since the points on the cone, which have the same x3-coordinate, are on a circle par-
allel to the x;x,-plane.

Further, we may assume that the plane E is orthogonal to the x,x;-plane. A normal
vector i to E then is of the form (0, n,, n3)”, and the Hessian normal form for E is nyx, +
n3x3 = d. The peak S = O = 0 of the cone is in E. Therefore d = 0.

If ny # O then x; = Ax, with A = —™2. Then K n E is given by x; + x3 = kx3, and
therefore x? = (kA? - 1)x3. Now, if k/l2 < 1 then K N E = {0}. If kA2 = 1 then K N E is the
line x3 = Axy, x; = 0.

Finally, if kA% > 1 then the intersection K n E is the pair of lines given by

X3:/1X2, Xlzi (kAz—l)'Xz.

Now let ny = 0. Then the intersection K N E is the pair of lines x, = 0, x; = +Vkx;. O

Remark 3.5. If S € E, then we showed that K n E is a point, that is, K N E = {S}, a line
or a pair of lines.

We call these cases the degenerate conic sections.

From now on for the rest of this chapter, we do not consider the degenerate cases,
that is, we only consider the case with S ¢ E.

We call these cases regular conic sections, that is, those with S ¢ E.

To get a general equation for the (regular) conic sections KNE, we choose a suitable
system of coordinates. As the center O = 0 of the coordinate system we choose a point
of K n E which has the smallest distance from the peak S of the cone, and as x;-axis
the line OA through O and A, where A is the intersection point of the axis h of the cone
with the plane E. In addition, the point A shall be on the positive ray of the x;-axis.

Agreement. As already done in earlier chapters, we now write (x,y,z) instead of
(X1, X, x3) for the points in R®. The points X = (x, y,z) we also may consider as the
vectors OX. By CD we denote the line through the points € and D in R?, and by CD the
line segment from C to D (this we may also interpret as the connection vector from C
to D with starting point C).

We now choose as the y-axis the line in E through O which is orthogonal to the
x-axis. As the z-axis we take the line through O which is orthogonal to E.
There are two cases to consider:
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Case 1. The plane E cuts the cone K only in one half, see Figure 3.5.

z
y S = (XS)())ZS)
aa
B .
A
p

Figure 3.5: Case 1.

Case 2. The plane E cuts both halves of the cone K, see Figure 3.6.

Figure 3.6: Case 2.

Since the plane E is identical to the xy-plane, we have z = 0 for each point P of the
intersection K n E. Since the center O is chosen as the point of K n E which has the
smallest distance from S, the perpendicular from S onto the xy-plane is the line OA,
that is, on the x-axis. Hence, y, = 0.

Hence we know about the coordinates of the points S and P that S = (x,,0,z,) and
P =(x,y,0), where P € K N E is arbitrary.
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Since P € K n E, we have either <1(§5,§f) = a (Case 1) or <1(§5,§f) = 180° — «
(Case 2), where a is half of the opening angle of the cone. Hence,

(SP,SA)
cos(a) = cos(q(.@,ﬁ)) ===/
ISPIISAI
and
(SP,54)
cos(180° — a) = — cos(a) = cos(<(SP,54)) = =22
ISPIISAN
Letii = |:§ Then (3B, 7i) = |SP| - cos(a), respectively (SP, 7i) = —||SP|| cos(a).

In both cases we get
((SB, 1))’ ||§5|| cos’(a).
Since also O is a point of the cone with 4(@, .ﬁ) = a, we have
(50, 1) = ||50| cos(a).
Since (SP, #1) = (50,7 + (OP, ), it follows that
ISB| cos?(a) = (||SO| cos(a) + (OB, ))”. (X))

We now continue with the coordinates. Since S = (x,,0,z) and P = (x,y,0), we
get 50 = (—x5,0,-2,)T, OP = (x,y,0)T and SP=(x- X5V, —2)".

Since the y-component of # must also be 0, we may represent 71 by 7t = (x,,,0,z,)
with x,z1 +z§ = 1, because ||#1| = 1. Hence, (@, 1) = xx,. If we plug this into (3.1), we get

O +x2 = 20 +y* + 22) cos?(@) = (x2 +22) cos’ (@) + 2xx,, cos(@) X2 + 22 + X*X.

By solving this equation for y?, we get

2

2 _ Xn 2 2 Xn 2
y = 2< cos(@ X2 +2z2+ xs>x + <—C052(a) - 1))( . (3.2

We define € := cos(a) and p := e\x2 +z2 + x;.

The quantity € is called the numerical eccentricity and p the parameter of the reg-
ular conic section. Altogether we have the following.

Theorem 3.6 (Vertex equation of regular conic sections). A regular conic section with
numerical eccentricity € and parameter p is described by the equation

)/2 =2px + (6‘2 - l)xz. (3.3)
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Remark 3.7. In fact, € = Egzéﬁz where S is the cutting angle between the plane E and

the cone axis and 2a the opening angle of the cone (see Figures 3.5 and 3.6). This we
see as follows.

From the choice of the coordinate system, 8 is the angle between # and the unit
vector in the direction of the x-axis. Since ||#i|| = 1, we get cos(8) = (i, (1,0, o)y = Xn
and hence, ¢ = <P

cos(a)
Since a is a sharp angle or a right angle, we have € > 0.

We now consider the vertex equation subject to €. This is how we get a geometric
description of the respective curve.

Case 1(c = 0). Becauseofe = Egzégi,we getin this case cos(8) = 0, thatis, § = 5 = 90°,

the cone axis is orthogonal to the cutting plane, and the conic section is a circle.
If we consider the vertex equation (3.3) with € = 0, we get

V=2x-xX=p’~(x-p) or (x-p)’+y’ =p’,
that is, the equation of a circle with center M = (p, 0) and radius p.

Case 2 (0 < € < 1). In this case cos(B) < cos(a), and hence 8 > a. With k := - -1),
which gives k > 0, the vertex equation (3.3) has the form

2 2

=P i (x_P
+2px — kx X k<x k)’

2 2
—opx—kl =P P
Y= Kk

that is,

This is by definition an ellipse in a position with one axis parallel to the x-axis and the
other parallel to the y-axis.
We definea := £ and b := %, and may assume thata > 0, b > 0. Then

2 2
(xa)+y

and we get Figure 3.7.
The value a is called the semi-major axis, and b the semi-minor axis of the ellipse.
By a translation we get the standard position defined by

of the ellipse with center (0, 0).
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Figure 3.7: Ellipse.

Case 3 (¢ = 1). In this case we get @ = f, and the vertex equation (3.3) becomes
y2 = ZpX,

and this equation by definition describes a parabola.

Case4 (e >1). Inthiscase 8 < a. If k := €’ -1, then k > 0, and we get the vertex
equation (3.3) in the form

2 2 2 2
y2=2pX+kX2=—%+%+2px+kx2:_p?+k<x+§_:>)

that is,

2 2 x+2y 2
k<x+1—9> _yz:p_ or 0+ ) -==1

K

We define a = IEJ and b = %, and may assume thata > 0, b > 0. Then
x+a’ y*
@ L

This is by definition a hyperbola where the principle axis is the x-axis, and we get the
following Figure 3.8.

Again, a is called the semi-major axis and b the semi-minor axis. By a translation
we get the standard position defined by

X2 y2

a? b
of the hyperbola with center (0, 0).

Summary. In standard position we have the following equations:
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X
= Q(X +a)
Y=42 Figure 3.8: Hyperbola.
(1) Ellipse:
2 2
XZ + Yy _ 1
a b?

with a, b > 0. If a = b we have a circle.
(2) Hyperbola:

2 2
<oy
a? b
with a,b > 0.
(3) Parabola:
y2 = 2px

with p # 0.

Remark 3.8. We explained and described the conic sections by cuts of a plane E with
a cone K. This legitimates the name conic sections for the circle, ellipse, hyperbola
and parabola.

The conic sections can also be introduced, especially in school mathematics or in
special courses, in a more natural and elementary manner.

We do this in the next three sections and show the correspondence with the pre-
vious definitions.

3.2 Ellipse

The ellipse is the locus of all points P in the Euclidean space R? for which the sum of
the distances ||P_F1> |+ ||P_F2) | from two fixed points F; and F,, the focal points, is constant:

Kg = {P € R | |PF|| + |PF;| = 2a},

where F,, F, € R? and 0 < |F;F,| < 2a, see Figure 3.9.
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Fl M ~ Jsz B
e

\_

n<

Figure 3.9: A, B, C € K (A, Bon the line £, F,).

We define the following:

A,B,C € K with A, B on the line F,F,; M the center of the line segment F,F,;
e:= ||F—11\7f|| = IIWZII the linear eccentricity; a := IIWII = IIIWB’)II the semi-major axis; and
b:= IIWII the semi-minor axis.

From this we analytically derive the equation for K,j;. We take the coordinate sys-
tem with F; = (-e,0), F, = (e,0), e > 0 in the xy-plane. For a point P = (x,y) on the
ellipse K., we have

|PFi] + |PE3] = 2a,

that is,

\/(x+e)2+y2+\/(x—e)2+y2:2a

from the Theorem of Pythagoras. By changing around and squaring, we get

(x+e)’ +y> =4a’ - ha\(x — e +y?2 + (x — e)* +

that is,

ex —a’ = —ay/(x - e)? +y2.

If we square again
e’x* +a* - 2exa = d((x - e)* +y?),
0=a’x"-e’x*+ azy2 —a*+ azez,
0 = xX(d® - %) + a’y* - d’(a® - ).

Since |[CF,| = |ICF,|l = a, we have
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by the Theorem of Pythagoras, again. Therefore, O = X°b? + azy2 — a*b?, and hence
2 2
X_ + y_ - 1’
a b2

the ellipse in standard position.

The characterization of an ellipse as the locus of points so that the sum of the
distances to the focal points is constant leads to a method of drawing one using two
drawing pins, a length of strings, and a pencil. In this method, pins are pushed into
the paper at two points, which become the focal points of the ellipse. A string is tied at
each end of the two pins and the tip of a pen is pulled to make the loop taut to form a
triangle. The tip of the pen then traces an ellipse if it is moved while keeping the string
taut. Using two pegs and a rope, gardeners use this procedure to outline an elliptical
flower bed, thus it is called the gardener’s ellipse construction.

We now determine the area I of the ellipse

in standard position. We get

a 2 1 2
I=4bJ \1—(2) dx=4abjVl—xzdx=4ach052(t)dt:nab
0 0 0

by the rule of substitution and the fact that

El

<1cos(2t) + 1) dt = 71.
2 2 4

O —_ Uy

3
J cosz(t) dt =
0

If the focal points of an ellipse are allowed to coincide then the ellipse is the locus
of points equidistant from the single focal point and therefore a circle with center at
this focus. It follows that a circle is a special type of an ellipse with only one focal point,
and with equal major semi-axis a and minor semi-axis b. In the standard equation we
then have a = b and the circle in standard position is given by

where r is the radius.

3.3 Hyperbola

The hyperbola is the locus of all points P in R?, for which the absolute value of the
difference of the distance ||PF,|| - |PE||| from two fixed points F, and F,, the focal
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points, is constant:
Knyp = {P € R | ||PF;| - | PE|| = 2},

where F,,F, € R and 0 < 2a < |F;E|, see Figure 3.10.

P

e

N
[ —f
FF A M

Figure 3.10: A, B, P € K, (A, B on the line F;F).

Let A,B € Ky, Again we define M to be the center of the line segment F,F), e :
IMF,|| = |MF,| the linear eccentricity, a := |AM| = |BM]| the semi-major axis, b :=
Ve? — a? > 0 the semi-minor axis.

For the analytic determination of the equation for Ky, we take the coordinate
system with F;, = (—e,0) and F, = (e, 0), e > 0. For a point P = (x,y) on the hyperbola
Kiyp, We have

—> —>
[IPFy - [PES|| = 2a,

that is,

‘\/(X+ e)?+y’ - \/(x—e)2 +y2‘ =2a,

or equivalently,

i(\/(X +e)l+y?- \/(x —e)? +y2) =2a.

By changing around and squaring, we get

(x +e)? +y2 =4a® + 4ar(x —e)2 +y? + (x - e)? +y2,

that is,

ex—a’ = a\(x-e?+y~

If we square again, we get

0 = xX(d® - %) + a’y* - d’(a® - ).
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Now, for the hyperbola, we define b by b = Ve? - a2, that is, b? = & — a*. Therefore
2
0=-b*x*+ azy2 +a*b?, and finally, ’;—z - % = 1, the hyperbola in standard position.

3.4 Parabola

The parabola is the locus of all points P in R?, which have the same distance from a
fixed point F € R?, the focal point, and a fixed line ¢ in R? with F ¢ ¢, ¢ is called the
directrix.

Remark 3.9. The distance of a point P (as a vector OP in R?) from a line ¢ is discussed
in [12, Chapter 14].
Here it is enough to take for the distance of P and ¢ the equivalent version

d(p,¢) = inf|Pq].

This infimum is realized by the nearest point Q, from P on ¢. It is the point at which
the line segment from it to P is perpendicular to ¢, that is,

d(P,0) = |PQ;||
We have
Kpar = {P € R? | |PF| = d(P, 0)},

where F e R, ¢ c R, F ¢ .

Figure3.11: P, S € K5,

Parameter p = IIﬁII = d(F, ) is called the focal parameter; it is the distance from the
focal point to the directrix; L is the nearest point from F on ¢, the foot of the perpen-
dicular from F to the directrix €.

The center of the line segment FL is called the vertex S.
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For the analytic determination of the equation for K,,,, we take the coordinate
system with F = (0,%), S = (0,0) = Oand ¢ : y = -5, see Figure 3.11.
For a point P = (x,y) on the parabola Koars we have ||P7-“ | = d(P, ¢), that is,

IR P

By changing around and squaring, we get x* = 2py as the equation for the parabola.
Reflection at the line x = y, that is, exchanging the axes, gives the parabola in
standard position, that is, y* = 2px.
We remark that the reflection at the y-axis gives the parabola y? = 2kx with k = —p.

3.5 The Principal Axis Transformation

We now consider a general equation of the form
ax’+b'xy+cy*+dx+ey+f =0
withd',b',c',d',e',f' € R. This equation describes a quadric over R, that is, the set
{y) e R d' X +bxy+ 'y +d'x+ely+f =0, d,b,c,d,e.f <R}

If not all coefficients are 0, then the quadric may be transformed by isometries of R?
see Chapter 2), so by translations, reflections and rotations, into
(see Ch 2),so0b lati flecti d i i
2 2
(a) the emptyset (% + 3, = -1),
(b) one point (§ + Z—i =0),
c) aline (ax + by + c = 0),
() aline (ax+by+c=0)
(d) apair of lines (% - % =0),
(e) anellipse (2—2 + i—i =1),
(f) ahyperbola (’;—i - Z—z =1)or
(g) aparabola (y? = 2px).

We now consider a quadric over R as above such that not all coefficients are 0. We may
transform the quadric by isometries of R? into one of the forms (a) to (g). In the cases
(b), (c) and (d) the quadric represents a degenerate conic section.

We now assume that the quadric represents a regular conic section. We may write
the quadric in matrix form,

<y T )0

2
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or
y b d
a 7 3 X
! !
xy L < g |{yv]=0
dl ! ’ 1
7 7 f

The regular conic sections described by the quadric can be classified in terms of the
value b"? — 4a'c’, called the discriminant of the regular conic section.

Theorem 3.10. A regular conic section is
(1) anellipseifb” - 4d'c' <0,

(2) acircleifa’ =c' andb' =0,

(3) aparabolaifb”? - 4a'c' = 0 and

(4) a hyperbolaif b - 4d'c’ > 0.

We leave the proof of Theorem 3.10 as exercise 7.
The discriminant b'? — 4a’c’ of the regular conic section and the quantify a’ + ¢’
are invariant under arbitrary rotations and translations of the coordinate axes.

Applications

Regular conic sections are important in physics, optics and astronomy. Circles are ap-
plicable in uniform circular motions, and parabolas are applicable in kinematic prob-
lems. An object that is moving laterally with constant velocity traces a parabolic path
subject to gravity. The shape of a planet around the sun is described by Kepler’s law
(named after J. Kepler, 1571-1630) as an ellipse with the sun as a focal point. More
generally the orbits of two massive objects that interact according to Newton’s law
of universal gravitation (named after I. Newton, 1643-1727) are conic sections if their
common center of mass is considered to be rest. If they are bound together, they will
trace out ellipses; if they are moving apart, they will both follow parabolas or hyperbo-
las. Parabolas are used in optics. A parabola is a two-dimensional, mirror-symmetric
curve. A mirror that has a cross-sectional parabolic shape has the property that a ray
of light directly towards the mirror will be reflected towards the focal point of the
parabola. A parabolic reflector is a mirror that uses this property to concentrate re-
flected light onto a single point. These kinds of mirrors are used in mircrophone and
satellite technology. More generally, the reflective properties of the conic sections are
used in the design of searchlight, radiotelescopes and optical telescopes. A search-
light uses a parabolic mirror as a reflector. An optical telescope often uses a primary
parabolic mirror to reflect light towards a secondary hyperbolic mirror which reflects
it again to a focal point behind the first mirror.
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Exercises

1. Letaplane E ¢ R> be given by the supporting vector p = (1,1,-1) and the plane
indication vectors i = (0,1, 3) and vV = (2, -1, 0). Find a normal vector to E and the
Hessian normal form for E.

2. Let CS be a conic section in standard position, that is,

— CS={(xy) e R |5+ % = 1}ifCSis an ellipse,

~ CS={(xy) € R | 5 - % = 1}if CSis a hyperbola and

—  CS={(xy) € R? | y? = 2px,p # O} if CS is a parabola.

Let Py = (xg,Yp) € CS. Calculate the tangent t = {(x,y) € R? | y = mx + n} of CS
at Py.

3. Let CS be an ellipse with focal points F;, F,, semi-major axis a and eccentricity e,
O<ex<l.

Show that there exists a line ¢ with the following property:

The points P € CS are exactly those points in the plane with

IPFLl _ _ I
IPel 2

where |Pe]| = inf{|PQ] | Q < ¢}.
4. Let CS be an ellipse with focal points F;, F,, and let P € CS. Show that the normal
vector 71 to CS at P bisects the angle <1(P_Fl>, P_FZ)).
5. Let CS be a parabola with focal point F, and let P € CS. Let L be the foot of the
perpendicular from P to the directrix ¢.
Show that the tangent line ¢ to CS at P bisects the angle between the line segments
PF and PL.
Show the statement in Section 3.5 in detail.
7. Prove Theorem 3.10.
8. Describe the quadric defined by the equation
(@ X*+y’-xy—-x-y=0,
b) X*+y*-xy-x-y+1=0,
(© x¥*+y*-3xy =0,
d x*+y*-3xy-1=0,
(e xy-1=0.
9. Let CS be an ellipse in standard position

2 2
X
{(x,y)e]R2|;+%=l]».

Show that CS can be written parametrically as (x,y) = (a cos(0), b sin(0)).
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10. Let CS be a hyperbola in standard position

2

2
X
{(x,y) € R? i % = l}.

Show that CS can be written parametrically as (x,y) = (+a cosh(u), b sinh(u)).
We remind that the hyperbolic functions are defined as

cosh(u) = %(e“ +e ") and sinh(u) = %(e" —-e ™).
11. Let CS be a parabola in standard position
{0cy) e R |y* = 2px,p # O},

Show that CS can be written parametrically as (x,y) = (%tz, pt).
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4 Special Groups of Planar Isometries

In Chapter 2 we saw that the study of planar Euclidean geometry depended upon
the knowledge of the Euclidean group, the group of all isometries of the Euclidean
plane R%. In this chapter we describe certain special groups of planar isometries, that
is, certain special subgroups of the Euclidean group. These special groups are tied in
many cases to chemistry and physics, especially the structure of crystals.

In order to proceed, we need to explain some basic group-theoretical material.
For details see, for instance, [8] or [13]. We first explain presentations of groups by
generators and relations. Let G be a group and X ¢ G. The elements of X are called a
set of generators of G if every element of G is expressible as a finite product of their
powers (including negative powers). Here X is almost always a finite subset of G, and
then G is finitely generated. Each element w € G can be written in the form

w =X g,

x;€X,a; € Z\{0}, k >0withi=1,2,...,k.

Recall that k = 0 means w = 1, the identity element in G. Now, let {x;,x,, ..., x,,} be
a generating set of G. There are always relations of the type x;x;’ 1o X; 1x,~ = 1. These we
do not count, they are trivial. A set of relations r; = r;(x;,X,,...,X,,) = 1,1 € I, satisfied
by the generators x;,X,, ..., x, of G is called a defining set of relations (with respect
to X) of G if every relation satisfied by the generators is an algebraic consequence of
these particular relations r;, i € I. Here I is almost always finite, say I = {1,2,...,m},
and we call then G finitely presented if |X| < co and |I| < co.

Let X = {xy,X,,...,X,} be a set of generators of G, and R = {ry,15,...,1,,} be a set of
defining relations of G. Then we write

G=X|n=r=--=rp,=1) orjust G=(X|R)

and call G presented by the set X of generators and the set R of defining relations. If
R =0, wewrite G = (X | )instead of G = (X | 8). We call G = (X | R) commutative or
Abelian, after N. H. Abel (1802-1829), if aba™'b™" = 1is a relation forall a, b € X.

The group G is completely described by the set X and R. The presentation of G is
very helpful, but certainly not unique. For instance, we may change the generating
system and then the defining relations system, respectively.

Example 4.1. We consider some basic examples of Abelian groups:

M) Z=<(1 ).

(2) Let C, be a cyclic group of order n < co. Then C,, = (x | x" = 1).

(3) Let G = Z x Z be the Cartesian product. Then G becomes a group via the multipli-
cation (im,n)(p,q) = (m+p,n+q). Leta = (1,0) and b = (0,1). Then

G={(ab|aba b =1).

https://doi.org/10.1515/9783110740783-004
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More generally, if H and K are groups and G = H x K their Cartesian product then
G becomes a group via the multiplication (hy, k;)(h,, k;) = (hyh,, kik;). G is called the
direct product of H and K.

Remark 4.2. Ifin a presentation some relation r; is given as r; = uv ™' = 1, then we also
write in the presentation u = v instead of r; = 1. In this sense

G=7Zx7Z={ab|ab=ba).

Occasionally, we need isomorphisms between groups.

Let G and H be groups. Amap f : G — H is called a homomorphism if f(gh) =
f(g)f(h) forallg, h € G, that s, f respects the multiplication in G. The homomorphism
f is called an isomorphism if f is bijective; we call groups G and H isomorphic and
write G = H. In case H = G, we also call f an automorphism of G.

We remark that certainly f(G) is a subgroup of H. The kernel ker(f) is defined as
ker(f) = {g € G | f(g) = 1in H}. Then ker(f) is a normal subgroup of G. Recall that a
subgroup N of G is a normal subgroup of G if gN = Ng for all g € G, and we denote this
by N < G. Here gN and Ng are the cosets of N in G defined by gN = {gn | n € N} and
Ng = {ng | n € N}. Since (gN)(hN) = ghNN and NN = {nn' | n,n’ € N} = N, we have
that the set 6/v is a group under the multiplication (gN)(hN) = ghN, the factor group
or quotient of G by N. Now let f : G — H be again a homomorphism between groups.
We mentioned that ker(f) is a normal subgroup of G. Then S/ker¢r) is isomorphic to f(G),
written as 6/ker¢) = f(G) (for more details, see [8] or [13]).

More generally, if U is a subgroup of a group G then the number (or cardinality)
of left cosets gU is equal to the number of right cosets Ug of U in G, and this number
is called the index |G : U| of U in G.

Finally, we need the notation of a semidirect product of two groups. Consider a
group G with identity element 1, a subgroup H, and a normal subgroup N <« G.

If NnH = {1}, and if G is generated by H and N, then G is called the (inner)
semidirect product of N and H written G = N x H.

In this chapter we again consider the plane R? as a two-dimensional vector space
equipped with the scalar product (inner product)

X.¥) = x1y1 + X305

for vectors X = (x1,%,), ¥ = V1, Va)-

In Chapter 2 we saw that an isometry of R? is a rotation, a translation, a reflection
or a glide reflection.

If p : R> » R’ is an isometry then ¢ = 7, o f with f a linear isometry and 7; a
translation. We call ¢ oriented if det(A) = 1 for the orthogonal matrix A € O(Q2) of f
(with respect to an orthogonal basis of R?), otherwise non-oriented.

Hence, rotations and translations are oriented, reflections and glide reflections
are non-oriented. Geometrically, an oriented isometry ¢ preserves the cyclic order of
vertices around a triangle and a non-oriented isometry does not, see Figure 4.1.
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3

A L A oriented
1 5 1 2

3 ¢ 3
@ - A non-oriented
1 2 1 2

Figure 4.1: Oriented and non-oriented isometries.

If G is a group of isometries of R? then the set of oriented isometries in G forms a
subgroup G* of G of index |G : G*| < 2, and hence G" is a normal subgroup of G; G*
is called the oriented subgroup of G. If ¢ = 7 o f, with f oriented, then det(4) = 1
for the matrix A which belongs to f (with respect to an orthonormal basis of R?). The
elements A € O(2) with det(A) = 1 therefore form a subgroup SO(2) of O(2) of index 2,
the special orthogonal group.

Before we consider special groups of isometries of R%, we make some group-
theoretical remarks. We call an isometry of R? now a planar isometry and denote by E
the set of all planar isometries and by E* the set of the oriented elements of E. As seen
more generally, E* is a normal subgroup of E of index 2. Let T be the set of all planar
translations.

Lett, 1, e T.If 1 # 7, ! then T, o 7, is a nontrivial translation since 7, o 7, is not
the identity 1 and has no fixed points. Recall that P € R? is a fixed point of the planar
isometry @ if p(P) = P.

Hence T forms a subgroup of E*. In fact, T is Abelian because 7, o 7, = T, o T3
fort, 7, e T.Ifa e EandT € T, 7 # 1, then @ o T o "' is a translation. This can be
seen as follows. Let P,Q € R? with 7(P) = Q, we have Q + P because T # 1. Then
AoTo a_l(a(P)) = a(Q), thatis,aoTo a’! maps a(P) to a(Q). Since 7 is a translation,
aoToa ! must also be a translation. Therefore T is a normal subgroup of E, and hence
also of E*.

As a conclusion, we get the chain E > E* > T > {1} of normal subgroups. The
factor groups have the structures

Elgr =72, Er=0Q2), Efr=S012) and T=Tjny= IRZ,

where R? means the additive group under vector addition.

The purpose of this chapter is to consider symmetry groups of figures in R? and
groups which act discontinuously on R?. Certainly there are many overlappings be-
tween these two concepts. The main reference for this chapter is the book [21].
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Definition 4.3. A (plane) figure F is just a subset of R%. A symmetry of F is a planar
isometry a with the property that a(F) = F.

The set of all symmetries of F forms a group which we denote by Sym(F).

Example 4.4.
(1) IfF = R? then Sym(F) = E.
(2) Sym(F) = {1, y} where y is the reflection at g, and F is as in Figure 4.2.

Figure 4.2: Reflection at g.

(3) Sym(F) = {1,y,6,y o 6} where y is a reflection at g, 6 is a reflection at h, and y - § is
a rotation with center M and rotation angle 77, and F is as in Figure 4.3. We have
y? = 6% = (y » 6)* = 1, hence Sym(F) is the Klein four group (see Section 4.1).

h

|
|
|
P A
|
|
|
|
|
|

Figure 4.3: Reflections at g and h.

(4) Sym(F) = {1}, and F is as in Figure 4.4.

Figure 4.4: Only trivial symmetry.

Definition 4.5. A subgroup G of E is discontinuous if, for every point P € R?, there
is some disc D with center P that contains no image a(P), a € G, of P other than P
itself.
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We note that this condition is equivalent to the following:
If P ¢ R? is any point and G(P) = {a(P) | a € G} the orbit of P, and if D is any disc
in R?, then the intersection G(P) n D consists of only finitely many points.

Remarks 4.6.

(1) If G is a discontinuous subgroup of E, then every subgroup H of G is also discon-
tinuous, in particular T; = G n T is discontinuous.

(2) Let G be discontinuous and « € G be a rotation around P € R?. Assume that a has
infinite order. Let D be a disk in R? with center P and positive radius. Then, for
each Q € D\ {P}, alla"(Q) € D, n € N, are in D and pairwise different, which gives
a contradiction. Hence we get the following.

Theorem 4.7. Let G be discontinuous and a € G be a rotation. Then a has finite order.

A fixed point group is a subgroup of the Euclidean group for which there exists a
common fixed point for all elements.

Curiously, only few fixed point groups, that is, groups for which there exists a com-
mon fixed point for the elements, are found to be compatible with nontrivial transla-
tions to generate discontinuous groups, more precisely, frieze groups and wallpaper
groups or planar crystallographic groups. In fact, lattice compatibility implies such a
severe restriction that we have only 7 geometrically distinct frieze groups and 17 geo-
metrically distinct wallpaper groups (see Sections 4.5 and 4.6).

Some art historians claim that all 17 wallpaper designs are present in the mosaic
tiles found in the Alhambra in Granada, Spain, constructed in the 13th century.

Discontinuous groups play a fundamental role throughout this chapter. We start
with the consideration of symmetry groups of regular polygons and regular tessella-
tions of the plane R?.

4.1 Regular Polygons

A regular polygon in R? is a polygon that is equiangular (all interior angles are equal
in measure) and equilateral (all sides have the same length). Ifn € N, n > 3, we calla
regular polygon a regular n-gon if it has n sides.

Let F be a regular n-gon, n > 3. The sum of the interior angles of a polygon is
(n - 2)mt, hence, each interior angle is @ =1 - 27”

All vertices of a regular n-gon, n > 3, lie on a common circle, the circumscribed
circle. Together with the property of equal-length sides, this implies that every regular
n-gon, n > 3, also has an inscribed circle that is tangent to every side at the midpoint.

If n = 3 we have an equilateral triangle and if n = 4 we have a square.

Now, let the figure F be a regular n-gon, n > 3, and G = Sym(F).

Let O be the center of F. Then F has a rotational symmetry of order n, that is, G

contains a rotation o around O of order n. This rotation forms a cyclic group of order
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"1} = (¢ | ¢" = 1). There is no other rotation, because G does

n, that is, {1, o, ...,0
not contain a translation.

Figure F also has reflection symmetry in n axes that pass through the center O of F.
If n is even then half of these axes pass through two opposite vertices, and the other
half through the midpoints of opposite sides.

If nis odd all axes pass through a vertex and the midpoint of the opposite side. In
any case, G contains n rotations and n reflections.

Since G" = (0 | 0" = 1) and |G : G| = 2 for the index, we get |G| = 2n. Let § € G be
one fixed reflection. Then necessarily

G={1,0,0%...,0" ,p,poa,pod’...,poc"}.

Allpo ok, 0 < k < n-1, are reflections, that is,

(po 0k)2 =1, orequivalently, poofep=07F.

But, for every k, p o oo p=(@p-o op)" = 0. Hence, (po 0%)? = 1is a consequence of
the relation (p - 0)% = 1.
Hence, we have the following result.

Theorem 4.8. Let F be a regular n-gon, n > 3, and G = Sym(F). Then

G=(o.pla"=p’=(po0)=1)=(pp, | p{ = p5 = (o p)" = 1),

wherep, =pandp, =p - 0.

A group with a presentation
(xyl=y"=0p)"=1), n=3,

is called the dihedral group D,,.
Hence, up to isomorphism, G = Sym(F) is a dihedral group D,,, n > 3.
We extend the notation.
If n = 2 we define

D,={xy | =y"=(y) =1).

We also define the dihedral group D, to be the Klein four group. D, is Abelian but not
cyclic.

If n = 1we define D; = (x | X =1) = Z,. The group D, = (x,y | X} =y =1)
is called the infinite dihedral group. We remark that D, = S;, the symmetric group on
{1,2,3}; S5 is the smallest non-Abelian group.
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4.2 Regular Tessellations of the Plane

A tessellation (tiling) of the plane R? is a division of R? into non-overlapping closed
regions, which we shall always assumed to be bounded by finite polygons. A tessel-
lation is regular if all the faces (tiles) into which it divides the plane are bounded by
congruent regular n-gons, n > 3.

Let F be a regular tessellation by regular n-gons with n > 3. Since all the interior
angles of a regular n-gon are equal, there must be the same number m > 3 of such
n-gons at each vertex. Hence the interior angle of the n-gon must be %” On the other
hand, we know that the interior angle of the n-gon is 7 — %T Hence, %T =7 - %T or
% + % = % There are exactly three solutions:

(n,m) = (3,6), (4,4),(6,3).

This means that there are only three types under similarity, that is, maps f : R> - R?
with |f(P) - f(Q)| = k|P - Q| for some real k > 0 and all P,Q € R? of regular tes-
sellations F. Here P and Q just denote the local vectors OP and @, respectively, and
| | denotes the length of a vector. For each of these, we determine its symmetry group
G = Sym(F). To determine the structure of G, we could start with its translation sub-
group T; and extend T; by adding rotations, reflections and glide reflections. How-
ever, at this stage we would like to introduce an important method by Poincaré, by
which we obtain a presentation of G from more intrinsic geometrical considerations.

We confine the attention to the tessellation by squares, the most visualized case.
The treatment of the other two cases, the tessellation by equilateral triangles and the
tessellation by regular hexagons, follows exactly the same pattern. After having done
the presentations using the method by Poincaré, we continue with the classification
of the discontinuous subgroups of E starting with the translation subgroups.

Hence let F be a regular tessellation of the plane by squares. We may assume that
we have unit squares, that is, squares with side length 1.

Theorem 4.9. The symmetry group G = Sym(F), F being a regular tessellation of the
plane by squares, has the presentation

G={(apyld=F =y =P =(@cy)’ =B =1).

Proof. As already mentioned we may assume that we have a regular tessellation by
unit squares. Let Q be a single square. It is incidental that we get G by the translations
of the squares and the symmetry group G, = Sym(Q) = D, of the single square Q, see
Figure 4.5.

We have

R = | g0

geG
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Figure 4.5: Fundamental region for G.

and g(A) N h(A) = 0 if g # h, where g(A) = g(A) \ 9(g(A)) and 9(g(A)) = g(a) U g(b) U
8(o).

This, in fact, means that A is a fundamental region for G.

Let a, 8, y be the reflections at the sides a, b, c of A, respectively. Certainly
a, B,y €G.

Claim. G = {(a,B,y).

Proof of the claim. Let H = {(a,f,y), H is a subgroup of G. Assume that H + G.
Let

U= [ ho).

heH

By assumption we have U # R?. Thus some side s of some triangle h(A), h € H, must
lie on the boundary of U, separating h(A) from some g(A),g € G, g ¢ H.

Now s is the image h(a), h(b), h(c) of a side a, b, c of A, and the reflection p in s is
the corresponding element hoaoh™, ho foh  orhoy o h™'. Since h,a, B,y € H, we
get thatp € H and g = p - h € H, which gives a contradiction. Therefore H = G, which
proves the claim. O

We now seek a set of defining relations among a,  and y. Since a,  and y are
reflections, we have the relations &> = g = y? = 1. Further, y - § is a rotation at A
through an angle twice the interior angle %’ of A at A, that is, through 2%, therefore
(yoB)* =1

Similarly, (@ - y)> = 1and (8o @)* = 1.

We show now that these six relations form a full set of defining relations.

Let D be the tessellation of R? by the regions g(A), g € G. Let O be the center of
A, that is, the intersection of lines joining vertices to midpoints of opposite sides. We
join g(0) and h(0) with an (directed) edge e if and only if g(A) and h(A) have a side s
in common. This way we constructed a graph C with vertices being all centers g(0) of
triangles g(A) and edges as described above, see Figure 4.6. For a general discussion
of graphs, see Chapter 5.

We assign to e the label A(e) = a, B,y if s is the image g(a), g(b), g(c) of the side a,
b, c of A, respectively.
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Figure 4.6: Dual graph C.

Letp = ejey---e,, n >
begins where e; ends for 1 <
successive vertices g,(0), 8;(0), ...

1, be a path in C, that is, a sequence of edges such that e;,;
i < n. Let the path p begin at some g,(0) and have
,8n(0), see Figure 4.7.

£,(0) ~

Figure 4.7: Path from g, (0) to g, (0).

Letx; = A(e;) = &, B,y, 1 < i < n, respectively.

The reflection p at the edge s; between g;(A) and g;,,(A) isp = g o X;,1 0 gf ! hence
8iv1 =P °8; = 8 © Xi4q. It follows that g, = gg e Xy o Xy 0+ -+ 0 Xy

We define A(p) = x; o x, o -+ o X,,, and hence, g,, = g,  A(p).

Now, if p is a closed path, that is, g,(0) = g,(0), then g, = g,, and we have the
relation A(p) = 1.

On the other hand, if w = x; o xy 0 --- 1in G and g, € G arbitrary,
then there exists a unique closed path p at g,(0) such that A(p) = 1 = x; 0%,

S0 X

Now we have to show that each relation is a consequence of the described 6
relations. For this we consider the graph C and the closed paths in C more carefully.

The graph C divides the plane into regions A* which are square or octagonal, and
defines a tessellation D* of R? (the dual of D). Suppose that a path p runs between
points P and Q along an arc on side of the boundary of a region A*. Let p’ be the path
between P and Q obtained from p by replacing this arc by the other side of A*.

oxn =
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We have A(p) = A(p') because running around the boundary of A* is one of (y8)**,
(@oy)*, (Boa)**, see Figure 4.8.

P Figure 4.8: Replacing p by p'.

The relation a® = ﬁz = y2 = 1 corresponds to modifying p by deleting or inserting
a spine, that is, an edge e; followed by an edge e;,,, that is, the same edge except
traversed in the opposite direction, see Figure 4.9.

P Figure 4.9: Cutting spines.

Showing that the given relations define G is therefore equivalent to showing that any
closed path p in C can be reduced to the trivial path at some point (with n = 0 edges)
by a succession of modifications of the two kinds from above. But this is clear. Induc-
tively, by running around the other side of some region A*, we can reduce the number
of regions and spines enclosed by p, and finally reduce to the case that p is a simple
loop. O

For the regular tessellation F of type (n,m) = (3, 6), by equilateral triangular re-
gions, six at each vertex, the argument differs from the case above only in that the
interior angles of A are different.

We find a presentation

G=(apyld=F =y =@y’ =@y’ =(Boa)° =1).

The remaining regular tessellation F of type (6, 3) is dual to the one of type (3, 6), and
hence has the same group G = Sym(F). This can be seen also from the fact that a single
fundamental region A serves for both cases, see Figure 4.10.
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%

Figure 4.10: Dual types (6, 3) and (3, 6).

Remark 4.10. The triples (2,4, 4), (2,3,6) and (2, 6, 3) satisfy the equation

+=+-=1 wherep,q,r € N\ {1}.

=X | =

SR
Q|-

For this equation, only one case remains, namely (3, 3, 3). The corresponding group is
G=(aBylad =B =y =@yp’=(@-p’=(B-a)P=1).

This group is evidently a subgroup of index 2 of the full symmetry group of the regular
tessellation of R? by equilateral triangles.
Hence every group

G=(apylad=F =y =Pl =(a-y)?=B-a) =1),

withp,q,r € N\ {1} and % + % + % =1, can be considered as a subgroup of E, generated
by three reflections a, B, y. The subgroup G is generated by the rotations x = y o §3,
y =B oaand z = a -y and has a presentation

G =(xyz|X =y =z1=x0yoz=1)={x,y | X =y =(xoy)?=1).

This can be easily seen if we go through the above proofs by deleting spines, that is,
by deleting the elements o, ﬁz and yz. In fact, for instance, we have just to consider
AU a(A).

A group

xylx =y =(xey)?=1), 2<pqr,

is called a triangle group.
The connection with a triangle is given as follows:
Let p,q,r € N\ {1} and % + % + % = 1. We consider in the plane a triangle A with

interior angles g, IET’ 7, see Figure 4.11.

printed on 2/10/2023 4:13 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



98 —— 4 Special Groups of Planar Isometries

Figure 4.11: Triangle A with interior angles %

nom
p’q’

Let G be the group generated by the reflections at the three sides a, b, c of A. Then G
has a presentation

G={aByld ==y =Boaf =(@oy)!=(yop) =1).

This certainly works for the cases (p,q,r) = (4,2,4) and (3,2, 6), up to the ordering in
the triples, as we have seen from the symmetry groups of regular tessellations. It works
also for the case (p, q, ) = (3, 3, 3) if we consider an equilateral triangle, see Figure 4.12.

c Figure 4.12: Equilateral triangle.

We now argue analogously as in the proof of Theorem 4.9.

4.3 Groups of Translations in the Plane R?

We now continue to consider discontinuous groups of isometries of the plane. We want
to classify these via their translation subgroups.

Let G be a discontinuous group of isometries of the plane. Let T; = T n G be the
translation subgroup.

In this section we describe all possible groups T.

To do this, let G = T;; in this section.

A translation 7 : R?> — R? is given by ¥ - ¥ + ¥, for some fixed vector 7, € R’.

Theorem 4.11. Let G c T be a discontinuous group of translations of the plane. Then

one of the following cases occur:

(i) G = {1}, that is, G contains only the identity map.

(i) G ={r | T(V) = ¥ + nily,n € Z} for some v, # 0, that is, G is infinite cyclic. Such G is
called a nontrivial simple-periodic group.
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(iii) G = {7 | T(V) = V+ mW, + nw,, n, m € Z} for two linearly independent vectors w,, W,.
Such group is called a double-periodic group.

Proof. Suppose that G + {1}. If ;,7, € G with 7;(V) = V + W, and 7,(V) = V + W, then
also all translations t with 7(V) = V + nw; + mw,, n,m € Z are in G.

For a translation 7 with 7(¥) = ¥ + ¢ and ¥ # 0 we call ¢ a period for G.

We consider for G the set M = {||¢| | ¢ is a period for G} for periods for G.

Since G is discontinuous, the set M cannot have an accumulation point ||¢|| (here
I¢]l is the length of the vector ¢ € R?).

Hence there exists a period w, for G with minimal length ||, ||. All transformations
T with 7(V) = v + mw,, m € Z, belong to G.

Let 7 € G with T(V) = V + rwy, r € R. Then necessarily r € Z because otherwise
there exists am € Z with 0 < |r'| = |r - m| < 1and 7’ with t'(¥) = V + ', belongs to
G, contradicting the minimality of |[vi,|.

Suppose now that G contains a translation 7 with 7(V) = v + b, and b is not of the
form b = r#;, r € R. Then W, and b are linearly independent.

Again, since G is discontinuous, there is a period W, of this kind, for which ||w,||
is minimal. We have the following relations:

(1) 0 < [yl < [, )

(2 @l = [, for all periods @ # O for G,

3) Ibl = [, for all periods b for G which are not of the form b = mw, for some
meZ.

Claim. Let ¢ be an arbitrary period for G. Then necessarily

¢ =nw, + miw, forsome n,meZ.

Proof of the claim. First of all, ¢ = rw, + sw, for some r,s € R because Ww; and w, form
necessarily a basis of the vector space R?. We have

1 1
r=m+r, —--<n<-,mezZ,
2 2

1 1
Ss=n+s, —§<sls§,neZ.

Let & = r;W; + 5, W,. If ¢, # 0 then ¢, is a period for G.

If s; = 0, then also r; = 0 by the above arguments (r; has to be an integer). Analo-
gously, if r; = 0 then also s; = 0 using the above relations.

Now, let r; # O # s;. Then

. _ . 1. 1. _
IE10 < Irylllw Il + Isylliws ]l < §||W1II + §IIW2|| < W,
because W;, W, are linearly independent. This contradicts relation 3 from above.

Hence, we can not have r; # 0 # s;. It follows r; = s; = 0, and therefore Theo-
rem 4.11 is proven. O
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4.4 Groups of Isometries of the Plane with Trivial Translation
Subgroup

Let G be a discontinuous group of isometries of the plane with T; = Tn G = {1}. By
Theorem 4.7, we know that G does not contain rotations of infinite order.

Theorem 4.12. G is a fixed point group, that is, there exists a P € R? with f(P) = P for
allf € G.

Proof. Since T; = T n G = {1}, G also does not contain a glide reflection. This can be
seen as follows. Assume that G contains a glide reflection p. Then we may express p
asp = 7o f with 7 # 1a translation and f a reflection such that 7o f = f o 7. Then

pP=(ref)o(tef) =1 #1
is a nontrivial translation contradicting T; = {1}. O

Suppose now that G contains a nontrivial rotation 0. Without loss of generality,
we may assume that ¢ has the center 0 = (0, 0).

Leta € G. Then a - 0 o a”! is a rotation with center a(0). Assume that a(0) # 0.

If a is oriented, then o 0 o @™ » 0! is a nontrivial translation giving a contradic-
tion. If a is not oriented, then necessarily a is a reflection, and then a - ¢ o alogisa
nontrivial translation giving a contradiction. Hence, a(0) = 0.

Therefore, if G contains a nontrivial rotation, then G has a fixed point. Now, sup-
pose that G does not contain a nontrivial rotation. Now, since the product of two dis-
tinct reflections is a nontrivial translation or a nontrivial rotation, G can contain at
most one reflection p.

Therefore, G = {1} or G = {1, p}, p a reflection, and G fixes many points.

Theorem 4.13. G is cyclic or a dihedral group D, n > 2.

Proof. We know that T; = {1}, and therefore G has a fixed point by Theorem 4.12. If G
does not contain a nontrivial rotation, then G = {1} or G = {1, p}, p a reflection, and G
is cyclic.

Suppose that G contains a nontrivial rotation. Since G is discontinuous, G con-
tains a rotation o with smallest possible, positive angle 0 for G. Especially, G does not
contain a rotation with an angle 6, such thatnf < 6, < (n+1)6, n € Z.Hence, G* = (o),
and therefore G = G" or G = D, for some n € N. O

Corollary 4.14. Let H be a finite subgroup of E. Then H is cyclic or a dihedral group.

Proof. Since H is finite, it is discontinuous with Ty = {1}. Now, the result follows from
Theorem 4.13. O
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4.5 Frieze Groups

We now consider discontinuous subgroups G of E such that the translation subgroup
T; = T n G is infinite cyclic, thatis, Tg = (1| ).

Such groups are the symmetry groups of certain infinite plane figures admitting
as translation symmetries only powers of some translation 7 along an axis (line) £.
Such figures are called friezes, and their symmetry groups are the frieze groups. In this
section we enumerate the types of frieze groups and illustrate them by giving, for each
type, a frieze whose symmetry group is of that type.

Let G be a frieze group, and let T be a generator of Tj;. Let T : R — R%, ¥ > ¥ + 7.
The vector v, determines the direction of the translation. Let ¢ be the line through the
origin 0 and ¥, (as a point in R?). We call the line ¢ the translation axis; ¢ (and each
parallel line) is mapped by the elements of T; onto itself.

Casel
G does not contain a nontrivial rotation. Then G* = GNE" = T;. If G = T = (1| ),
then we have the first type.

NowletG # Tg.lfa € G, ¢ Tg, thenao1o a~! is a translation with translation
axis a(¢). Since T; = () we must have a(¢) = ¢.

Since G does not contain a nontrivial rotation, we therefore must have G = (7, p),
where p is a reflection or a glide reflection. This follows from the fact that |G : G*| = 2.
Letp € G, p ¢ Tg;, a reflection or a glide reflection. Then necessarily T = (1) =
(poTop ), whichgivespoTop™ =Torpotop™ = 77!, which means that p has a
reflection axis parallel or orthogonal to £. We cannot have elements p of both kinds,
for then their product would be a nontrivial rotation. If p is a reflection, it can be of
either kind.

If p is a glide reflection, then p? is a nontrivial translation, hence p* = " for some
h # 0, and p has, without loss of generality, reflection axis £. Now p commutes with 7,
and (po 762 = 7h+2k, Replacingpbype 7* for a suitable k, we may suppose that either
p? = 1and p is a reflection, or that p> = T and p is a glide reflection. In the latter case F
contains no reflection.

We have obtained four geometrically different types:

G =(t| )=Z,

Gl ={(t,plp’=1poTop ' =1)=Zx 27,
Gl=(t,p|p*=1potop =1y =D,
G?:<T)p|P2=T,poTop71:T>EZ.

We emphasize that G; and Gf are isomorphic as abstract groups, but are not geomet-
rically equivalent since G, preserves orientation while Gf does not.
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Case 2

Group G contains a nontrivial rotation 0. Again, 0 -7 >0~ must generate 6Tgo ™! = T,
andhencegoToo ! =7orgoto0 ! =L, Since ¢ # 1, we cannot have goTo0 ! = 7.
Therefore, 601007 ! = 71, and ¢ is a rotation of order 2. Without loss of generality, we
may assume that the rotation center O of ¢ is on the axis ¢. If ¢’ is any other rotation
in G, then it also must have order 2, hence ¢’ - ¢ is a translation, that is, o’ c 0 = ' for
some h € Z, and therefore ¢’ = 0.

Thus
G'=(1,0|0°=1,00T00 =771).

If G = G*, then we have a first type.

Now let G* # G. Then G = (t,0,p), where p is a reflection or a glide reflection
because |G : G*| = 2. As before, the axis of p must be either parallel or orthogonal to 2.
If p has axis orthogonal to ¢, then p’ = 0 - p has axis parallel to ¢£. Thus, replacing p by
p', if necessary, we may suppose that p has axis ¢’ parallel to . If ¢’ # ¢, then p(0) # O,
and the line segment Op(0) is orthogonal to £. Now 0 and p - ¢ - p™* are rotations of
order 2 with rotation center O and p(0), respectively. Then pooop™' o0 is a translation
in the direction of m, meaning that the axis of po 0o p ™" o 0 is orthogonal to . This
contradicts T = (T | ). Therefore ¢' = ¢, which means that p has reflection axis ¢.

If p is a reflection, then p; = 0 -p is also a reflection with reflection axis orthogonal
to ¢ through 0. If p is a glide reflection, we may suppose as in case 1 that p’> = 7 or
(po 7€)% = 1 for some k € Z.

If (p o 75)% = 1 then p o 7 is a reflection.

Now let p? = T and let m be the perpendicular bisector of the line segment Op(0),
see Figure 4.13.

‘ g

beooooo- 2peo)=p

l # l

.0 p0) 7(0)
op) ¢ ----nn - |

! ! Figure 4.13: Bisector m.
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Let p, = p o 0; p, fixes all points of m, that is, p,(Q) = Q for all Q € m. Hence p, is a
reflection with reflection axis m.

In this case G contains no reflection p; with axis orthogonal to ¢ at O, since p, - p;
would then be a translation 7, carrying O to p(0), hence Té = T which contradicts

To=A(tl] ).
Hence altogether we have obtained three geometrically different types of group G
containing a nontrivial rotation:

G, = (T,olozzl,aoroa"lzr"l) =D,
G;=<T,O',p|0'2=p2=1,00T°O'71=T71,p°Top71=T,p00‘°p71=0'>
=D, x Z,,

1

Gg ={(1,0,p | o’ =l,p2:1',oo‘ro(7_1 =‘r"1,po‘rop_1 =T,00po0 =p_1)

=(o,plo*=100poct=p)=D,.
We remark that G, and G% are abstractly isomorphic, but geometrically different,

since G, preserves orientation while G2 does not. We summarize the result in the fol-
lowing Theorem.

Theorem 4.15. There are exactly 7 geometrically different types of frieze groups with
representation Gy, Gl, G2, G3, G,, G}, G3 as given above.
They fall algebraically into the four isomorphisms types Z, D, Z x Z, and D, X Z,.

In the following Figure 4.14 we show friezes with symmetry groups of the seven
types. In these figures, 7 is a horizontal translation.

Broken lines indicate axes of reflection or glide reflections. Small circles mark cen-
ters of rotational symmetry.

4.6 Planar Crystallographic Groups

In this section we consider discontinuous groups G of E such that the translation sub-
group T; = T N G is a double-periodic group. We have nontrivial translations

T RESR, Ve v+
and
2 2 o o o
T,:R"—> R, Vve>V+Ww,,
such that
Tg ={r € T | 7(¥) =V + mw, + nw, for some m,n € Z}

where W, # 0 # W, and W,, W, are linearly independent.
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[ [

Figure 4.14: Friezes with symmetry groups of the seven types.

We may assume, without loss of generality, |[W;| < [[W,|, or more precisely, ||W,]| is
minimal among all |w|| for nontrivial periods w of T, and |W,|| is minimal among all
[[w]l for all nontrivial periods w which are not of the form mw, for some m € Z (see the
proof of Theorem 4.11). In particular, we have

T =(T, T | Tye Ty =T o Ty) = Z X Z.

When a base point O has been chosen, the group T determines a lattice L, the orbit
L ={7(0) | T € Tz} of O under T, and indeed the set V(T;;) of vectors m, TeTg,
as a subset of R?, does not depend on the choice of O.

The first result is that a rotation contained in G can have only one of the orders 1,
2, 3, 4 or 6. This limitation is called the crystallographic restriction.
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Theorem 4.16. G is generated by T together with a single rotation of order n where
n=1,2,3,4or 6, and is one of the following types (up to isomorphisms):

Gi=Ts=(T, T [T o Ty =Ty °Ty),

G 2 11 -1 -1

) =TT, 0 | T e Ty =T T,0°=1,00T 00 =T, ,00T,°0 =T, ),
Gy = (1), 150 | Ty 0Ty =Ty o11,0° = 1,0 0T 00 ' =1} o Ty, 00Ty 0 0 = 171,
G, = <T1,T2,O'|T1°T2=T2°T1,04=1,0'°T1°0'_1=T2,0°T2°O'_1=T1_1 ,

G = (11,150 | T1oTy =T, o T1,0° = 1,007,100 =Ty, 00T, 00 ' =1, o 1),

Proof. Suppose that G* contains a rotation ¢ of order n > 2, say with rotation center
0 € R%. Then the n points 7,(0), 0 - 1;(0), ..., o 1o 7,(0) are evenly spaced around the
circle at O of radius r = [|W; || (recall that 7, (V) =V + W, for v € R?).

Assume that n > 6. The isometries 7, 0o 1y o0 and o 1,007 o T Tareallin Tj.
Now ooty o oo T[l(rl(O)) = 0 o 71(0), see Figure 4.15.

o(1,(0))

0 = 71(0)

Figure 4.15: No rotation of order n > 6.

Let ¥; be the vector from 1,(0) to o(1;(0)), ¥, is a period of T;. But ||| = 2[|vi4 || sin(%) <
W,ll = r because sin(%) < % for n > 7. This gives a contradiction to the minimality
of | ||. Hence, n < 6.

Now we assume that n = 5. Then we have the following situation given in Fig-
ure 4.16.

We have

0? o1t 007 o 11 (1(0)) = 0 0 7, 1(0),
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7,(0)

Figure 4.16: No rotation of order 5.

and 0> o 771 0 072 o 77! is in T;. Hence the vector ¥, from 7,(0) to 0> - 7;(0) is a period

of T;, and [|v,| = 2||viy || Sm( o) < [[Wi4 |l = r. This gives a contradiction to the minimality
of |, |. Hence, n # 5.

Therefore, o can only have order 2, 3, 4 or 6 if n > 2, which means that all rotations
in G* have order 1, 2, 3, 4 or 6.

If G* contains a rotation o; with angle and a rotation o, with angle 5 21, then
a; o gy is a rotation with angle %". Thus if G contains rotations of order 2 and 3, it
contains rotations of order 6.

If G contains a rotation 01 with angle < and a rotation o, with angle <, then
0‘ o0y is a rotation with angle o and hence of order 12. But this gives a contradlctlon
because the maximal order in G* is 6. Thus G* cannot contain rotations of order 3
and 4.

We conclude that if n is the greatest order of a rotation o in G*, then all other
rotations o; in G have order n; dividing n. Let o be a rotation with angle 2 and o,
be a rotation with angle where n; - m = n. Then ¢™ has the angle and hence
0 Moo, =Tisa translatlon. Therefore o, is in the group generated by T; together
with o. This shows that G* is generated by T together with o.

We continue and let n = 1,2, 3, 4 or 6 be the greatest order of a rotation in G*, and
write G,, for G* according to the case.

Ifn = 1then G* = G; = T;. If n = 2, then ¢ of order 2 has angle 71, whence
ooToo =1 forallTin T;, and G, has the given presentation. The presence of o of
order 2 imposes no condition on the lattice L.

Let n = 4 and let 0 be a rotation of order 4 and center O. Since ¢ has angle %, we
get that 0 o 7, o 0! is a translation in a direction orthogonal to that of ;. Since the
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period for o o 7; - 0! has the same length |[it, ||, i, being the period for ;, we may
choose T, =0 oT,o0 . Thengot,00 ' = T !and G, has the given presentation.
We have the situation given in Figure 4.17 and the lattice is a square lattice.

7,(0) 7, 0 74(0)

0 7,(0) Figure 4.17: Square lattice.

Suppose now that G* contains a rotation ¢ of maximal order 3 and center 0. The angle
between the vectors m and 00 -7, - 07 (0) is 2?”, and the length of the period of
00T, o0 ' is the same as that of 7,. Therefore the three points 0, 0 o 7, - 6~}(0) and
7,00 o T; o 0 (0) are the vertices of an equilateral triangle, see Figure 4.18.

-1
0°Ti0o0 (O
n @ T 00T 00 (0)

0 7,(0) Figure 4.18: Triangular lattice.

Thus the length of the period of T, o 0 o T, o 0" is the same as that of 7,, and we may
choose T, = T oG o T, o0 ', which gives 0o T; 0 0 = 7, 0 T[l andooTy00 ! = T[l. In
this case the lattice L is a triangular lattice.

If n = 3, then G; has the given presentation.

If n = 6, then ¢ has order 3, whence the lattice is triangular. Now ¢ has angle %”,
whence o100 = T,and goT,007! = TonII, which gives the presentation for Gg. O

From now on we suppose that G # G*. Hence G is generated by G* together with
any element p of G that is not in G*. Now p is a reflection or a glide reflection, and in
either case p* € Tj.

Lemma 4.17. Ifp € G, p ¢ G*, then exactly one of the following conditions holds:
(T1) T, is generated by elements T, and T, such that pot,op ' = T, and po1,0p " = T;l.
(T2) T, is generated by elements T, and T, such that pot,op ' = T, andpoT,0p ' = 1,.

Proof. We first show that (T1) and (T2) are incompatible.
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Suppose that (T2) holds and Tj; is generated by 7, and 7, such thatpo 1,0 p~! = 1,
andp o 1,0 p ! = 7,. Assume that a, f are elements of T; such thatpoaop ' = a and

peBopt=p"

If a = /' o 7% for some integers hand k, thenpoaep™ =78 o th andpoaop™ = @
impliesh =kand a = (1 » Tz)h.

If B = 1" o7} for some integers nand m, thenpofop™ = 7} o7y, and pofop™ =
implies m = -nand B = (1, - 7,")™.

Now a and § are both in the subgroup generated by 1, o 7, and 7; ° Tgl, which is a
proper subgroup of T;. Thus a and  do not generate Tj;.

The other case can be handled analogously.

Now we want to show that (T1) or (T2) occurs.

Suppose T; = (14, T,) with
T1:RR->R, Vveov+w,
and
T, RES R, Vo v+,

as above. Again we may assume that O < |W;| is minimal among all ||W]| for nontrivial
periods w of T, and ||W,|| is minimal among all [|w/| for all nontrivial periods w which
are not of the form mw, for some m € Z.

We choose a base point O € R? for the lattice L for T;. Without loss of generality,
we may assume that O = 0, the zero vector. Then, if y € T;, we may consider both
the line segment Oy(0) and y(0) € R?* as a vector y—(b_j = 7(55 Ify € Tg, then we

1 Il
write y(0) and y(0) for the components of y(0) orthogonal and parallel to 7,(0,
respectively.

We now impose some supplementary conditions. After replacing 7, by 77 ! if nec-
essary, we may assume that the angle between the vectors 11(05 and 12(03 is some
O with © < % The minimality of |#3| requires that IITZ(Oill < |I7,(0) - ‘rl(Oill =

I Il 1 1y . L.
IT;* o 7,(0)|l. Therefore |7,(0) || < §||T1(Oi|| = 5l ll, that is, 7,(0) is either on the
perpendicular bisector of OTI(O; or on the same side of it as O, see Figure 4.19.

Figure 4.19: Location of 7,(0).
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This, together with the condition

53| = il < 1, = [T,(03))

implies that ® > Z. Thus  <© < 7.
Suppose first that p o T, o p~! = 7,, whence p has its axis parallel to Tl(Oi =W.
If@ =12, thenpo1,0p " =1,', and (T1) holds.
IfO < %, then

1 + 1 +
peTyep (0) =1107,(0)

and
—>ll I
potyop (0) =1,(0) .

. I L — il
Since 0 < ||T2(O; | < %||T1(0;|| implies that %"Tl(O;H <|ty0 ‘rzl(O) [l < ||T1(Oi||, we

conclude thatp o 7, o p~* can only be
1 -1
PeTyep =T1°Ty,

see Figure 4.20.Leta = 1,andf = 74 orgl, then 7, and 1, generate T; while p exchanges
them, and (T2) holds.

Figure 4.20: (T2) forpot, o p ' = 1,.

Suppose next thatp o1, o p~! = 11‘1, whence p has its axis orthogonal to Ww; = T‘(Y)_j .

If@=7,thenpor,o p~! = 15, and (T1) holds with 7, and 7, exchanged.

If© < 7, then 7,(0) — p o T, o p1(0) is parallel to 7,(0) and of length ZIIWHII <
IT,(0)| = W], whence by minimality of |7,(Oj|l, it must have length |7,(O}|l, and
peTyop l=Ty0 T[l, see Figure 4.21. We have T; = (15,7, © T[l).

Nowpot,op !l =1,01i andpot,o1y' op™ = 1,07y o T; = 75, and (T2) holds.

Suppose finally that p o 7; o p™! # 74, 7;", whence p o 7; o p”" is not a power of

_—
3, but [|p o 7, 0 p H(0)] = [7;(0||. We take @ = 7;, B = p o 7, o p_'. Even though the
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po‘[2 op_l(o) Tz(O;

s

7,'(0)

7,(0)

Figure 4.21: (T2) forpot o p~t = 17 .

supplementary conditions from above need not be fulfilled, the minimality conditions
are satisfied, whence a and f3 generate T;; and (T2) holds. O

Enumeration of the cases

We now enumerate the possible types of G # G™ = G,, according ton = 1,2,3,4,6. As
for G, we may take O = 0 as the center of the rotation o (if n > 2).

Casen=1
Here G, = T;;.

If p,, p, are elements of G, not in G*, then p, = 7 o p; for some 7 € T;, whence
proTop;t=p,otop; forallt € Tg.

If G contains any reflection, we choose p to be a reflection, with p? = 1. It is clear
that both cases (T1) and (T2) from Lemma 4.17 can be realized, for example (after
stretching w; and W, if necessary), with a square lattice, see Figure 4.22.

Figure 4.22: Realization of (T1) and (T2).

We obtain two groups Gi and Gf with presentation obtained from G; = T by adjoining
the new generator p, a relation p* = 1, and two relations giving the values of po 7, 0p ™!
andpot,op .

Suppose now that G contains no reflection, whence we must choose p as glide
reflection with p? = 7 # 1in Tg. If (T1) holds, then p o 7o p™! = 7 implies that 7 = 7/ for
some integer h. If p; = ™ o p, then p? = 77*?™, and replacing p by p, for suitable m we
may suppose that p? = 1or p? = 1,. Since p® = 1 implies that p is a reflection, we must
have p? = 7,. Thus p is a reflection at an axis ¢ parallel to 7, followed by a translation
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along ¢ through a distance %Il‘rl(OiII. We must verify that this group Gf is new, that is,
that it does not contain a reflection. Now every element of G = G3, not in G*, has the
form p, = 77" o 75 o p for some integers m and n, and we find that

pr=TleTyopot] ot op

:T;"orgorinorz_"opz
— Tfm+1 + 1’
whence p, is not a reflection.

There remains the possibility that G contains no reflection and (72) holds. Now
p*=tandpot opt=1,,poT,0p ! =1, implies that T = (1, o 7,)" for some integer
h, and we can suppose that p? = T, - T,. Now let p, = 77! o p. Then

2 -1 -1
pzz‘rl opo‘[’l op
-1 -1 12
= Tl o p o Tl o p o p

:T1_10T2_10T10T2:1

and G contains a reflection, contrary to the hypothesis. We get the following theorem.

Theorem 4.18. If G # G* = G, = T, then there are exactly three possible isomorphism
types for G:

1 2 -1 -1_ 1
G =(T1Tpp | Ty o Ty =Ty0T,p" = LpoTiop =T,poT0p =T, ),
2 2 -1 -1
Gl =(TpTop | Tio Ty =T e Tpp =L poTiop =TppeThep =Ty,

3 2 -1 -1 -1
G = (T TP | T1 o Ty = Too TP = Ty, poTyop =TpeTyop =T, ).

Casen =2
Here G, is generated by 7;,7,,0 where 0? =land g o100 = 7', 00T, 007 = ;.

We first suppose that G contains a reflection p and that (T1) holds, with pot;0p™" =
T, poT,0p ' = 7, This implies that 7,(0) and 1—2(7)3 are orthogonal. Then p has its
axis parallel to ;.

Letp; =peo;thenp; o 7,0 p] ! = 1,, and p, has its axis parallel to ‘72(7)_5, and so
pf = T’z( for some integer k. Replacing p; by 75' o p; for some integer m, we can suppose,
according to the parity of h, that pf =1lor pf = 1,. If p and p’ are any two reflections
with axis parallel to m, thenpop' = 75 for some integer mand p' = p - 7', whence
different choices of p yield the same cases pf =1lor pf = 7, and the two cases are
distinct.

The two cases G% and G% are easily realized with the square lattice L, see Fig-
ure 4.23. For the first we take p with axis ¢, the line through O and 7,(0). For the second
we take the axis ¢ parallel to 7,(0), at a distance of }‘llr—z(b_jn in the direction of 7,(0).
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7,(0) 7,(0)

p(0)

E,, - =

’ 70 e

Figure 4.23: Types G} and G3.

In the second p;(0) = p » 0(0) = p(0) is the midpoint of the line segment from O to
7,(0), and p,, which has as axis the line through O and 7,(0), carries O to p(0), whence
pi =1,

We remark that G; is isomorphic to a semidirect product T; x D,.

Suppose now that G contains a reflection p and that (T2) holds, with pet,0p™" = T,,
poT,op ! =1, whence p has the axis parallel to 7, o 7,(0).

Ifp; = poo, thenpoyop; ! = 75 and pyoTy0p; " = 17 and pyoTy01; opy! = 750,

_—

Hence p; = p - 0 has the axis parallel to T[l o 7,(0) and pf = (17 L, Tz)h for some
integer h. Replacing p; by (17 »7,)™ o p, for some integer m, we may assume, according
to the parity of h, that p? = 1or p? = 77 o 7.

Ifp? = ;' o T,, thenlet p, = T, o p;. Thenps = Ty op; o Tyopy = Ty o T, 0Ty o Ty = 1,
and p, is a reflection.

In either case G contains two reflections with orthogonal axes parallel to T; o 7,(0)

1 2
and 7;" ° 7,(0) (the lines containing the diagonals of the rhombus in the figure) whose
product is a rotation of order 2, see Figure 4.24.

Figure 4.24: Type G;.

We get the group Gg which can be realized with a rhombus lattice.
In fact Gg is a semi-direct product T; x G, with G, = D,, the Klein four group.
Finally, suppose that G contains no reflection. If (T1) holds for 14, 7,, we may sup-
pose that p? = 7,. If p; = po o, thenp; o7, 0 p;* = 77 and p; o 7, 0 p; ' = 75, and we may
likewise suppose that p? = T,. To check that the group G3, defined that way, does not
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contain reflections, we verify that

m _n 2 2m+1
(1] eThep) =17 #1

and that

m _n 2 n+1
(' etyopy) =75 #1.

This group is easily realized in the square lattice L by taking p and p; with axes parallel
to 7,(0) and 7,(0), respectively, at a distance 3 |7;(0j|| = 1|7,(0}l, and with translation

displacement %Il‘rl(OiII = %"TZ(O;", see Figure 4.25.

Figure 4.25: Type G3.

If (T2) holds, withpo1,0p™ = T, and po1,0p"! = 7,, we may suppose, as before, that
p>=T1,01, and forp, =poo, thatpf = ‘rl‘1 °T,.

As before, p, = 7y o p; is then a reflection, contrary to the hypothesis. Altogether
we get the following.

Theorem 4.19. IfG # G* = G,, there are exactly four possible isomorphisms types for G:

Géz (11, T2, 0,0 | Tlo‘rzz‘rzorl,a2 =p2:(poo)zzl,ao‘rloa_1 =T1_1,

U°T2°‘7_1:Tz_l’P°T1°P_1:T1>P°T2°P_1:T2_1>’
2 2 _ 2 2 -1_ -1
Gy = (T, TP, 0 | Ty 0Ty =T, 0 T;,0° =p =1, (po0) =T5,00T 00 =T,
-1_ -1 -1 -1_ -1
00T300 =T,,poTiop =TpoT0p =T, ),
3 2_ 2 2 -1_ -1
Gy = (T, TP 0 | Ty 0Ty =Ty0T,0° =p = (po0) =1,00T;00 =1,
-1_ -1 -1 -1
00Ty00 =T,,peTiop =TppeTrep =Ty,
G§=<T1,T2,p,0|T1°T2=T2°T1,02=l,p2=‘l'1,(p°0)2=T2,O'°T1°U_1=T1_1,

GoTyo0 " = Tz_l»P°T1 opl=TypoTyep = T2_1>-

Casen =4
Here G* = G, is generated by 7;, 7, and o with 0* = 1, 0o 7,007 = 1,007,007 " = Tl_l,
and the lattice L is a square.

Letp € G,p ¢ G,. If p satisfies (T1), thatis, poTop ' = 1, poTy0p ! = Tz_l,
and ifp; = poo, thenp; o1 p;l = Tgl, preoTye p[l = ‘r;l, and whence p;, which
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exchanges the two generators 7, and 7, 1 satisfies (T2). Thus the cases (T1) and (T2)
coincide, and we may suppose that p satisfies (T1), where p is either a reflection or a
glide reflection.

The set of four elements {7, T[l, 15T, 1} is uniquely determined by the facts that o
permutes them and that they generate T;.

We show that if G contains a reflection with axes parallel to one of 7,(0), 7,(0),
then it also contains a reflection with axes parallel to the other.

By symmetry, it suffices to consider the case that G contains a reflection p with
axis parallel to 'WS, hence satisfying (T1).

Since p; = p o 0 satisfies p; o (17" © T,) o p;' = 7] © T,, the axis of p, is parallel to
—_——
77" 2 7,(0), and p? = (171 - 7,)" for some integer h. Now, 7, o p; has the axis parallel to
that of p;, hence to the axis of TIl oT,,and (rg” opy)’ = Ti’ ngh opf = (T[1 o‘rz)h*h =1.We
have therefore two reflections with axes meeting at some point O; with an angle %T.
Hence, their product o is a rotation about O; of order 4. The group G then is a semi-
product G}, = T Go, with Gy = D,. This group is easily realized on the square lattice.

In particular, it contains a reflection with an axis parallel to W

We remark that Gi is exactly the symmetry group of a regular tessellation of the
plane by squares (see Section 4.2).

Suppose now that G contains a glide reflection p with axis parallel to m, but
no reflection with axis parallel to 7,(0). Then G = G is not isomorphic to G}. To find
a presentation for G2, after replacing p by 7]" o p for some integer m, we can suppose,
as before, that p® = 7,. If we now replace p by some 75 o p, the relation p® = 1, remains
valid because (75 o p)? = p? = 1,, while, as before, for a proper choice of n we can make
p} = 1, where again p; = p o 0. Thus we have the relation (p - 0)> = 1orpogop™ =
ol

This group can be realized on the square lattice as follows.

Let o have center O = 0 = (0, 0), and let 7:(0) = (1,0), 1,(0) = (0,1). If p is chosen
with axis ¢ parallel to m and through the point (%, %), then the axis ¢, of p; =p -0
will also pass through this point. In the figure, points marked - are centers of rotations
of order 4, points marked x are centers of rotations of order 2, oblique solid lines \ ; /
are axes of reflections, and horizontal or vertical broken lines —— ; | are axes of glide
reflections, see Figure 4.26.

Theorem 4.20. IfG # G* = G,,, there are exactly two possible isomorphism types for G:

Gi:('rl,‘rz,o,p|Tlorzzrzo‘rl,04:pzz(poo)zzl,oorloo’lz‘rz,
GoTyo0 ' =T ,poTiop | =T poTyop  =1T5'),

2 4 2 2 -1

G, =(TpTp0,p | T o Ty =Ty0 7,0 =1,p° =T1,(po0) =1,00T 00 =T,

ToT 00 =T, poTiop  =TypoTop  =1,),
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S Figure 4.26: Type G2.

Casen =3
Here G* = G, is generated by 7;, 7, and o with 0> = 1, go1;007! = T, Loty, 015007 = T, Y
and the lattice L is triangular.

We first show that if G contains a glide reflection p with axis ¢, then G also contains
a reflection p; with an axis ¢, parallel to €. Let p = 7  p,, where p, is a reflection at ¢
and 71, is a translation along ¢; here 7, and p, are not necessarily in G.

Thus p2 = T(Z) = 7in T;. Let ¢, be a line parallel to ¢ and at a distance ? IIWII
from ¢, on the left side as one faces in the direction of T(—05 Let P be a point on ¢,
considered also as a vector OP = b, analogously we regard p,(P) and p(P) as vectors
po(P) and p(Pj, respectively.

Then |IP - po(P}ll = V3Il7o(0jll and [jog(P} - p(Pjll = V3Iio(O}|l. Hence, the points
P, po(P), p(P) form a right angle triangle with hypotenuse, the line segment from P to
p(P), of length 2||TOW|| = ||T(—05 | at an angle of %” from the direction of 7(0) along ¢.
Therefore 0 o T o 07! carries p(P) to P, and 0 o T o 6! o p(P) = P. We have shown that
p; = 0oTo0 'op fixes every point P of ¢;, whence p, is a reflection with axis ¢, parallel
to ¢, see Figure 4.27.

Let G be generated by G* = G; and some p that satisfies (T1), and let pot;0p™! = 7.

e eeiem
Then the axis of p is parallel to 1'—1(‘0_5 and the axis of p - 0 is parallel to 7; o T, L0).
WegetpoT,op ! =140 T;l because 1, =0 ' o T;l oo and (p-0)* = 1, and therefore

po‘rzop’1 = oo‘r[loa’l.

By the same argument above, G contains reflections p and p' with axes parallel to
17(7)_5 and 7,(0), respectively. The axes of p and p’ meet at a point 0;, and 0, = p’opisa
rotation about O, of order 3. Thus G = T; X Gy, , a semi-direct product, where Gy, = D.

If p satisfies (T2), then it has an axis parallel to T, o 7,(0), and the same argument
shows again G = T; % Gol, a semi-direct product, but now with the three axes of reflec-
tions through 0 in a different position relative to 7,(0) and 7,(0}. We have thus two
types of G} and G3, see Figure 4.28.
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V3lITo (0]

\2%@

po(P) ——— p(P)

I7o (O}l

Figure 4.27: Existence of a reflection.

Gy G3

Figure 4.28: Two types of G} and G2.

Theorem 4.21. If G # G = G, there are exactly two isomorphism types for G:

1 3 2 2 -1 -1

G3=(TpTpp,0 | Tio Ty =Ty0T,00 =p = (p00) =1,00T;00 =T, oT,
0oty00 =1 peTiop = TpeTyep =Ty 0 1)),

G§=(Tl,‘rz,p,aI‘rlo‘rz=‘rzorl,03=p2=(poo)2:1,ao‘rloo_l=T1_1°T2,

1 -1 -1 -1
0oTyo0 =T, ,poTiop =TpPoTrop =Ty).

Casen=6

If p is a reflection or glide reflection with axis ¢, then p; = p - 0 has an axis ¢, making

an angle of %T with 2.

Since G contains the rotation o? of order 3, from the discussion of the case n = 3,
we get that G contains reflections p and p’ with axes making an angle of %’ whence
0, = p'opis arotation of order 6 about their point O, of intersection. Thus G§ = Tg %G,
a semi-direct product, where G, = Dq. Among the six reflections with axes passing
through O,, there is one satisfying (T1) and another one satisfying (T2). Hence, G is

always of the form G}
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Theorem 4.22. IfG # G* = Gg, then there is exactly one isomorphism type for G, namely

Gé = (T, T3, 0,0 | T o Ty =T2°T1,06 :p2 = (poo)2 =1,0o‘rloo_1 =T,

oorzo(f’l :Tl’lo‘rz,porlop’1 :Tl,porzop’1 :‘rlorgl).

We remark that Gé is exactly the symmetry group of a regular tessellation of the
plane by equilateral triangles, and hence also by regular hexagons.

Summary. We have seen that there are in all 17 isomorphism types of wallpaper
groups:

Gy, G}, G}, G, Gy, Gy, G3, G3, Gy, Gy, Gy, Ga, G5, G3, G3, G, G

From the proofs we realize that these 17 groups are also pairwise geometrically-
different types. The following figures (see Figure 4.29), which have to be extended pe-
riodically in an obvious way, are figures in the plane which have the respective groups
as symmetry groups.

Final remark. Crystallographic groups of dimensions 2 and 3 arose from their connec-
tions with chemistry and physics.

They came into mathematical prominence in 1900 with Hilbert’s famous list of im-
portant outstanding mathematical problems. We have seen that in dimension 2 there
are 17 types of cryptographic group. We remark that in dimension 3 there are 219 types
of crystallographic group (see, for instance, [25]).

4.7 A Non-Periodic Tessellation of the Plane R?

So far we considered the periodic tessellation of the plane. As is usually done, we
now use the word tiling for tessellation. Here, we describe one beautiful non-periodic
tiling by Sir Roger Penrose (1931, Nobel Prize for Physics in 2000) which is his second
tiling and uses only two tiling types called the kite and dart which may be combined
to make a rhombus. However, the matching rules for periodic tilings (tessellations)
prohibit such a combination.

The kite is a quadrilateral whose four interior angles are 72°, 72°, 72° and 144°. The
kite may be bisected along its axis of symmetry to form a pair of triangles (with angles
of 36°, 72° and 72°), see Figure 4.30.

The dart is a non-convex quadrilateral whose four interior angles are 36°, 72°, 72°
and 144°. The dart may be bisected along its axis of symmetry to form a pair of obtuse
triangles (with angles of 36°, 36° and 108°), which are smaller than the acute triangles,
see Figure 4.31.

A matching rule is, for instance, to color the vertices with two colors (e.g., blue and
red) and to require that adjacent tiles have matching vertices, see Figure 4.32.
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Figure 4.29: 17 isomorphism types of wallpaper groups.

Theorem 4.23 (Penrose).

1. Taking into account the matching rules it is possible to tile the plane with kites and
darts completely.

2. Itis not possible to find a periodic tiling with kites and darts.

Proof. We prove the theorem in four steps.

(@) If we pay attention to which angle of a kite and which angle of a dart together can
result in 360°, we see that there are exactly seven possibilities to combine kites
and darts to a complete vertex v, that is, the angle sum of the angles with the
neighbors is 360°, see Figure 4.33.
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Figure 4.30: The kite.
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Figure 4.31: The dart.

(b) If we have a given tiling then we may produce from this a coarser tiling and a finer
tiling which consist of kites and darts which are larger and smaller, respectively,
by the factor ¢ = %(\/3 + 1) than in the original tiling. In coarsening, a bigger kite
arises from two smaller kites and two half smaller darts, see Figure 4.34(a), and a
bigger dart arises from a smaller kite and two half smaller darts, see Figure 4.34(b).
The situation is opposite in the refinement. From the seven possibilities in step
(a) we see that the smaller and bigger figures, respectively, come together to a new
tiling by the defined matching rules. This already shows that we may tile the plane
with Kkites and darts. If we start with the suitable starting configuration and then
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G\

B

b

Figure 4.32: Matching rule.

Figure 4.33: Possible vertices.

first refine and then enlarge by the stretch factor ¢, and if we continue the process
again and again, then we cover each point of the plane.

(c) Ifwe consider an area with x kites and y darts and refine as in step (b) we get from
one kite two new kites and % new darts, altogether 2x new kites and x new darts.
From one dart we get one new kite and % new darts, altogether y new kites and y
new darts.
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@) (b)

Figure 4.34: Coarsening of a tiling.

Altogether, we get X = 2x + y new kites and Y = x + y new darts. If we repeat
this refinement process n times and with x,, kites and y, darts, then we get the
recursion formulas

Xin=2G+y; and Yy, =Xx+y;

1

fori=0,1,2,.... Then

mn;=¢=%m@+n:1a&x

This fact is independent of the starting values x; and y;, if both are not zero.
Let g; = ¢ + f; with a rounding error for i > 0. Then, using the recursion formulas,
fori > 0, we get

fi+1:_¢+Qi+1
=4 i1
Vit
:_¢+2Xi+yi
Xi +Yi
X;
=1-¢+—
XitYi
1
=1-¢+
¢ 1+4
=1-¢+ 11
4
=1-¢+ 11
1+W
¢ +fi
=1- . S
¢+1+¢+fi
_1+¢-¢*+2-9);
1+¢p+f;
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(d

_2-¢ .
- 1+¢+fifl

because 1 + ¢ — ¢ = 0 by the golden equation (see [10]). Hence, we have

2-¢ 2-¢ 2-¢
< 1+¢+f; = 1+p-p+1 < 2 <

where we recall that 1 — ¢ = —0.4. Hence,

0 0.5

limf;=0
1—00
which gives
lim %_o
i—0o Y

We have finally to show that there is no periodic tiling with kites and darts. We
first assume that such a tiling exists. Then the assumed periodicity is based on
some basic tile G with u kites and v darts, which is mapped over the entire plane
by the two generating tessellations. Each figure, which will be enlarged by a cen-
tric stretching with stretch factor d — oo contains a square-increasing number
of complete basic tiles whereby the number of the basic tiles out from the edge
of the figure increases only linearly. For the quotient of the numbers x(d) of kites
and y(d) of darts, which are inside the figure, we get

)Ld) Y ford — oo.

ya v
The limit is a rational number. Now, in step (c) we have shown that the quotient
of these numbers converges to the golden number ¢ which is irrational. Hence, a

periodic tiling with kites and darts does not exist. O

Remark 4.24.

1. There is a fascinating ongoing work done in non-periodic tilings, and there ex-
ists several examples. Some of them can be considered as realistic models for the
growth of quadrilaterals.

2. The described Penrose tiling is realized at the TU Dortmund where the foyer of

the Auditorium Maximum is designed with a non-periodic Penrose tiling, see Fig-
ure 4.35.
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Figure 4.35: Penrose tiling at TU Dortmund.

Exercises

1. LetGbeagroupandH < G be asubgroup of G ofindex 2. Show that H is a normal
subgroup of G.

2. Let G be a finite group and H < G be a subgroup of index [G : H]. Show the
Theorem of Lagrange:

|Gl =[G : H] - H|.

3. LetG=(g|g"=1),nx=2,bea cyclic group of order n. Show that:
(a) For each divisor m of n, 1 < m < n, there exists exactly one subgroup U of G
with order m, and U is cyclic.
(b) An element gk # 1 generates G if and only if gcd(k, n) = 1.
(c) For each divisor m of n, 1 < m < n, there exists exactly one factor group of G
of order m.
(d) Letf:R?> > R?be a rotation with center 0 = (0,0) and rotation angle a =
Show that G is isomorphic to (f).
4. LetD,={(ab|d" = b? = (ab)® = 1), n > 3, be the dihedral group of order 2n.
(@) Let U < D, be asubgroup of D,,. Show that U is either cyclic, a dihedral group
D,, with m | n, m > 3, or the Klein four group if n is even.
(b) Show that D; is isomorphic to the symmetric group S; on {1, 2,3}.
(c) Show that D,, n > 4, is isomorphic to a proper subgroup of the symmetric
group S, on {1,2,...,n}.
(Hint: Consider in S,, the two permutations (written as cycles)

n
.

g=(1,2...,n) and h=2n)3B,n-1))---(i,(n+2-1)---.

For the required details on symmetric groups, see, for instance, [12].)
5. Show that the set of all symmetries of a figure F forms a group.
6. Let G be a subgroup of the group E of the planar isometries. We call G discrete if
there is no sequence (@,),cn Of pairwise distinct ¢,, € G such that the sequence
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(19 (P)I)nen converges to P foreach P € R? (considered as local vectors @). Show
that a discontinuous subgroup of E is discrete.
7. Given the two planar isometries

T:]R2—>IR2, <X>+—><X+y>
y y

and

e ()-(5).
y -y

Let G, = (1) and G, = (p). Show that G; and G, are algebraically isomorphic but
geometrically distinct. Find in R? figures F, and F, such that G, = Sym(F,) and
G, = Sym(F,).

8. (a) Inthe plane R? consider the rotation

()= 5)0)

and the translation

()=~ ()()

Let G = (0, T). Describe G by generators and relations.
Find a figure F in R? with G = Sym(F). Mark the rotation centers in F.
(b) In the plane R? consider the reflection

()~ 7))
Py 0 1/\y
and the translation
5)-()+0)
T: - + .
y y 0

Let G = {p, 7). Describe G by generators and relations.
Find a figure F in R’ with G = Sym(F). Mark the reflection lines in F.
9. In the plane R? consider the translations

5 (3)= )+ o)
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and

ae(5)= G ()

Let G = (1;,T,). Describe G by generators and relations and find a figure F in R?
with G = Sym(F).
10. (a) In the plane R? consider the reflection

2:()=( o))

and the two translations

and

()= G)+ ()

T2 : [ad + .

y y 1

Let G = {p,7;,T,). Describe G by generators and relations and find a figure F

in R? with G = Sym(F).
(b) In the plane R? consider the rotation

()= 5)0)

and the two translations

and

G)-G)+ ()

T2 : Lad + .

y y 1

Let G = (0,14, T,). Describe G by generators and relations and find a figure F
in R? with G = Sym(F).
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5 Graph Theory and Graph Theoretical Problems

In this chapter we give an introduction to graph theory. Our aim is to present some
basic material together with a variety of applications. We remark that graph theoretical
results and techniques are often used in the forthcoming chapters. Graphs serve the
description and illustration of relations between objects. The idea is to represent the
objects by points, and if there is a connection between two objects, we draw a line
between them. The objects are denoted as vertices and the connections between them
as edges.

The sets of vertices and edges form a graph. Through abstraction we may represent
many coherences using graphs. For instance, we may take all cities as vertices and
the road network as edges, that is, we draw an edge between two cities if they are
connected via a road. We will use this model when we discuss the Taveling Salesman
Problem in the last section of this chapter. Another example appears with movies and
actors as set of vertices. We draw an edge between an actor x and a movie y, if x played
a part in y. We also may regard the game positions of a game as vertex set. We draw
an edge from a game position x to a game position y if x gets converted to y by one
move.

In such a manner, different facts can be modeled by graphs. In general, any rela-
tion R ¢ AxB can be considered as a graph with a vertex set AUB and an edge between
x,y € AUBif (x,y) € R. This type of presentation has several advantages. First, graphs
can be illustrated figuratively. Second, we can use existing results and methods from
graph theory for the solution of problems. Last but not least, graph theory allows uni-
form terminology.

5.1 Graph Theory

We begin with the definition of a graph. The graphs we define here are called simple
and undirected in the literature.

Definition 5.1. A (simple) graph is a pair G = (V, E), consisting of a nonempty set V of
vertices and a set E of unordered pairs of distinct elements of V, which we call edges
and denoteby k = {x,y}, x,y € V, x + y. Typically, a graph is depicted in diagrammatic
form as a set of dots for the vertices, joined by lines or curves for the edges.

Remarks 5.2.

(1) Insimple graphs, we do not allow loops and we do not allow more than one edge
between two elements of V. In an undirected graph an edge has no direction.

(2) Anedge k = {x,y} is called a connecting edge from x to y, and x, y are named as
the termini (or end points) of k. We say that k connects the vertices x and y.

(3) Examples for graphs are certainly the known geometric figures like triangles, rect-
angles, n-polygons, tetrahedrons, cubes and so on, but also the Hasse diagrams

https://doi.org/10.1515/9783110740783-005
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of finite partial orders over a set M. Recall that a partial order over M is a binary
relation < over M which is reflexive, antisymmetric and transitive, that is, which
satisfies for all a, b,c € M:

(@ a<a,

(b) a<bandb < a,thena=b,

(c) a<bandb <c,thena<c.

The Hasse diagram, named after H. Hasse (1898-1979), is a type of mathematical
diagram to represent a finite partially ordered set. For a finite partially ordered set
(M, <), one represents each element of M as a vertex in the plane R? and draws a line
segment upwards from a to b whenever a < b and there is no ¢ such thata < ¢ < b.
These line segments may cross each other but must not touch any vertices other than
their endpoints. Such a diagram, with labeled vertices, uniquely determines its partial
order. We consider examples of Hasse diagrams:

(1) Let M = {1,2,3}. Then we have the following possible Hasse diagrams, see Fig-

ure 5.1.

oAV

Figure 5.1: Hasse diagrams.

(2) LetM =1{1,2,...,10} be equipped with the divisor relation as the partial order, see
Figure 5.2.

Figure 5.2: Diagram with divisor relation as partial order.

(3) Let B", n > 1, be the n-fold Cartesian product of B = {0, 1}, that is, the set of the
n-digit 0-1-sequences (a;, ay, ...,a,) witha; =0or1fori=1,2,...,n.
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B" can be partially ordered by
(al,az,...,an)S(bl,bz,...,bn) (=4 aiSbi fori:l,Z,...,n
and

(ay,ay,...,a,) < (by,by,....b,) & a;<b; fori=12,...,n and

a; < b; foratleast onei.

The Hasse diagrams for B!, B* and B> are shown in Figure 5.3.

1,1,1)
(0,1,1) (1,1,0)
(1,1)
1
(0,1) (1,0)  (0,0,1) (1,0,0)
0
(0,0) (0,0,0)
B=B B’ B

Figure 5.3: Hasse diagrams for B!, B2 and B>.

These examples already show that it is custom to realize graphs in the plane R? or the
3
space R°.

Definition 5.3.

(1) Two edges k, k' are called adjacent (neighboring) in G, if they have a common
terminus (end point), see Figure 5.4.

(2) x € Viscalled isolated if it is not incident to an edge.

(3) Agraph G = (V,E) is called finite if both V and E are finite.

Figure 5.4: Adjacent edges.
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Remark 5.4. Since we only consider simple graphs, then certainly |E| < oo if | V]| < co.
Agreement. From now on all graphs are finite.

Definition 5.5. Let G = (V,E) be a graph and x € V. Then
d(x) = |{u € E | x € u, thatis, u = {x,y} for somey € V}|

is called the degree of x.

Remark 5.6. If x € V isisolated then d(x) = 0, if d(x) = 1 then we call x a final vertex.
Certainly we have

|E| = % > dx).

xeV

Definition 5.7. Let G = (V,E) be a graph. An edge sequence with start vertex x, and
end vertex x, is a sequence of edges of the form u; = {xo,x;}u, = X, %} ..., u, =
D1 X}

An edge line is an edge sequence where all edges are distinct.

An edge path is an edge line u; = {xg,x;},uy = X, L., u, = {X,_1,x,} with
x; # x;j fori # j, 0 <1i,j < nwith the possible exception x;, = x,,. If x5 = x,, then the edge
sequence (line or path, respectively) is called closed or an edge circle.

Remarks 5.8.

(1) From an edge sequence from x,, to x,, we get by reduction an edge line, and finally
an edge path from x, to x,,.

(2) By the definition

Xo ~p X, © there exists an edge path from x to x,,

we get an equivalence relation ~p on the vertex set V of G = (V, E).

Definition 5.9. Let G = (V,E) be a graph.

(1) A graph (V',E')is called a subgraph of Gif V! ¢ V and E' c E.
A subgraph (V', E') of G is called a section graph of G if E' is composed exactly of
those edges of G for which both termini are in V'.
The section graph is uniquely determined by V' and is called the spanning section
graph of V'.

(2) A connected component of G is the spanning section graph of an equivalence class
of VV with respect to the equivalence relation ~p on V.

Example 5.10. Figure 5.5 shows a graph with three connected components.

Definition 5.11. G is called connected if G has exactly one connected component.
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Figure 5.5: Graph with three connected components.

Theorem 5.12. If G = (V,E) is connected, then |E| > |V| - 1.

Proof. We proof the theorem by induction on n = |V]|.
Ifn=1,then V = {x} and hence [E| =0 > |V|-1=0.
Ifn>2and d(x) > 2forall x € V, then |E| > n because

|E| = % Z d(x).

xeV

Now let n > 2 and x, be a vertex with d(x,) = 1 (the case d(x,) = 0 cannot hold,
because G is connected). Let u be an edge with x, as a terminus vertex.
The subgraph (V'\ {x,}, E'\ {u}) is connected. By the induction hypothesis, we have

[E\ {u}| > [V \ {xo}] - 1,
that is,

|[E|-1>1|V|-2, andhence |E|=|V|-1 O

Definition 5.13. Let G = (V,E) be a graph. G is called a tree if G is connected and has
no edge circle. A vertex of a tree is called a leaf if it has at most degree 1. Vertices which
are not leaves are called the inner vertices.

In trees with more than one vertex the leaves are exactly those vertices of degree 1.

Example 5.14.
(1) All trees with |V| = 5, see Figure 5.6.

\( Figure 5.6: All trees with |V| = 5.

(2) Binary trees (V,E).
These are trees with the following properties:
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(a) There exists a distinguished vertex x, with d(x,) < 2; x, is called a root of the
tree, and

(b) d(x) < 3forallx € V. These may occur in several situations:
(i) Decision tree; see Figure 5.7.

a n a n Figure 5.7: Decision tree.

(ii) Probability tree; see Figure 5.8.

Figure 5.8: Probability tree.

(iii) Binary search tree of an ordered set M = {x;,x5,...,X,}. For M = {21,17,6,
3,7,25,12,11,19, 30, 29, 27, 14, 35} we see an example (with the given order-
ing) in Figure 5.9:

Figure 5.9: Example of a binary search
tree.
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(iv) Brackets for multiple products, see Figures 5.10 and 5.11.

X1 X2 X3 Xy X5 Figure 5.10: Brackets for multiple products (x; x,)(x3 X4 X5).

X1 X2 X3 Xy Figure 5.11: Brackets for multiple products (x; X;)(x3 Xz).

Theorem 5.15. Let G = (V, E) be a graph. Then the following are equivalent:
(1) Gisa tree.

(2) Gis connected and |E| = |V| - 1.

(3) Any two distinct vertices in G are connected by exactly one path.

Proof. (1) = (2) A tree is connected by definition. Let n, m be the number of vertices
and edges of G, respectively. We show m = n - 1 by induction. If n = 1 then m = 0,
hence,m=n-1.

Now let n > 2 and u = {a, b} be an edge. Let G’ = (V,E \ {u}). Then G’ is not con-
nected, and G’ comprises two connected components, G; = (Vy,E;) and G, = (V,, E,),
see Figure 5.12.

Figure 5.12: Components G; and G.
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G! is a tree with, say a € G}, b € G5. By induction hypothesis, |E;| = |V;| - 1, hence
[El=m=|Ej| +|E|+1=|V{|+|V5] -2+1,

thatis, m=n-1.
(2) = (3) We have

2E| = ) d(x)=2|V|-2

xeV

If |V| = 1, there is nothing to prove. Now let |V| > 2. Then there exists a final vertex
x € V with d(x) = 1. Let u = {x, y} be the edge to which x is incident.

Then G' = (V \ {x}, E \ {u}) also is connected and satisfies the condition in (2).

Leta,b € V \ {x}. A path from a to b in G cannot contain u because d(x) = 1. Then,
inductively, there exists exactly one path in G’ which connects a and b. A path from x
to a must start with u, which gives the uniqueness of the path from x to a in G.

(3) = (1) From the existence of a closed path, which contains a, b € V, we get the
existence of two distinct paths between a and b. O

Remark 5.16. From Theorem 5.15 we automatically get the following statements.
(1) Let G = (V,E) be a graph with |V| > 2. Then the following are equivalent:
(a) Gisatree.
(b) G contains no closed path, and for any x,y € V, x # y, with {x,y} ¢ E, the
graph (V,E U {x, y}) contains a closed path.
(2) Each tree has a leaf. Especially, each tree with at least two vertices has at least two
leaves.

Definition 5.17. Let G = (V, E) be a graph. A subgraph of G which is a tree and which
contains all vertices of G is called a spanning tree of G.

Theorem 5.18. A graph G = (V, E) has a spanning tree if and only if G is connected.
Proof. “=” This is clear, because a spanning tree is connected.
“&” Let G be connected. Starting with G, = (V, @), we construct a chain

G()CGIC"'

of subgraphs, where G, = (V,E) for k > 1is formed from G;_; by adding an edge
u in such a manner that G, does not contain an edge circle. After |V| steps, we get a
spanning tree. O

Definition 5.19. The graph K,, = (V,E) with |V| = n > 2 and |E| = (}) edges, that is,
every pair of distinct vertices is connected by a unique edge, is called the complete
graph on n vertices.
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The Cayley formula (after A. Cayley, 1821-1895) determines the number of span-
ning treesin K,,, n > 2.

Theorem 5.20 (Cayley formula). Let n > 2. The number of spanning trees in K, is n" .

Proof. LetK,, = (V,E)be the complete graph on n vertices. We assume that the vertices
are arranged linearly. Let (V, T) with T c E be a spanning tree of K,,. We encode T by
a sequence in yr? using a method of E. P. H. Priifer (1896-1934). If n = 2, then this is
the empty sequence, and this matches the only spanning tree with T = E.

Now, let b; € V be the smallest leaf of (V, T). The essential trick is to note down
the neighbor p, of b; and not the leaf itself. Hence, {b;,p;} € T.Let V' = V \ {b;}
and T' = T\ {{b;,p;}}. Then (V', T') is a spanning tree of a complete graph withn -1
vertices. By induction there exists a sequence (p,, .. ., p,_,) which encodes (V', T'). We
define the encoding of (V, T) by the sequence (p;,p,,...,Pn_) and call this sequence
the Priifer code of (V, T). We see by induction that {p;, ..., p,_,} is exactly the set of the
inner vertices of T. Especially, some of the p;’s may be equal. We now can discern the
leaf b, from the sequence (p;,. .., p,_,), itis the smallest elementin V\{p,,...,p,_,}. We
know that {b;, p;} € T.Inductively, we may reconstruct from {p,, ..., p,_,} the spanning
tree T' of V' = V\ {b;}. We get T = T' U {{b;, p;}}.

The assignment which assigns each T the Priifer code is therefore an injective map
from the set of all spanning trees of (V, E) in the set V"2,

It remains to show that each sequence (py, ..., p,_,) is a Priifer code of some span-
ning tree. Let b; be the smallest element of V'\ {p;, ..., p,_,}. By induction, the residual
sequence (p,, ..., P,_,) is the Priifer code of a spanning tree T' of V' \ {b,}. Therefore,
(V',T") is connected and T’ has n - 2 edges. We set T = T' U {{b;, p;}}, then (V, T) is
connected and T has n - 1 vertices. Hence, (V, T) is a spanning tree with Priifer code
(p1>--->pn—2)' O

Examples 5.21.
(1) We consider the tree with Priifer code (2,7, 7, 1, 7, 1), see Figure 5.13.

~

3 2

Tl
|

ANe—s

Figure 5.13: Tree with Priifer code (2,7,7, 1, 7, 1).

(2) All spanning trees with edge set {1, 2, 3}, see Figure 5.14.
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1 2 1 2 1 2

Figure 5.14: Spanning trees with edge set {1, 2, 3}.

Remark 5.22. If a graph G = (V,E) is realized in the plane R?, then in general inter-
sections of edges occur at points which are not vertices of G.

Definition 5.23.

(1) Agraph G = (V,E) in the plane R? is called crossing-free if intersections of edges
are only at their endpoints. In other words, no edges cross each other.

(2) Two graphs G = (V,E) and G' = (V',E’) are called isomorphic if their exists a
bijection f : V — V' such that

yleE o {f00.fy)}eE,
f then is called a graph isomorphism.
(3) A graph G = (V,E) is called planar if it is isomorphic to a crossing-free graph in
the plane R?.

Example 5.24. Let K, = (V, E) be the complete graph with |V| = nand |E| = (}).
K, and Kj; are certainly planar, see Figure 5.15.

AN

K, K

Figure 5.15: K, and Kj3.

K, is also planar, see Figure 5.16.

isomorphic to

Figure 5.16: K,.

EBSCChost - printed on 2/10/2023 4:13 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



5.1 Graph Theory =— 137

We will show that K; is not planar. Then in general K,,, n > 5, is not planar.
To prove this, we need Euler’s formula for planar, connected graphs.

Agreement. If in what follows we call a graph G = (V, E) planar then we mean that G
already is realized in R? as crossing-free.

Definition 5.25. Let G = (V,E) be a planar graph in the plane R”.

(1) x e R?is called distinct from G if x is neither a vertex of G nor an element of an
edge of G. Diagrammatically, x is not a vertex and not on a line or curve joining
two vertices.

(2) Letx e R? be different from G. A face F(x) containing x is the set of all points from
R? which can be reached from x by a finite polygonal chain, whose points are all
distinct from G.

Remark 5.26. This defines an equivalence relation:

x ~y & x and y are distinct from G and can be connected by a finite polygonal
chain, whose points are all distinct from G.

The equivalence classes are called the faces of G. There is always the external or
unbounded face.

Example 5.27. We give an example in Figure 5.17.

| >

Figure 5.17: Face F(x).

We are now prepared to prove Euler’s polyhedra formula (L. Euler, 1707-1783).

Theorem 5.28 (Euler’s formula). Let G be a connected, planar graph in the plane R°.
Let n,m and f be the number of vertices, edges and faces of G, respectively.
Then

n-m+f=2

Proof. We give the proof by induction on m. If m = 0, then n = 1 because G is con-
nected, and f = 1 (there is only the unbounded face). Therefore

n-m+f=1-0+1=2

form = 0.
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Now let m > 1 and assume that Euler’s formula holds for all respective graphs
with m — 1 edges.

First, if G is a tree, then f = 1 because we only have the unbounded face, and
m = n — 1 by Theorem 5.15, which givesn - m +f = n— (n-1) + 1 = 2. Therefore
Theorem 5.28 holds if G is a tree.

Now assume G is not a tree. Let e be an edge of an edge circle of G, see Fig-
ure 5.18.

Figure 5.18: An edge circle and an edge e.

Then G\ {e} := (V, E\ {e}) is a connected planar graph with n vertices, m — 1 edges and
f —1faces, and hence,

n-m-)+(f-)=n-m+f=2,

by the induction hypothesis.
Altogethern-m+ f = 2. O

Corollary 5.29. Let G be a connected, planar graph with n, n > 3, vertices and m edges.
Thenm < 3n-6.

Proof. Since each face is bounded by at least three edges, and each edge bounds at
most two faces, we get 3f < 2m. This gives

6=3n-3m+3f<3n-m,

and hencem < 3n - 6. O
Corollary 5.30. K; is not planar.

Proof. Assume that K; is planar. Then, by Corollary 5.29, we get
10=m<3n-6=15-6=9

which gives a contradiction. Hence, K; is not planar. O

Corollary 5.31. Each planar graph has a vertex x with d(x) < 5.
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Proof. Without loss of generality, let the graph be connected and have at least 3 ver-
tices.

If d(x) > 6 for all vertices x, then 6n < 2m with n and m the number of vertices
and edges, respectively. By Corollary 5.29, we have then 3n < 3n - 6 which gives a
contradiction. O

5.2 Coloring of Planar Graphs

Definition 5.32. A C-coloring ofa graph G = (V,E)isamap c: V — C with c(x) # c(y)
for all {x,y} € E. Here C is the set of colors. We say that G is k-colorable if there exists
a C-coloring with |C| = k.

Remark 5.33. We give the following application for graph coloring in the context of
school timetables. We consider the graph G = (V, E) where the vertices present the
lessons and two lessons are connected by an edge if they cannot take place at the same
time. There are many practical reasons for this: A teacher cannot teach two lessons at
the same time and a class cannot attend two lessons simultaneously, and many more.
If the graph admits a k-coloring, then there exists a time table for all courses with k
time slots.

The famous Four Color Theorem by K. Appel (1932-2013) and W. Haken (born 1928)
says that each planar graph is 4-colorable, see [2]. In the context of geographic maps
this means that four colors are enough to color the regions of a map so that adjacent
regions have different colors. Here we consider a planar graph G = (V, E) where the
vertices present the regions and two regions are connected by an edge if they have a
common border.

We only show here that each planar graph is 5-colorable. First, we check that each
planar graph is 6-colorable. Let v € V be a vertex of G with d(v) < 5. Suchav € V exists
by Corollary 5.31. The graph without the vertex v (and the edges {v, x} € E) is assumed
to be 6-colorable by induction. Since v has 5 neighbors x with {v,x} € E, we need for
these neighbors x at most five colors. If we add again v, then one of the six colors is
left for v. We use this idea for the proof of the next theorem.

Theorem 5.34. Each planar graph is 5-colorable.

Proof. We make induction on the number of vertices and show that each planar graph
is colorable using colors C with |C| = 5.

Let G = (V,E) be a planar graph. By Corollary 5.31, there exists a vertex v € V with
degree d(v) < 5.1f d(v) < 4 then we consider the spanning section graph of V'\ {v} of G.
This has by induction a C-coloring with |C| = 5. We add again v to get G and may take
for v one of the five colors which was not used. The colors of the remaining vertices
are not changed. This gives a 5-coloring for G.
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Now, let d(v) = 5, and let a, b, ¢, d, e be the neighbors of v ordered clockwise, see
Figure 5.19. It is impossible for both edges {a, c} and {b, d} to exist because otherwise
they would intersect. Without loss of generality, let {a, ¢} not be in E, that is, {a, c} does
not exist.

Figure 5.19: Five neighbors of v.

We remove from G the vertex v and all the edges {v, a}, {v, b}, {v, c}, {v,d} and {v, e}.

Now we shift the vertices a and c together and join them up to a single vertex
Zge £ V.

This gives a planar graph without two vertices. By induction, there exists a
5-coloring ¢’ for the resulting graph. We now construct a coloring ¢ : V — C of G
in such a way that the vertices a and ¢ both get the color ¢’(z,.). The remaining ver-
tices of G keep their color. We only have to color the vertex v. Since the five neighbors
of v need at most four colors, there is one color left, which we may use for v. O

5.3 The Marriage Theorem

Let A and B be non-empty, disjoint sets and let G = (A U B, E) be a bipartite graph,
that is, each edge in E connects a vertex in A with a vertex in B. A subset M c E is a
matching if no two edges in M have a common vertex. M is called a perfect matching
for A if each vertex from A is on an edge from M.

In Figure 5.20 we present an example of a matching and a perfect matching for a
bipartite graph.

We remark that in the exercises, we will also study complete bipartite graphs.
A graph G = (V,E) is called complete bipartite if V = A u Bwith An B = ¢ and
E={a,b}|acA,beB}.If|A| = mand |B| = n, then we write K, , for G.

The marriage theorem specifies a condition when exactly a perfect matching exists
for A.Let Ng(a) = {b € B | {a, b} € E}be the set of neighbors of a € Ain G. This notation
can be extended by N;(X) = [ J,exNg(a) tosubsets X ¢ A. The marriage condition holds
if [IN;(X)| > |X]| for all subsets X c A.

If |B| < |A]| then there cannot exist a perfect matching. Also the marriage condi-
tion must hold. The marriage theorem says that the reverse is true: If the marriage
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a 1 a 1 a 1
b 2 be °2 b 2
c 3 Co—3 c 3
d 4 de——4 d 4
(a) Bipartite graph (b) A matching (¢) A perfect matching

Figure 5.20: A matching and a perfect matching for a bipartite graph.

condition holds, then there exists a perfect matching for A. In this form, the marriage
theorem was proved in 1935 by P. Hall (1904-1982). In a slightly different form it was
proved in 1931 independently by D. Konig (1884-1944) and J. Egervary (1891-1958).
Nevertheless, it is now customary to attribute the marriage theorem to Hall.

The name giver for the marriage theorem is the following situation: We may imag-
ine the set A as a set of women and B as a set of men. An edge between a woman and a
man exists if a marriage is possible. A perfect matching then means that it is possible
for all women in A to get married under the condition that no man gets married with
more than one women.

Theorem 5.35 (Marriage theorem). Let G = (A U B,E) be a bipartite graph. Then there
exists a perfect matching for A if and only if IN;(X)| > |X| forall X c A.

Proof. If M is a perfect matching, then the graph (4 U B, M) satisfies the marriage con-
dition, and, hence, also G. Now, let G satisfy the marriage condition. If for each non-
empty proper subset X of A the inequality [N;(X)| > |X]| holds, then we may remove
any arbitrary edge e from G. The remaining graph still satisfies the marriage condi-
tion and has, by induction on the number of edges, a perfect matching. This is also a
perfect matching of G. If the above case does not hold then there exists a non-empty
proper subset X of A with [N;(X)| = |X|.

Let G; be the subgraph of G induced by X U N;(X), and let G, be the subgraph
induced by the remaining vertices (outside of X U N;(X)). The graph G, satisfies the
marriage condition because Ng (X') = Ng(X') for all X' ¢ X. We have to show that
G, satisfies the marriage condition. Then by induction, both G; and G, have perfect
matchings, and so their union is a perfect matching for A. Let G, = (A’ u B',E") with
A" c Aand B’ ¢ B.For X' c A’ we have

ING, X")| + [Ng(X)| 2 [N(X" UX)| 2 IX" UX| = |X'| + |X],

and hence, [N; (X')| > |X'|. Therefore G, satisfies the marriage condition. O
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A frequent application of the marriage theorem is the case when |X| = |B|. Then
each perfect matching for A in the bipartite graph G = (A U B,E) is also a perfect
matching for B. Compare the example for a perfect matching above.

5.4 Stable Marriage Problem

Let two equally sized sets A and B be given, with an ordering of preference for each
element. A matching between A and B is stable when there does not exist any match
(a,b), a € A, b € B, for which both a and b prefer each other to their current part-
ners under the matching. A stable marriage problem is the problem of finding a stable
matching between A and B.

Originally the stable marriage problem is as follows: Given n men and n women,
where each person has ranked all members of the opposite sex in order of preference.
When there are no pairs of people that prefer each other to their current partners, the
set of marriages is considered stable.

Algorithms for finding solutions to the stable marriage problem have many appli-
cations, for instance, in the assignment of graduating medical students to their first
hospital appointments. In 2012, the Nobel Prize in Economics was given to L. S. Shap-
ley (1923-2016) and A. E. Roth (born 1951) for the theory of stable allocations and the
design of certain markets. In this section we want to describe the underlying algorithm
of D. Gale (1921-2008) and Shapley which is central for Roth’s empiric work and appli-
cations in real world situations. Let A and B be sets of n persons each. Without loss of
generality let A be the women and let B be the men. For each a € A we define a linear
relation P, on the set B by b; > b; if and only if a prefers b; over b;. In this case we
also write P,(b;) > Pa(bj). Analogously, each man b € B has a list P;, of preferences.
A marriage (or the matching M c A x B) is stable if all women are married and there
are no divorces. If there is one divorce then there exist two couples (a, b'), (a', b) with
P,(b) > P,(b") and P,(a) > P,(a'). Then a and b are getting divorced from their part-
ners and form a new married couple. If afterwards a’ and b’ get together then again
all are married. Then the satisfaction of a and b is increased while those of a’ and b’
may be decreased.

The situation of two couples is easy to analyze. There are two women a, a’ and
twomen b, b'. Let us first consider the case in which there exists a couple which gives
each other the highest preference. Without loss of generality, let (a, b) be this couple.
Hence P,(b) > P,(b') and P,(a) > P,(a'). Then (a,b), (a',b’) is stable, and this is the
only stable marriage. If there is no such couple, then the preferences cross each other.
Say, a has favorite b, but b favors a’ which now prefers b’, for which finally the woman
a is of the highest preference. We get a circular arrangement of highest preferences,
see Figure 5.21.

In this case both possible pairings are stable; the difference between them is that
either both men or both women marry their favorites. Anyway, also in more compli-
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a°4ﬂb

a,.—“b,

Figure 5.21: Circular arrangement of highest preferences.

cated situations there is a stable marriage possible, however only under the prefer-
ences of one party. In general, a stable marriage does not appear if partners meet each
other in random order and, with appropriate preferences, split up from their current
partner and remarry. In the previous situation first (a, b) could be married, then (a’, b),
then (a',b"), then (a, b') and finally (a, b) again. Here, the remaining two persons are
unmarried at time. In our consideration of a stable marriage, there are no unmarried
persons, so we add an additional woman a, and an additional man b, which always
have the lowest preference among the earlier men and women, respectively. Unmar-
ried persons in the above example get married now with a, or b,. This provides an
infinite sequence of unstable marriages in each of which all persons are married. Fig-
ure 5.22 illustrates a run; the dashed edge always contradicts the stability.

Figure 5.22: Illustration of a run.

When calculating a stable marriage it is customary to differentiate getting engaged
and getting married from each other, so as not to have divorced couples. Engaging
means provisional selection of a partner while getting married is final.
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The Gale—Shapley algorithm calculates a marriage as follows:

(1) At the beginning nobody is engaged or married.

(2) Aslong as there is an unengaged man b € B, he makes a proposal to that woman
a € A he had not yet proposed to and that is for him of the highest preference
among these women. The woman a accepts the proposal and gets engaged to b if
she does not have a partner or if she prefers b to her current fiancé. If necessary,
an engagement is broken off in order to enter into another.

(3) Ifall men are engaged, then everyone marries their fiancée.

In what follows we denote each pass through of step (2) as a circuit.

Theorem 5.36. The Gale—Shapley algorithm calculates a stable marriage in at most n*
circuits.

Proof. Engaged women remain engaged in each circuit. A woman only gets engaged
again if she improves. Especially each woman gets engaged maximally n times. At the
latest, each woman gets a proposal after n? circuits, and all women (and therefore
also all men) are engaged. Assume that the marriage, calculated by the Gale-Shapley
algorithm, is unstable, that is, there are two married couples (a, b') and (a’, b) with
P,(b) > P,(b') and Py(a) > Pb(a’). But then a had, before the engagement of b with
a', either rejected an application from b or had left him. The reason for this was an
engagement with a man b"” with P,(b") > P,(b). But since women only improved as
the process progresses, we have P,(b’) > P,(b"). This contradicts P,(b) > P,(b"). O

Remark 5.37. Especially, there exists always a stable marriage. The marriage calcu-
lated by the Gale—Shapley algorithm can be described a little more precisely. The
Gale-Shapley algorithm is optimal for the men. They each receive the one partner
who has the highest preference among all women with which a stable pairing is even
possible. For this, it is enough to show that a couple (a,b’) € A x B is in no marriage
realizable, if the woman a has either an application from b’ rejected or left him in
the Gale-Shapley procedure. To get a contradiction, we consider the first moment ¢
at which either a woman a or a man is rejected or left, although there exists a stable
marriage M with (a,b’) € M. In both cases the reason is a man b with P,(b) > P,(b").
We have (a’, b) € M for a woman a’ # a. If we would have Py(a) < Pb(a’), then b had
received a negative reply from a’ or would be left by a’ already before the moment ¢.
But this is not possible by the choice of (a,b'). Hence, P,(a) > Py(a’). Thus, if (a,b)
and (a’, b) meet each other, then a and b leave their partners and form a new couple
(a, b). As a result M is not stable, which gives a contradiction.

5.5 Euler Line

With Euler’s formula we are now essentially prepared for the classification of the Pla-
tonic solids. But before we do this in the next chapter, we want, for historical reasons,
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to talk about a problem which was solved by Euler. His solution is the reason why Euler
often is considered as the founder of graph theory.

Definition 5.38. A (closed) edge line C in the graph G = (V,E) is called an Euler line
(Euler cycle, respectively) if C contains each edge of G exactly one time.

Remarks 5.39.

(1) This is certainly only meaningful in connected graphs.

(2) The naming is after Euler who in 1736 solved the famous problem of the Seven
Bridges of Konigsberg. Its negative solution by Euler laid the foundation of graph
theory.

The city of Kénigsbherg was set on both sides of the Pregel River, and included
two large islands which where connected to each other and to the two mainland
portions of the city by seven bridges, see Figure 5.23.

1T

( \

~
I I

Figure 5.23: Seven bridges of Konigsberg.

The problem was to devise a walk through the city that would cross each of those
bridges once and only once.

By way of specifying the logical task unambiguously, solutions involving either
— reaching an island or mainland bank other than via one of the bridges, or

— accessing any bridge without crossing to its other end

are unacceptable.

Euler pointed out that the choice of route inside each land mass is irrelevant. The
only important feature of a route is the sequence of bridges crossed.

In modern terms, or in graph-theoretical interpretations, one replaces each land
mass with an abstract vertex (or node), and each bridge with an abstract edge,
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which only serves to record which pair of vertices (land masses) are connected by
that bridge. The resulting structure is shown in Figure 5.24.

Figure 5.24: Resulting graph with multiple edges.

This structure has multiple edges between two vertices. To bring this in line with
our definition of a graph, we may introduce additional vertices and edges so that
the problem now is equivalent to the original one, see Figure 5.25.

Figure 5.25: Resulting simple graph.

The task is now to find an Euler cycle in this extended graph. The following The-
orem 5.40 tells us that this is not possible.
(3) For an example of an Euler line, see Figure 5.26.

3 Figure 5.26: House of Nicolaus.

This is the house of Nicolaus (one edge for each syllable).

Theorem 5.40. A graph G = (V, E) contains an Euler line (Euler cycle) if and only if G is
connected and the number of vertices with an odd degree is less than or equal to 2 (= 0,
respectively).

Before we prove Theorem 5.40 we describe a necessary lemma.

Lemma 5.41. Let G = (V,E) be a connected graph with d(x) even forallx € V.Ifa € V
and u € E with a as one terminus, then G' = (V,E \ {u}) is connected.
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Proof. Let b be the second terminus of u. Assume that G' is not connected. Then G’
comprises two connected components, one of which contains a and the other con-
tains b.

Let G; = (Vy,E;) be that component which contains a, and let d; be the degree
function of G;.

We have that d;(a) is odd, and d,;(x) is even for all x € V;, x # a, from the condition
on d. This contradicts

Eil=3 Y di.

xeV;
Hence, G’ is connected. O
We now give the proof of Theorem 5.40.

Proof. “=” Let G contain an Euler line (Euler cycle). Each passage through one vertex
x gives a contribution of 2 to the value d(x), with a possible exception of the beginning
vertex and the ending vertex of the line, these two vertices are equal in a cycle.

“<” Let G be connected, and let the number of vertices with an odd degree be < 2

or 0. Then the number of vertices with an odd degree is 0 or 2because |E| = % Yy dX).

We may reduce the case with two vertices with an odd degree to the case where all

vertices have even degree. This we can see as follows. Let a and b be two vertices with

an odd degree. We extend G by adding an additional vertex c and two edges {a, c} and

{b,c}toagraph G' = (Vu{c},EU{a,c}u{b,c}); and each Euler cyclein G’ corresponds

to an Euler line in G from a to b. Now let the number of vertices with an odd degree

be 0.

The following algorithm provides an Euler cycle:

(1) Choose any arbitrary vertex a as the start vertex.

(2) Choose any arbitrary edge u; from the set of edges with a as an end vertex. By
Lemma 5.41, the graph (V, E \ {i;}) is connected.

(3) Ifuy,u,,...,u,areiteratively already chosen with final vertex x,,, then choose from
the set of unused edges with x,, as terminus an edge u,,; in such a way that the
remaining graph G,,,, formed from a and those edges which are distinct from
Uy, Uy, . . ., Uy, and their vertices, is connected.

An example for (3) is given in Figure 5.27.

In Figure 5.27, u;, uy, . . ., ug are chosen. The remaining graph G after the choice of
Uy, Uy, . . ., Ug is given in Figure 5.28.

Edge u' is not allowed to be chosen as u;, because then G; is not connected; u"
can be chosen. O

This procedure gives an Euler cycle.
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5}

Ug

Us

lf4 Figure 5.27: Example for (3).

Figure 5.28: Remaining graph.

Proof. Casel. x,=a

If all edges are used then we have an Euler cycle. If G, still contains edges, then
among them there is one (for degree reasons, even two) with a as terminus, since G,
is connected, and among those we may choose any as u,,,; by Lemma 5.41.

Case2.x, + a

Then d,(x,) and d, (a) are odd (here d,, is the degree function for G,), and in any
case G, still contains edges.

If d,(x,,) = 1, then this one edge is acceptable as u,,,;. Now let d,(x,,) > 3 and let
u = {x,,,y} be an edge which is not acceptable as u,,;.

By removing u, we get that G,, comprises two connected components, one of which
contains x,, and the other contains y. For degree reasons, a and y are in the same com-
ponent, and the component which contains x,, has only vertices of even degree. Hence,
each edge with terminus x,, and different from u is acceptable as u,,,;. O

5.6 Hamiltonian Line

In an analogous manner to the Euler line we may introduce Hamiltonian lines (or
Hamiltonian paths) and Hamiltonian cycles. They are named after W. R. Hamilton
(1805-1865).

Definition 5.42. A Hamiltonian line in a graph is an edge line that visits each vertex
exactly once. A Hamiltonian cycle is a Hamiltonian line that is a cycle.
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Determining whether such lines or cycles exist in graphs is the Hamiltonian line
problem, which is considered to be a hard problem that can be used in cryptology.

Examples 5.43.

1. The complete graph K,,n > 3, always has a Hamiltonian cycle. Certainly, if n = 2
then we have a Hamiltonian line.

2. The edge graph of a dodecahedron (see the next chapter on Platonic solids) has a
Hamiltonian cycle. It is indicated in Figure 5.29 by thick edges.

Figure 5.29: The edge graph of a dodecahedron.

Theorem 5.44 (Theorem of Ore). If d(x) + d(y) = n = |V| for all pairs of non-adjacent
vertices x,y of the connected graph G = (V,E), then G is Hamiltonian, that is, G has a
Hamiltonian cycle.

Proof. We consider cyclic arrangements of the vertices
X>X9s e s Xnp Xn - (X1 = X7) 2)

and call a consecutive pair xy, X1 a gap, if x; and x;,; are not adjacent in the graph.
Assume that G does not have a Hamiltonian cycle. Then each cycle arrangement has
at least one gap. Now, let (Z) be a cyclic arrangement with a minimal number of gaps,
and let x;, x;..; be herein a gap. We claim that then d(x;) + d(x;,;) < n-1.Ifd(x;) = 0,
then this is correct because the degree of each vertex is at most n—1. Now, let d(x;) > 0
and x; be a neighbor of x;. Then x;,; and x;,; cannot be adjacent because otherwise
the cyclic arrangement

Xps v o5 Xjos Xy Xjgs o> Xy 15 X1 - - > Xip )
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if j > k, respectively
Xq e s Xy Xos X1 -+ > X s Xy 15 -+ X z”

if j < k has at least one gap less. Hence, if x; has m neighbors (m < n - 1), then it has
m forbidden adjacencies as a consequence. From this we get d(x;,;) <n-1-mand
therefore the statement. O

Palmer [24] describes an algorithm for constructing a Hamiltonian cycle which
reflects the arguments in the proof of Ore’s theorem:
1. Take a cycle arrangement of the vertices, ignoring adjacencies in the graph.
2. Ifthe cycle arrangement contains a gap X, X1, perform the following two steps:
(@) Search for an index i such that the four vertices x;, x4, x; and x;,, are all dis-
tinct and such that the graph contains edges from x; to x; and from x;,, to
ROSSE
(b) Reverse the part of the cycle between x;.,; and x;,; (inclusive).
Each step increases the number of consecutive pairs in the cyclic arrangement that
are adjacent, by one or two pairs (depending on whether x; and x;,, are already
adjacent). The desired index i must exist, or else the non-adjacent vertices x; and
X;,1 would have a too small total degree.

This algorithm certainly terminates. We close this section with the sufficient condition
by G. A. Dirac (1925-1984).

Theorem 5.45. Let G = (V,E) be a graph with |V| > 3 and let § = §(G) be the minimum
degree. If 6 > % then G has a Hamiltonian cycle.

Proof. Suppose that the statement is false, and let G be a maximal graph with |V| > 3
and 6 > '—‘2/' which has no Hamiltonian cycle. Since |V| > 3, G cannot be complete. Let
u and v be non-adjacent vertices in G. By the choice of G then G' = (V,E U {u, v}) has
a Hamiltonian cycle. Moreover each Hamiltonian cycle of G' must contain the edge
{u, v}. Thus there is a Hamiltonian line {v;, v,},..., {vi_;, i} in Gfromu = v; tov = v;.

LetS = {v; | {w,vjyq} € E}and T = {v; | {v;,v} € E}. Sincev; ¢ SU T, we have
|SUT| < |V|. Furthermore, [SNT| = 0, sinceif SNT contained some vertex v;, the G would
have a Hamiltonian cycle {vy, vy}, {vo, v3h, ..o Vi, vieh Vi Vi ds - - - > {Vigq» v4} contrary to
the assumption, see Figure 5.30.

Hence, we obtain

dw)+dv) =S|+ IT|=|SUT| < |V

But this contradicts the hypothesis that § > % O
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u=V1

Vv, V3 Vi Vin V-1

Figure 5.30: Hamiltonian cycle for Dirac’s theorem.

5.7 The Traveling Salesman Problem

In this section we discuss the traveling salesman problem, its connection to Hamil-
tonian cycles, and have a glance at algorithms and applications. One considers the
following situation: A salesman needs to visit a list of cities connected by routes of
certain lengths and asks for the shortest route that connects these cities. As we have
pointed out in the beginning of this chapter, it is customary to model this geographic
data as a graph G with the cities as vertices and edges connecting two cities if there is
a road between these cities. In order to model the lengths of the roads we introduce
weighted graphs.

Definition 5.46. A weighted graph G = (V,E,w) is a graph (V, E) together with a func-
tionw:E — R,.

We remark that we interpret the weight of an edge as the length of a road. Of
course, depending on the application, this could also be regarded as the travel time
or costs between the respective cities. Let p = (e;,.. ., e,) be a sequence in a weighted
graph G = (V, E,w). Then we understand that w(p) = Z?:l w(e;) is the weight of p.

With these notions at hand, we can formulate the traveling salesman problem in
a graph-theoretic manner. We just take the list of cities as the vertex set V; if thereis a
road between cities A and B we add {A, B} to our edge set E and encode the lengths of
the road as a weight function w: E — R,. Hence, a traveling salesman problem (TSP)
is completey determined by a weighted graph G = (V,E, w).

Definition 5.47. Let G = (V, E,w) be a TSP. A solution of the TSP is a sequence

p={vpvah (va,vsh s (Vg Vi)

in G with v; = v, that contains all vertices and that is of minimal length among all
those sequences.

We restrict ourselves to the following kind of TSPs.

Remark 5.48. We remark that what we consider in the following is called a metric,
symmetric TSP in the literature. That is, we assume that the distance from city A to B is
always the same as from B to A (this yields an undirected graph) and that it is always
longer to take a detour through a city C than to use the direct connection between A
and B (in fact, we assume the Euclidean metric, that is the Euclidean distance).
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For theoretical considerations and for practical computations it is customary to
give an alternative description of the traveling salesman problem in terms of complete
graphs and Hamiltonian cycles. However, we have not found a rigorous treatment of
this equivalence in the literature, so we discuss it in the following.

We first consider a new graph associated to a TSP.

Definition 5.49. Let G = (V, E, w) be a TSP. We then consider the graph
G' =(V,EUE' W)

where E’ is the set of edges that completes the graph G and w' is the weight function
with w'(e) = w(e) for e € E and for an edge e = {u,v} € E' we set w'(e) = w(p) where p
is any sequence of minimal weight in G that connects u and v.

That is, in G’ we add the necessary edges such that G becomes a complete graph.
Note that these edges are “artifical’ in the respect that they do not represent real roads.
We then extent the weight function in such a way that a new edge e gets assigned the
minimal length of a sequence of old edges (the actual roads) that connects the start
and end point of e.

We now discuss how to translate between solutions p of a TSP and Hamiltonian
cycles of least weight in the graph G'.

Definition 5.50. Let G = (V,E,w) be a TSP.
1. For a solution p of the TSP we define a Hamiltonian cycle ¢(p) in G’ as follows:
Read p from left to right and replace any subsequence

(v, vih (Vi Vb oo Vs Vs Vo V'),

where vy, ..., v, have already been part of the sequence but v, v' have not or v has
not and v’ is the end vertex of p, by the edge {v,v'} in E'.

2. For a Hamiltonian cycle h in G’ we define the sequence (h) in G as follows:
Replace any edge {u,u'} € E' by a sequence p' = ({u,uy}, {ug, s, ..., {u,, u'}) of
least weight.

We remark that in Definition 5.50.1 the edge {v,V'} is indeed in E’ because if the
edge already existed in E, replacing the subsequence ({v,vi}, {v;, Vo), ... {Vuo1, Vihs
{v,,v'}) by the edge {v,v'} would yield a path that is of less weight (metric TSP) but
that still contains all cities because v;,...,v, have already been visited before. We
also remark that the choice of p’ in the definition of 1 is not unique and that ¢ is not
injective.

We observe the following:

Lemma 5.51. Let G = (V,E,w) be a TSP. For a solution p of the TSP and a Hamiltonian
cycle h of least weight in G' we have

L w(p) =w(pp)) and
2. w(h) = wpp(h).
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Proof. For the first equation we have already seen that the subsequences

(v vih v Vabs oo Ve Vb Vo V')

we replace are paths of minimal weight from v to v'. Hence, by definition of w'({v,v'}),
the Hamiltonian cycle ¢(p) is of the same weight as p. For the second equation observe
that the artificial edges have by definition the weight of any sequence of least weight
that connects their vertices. Hence replacing them by such a sequence does not change
the weight. O

We now give our main theorem that shows the equivalence of the approaches.

Theorem 5.52. Let G = (V,E,w) be a TSP.

1. Ifpis a solution of the TSP, then ¢(p) is a Hamiltonian cycle of least weight in the
associated graph G'.

2. Ifhis a Hamiltonian cycle in G' of least weight, then y(h) is a solution of the TSP.

Proof.
1. If pis a solution of the TSP, then @(p) is certainly a Hamiltonian cycle in G'. Now
assume that there is a Hamiltonian cycle h of less weight than ¢(p), that is,

w'(h) < W' (p(p)).

Then by Lemma 5.51 we have

w(p(h) = w(h) < w'((p)) = w(p)

contradicting the minimality of p.

2. On the other hand, let h be a Hamiltonian cycle of least weight, then (h) cer-
tainly visits all cities and has identical start and end point. Now assume that
there is such a sequence p of less weight, that is, w(p) < w(y(h)). Then again
by Lemma 5.51 we have

w'(p(p) = wip) < w(ip(h)) = w'(h)
contradicting the minimality of h. O

We illustrate these correspondences in Figure 5.31 that could model the situation
of two islands connected by a bridge (we remark that the arrows do not describe edges,
they just mean possible flows). Note that in the visualization of the graph G’ we will
omit the artificial edges that are not part of ¢(p).

An optimal solution of the traveling salesman problem is often out of sight as the
number of possible routes one has to consider depends overexponentially on the num-
ber of cities. The characterization with respect to Hamiltonian cycles shows that in a
symmetric TSP in n > 2 cities there are (n — 1)!/2 cycles to consider. Even for eleven
cities there are 1814400 possible cycles. If we now consider the 275 cities in America
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p=y(h) -

:G'

4
< J

Figure 5.31: Example of the graphs G, G’ and the correspondences ¢, §.

0550

with a population of more than 100000, we already get approx. 1.8 - 1 possible
routes. For the reader who knows about complexity classes we mention that the trav-
eling salesman problem is NP-hard. Under the assumption NP+P this means that there
is no algorithm that computes every instance of a TSP in polynomial time.

This is why in applications one aims for approximation algorithms with reason-
able running time. Here, one distinguishes between heuristic opening or construction
algorithms and post-optimization algorithms. In the following we will present an ex-
ample for each one of them and give a sample calculation.

Example 5.53 (Nearest neighbor algorithm). As an opening method we present the
nearest neighbor algorithm. Here, one starts with an arbitrary city and then continues
with the nearest unvisited city and so forth. This algorithm may result in arbitrarily
bad solutions. As a sample calculation we consider the cities Chicago (C), Houston
(H), Los Angeles (LA), New York City (NY) and Philadelphia (P), and ask for a short
traffic route connecting all of them.

As a starting point we choose New York City and proceed according to the near-
est neighbour algorithm. We finally find a route of 6262 miles that goes through NY-
P-C-H-LA-NY (see Figure 5.32, distances in miles).

LA

H

Figure 5.32: Sample calculation for the nearest neighbour algorithm.

We now try to post-optimize this route with the so-called 2-opt algorithm.
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Example 5.54 (2-opt algorithm). As a post-optimization method we present the 2-opt
algorithm. Here, one has to realize the graph G as a Euclidean graph, that is, one takes
the vertices as points with suitable coordinates in the real plane and draw the edges
according to their weight with respect to the Euclidean metric. Now we step-by-step
delete two edges {4, C}, {B, D} that cross each other and replace them by edges {4, B},
{C, D} that do not intersect.

We apply this algorithm to our running example. We first delete the crossing P-C,
LA-NY (see Figure 5.32), and replace them with edges P-LA and C-NY (see Figure 5.33).

LA

H

Figure 5.33: Sample calculation for the 2-opt algorithm (step 1).

Then we replace the new crossing P-LA, H-C by the edges P-H and LA-C. Our algo-
rithm terminates at step 2 because there are no further crossings. We obtain the route
NY-P-H-LA-C-NY with the length of 5992 miles, see Figure 5.34.

LA

H

Figure 5.34: Sample calculation for the 2-opt algorithm (step 2).
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In this small example one can in fact apply a brute-force method and give the optimal
solution which indeed is the one we have obtained in Example 5.54 after two steps of
the 2-opt method. In general, the solution found by an iterative application of 2-opt
moves for n cities could be up to (4+/n)-times longer than the optimal solution. If 2-opt
moves do not improve the route, there might be more general k-opt moves that do so.
For completeness we finally mention that the worst route in our running example has
the length of 8960 miles and is realized by the route NY-LA-P-C-H-NY.

Apart from the applications of finding shortest routes between cities that we dis-
cussed above, there are many useful real world applications for a TSP, for instance,
in DNA sequencing, the design of microchips and shortest routes between stars in the
context of astronomy. For general reading, more applications and algorithms we refer
the reader to [9].

We once again mention that we restricted ourselves to metric, symmetric traveling
salesman problems. Depending on the application context there are several variants
of the TSP, for instance, the asymmetric TSP where one assumes that the route from A
to B takes longer than from B to A (this yields a directed graph), or the multiple TSP
with more than one salesman. Another variant is to consider transport capacities or
time windows. Both of these are relevant, e. g., for breakdown and parcel services and
remain an important and lively field of scientific research.

Exercises

1. Show that there are (up to isomorphisms) exactly eleven graphs with four vertices.

2. Draw all sixteen spanning trees of K.

3. Letd = 6(G) be the minimum degree of a graph G. Show that G contains a cycle if
6=2.

4. How many graphs with n vertices do exist?

5. LetG = (V,E) be a connected graph. We call an edge e € E a bridge if G’ = (V,E\
{e}) is non-connected.

Show that:
(a) Ifeisabridge then G’ = (V,E \ {e}) has two connected components.
(b) A graph G = (V,E) with d(x) even for all x € V does not have a bridge.

6. (a) Let G = (V,E) be a graph with d(x) > 4 for each x € V. Show that |E| > 2|V]|.
(b) Does each graph with n > 2 vertices have at least two vertices with the same

degree?

7. Let V, be the set of all subsets of {1,2,...,n}, n > 1. Let G, be the graph with I/, as
the set of vertices and let vertices A, B € V,, be connected by an edge if and only if
AnB = 0. Draw the graph G;.

Is G5 connected or planar?

8. How many edges does the complete bipartite graph K,, , have? Draw the graphs

Kin, K, and K3 5.
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9. Let G be a connected planar graph with n, n > 3, vertices and m edges.
Suppose that G does not contain a triangle, that is, no edge circle of the form

ul = {XO’Xl}’ u2 = {Xl,Xz}, u3 = {Xz,Xo}

with xy # x; # X, # xo. Show that m < 2n - 4.
Use this to show that the complete bipartite graph K,,, ,,, 3 < m, n, is not planar.
10. Prove Remark 5.16 in detail.
11. Determine the number of perfect matchings with k edges in the complete graph
K5, and the complete bipartite graph K, ,,.
12. Show that:
(@) The complete graph K,,, n > 3, is a Hamiltonian graph.
(b) The complete bipartite graph K, ,, m,n > 2, has a Hamiltonian cycle if and
only if m = n.
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6 Spherical Geometry and Platonic Solids

In three-dimensional space, a Platonic solid is a regular, convex polyhedron. It is con-
structed by congruent (identical in shape and size) regular (all angles equal and all
sides equal) polygonal faces with the same number of faces meeting at each vertex.
There are only five solids that meet these criteria: the tetrahedron which has four faces,
the cube which has six faces, the octahedron which has eight faces, the dodecahedron
which has 12 faces and the icosahedron which has 20 faces.

The ancient Greek geometers extensively studied the Platonic solids. They are
named after Plato (428348 BC) who wrote about them in the dialogue Timaeus around
360 BC. In this dialogue Plato associated each of the four classical elements (earth, air,
water and fire) with one of the Platonic solids.

Euclid (ca. 300 BC) completely described the Platonic solids in the Elements. Book
XIII is devoted to their properties. Much of the information by Euclid is probably de-
rived from the work of Theaitetus (415-369 BC) who first described all five Platonic
solids and may have proved that they are the only regular solids.

When Kepler (1571-1630) in the seventeenth century began to study the Solar Sys-
tem, he attempted to relate the five extraterrestrial planets known at that time (Mer-
cury, Venus, Mars, Saturn and Jupiter) to the five Platonic solids. In Mysterium Cosmo-
graphicum, published in 1596, Kepler proposed a model of the Solar System, in which
the five solids were set inside one another and separated by a series of inscribed and
circumscribed spheres.

The purpose of this chapter is to describe and to classify the Platonic solids, that
is, to show that the five we have mentioned are the only ones. For the proof of this clas-
sification, we use Euler’s formula for planar, connected graphs via the stereographic
projection from the sphere S? to the extended complex plane. Hence, we take this as an
opportunity to give some principles of spherical geometry of the sphere $? and show
some beautiful results in this area.

6.1 Stereographic Projection

Before we start with the classification of the Platonic solids, we need as a technical
tool Riemann’s number sphere and the stereographic projection.

B. Riemann (1826-1866) introduced a model of the complex numbers (see [12,
Chapter 10]), which allows a visualization of the point co. The complex numbers C
here will be identified with the points of the equator plane x; = 0 of the space R>. The
complex numbers z = x + iy € C with x,y € R will be mapped onto the unit sphere

3
s = <1()(1,X2,x3) R’ | Y xi = 1} cR?
in

https://doi.org/10.1515/9783110740783-006
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by doing the intersection Z of S* with the line through the north pole

0 X
N=[0 and P=|y |,
1 0

see Figure 6.1.

Figure 6.1: Stereographic projection.

Applying
el X 0
Z=|x |=Aly |+Q-AD[ 0], AR A>0,
X3 0 1
to the equation xf+x§+x§ = 1 of the unit sphere gives A = @.This leads to
2x zZ+Zz
N= S 1T S
x*+y +1 zz+1
2y i(z-2)
X2= 52 T o1
x*+y +1  zz+1
2,2 =
-1 -1
x3:X +y 2z

2+y2+1 zz+1

and we get the stereographic projection 7 from C onto S? \ {N}. This is a bijection. The
inverse map is given by

that is,
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By construction, the stereographic projection maps
E={zeC||zl<1}cC
onto the southern hemisphere and
F=C\{zeCllzl<1}cC

onto the northern hemisphere.

The points from K = {z € C | |z| = 1} are mapped onto itself, that is, they are fixed
points of 7. Further, as |z| — oo, the images Z = 7(z) tend to the north pole N. If we
extend C by oo to be the extended, closed complex plane € := C U {co} (one-point
compactification), then we may extend the stereographic projection 7 viaco — N toa
bijective map from C to $?, which we also name by 7. We mention the usual rules
- Z4+00=00,2z€C;

- z-00=00,z€C\{0}

é =0,z€C;

- %zoo,ze(C\{O};
- o00+00=00inC.

6.2 Platonic Solids

Recall that in the three-dimensional space R>, a Platonic solid is a regular, convex
polyhedron. It is constructed by congruent regular polygonal faces with the same num-
ber of faces meeting at each vertex, and none of its faces intersect except at their edges.
There are five Platonic solids which meet these criteria: tetrahedron (four faces), cube
(six faces), octahedron (eight faces), dodecahedron (12 faces) and icosahedron (20
faces). The most important aim in this section is to show that these five Platonic solids
are all one can get. The Platonic solids have been known since antiquity.

The attraction and fascination of the Platonic solids can be seen not only in an-
cient treatises or in more modern publications of, for instance, Pythagoras (570-510
BC), Plato (428-348 BC), Archimedes (287-212 BC), Euclid (ca. 300 BC), Leonardo da
Vinci (1452-1519), Kepler (1571-1630) and Euler (1707-1783), but also in the frequent
treatment in classes at schools and universities.

The ancient Greeks studied the Platonic solids extensively. Some sources credit
Pythagoras (580-500 BC) to be familiar with the tetrahedron, cube and dodecahedron.
The discovery of the octahedron and icosahedron is due to Theaitetos (415-369 BC).
He gave a mathematical description of all five and may have been responsible for the
first known proof that no other convex regular polyhedra exist.

The Platonic solids are prominent in the philosophy of Plato, their namesake. He
wrote about them in his dialogue Timaios (360 BC), in which he associated each of
the five Platonic solids to the five elementary elements of the world (earth, air, water,
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fire and heaven). The dodecahedron, in fact, was in a sense obscurely related by Plato
to the heaven. A formal connection between the dodecahedron and the heaven was
made by Aristotle (384-322 BC).

Euclid completely mathematically described the Platonic solids in the Elements,
the last Book XIII, which is devoted to their properties. Euclid also argues that there
are no further convex regular polyhedra. Much of the information in Book XIII is prob-
ably derived from the work of Theaitetos. Kepler (1571-1630) attempted to relate the five
extraterrestrial planets known at that time to the five Platonic solids. He postulated a
model of the Solar System in which the five Platonic solids were set inside one another
and separated by a series of inscribed and circumscribed spheres, see Figure 6.2.! Ke-
pler proposed that the distance relationship between the six planets known at that
time could be understood in terms of the five Platonic solids enclosed within a sphere
that represented the orbit of Saturn. The six spheres correspond to each of the planets:
Mercury, Venus, Earth, Mars, Jupiter and Saturn.

Figure 6.2: Kepler’s Platonic solid model of the Solar System,
from Mysterium Cosmographicum (1596).

The solids were ordered with the innermost being the octahedron, followed by the
icosahedron, dodecahedron, tetrahedron and cube, thereby dictating the structure of
the solar system and the distance relationship between the planets by the Platonic
solids. In the end, after some discrepancies found by Brahe (1546-1601) between the
reality and the model, Kepler’s original idea had to be abandoned.

We now describe the five known Platonic solids, which are the cube, tetrahedron,
octahedron, icosahedron and dodecahedron, before we show that there are exactly
five Platonic solids.

Definition 6.1. As in the plane R?, a figure F in the space R’ is just a subset of R>.
A symmetry of F is an isometry a of R? with the property that a(F) = F. The set of all
symmetries of F forms a group which we again denote by Sym(F).

1 The figure is from Wikipedia, see https://en.wikipedia.org/wiki/Johannes_Kepler
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Recall that a = Tof with 1 a translation and f a linear isometry; a is called oriented
if det(A) = 1 and non-oriented if det(4A) = -1, where A € GL(3, R) is the matrix which
corresponds to f (with respect to an orthonormal basis of R®).

6.2.1 Cube (0)

The cube (or hexahedron) is a three-dimensional regular solid object bounded by six
congruent square faces, with three meeting at each vertex. It has 6 faces, 12 edges and
8 vertices, see Figure 6.3.

Figure 6.3: Cube, six faces.

We now consider the symmetries of the cube. First, there is the identity. Then, the cube
contains three different types of symmetry axes for rotations:

— three 4-fold axes, each of which passes through the centers of opposite faces,

— four 3-fold axes, each of which passes through two opposite vertices,

— six 2-fold axes, each of which passes through the midpoint of two opposite edges.

Hence, altogether, we have 24 oriented symmetries. Certainly, we have a reflection,
for instance, at a plane through four vertices, given by the opposite diagonals of two
opposite faces. Hence, altogether |Sym(C)| = 48.

6.2.2 Tetrahedron (T)

A tetrahedron is a three-dimensional regular solid object bounded by four regular tri-

angular faces with three meeting at each vertex. It has 4 faces, 6 edges and 4 vertices,
see Figure 6.4.

Figure 6.4: Tetrahedron, four faces.

EBSCChost - printed on 2/10/2023 4:13 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



164 —— 6 Spherical Geometry and Platonic Solids

We now consider the symmetries of the tetrahedron. First, there is the identity. The
tetrahedron has only two different types of symmetry axes for rotations:
— four 3-fold axes, each of which passes through one vertex and the center of the
opposite face,
— three 2-fold axes, each of which passes through midpoints of two edges.
Hence, altogether, we have 12 oriented symmetries.

The latter three 2-fold axes give rise to three rotation-reflection planes. Hence,
[Sym(T)| = 24.

6.2.3 Octahedron (0)

An octahedron is a three-dimensional regular solid object bounded by eight regular
triangular faces with four meeting at each vertex. It has 8 faces, 12 edges and 6 vertices,
see Figure 6.5.

Figure 6.5: Octahedron, eight faces.

We now consider the symmetries of the octahedron. First, there is the identity. The

octahedron has three different types of axes for rotations:

— three 4-fold axes, each of which passes through two opposite vertices,

— four 3-fold axes, each of which passes through the centers of two opposite faces,
and

— six 2-fold axes, each of which passes through the midpoints of two opposite edges.

Hence altogether we have 24 oriented symmetries.
Certainly, we have a reflection, for instance, at a plane through any four vertices.
Hence, we get [Sym(O)| = 48. The octahedron is dual to the cube in the following
sense.
Starting with any regular polyhedron, its dual can be constructed in the following
manner:
(1) Place a point in the center of each face of the original polyhedron.
(2) Connect each new point with the new points of its neighboring faces.
(3) Erase the original polyhedron, see Figures 6.6 and 6.7.
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Figure 6.6: Octahedron in a cube.

This gives in particular Sym(C) = Sym(0). We remark that the tetrahedron is dual to
itself.

N
Figure 6.7: Tetrahedron in tetrahedron.

6.2.4 Icosahedron (/)

An icosahedron is a three-dimensional regular solid object bounded by 20 regular tri-
angular faces with five meeting at each vertex. It has 20 faces, 30 edges and 12 vertices,
see Figure 6.8.

II Figure 6.8: Icosahedron, 20 faces.

We now consider the symmetries of the icosahedron.
First, there is the identity. The icosahedron has three different types of axes for
rotations:
— ten 3-fold axes, each of which passes through the centers of two opposite faces,
— six 5-fold axes, each of which passes through two opposite vertices, and
— fifteen 2-fold axes, each of which passes through the midpoints of two opposite
edges.

Hence altogether we have 60 oriented symmetries.
The 2-fold axes give rise to rotation-reflection planes. Hence, |Sym(I)| = 120.
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6.2.5 Dodecahedron (D)

The dodecahedron is a three-dimensional regular solid object bounded by 12 regular
pentagon faces with three meeting at each vertex. It has 12 faces, 30 edges and 20
vertices, see Figure 6.9.

Figure 6.9: Dodecahedron, 12 faces.

We now consider the symmetries of the dodecahedron.
First, there is the identity. The dodecahedron has three types of axes for rotations:
— ten 3-fold axes, each of which passes through two opposite vertices,
— six 5-fold axes, each of which passes through the center of two opposite faces, and
— fifteen 2-fold axes, each of which passes through the midpoints of two opposite
edges.

Hence altogether we have 60 oriented symmetries.
Again, the 2-fold axes give rise to rotation-reflection planes. Hence, |Sym(D)| =
120. The dodecahedron is dual to the icosahedron, see Figure 6.10.

Figure 6.10: Dodecahedron in icosahedron.

This gives in particular Sym(D) = Sym(J).

In Section 6.4 we will classify the Platonic solids and show that we have exactly
those five solids just described.

Also we will give presentations of the symmetry groups by generators and rela-
tions.

For both proposes we need some geometry on the sphere S?, the spherical geom-
etry on S2.
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6.3 The Spherical Geometry of the Sphere S?

In this section, spherical geometry is the geometry of the two-dimensional surface

S={FeR ||V =1 cR,

where V = (v}, v,,v3) and [|[V]| = \[v{ + v3 + V3 as usual.

It is an example of a non-Euclidean geometry, in fact, a non-neutral geometry. In
planar geometry, the basic concepts are points and lines. On the sphere S points are
defined in the usual sense, and the lines are the great circles.

Definition 6.2.

(1) A point is a vertex v € R’ with |[J| = 1, that is, the intersection of S* with a
1-dimensional half-subspace of R3, that is, the intersection of S? with a half-line
starting at the center O = 0.

(2) Aline s the intersection of S? with a 2-dimensional subspace of R>.

In this sense, we consider points P on S? as vectors ¥ = OP ¢ R? with O = 0 the
center of the ball B = {X | ||x|| < 1}; and a great circle on S? determines a plane through
0in R,

Remarks 6.3.

(1) All lines have finite length, and the lengths are all equal. Since the circumference
of the unit circle is 271, we define the length of a line as 271.

(2) Other geometric concepts are defined as in planar geometry but with straight lines

replaced by great circles. The spherical geometry has all the important axiomatic
properties of the planar geometry in R? except for the parallel axiom which holds
in R?: If g is a line in R? and P € R? a point with P ¢ g, then there exists exactly
one line h in R? with g N h = @, and the incidence axiom 1: For any two distinct
points P and Q in R? there exists a unique line through P and Q.
In spherical geometry any two lines (great circles) have a nonempty intersection,
and there are infinitely many lines through two distinct points which are antipodal
to each other. Recall that the antipodal point of a point on S? is the point which is
diametrically opposite to it.

(3) A line segment between two non-antipodal points on S? is a segment between
these points on the great circle through these points.

Each spherical figure can be decomposed into spherical triangles. Hence, it is of-
ten enough just to consider spherical triangles.

Definition 6.4.

(1) Let P,Q € S°. The (spherical) distance d(P, Q) is given by the angle between the
vectors OP and m, given in radian measure, see Figure 6.11.
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op,
oG

0 Figure 6.11: Spherical distance.

(2) The (spherical) angle between two great circles (lines) on S? is the dihedral angle
between the planes in R> determined by the great circles.
This is the Euclidean angle formed by the two tangents on the great circles in a
cusp.

Remark 6.5. This defines also the angle between two line segments of S2.

Theorem 6.6. Let P,Q € S°. Then
cos(d(P, Q) = (OP, 00)

where <@, @) is the canonical scalar product of OP and 0Q.

Proof. Let k be the great circle in S? through P and Q, see Figure 6.12.

k P

(P, Q)

O Figure 6.12: Great circle through P and Q.

By the Cauchy-Schwarz inequality (see [12, Chapter 14]), we get
cos(©) = cos(d(P, Q)) = (OP, 0Q)

because 0P = [|0Q]| = 1. 0

Definition 6.7. A spherical move is the restriction L : S° — S of a linear isometry
f:R® - R, thatis, L = f |s.

We considered linear isometries f : R> — R in Chapter 2 in detail and classified
them. From the definition of the distance and the angle in S?, we get that spherical
moves are length- and angle-preserving. From this definition it is also clear what we
mean by a reflection at a spherical line (great circle) in $% and arotation around a point
of S2. Moreover, we may distinguish between oriented and non-oriented moves.
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Theorem 6.8. The area F of a spherical triangle with interior angles a, B,y is given as
F=a+B+y-m.

Proof. The area of the unit sphere S? is 47 = 2 - 271. Also the area of a spherical bigon
with interior angle a is 2a. To each angle of the spherical triangle there is a pair of
spherical bigons because two great circles cut themselves in two points, that is, they
form two bigons, one ahead and one behind.

The great circles, which define the triangle PQR, induce a triangulation of S? with
8 triangles, four in each hemisphere, see Figure 6.13.

Figure 6.13: Induced triangulation.

The triangles PQR and P’ Q'R’ have the same area.

We have pairs of spherical bigons with angular apertures a, 8, y, hence, altogether
6 bigons. These overlap the triangle PQR three times. They also overlap the opposite
triangle P'Q'R’ three times. Otherwise the bigons overlap the whole sphere.

The area of the sphere is therefore the sum of the areas of all bigons reduced by
the four extra triangles that form the overlappings. It follows that

4 =2-2a+2-28+2-2y —4F,
where F is the area of the spherical triangle.

Altogether F=a +f +y - . O
Corollary 6.9. The sum of the interior angles of a spherical triangle is bigger than .
Proof. This follows from Theorem 6.8 because F > 0. O
Corollary 6.10. Spherical moves are area-preserving.

Proof. If P,Q € S2, then we write PQ for the spherical line segment from P to Q. Let
L : S?> — S% be a spherical move. Let A = ABC be a spherical triangle and A’ = A'B'C’
with A’ = L(A), B' = L(B), C' = L(C).
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Then A’ = L(A) and

<(AB,AC) = <(A'B',A'C'), <(BA,BC)= <(B'A',B'C"),
<(CA,CB) = «(C'A',C'B"),

because L is length- and angle-preserving.
By Theorem 6.8, we get that A and A’ have the same area.
Since all polygons may be decomposed into triangles, we get the statement. [

6.4 Classification of the Platonic Solids

The key here is the translation of Euler’s formula for planar, connected graphs to an
Euler formula for Platonic solids. For this we give two proofs, one which uses the
spherical geometry for S? and one more general proof for convex polyhedra in R>.

Definition 6.11. A polyhedron P in R is a figure in the Euclidean space R> which is
bounded by a finite set of faces, and these faces are bounded by line segments as
edges such that none of its faces intersect except at their edges. The intersections of
the edges are the vertices of P.

A polyhedron P is convex if for any two points within P there is a line segment
within P between these two points.

Theorem 6.12. Let P be a convex polyhedron with n vertices, m edges and f faces. Then
n-m+f=2

Proof. We describe the convex polyhedron as a planar, connected graph G in R? with
n vertices, m edges and f — 1 bounded faces.

This we do in the following manner. We remove one face from the polyhedron, and
then we pull it straight so, that the edges do not overlap. The vertices of the polyhedron
correspond to the vertices of the graph, and the edges of the polyhedron correspond
to the edge of the graph. The face, removed from P, corresponds to the unbounded
(external) face, and the other faces of the polyhedron correspond to the bounded faces
of the graph.

By Theorem 5.28 (Euler’s formula), we get

n-m+f=2

as stated. O

We now give a different proof for Platonic solids which also gives some insight
into their symmetry groups.
We now give again a definition for Platonic solids (in a more concrete manner).
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Definition 6.13. A Platonic solid is a convex polyhedron whose faces are congruent
regular polygons with the same number of faces meeting at each vertex.

Hence, the combinatorial properties are described as follows.
A convex polyhedron is a Platonic solid if and only if

(1) allits faces are congruent regular polygons and

(2) the same number of faces meet at each of its vertices.

The Platonic solids all posses three concentric spheres:

— the circumscribed sphere that passes through all the vertices,

— the midsphere that is tangent to each edge at the midpoint of the edge, and
— theinscribed sphere that is tangent to each face at the center of the face.

Important for us is the circumscribed sphere, its radius is called the circumradius. We
now give a direct proof of Theorem 6.12 for Platonic solids.

Theorem 6.14. Let P be a Platonic solid with n vertices, m edges and f faces. Then
n-m+f =2

Proof. We project P onto its circumscribed sphere, starting from its center. We may
assume, without loss of generality, that its circumradius is 1. The image of P on s? (this
is now the circumscribed sphere) is a tessellation of S by spherical faces bounded by
spherical line segments. We choose the midpoint of one of these faces as the north
pole of $%. Then we apply the stereographic projection to this image of P and project it
into the Euclidean plane. The image now is a planar, connected graph whose vertices,
edges and faces correspond exactly to the vertices, edges and faces, respectively, of the
tessellation. The unbounded face of the graph corresponds here to the spherical face
whose midpoint is the north pole of S2. Now we may apply Euler’s formula as given in
Theorem 5.28. O

Theorem 6.15. There are exactly five Platonic solids: cube, tetrahedron, octahedron,
icosahedron and dodecahedron.

Proof. Certainly, the mentioned solids are Platonic solids in the sense of the definition.

Now let P be a Platonic solid. Let p be the number of vertices (which is also the
number of edges) of one face, and let g be the number of edges at one vertex.

Recall that n, m, f denote the number of vertices, edges, faces, respectively, of the
Platonic solid.

If we sum up over all faces, then we get p-f edges. Here each edge is counted twice.
Hence, p - f = 2m.

If we sum up over all vertices then we get q - n edges. Here each vertex is counted
twice. Hence, gn = 2m.
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From Theorem 6.14 we get therefore

=
Q=
NI =
3=

If p, q > 3, then this equation has exactly five solutions (p, g) which describe Platonic
solids. These are

(@.p) = 3,3),(3,4),(3,5),(4,3), (5,3).

If (q,p) = (3,3), we have the tetrahedron with (n,m,f) = (4,6,4). If (¢,p) = (3,4),
we have the cube with (n,m,f) = (8,12,6). If (g,p) = (4,3), we have the octa-
hedron with (n,m,f) = (6,12,8). If (g,p) = (3,5), we have the icosahedron with
(n,m,f) = (12,30,20). Finally, if (g,p) = (5,3), we have the dodecahedron with
(n,m,f) = (20,30, 12). O

We now give a group-theoretical description of the symmetry groups of the five
platonic solids.

We remark that dual Platonic solids have isomorphic symmetry groups. Hence we
get three non-isomorphic group presentations. The faces of the Platonic solids are reg-
ular polygons in the plane R?. We described the symmetry groups of regular polygons
in Chapter 4 and showed that these are dihedral groups.

With respect to the action of the dihedral groups on a planar regular polygon, a
regular k-gon gets decomposed into 2k triangles. We now come back to the Platonic
solids.

Let P be a Platonic solid. As in the proof of Theorem 6.14, we project P, starting
from its center, onto its circumscribed sphere. Without loss of generality, we may as-
sume that this is the sphere S°.

The image of P gives a regular spherical tessellation of S? by regular spherical
polygons which are the image of the faces of P. We remark that a regular spherical
tessellation S? is analogously defined as in the plane R?. A regular spherical tessel-
lation of S? is a division of S? into non-overlapping congruent regular spherical poly-
gons.

We fix one of these regular spherical polygons, and in this one we label one of the
spherical triangles (these triangles are images of the Euclidean triangles of the face of
P as described above).

Let A be the labeled spherical triangle. Then the symmetry group of the regular
spherical tessellation is generated by the reflections at the edges of A, and it is isomor-
phic to the symmetry groups Sym(P) of the Platonic solid P. Hence, we get for Sym(P)
a presentation of the form

SympP) = (@, By | &’ ==y’ =Boy)l = (yoa)? = (@) = 1)
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1
q
arguments are exactly as in the case of a regular tessellation of the Euclidean plane R?

using the Poincaré method. Also, as in the case of Euclidean plane R?, the subgroup
Sym* (P) of the oriented symmetries then is the triangle group

with2 < p,q,r, 1% + =+ % > 1 and at most one of p, g, r equal to 2. The proof and the

Sym"(P) = (x,y [ X’ =y? = (xoy) =1)
withx =Boyandy =yoa.
We know that x and y are rotations. When we described the single Platonic solids,
we always determined the orders of the rotations and the orders of the symmetry

groups.
Hence, we get the following.

Theorem 6.16.
(1) Let P be a tetrahedron. Then

Sym(P) = By | =B =" = (Boyy = (oo = (@op =1)
and
Sym*(P) = (x,y | X’ =y’ = (xoy)’ = 1).

Further, |Sym(P)| = 24 and |Sym* (P)| = 12.
(2) Let P be a cube or an octahedron. Then

Sym(P) = (@ By | & =B =y = (Boy)’ = (yo)’ = (@-p)* =1)
and
Sym"(P) = (x,y | X =y’ = (xoy)* = 1).

Further, |Sym(P)| = 48 and |Sym* (P)| = 24.
(3) Let P be an icosahedron or dodecahedron. Then

Sym(P) = (w Byl & =B =y’ = (Boy)’=(yoa) = (@-p’=1)
and
Sym"(P) = (x,y | X* =y’ = (xoy)’ = 1).

Further, |Sym(P)| = 120 and |Sym* (P)| = 60.
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Remarks 6.17.

(1) With the help of a computer algebra system like GAP it is easy to write down in
each case a group table (or to do this by hand). Comparing these tables with those
of the alternating groups 4, and As, and the symmetric group S, (see [12, Chapter 8
and the respective exercise]), one gets:

Theorem 6.18.

@ (ylx*=y’=(xoy)’=1) =4,
(b) (xylIx*=y’=(xoy)*=1) =85,
© (ylxX*=y>=(xoy)’ =1) = As.

(2) From the definition of the spherical moves, we also get that the groups 4,, S, and
As may be realized as subgroups of the special orthogonal group SO(3) = 0*(3).
We also may realize the dihedral group D,, = (x,y | X =y =(xey)'=1),n22,
as a subgroup of SO(3).
We take a spherical triangle A on S? with spherical sides a, b, c meeting with angles
%, % % We get such a triangle if we choose one side on the equator and the other
two sides orthogonal to the first one and meeting at the north pole with angle %
Let G be the group generated by the reflections at the sides a, b, c. It is clear that
then g(A), g € G, provides a tessellation of S°. Analogously as in the Euclidean
case, we get a presentation

G=(aByld=p =y =By’ =@-a’=(@p"=1),

and G* =GNnSOB3)=D,,n>2.
Certainly, all finite cyclic groups can be realized as subgroups of SO(3).

Remark 6.19. In Chapter 8 we show the following classification.

Theorem 6.20. Let G be a finite subgroup of SO(3). Then G is isomorphic to a finite cyclic
group, a dihedral group D,, n > 2, the alternating group A,, the symmetric group S, or
the alternating group As.

Exercises

1. Show that Platonic solids, considered as graphs, are Hamiltonian. Are they also
Eulerian?
2. Given the ellipse
2 2
Xy
CS={06y) e R | = + 2 =1t
{(Xy)e |16+ 4 }

Describe the image of CS in S? under the stereographic projection.
(Hint: Write CS parametrically as (x,y) = (4 cos(0), 2sin(0)).)
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3.

4.

9.

Exercises = 175

Given a spherical triangle as in Figure 6.14.

Figure 6.14: Spherical triangle.

Show the spherical law of cosines, namely that
cos(d(Q,R)) = cos(d(P,Q)) - cos(d(P,R)) + sin(d(P, Q)) - sin(d(P, R)) - cos(a).
Conclude from this the spherical theorem of Pythagoras, namely that
cos(d(Q,R)) = cos(d(P,Q)) - cos(d(P,R)) fora = g

(Hint: Ifa =0 mod 2mora = mod 27, then the spherical law of cosines follows
from the trigonometric addition formula for cosine. If « # 0 mod 2mora = m
mod 2m, then the vectors @, 136 and PR are linearly independent, and we may
argue as for the cosine rule in R as given in [12].)

Deduce a spherical law of sines from the spherical law of cosines.

Show that the angle sum of a spherical triangle is greater than 77 and less than 37.
Show that there is an upper bound for the area of a spherical triangle.

Prove Theorem 6.18 in detail. Realize the groups (x,y | X = y3 =(xo y)3 = 1),
xy | x* = y3 = (xo y)4 = 1) and (x,y | x* = y3 = (xo y)5 = 1) as groups of
permutations.

Show that:

(a) S, contains the Klein four group as a normal subgroup.

(b) IfN <« A;, then N = {1} or N = As.

Determine (eventually with help of a computer algebra system) the subgroups of
A,, S, and As.

10. If we just cancel the condition that at each vertex the same number of faces meet

in Definition 6.13, then there are five additional solids which are bounded by con-
gruent equilateral triangles, see Figure 6.15.
Find these solids by a suitable modification of Theorem 6.15.
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Figure 6.15: Five additional solids.
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7 Linear Fractional Transformation and Planar
Hyperbolic Geometry

As we saw in Chapter 1, given a neutral geometry, there are only two possibilities for
the parallel postulate. These are the Euclidean parallel postulate, or EPP, which states
that given a line £ and a point P ¢ ¢ there exists a unique parallel to ¢ through point
P and the hyperbolic parallel postulate, or HPP, which states that given a line ¢ and a
point P ¢ ¢ there exist more than one parallel to £ through point P. In the latter case
we saw that then there are infinitely many parallels through P. Neutral geometry with
EPPis standard Euclidean geometry while neutral geometry with the HPP is hyperbolic
geometry. Hyperbolic geometry was introduced in the early part of the nineteenth cen-
tury by C. F. Gauss (1777-1855), N. I. Lobachevsky (1792-1856) and J. Bolyai (1802-1860)
all working independently. The discovery of hyperbolic geometry was a major step in
the development of mathematics since so much work has gone into trying to prove
the uniqueness of Euclidean geometry, that is, proving that the EPP follows from the
other Euclidean axioms.

The main reason for this chapter is to introduce a model for a planar hyperbolic
geometry.

As introduced in Chapter 5, let € = C U {co} be the one-point compactification
of the complex numbers C, realized in the Gaussian plane. We repeat the rules for
calculations with co; these are
- Z4+o00=00,z€C;

- 00+ 00 = 00}

- z-00=00,z€C*=C\ {0}
- £ =0,z€C;and
=00,z€C".

oing|

Terms as O - co, g, 0o — oo and % are not defined.

7.1 Linear Fractional Transformations

az+b
cz+d

Definition 7.1. A linear fractional transformation (LFT)isamapf : C —» C,z —
with a,b,c,d € C, ad - bc + 0.

Proposition 7.2. Ifad — bc = 0, then f is a constant map.

Proof. Let ad — bc = 0. Since f is not defined fora = b = ¢ = d = 0, at least one of
a, b, c, and d is not zero.

If ¢ # 0, then we may rewrite f as f(z) = bc;—fd(z + g)‘l + ‘—C’, thatis, f(z) = ‘C—’ Now
letc=0.Thena=0o0rd=0.

Ifa=d=0,thenb # 0andf(z) = co.

https://doi.org/10.1515/9783110740783-007
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Ifa=0andd # 0, thenf(z) = g.
Ifd=0anda # 0, then f(z) = co. O

The LFTs form a group Aut(C) of bijective maps from C to C with the composition
as operation.

Remark 7.3. We remark that in general an automorphism of € is defined to be a mero-
morphic bijection f : € — €. In fact, an automorphism in this general sense is indeed
an LFT f : € — C (see [1] or [16] for this and also for the discussion on meromorphic
functions).

Iff(z) = % and g(z) = ‘;Z& are LFTs, then f!(z) = % and

(aa + Bc)z + (ab + Bd)

(ya+68c)z+ (yb+6d)’ (71)

geof(z) =

The coefficients of g o f arise from (7.1) by the multiplications of the matrices ( ;‘ g ) and
( a g) corresponding to g and f, respectively.
Each matrix (¢ g) € GL(2,C) is assigned to the LFT f(z) = ‘C’er, and we have a

homomorphism ¢ : GL(2,C) — Aut(C), that is, a map ¢ : GL(2,C) — Aut(C) with
@(AB) = p(A) - p(B) where A, B € GL(2, C).

We define
ker(g) = {(Z’ Z) €GLR,O) | <p<<‘C’ Z)) - idé}.

Let ‘ZIZ =zforallz € C. Then cz? + (d — a)z = b for all z € C. Thus, necessarily,

b=c=0anda =d, that s,

ker(p) = {(g 2) ' ace (C\{O}}.

We consider some special LFTs. Let z € C. The map f(z) is a homothety if f(z) = az,
a € R\ {0}; arotationif f(z) = cz, c € C, |c| = 1; a translation if f(z) =z + b, b € C,
L. and a spiral similarity, if f(z) = az, a € C \ R. We call these

the inversion if f(z) = ;

elementary LFTs.
Theorem 7.4. Every LFT is a composition of elementary ones.

We note that this theorem is the analog of the classification of planar Euclidean
isometries and the fact that any planar Euclidean isometry is the product of three or
fewer reflections (see Chapters 3 and 4).
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Proof. This is clear for ¢ = 0. Now, let ¢ # 0. Then we consider the chain

d ( d)l bc—ad( d)
zoz+—lz+=] - zZ+ =
c c c? c

-1

bc—ad<z+g>_l+c_1_ az+b o
c2 c c cz+d 77 a

—

Corollary 7.5. An LFT is angle-preserving and oriented, that is, preserves oriented an-
gles between curves.

Recall that the angle between two curves is the angle subtended by tangent lines
where the curves intersect. Here, as usual, a curve is defined by a continuous function
y : I — C from an interval I c R (see [12, Chapter 12] for this type of functions), and
we call y(I) a curve.

Proof. We need to prove this only for the elementary LFTs. But for the elementary LFTs
the statement is clear. O

Theorem 7.6. An LFT takes lines or circles in C onto lines or circles.
Here we agree that each (Euclidean) line always contains co.

Proof. Circles and lines satisfy exactly the equations
azz+bz+bz+c=0 (7.2)

witha,c € R, b € C, and bb-ac > 0.1tis enough to prove this for the elementary LFTs.
The statement is clear for homotheties, rotations, translations and spiral similarities.
We now consider the inversion z — % = z'. Then equation (7.2) becomes

cz'z' +bz' +bz' +a=0. O

Remark 7.7. The lines and circles are the images of the circles on S? under the stereo-
graphic projection (see Chapter 5).

Definition 7.8. Letf(z) = ‘g:g be an LFT. An element z,, € C is called a fixed point of f
iff(Zo) = Zo.

Lemma7.9. Iff(z) = ‘C’er is an LFT which is unequal to id¢, then f has exactly one or
two fixed points.

Proof. Letfirstc = 0.If g = 1, then necessarily a = d = +1 because ad = 1, and then co
is the only fixed point. If % #1,thencoand z = ﬁ are two fixed points.
Now let ¢ # 0. Then

_a-d 1 >
z= % izc\/(a+d) -4
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holds for a fixed point of f, and f has one fixed point if (a+d)? = 4 and two fixed points
if (a+d) # 4. O

Theorem 7.10. An LFT is uniquely determined by its images at three distinct points.

Proof. Let f,g be two LFTs with f(z;) = g(z;), i = 1,2,3.
Then g7! - f has three fixed points if z1,2,,z3 are pairwise distinct, which means
then thatg o f = idg¢. O

Theorem 7.11. Let f,g be two LFTs with f # id¢ # g. We havef - g = g o f if and only if
f and g have the same fixed points or f> = g* = (f 0 g)* = idg.

Proof. The proof follows from a simple calculation. O

Theorem 7.12. Let G be a finite subgroup of Aut(C). Then one of the following cases
occur:

(1) Gis finite cyclic of order m > 1.

(2 G=(f.g|f>=g%*=(fog)" =1),n> 2, thatis, G is isomorphic to the dihedral group

D,, n > 2 (here D, is the Klein four group).

() G=(fg|f?=g>=(f-g)° =1), thatis, G is isomorphic to the alternating group A,.
4) G=(.g|f =g>=(fe8)" =1), thatis, G is isomorphic to the symmetric group S,,.
(5) G={f.g|f*=g>=(fog)’ = 1), thatis, G is isomorphic to the alternating group As.

Proof. Let G be a finite subgroup of Aut(C). Letf € G, f # id¢. Then f has two distinct
fixed points. This can be seen as follows. It is an easy calculation that there exists an
LFTgsuchthatgofog l(z) = “z;b , and f has two fixed points if and only if g o f o g™
has two fixed points. Now assume that f has only one fixed point. Then necessarily
a = d = #1 (see proof of Lemma 7.9), but this implies that f has infinite order which
contradicts the fact that f € G. So f has two fixed points.

We say that v € Cis a vertex ifvis fixed by some g € G, g # id¢. We denote the set

of vertices by V. Now consider the number |E| of elements of the finite set

E={(@gVv)|geG,g+ide,veV,gv)=v}

As seen before, g fixes exactly two vertices, and we have |E| = 2(|G| — 1).
Let G, = {g € G | g(v) = v} be the stabilizer of a vertex v.
Then we also have

IEl = Y (1G] -1).

veV

The set V is portioned by G into disjoint orbits V;, V5,..., V,. Recall that the orbit G(v)
of v € V is the subset of V defined by G(v) = {g(v) e V | g € G}.
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As the stabilizer of each v in V] has the same number, say n;, of elements, we have

El=) Y (IG,I-1) = Y [V;l(n; - ).
j=1

j=1veV;

Finally, each orbit G(v) is in a 1-1 correspondence with the class of cosets gG,, g € G,
so for vin V] we have
|G| |G|
Vil ==
76, i

Eliminating |V;| we obtain

zOfﬁé>:§xl-%>. (73)

j=1

We shall exclude the trivial group, so |G| > 2and 1 < 2(1- %) < 2. By definition, n; > 2,
S0

1 S 1
—ssZ(l——) <S.
2 — n;

j=1 ]

These inequalities, together with (7.3), show thats = 2ors = 3.
Casel.s = 2.
In this case (7.3) becomes

_ 6l 6l

and hence
IGl=n;=ny [Vi|=]V,]=1

because [n;| < G.

In this case there are only two vertices and each is fixed by every element of G. By
conjugation (as above), we may take the vertices to be 0 and oo, and G is then a finite,
cyclic group of rotations.

Case2.s = 3.

In this case (7.3) becomes

1 1 1 2

—+—+—=1+—=,
o on n; |Gl
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and we may assume that n; < n, < ns. Clearly, n; > 3 leads to a contradiction, thus
n; =2and

Now necessarily n, = 2 or 3.
The case n, = 2 leads to

(IGl,ny,ny,n3) = (2n,2,2,n), n=2,

and G is isomorphic to the dihedral group D,,.
The remaining cases are those with s =3, n; =2,n, =3 and

1.1 +—, Nn3>3
n, 6 |60 77
The integer solutions are
1 (Gl ny, ny, n3) =(12,2,3,3);
2 (Gl ny, ny, n3) =(24,2,3,4);
3) (Gl ny, Ny, n3) = (60,2,3,5).
These groups are isomorphic to 4,, S, and As, respectively. O

Remark 7.13.
(1) The finite groups in Theorem 7.12 may be realized as follows.
(@) Consider an f € Aut(C) with

1

Y A m>2.
zZ+ Zcos(ﬁ)

flz) =-

Then (f) is cyclic of order m.
(b) Consider f,g € Aut(C) with

_1 _r o <£>
flz) = p g(z) = oz p+p  =2cos )

n > 2. Then (f, g) is isomorphic to D,,.
(c) Consider f,g € Aut(C) with

ol

__1 - -1
f(z) = p 8(z) = PEret p+p =1

+1

Then (f, g) is isomorphic to 4.
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(d) Consider f,g € Aut(C) with

1 __P 1
f2) = 5 8@= Pt p+p =V2
Then (f, g) is isomorphic to S,.
(e) Consider f, g € Aut(C) with
fo=-1 sw=-L— ps -l—zcos(5>
_z’g_pz+1’pp_ 5)

Then (f, g) is isomorphic to As.
We remark that2 cos(%) = %(1+ v/5), which is related to the golden section %(\/3—1),
see [12].

(2) Via the stereographic projection we get that a finite subgroup of SO(3) = 0*(3) is
isomorphic to a finite subgroup of Aut(C). On the other hand, each finite group
which occurs in Theorem 7.12 can be realized as a subgroup of SO(3) (see Chap-
ter 5). Hence we get the following.

Corollary 7.14 (see Theorem 6.20). Let G be a finite subgroup of SO(3) = 0*(3). Then G
is isomorphic to a finite cyclic group, a dihedral group D,,, n > 2, the alternating group
A,, the symmetric group S, or the alternating group As.

Remark 7.15. We also get Corollary 7.14 directly by a modification of the proof of Theo-
rem 7.12 for SO(3) operating on S%. We only have to remark the following. If G is a finite
subgroup of SO(3) then each nontrivial element of G fixes the center O = (0,0,0) of
the ball {x € R? | |X|| < 1} and exactly one point of $%,and G operates on {()} uS.

We saw in Theorem 7.10 that an LFT is uniquely determined by the images of three
distinct points. We now show the implication in the other direction that we get an LFT
if we provide the images of three distinct points. We first give an LFT which maps three
pairwise distinct complex numbers z;, z,, z3 onto 0, 1, co, respectively.

We define

fl2) = 2

where f(co) = Z%Z We have indeed that f(z,) = 0, f(z,) = 1and f(z;) = co. The term
on the right side is called the cross-ratio (or double ratio) of the four points z, z;, z,, z;
with z;, z,, z; pairwise distinct; written as

zz
z-23

2=z’
2723

DV(z,z,25,23) = ifz+ 00
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and

2~z
DV(c0,21,25,23) =

-z

If now one of the z;, i = 1,2, 3, is co, then we write as usual z; = tl and form the limit as
ti g 0.
This gives the following cross-ratios:

Z2— 23
DV(z,00,25,23) = R
z-2z5
z-z
DV(z,2;,00,2;) = L and
z-2z3
z-z
DV(z, 2,25, 00) = L
2~

With this modification we get that the map z — DV(z, z;, 25, z3) in each case is an
LFT which maps the three distinct points z;,z,, z; in C onto 0, 1, co, respectively.

Lemma 7.16. If (2,25, 23) and (wy, w,, w3) are two triples of distinct points in C, then
there exists exactly one LFT f with f(z;) = w; fori=1,2,3.

This is the analog for hyperbolic geometry of the fact that Euclidean isometries
are determined by their action on triangles.

Proof. Let fi(z) = DV(z,2,2,,23) and f,(z) = DV(z, w;, w,, ws). Then f; maps (2, 25, z3)
onto (0,1, 00), and f, maps (w;, w,, w3) onto (0, 1, c0). Hence f := fz‘1 o f; is the desired
LFT. O

Theorem 7.17. Let z,z, 25, 23 € C with z,, z,, z; pairwise distinct. Then

DV(z,21,25,23) = DV(f(2), f(21), f (2). f (23))

foreach f € Aut(C).

Proof. We consider the map g : z — DV(f(2),f(z,),f(2,),f(23)); g is the composition of
fand h: z — DV(z,f(z)),f(2,),f(23)), and hence an LFT. Further, g(z;) = 0, g(z,) =1
and g(z;) = oco. Therefore g is the LFT z — DV(z, 2, 2, 23). O

Remark 7.18. We saw that f € Aut(C) is determined by the pairwise distinct elements
21,2523 € C and their images, and f can be realized by the relation DV(z,z;,2,,23) =
DV(f(2),f(z1),f(2,).f (z3)). We know that, given three distinct points z;, z,, z3, there ex-
ists exactly one circle or line which passes through z;, z, z;. This also follows from the
following construction for the case that z;, z,, z; are not collinear, see Figure 7.1.

Lemma 7.19. Let z;,2,,2; € C be three distinct points. A point z € C is on the circle or
line K determined by z,, z,,z3 if and only if DV(z, z, 25, z3) € R U {oo}.
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22

23

Figure 7.1: Circle through three distinct points.

Proof. Let f be the LFT with (2, z,,23) — (0,1, c0). By Theorem 7.6, we have that z € K
if and only if f(z) € RU {oo}. Since f(z) = DV(f(z), 0, 1, c0), the statement follows from
Theorem 7.17. O

7.2 A Model for a Planar Hyperbolic Geometry

In this section we use LFTs to present a model of planar hyperbolic geometry. To be
precise, the points are the points of the Euclidean upper half-plane and the lines are
the intersections with the upper half-plane of circles orthogonal to the real line as well
as rays orthogonal to the real line.

Remark 7.20.
(1) From now on, we norm the LFT f(z) = ‘Z;*_s so that ad - bc = 1. This is possible by
cancellation because

ker(p) = {(g 2) ‘ ae(C,a#O}.

(2) LetH = {z € C | Im(z) > 0} be the upper half-plane. Let f(z) = ‘C’ZZ witha, b,c,d €
Rand ad - bc = 1.

Lemma 7.21. We have
(i) f(r) e Ru{oo}forr e RuU {oo}.
(ii) f(z) e Hforz € H.

Proof. (i) is obvious because a, b, c,d € R.

We show (ii).
Letz e Hand f(z) = ‘g:s. Then
fz) = az+b (az+b)(cz +d)

Tcz+d  (cz+d)(cz+d)

= m(aczi +adz + bcz + bd)

= m(aczi +2 +bc(z +Z) + bd)
because ad — bc = 1.
Hence, Im(f(z)) = 2@, - o O

’ |cz+d|? :
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Conclusion. f maps R U {co} onto itself and also H onto itself.

(3) TheLFTsf:H — H,z— %2 4 b c,d € Rwith ad - bc = 1, form a group which

cz+d’
we denote by Aut(IH), and we have

Aut(H) = SL@R/ug,; =: PSL(2, R)
where again E; = (} 9).

We are now prepared to introduce a model of a planar hyperbolic geometry. For histor-
ical reasons one often calls this geometry the planar non-Euclidean geometry but we
use here the term planar hyperbolic geometry. The planar hyperbolic geometry, which
we consider, is the geometry on the upper half-plane H.

Definition 7.22.

(1) A point z is an element of H.

(2) Aline g in H is either the intersection ¢ N H, with ¢ being a line parallel to the
imaginary y-axis or the intersection k N H with k being a circle with center in R
(ortho-circle on R), see Figure 7.2.

Figure 7.2: Hyperbolic lines.

Remark 7.23.
(1) Ifz,z, € H then there exists exactly one line through z; and z,.
If Re(z;) = Re(z,) then the line is parallel to the y-axis defined by Re(z;).
If Re(z;) # Re(z,), then we see this from the construction in Figure 7.3.
a and b are the intersection of the ortho-circle through z; and z, with the x-axis.
(2) Other geometric concepts are defined as in planar geometry but with straight lines
replaced by lines in H. The planar hyperbolic geometry has all the important ax-
iomatic properties of planar geometry in R? except for the parallel axiom which
holds in R%.
If gisaline in H and z € H a point with z ¢ g then there exist (at least) two lines
in H which have empty intersection with g.
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22

Figure 7.3: Hyperbolic line through z; and z,.

This can be seen as follows. From the preliminary material we may assume that
g = £nH where ¢ is the y-axisand z = 2 +1i.

Then z is on the line g; parallel to g and given by Re(z) = 2, and z is on the ortho-
circle g; with center 2 and radius 1. We havegng; =0andgng, = 0.

We now define the hyperbolic distance §(z,, z,) of two points z;,z, € H.

Let first z; # z, and assume Re(z;) # Re(z,). Then we consider, as in Figure 7.3, the
ortho-circle through z; and z,, and the intersections a and b with the x-axis. With the
prescribed order, starting with a, we have DV(z;, a, z,, b) > 0. The hyperbolic distance
then is defined as §(z;,2,) = | In(DV(z;, a, zy, b))|.

Now let Re(z;) = Re(z,) = x. Then z; = x +iy;, z, = x +iy,, y; # ¥,. Lety; <y,. Then
take a = x and b = oo so that

DV(z;,a, z,,b) = DV(zy,X,2,,00) > 0,

and again we may define the hyperbolic distance as

8(z1,2y) = |In(DV(zy, a, 25, b))|.

If z; = z,, then we define §(z;,z,) = 0.
Remark 7.24. We always must take the prescribed order between a, z;, z, and b.
From the properties of the cross-ratio and Theorem 7.17, we get the following.

Lemma 7.25. Let z;,2,,2z; € H. Then

(1) 8(z1,2y) > 0ifz, # 25, and 6(z,2,) = 0if 2, = zy;
(2) 6(z1,2y) = 6(25,29);

(3) 8(z1,2y) < 6(zy,23) + 6(25,23);

(4) 8(z1,2)) = 6(f(1).f(2,)) for f € Aut(H).

Proof. (1) is clear. For (2) we only have to make sure that we also interchange a and b

if we interchange z; and z,.
(4) follows directly from Theorem 7.17.
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To prove (3), we may map z;,2,,z; with an f € Aut(H) onto the y-axis; (3) now
follows from the position of the image points under f to each other. O

So far, we have constructed a model for a planar hyperbolic geometry with a suit-
able distance between two points.

From Lemma 7.25 and Corollary 7.5, we know the following.

Each f € Aut(H) is oriented, angle-preserving and length-preserving.

Hence it is reasonable to define Aut(IH) as the group of oriented isometries for the
planar hyperbolic geometry on H (see [4] for a verification). As usual, we call a part
of a hyperbolic line a hyperbolic line segment. We denote a hyperbolic line segment
from z, to z, by z,z,. A hyperbolic polygon in H is a figure bounded by a finite set of
hyperbolic line segments as edges.

We want to determine the hyperbolic area of a hyperbolic polygon in H.

For this we need some preparations.

Let f : D — D be a function with D ¢ C. We say that f is (complex) differentiable

inz, e Dif
lim f(2) - f(z) ~ f'(z)
>z z -z,
zeD\{zy}
exists.
Let f € Aut(H), f(z) = ‘C’ng ,and D = H in the above definition.

Then f is differentiable in each z € H, and we get

'@l _1

= ifz=x+iy

Im(fz)) y

foreachz € H.
This leads to the following definition.

Definition 7.26. Let y : [0,1] — H be a curve such that y is differentiable on [0, 1]
andy' : [0,1] — C is continuous (see [12, Chapter 12]). We say that y is continuously
differentiable.

Then the hyperbolic length of y is defined as

1
RG]
“m‘!mmm
As usual, we write
|dz|
Lyy)= | —-
J5
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If y : [0,1] — H is continuously differentiable curve and f € Aut(H). Then,
Ly(f o y) = Ly(y).

Now let z;, 2z, € H, z; # z,. Let y be the hyperbolic line segment between z; and z,, and
let a and b be defined as above. We map a, z;, z,, b with a f € Aut(H) onto 0, i,is and
00, Where s > 1.

Then

J% ) J % =In(s) = [In(DV(1, 0,5, 00))| = &(z, ).
4

1

Using this we may define the hyperbolic area Fj, of a hyperbolic polygon P as F;, =
Il d’; & where the integral is taken over the polygon.

Before we calculate F, in detail, we apply the above description for 6(z;,z2,) to
show the hyperbolic Theorem of Pythagoras.

7.3 The (Planar) Hyperbolic Theorem of Pythagoras in H

Theorem 7.27. A neutral geometry satisfying the (Euclidean) Pythagorean theorem is
Euclidean.

Proof. One of the equivalences for a Euclidean geometry is certainly the existence of
non-congruent similar triangles (see Exercise 12 of Chapter 1). Here two triangles are
similar if the corresponding angles have the same measure. Consider a right triangle
in a neutral geometry where the Pythagorean theorem holds. Connect the midpoint of
the hypotenuse to the midpoint of one of the sides. Using the Pythagorean theorem
the resulting triangle is similar, but not congruent to the big triangle. O

We now want to explain a hyperbolic theorem of Pythagoras. For this we first con-
sider the hyperbolic functions. Recall that the hyperbolic cosine is

cosh(x) = %(e" +e’),
and the hyperbolic sine is

sinh(x) = %(e" -e7)
for x € R. We have in particular

cosh(-x) = cosh(x),
sinh(-x) = —sinh(x) and

coshz(x) - sinhz(x) =1 forxeR.
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Further, cosh(x) is strictly monotonically increasing on [0, co).
Theorem 7.28. For all z;,z, € H we have

2
|21 — 2|

cosh(8(z1,2,)) = 1+ 2Im(z;) - Im(z,)

Proof. As above, we may assume that z; = i and z, = i - s with s > 1. Then 6(z;,2,) =
In(s). Hence,

cosh(8(z;,2,)) = %(eln(s) +e

>

~Inge)) 1<S+1>: (s-1)%+2s :1+(s—1)2

“2U 7 25 25

which proves the statement. O
Theorem 7.29 (Hyperbolic Theorem of Pythagoras). Let A be a hyperbolic rectangular
triangle with endpoints z,, z,, z3, catheti z,z,, z;z; and hypotenuse z,z5. Then

cosh(6(z,,z3)) = cosh(6(z;,2,)) - cosh(6(zy, z3))-

Proof. Let Ahave the endpoints z;, z,, z3 with §(z;, 2,) = a, 8(z;,23) = band 6(z,,2z3) = c.
As above we may assume z; = iand z, = k -i with k > 1.
Since A has a right angle at i, we must have that z; = s + i - t is on unit circle, that
is, s+t = 1. We may assume that s > 0.

By Theorem 7.28 we have
(k-1?% 1+k?
h(a) =1 = ,
cosh(a) + T T
e i1 a2 2 2
cosh(b):1+| s+i(1-1t)] :2t+s +(1-1t) :1
2t 2t t
and
Is+i(t—k)|* 2k+s*+(t-k? 1+K
h(c) =1 = =
cosh(e) =1+ —— 21k 2k
because s* + t* = 1. This gives
cosh(c) = cosh(a) - cosh(b). 0

7.4 The Hyperbolic Area of a Hyperbolic Polygon

An important part of planar Euclidean geometry is the theory of area. An area function
or measure on the Euclidean plane R? is a function A from subsets of R to the reals
R satisfying
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(1) A(S) = 0 for all subsets of R.
(2) A(U4;) = Y; A, for any countable collection {4;} of disjoint sets.

We note that the set of functions to which the measure function applies is usually re-
stricted to what are called measurable sets. We refer to [11] for a discussion of this.
An area in the Euclidean plane is usually constructed using integration starting with
the area of a rectangle. We now determine the hyperbolic area of hyperbolic poly-
gons.

Theorem 7.30. Let P be a hyperbolic polygon in H. Let n be the number of vertices of P
andlet ay, a,,...,a, be the interior angles at the vertices. Then the hyperbolic area F}, of
Pis

Fp=n-2m— (a1 +a, +--- + ay).

Proof. It is enough to prove Theorem 7.30 for hyperbolic triangles.

Also the vertices of the triangle may in part lie on R U {oco}. This does not change
the area Fj,.

Leta; =a,a, =B, a3 =y.

Case 1.

The triangle may have the angles 0, 2

)3, @ and the form as in Figure 7.4.

1
1
1
|
! X

a Figure 7.4: Triangle with angles 0, 7, a.

Then

Case 2.
The triangle has the angles O, a, § and the form in Figure 7.5.
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Figure 7.5: Triangle with angles 0, a, .

The hyperbolic area of the triangle is the sum of the areas of the two triangles, given
as in Case 1, and we get

Fh:n—(a+g>+rr—</3+%[>:n—(0+a+,B).

Case 3.

The triangle has an angle 0, and one of the vertices is on R, that is, the triangle
has a cusp on R.

By an f € Aut(IH) we may move this cusp to oo, and the result follows because P
and f(P) have the same hyperbolic area.

Case 4.

Figure 7.6: Triangle completely contained in H.

The triangle in Figure 7.6 is completely contained in H. We get
Fo=(m-(a+y+e)-(m-(e+n)=n-(a+y)=n-(a+B+y)

because  + n = m. O

Corollary 7.31.
(1) Aut(H) is area-preserving with respect to the hyperbolic area.
(2) The sum of the interior angles a + B +y is smaller than m for a hyperbolic triangle.
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Remark 7.32. Let Aut(H) be the group which is generated by Aut(IH) and the reflec-
tionz - -z at the y-axis. We define Aut(H) to be the group of the hyperbolic isometries
of planar hyperbolic geometry on H (see [4] for a verification).

Aut(H) is composed of the maps

b
az+ , a,b,c,deR,ad-bc=1,
cz+d
and
az+b
zZ— ——, a,b,c,deR, ad-bc=-1.
cz+d

All elements of Aut(H) preserve angles, hyperbolic lengths and hyperbolic areas.
We remark that hereby we have explained what we understand under a reflection
at hyperbolic lines in H.

We now describe, analogously as we have done it for the Euclidean triangles in R?
and the spherical triangles in S, a tessellation of the hyperbolic plane H by hyperbolic
triangles.

Theorem 7.33. Let A be a hyperbolic triangle with interior angles g, g, Zp.g.r e N\{1},
% + % + % < 1. Let G be the group generated by the reflections a, 3,y at the sides a, b, ¢ of
A, respectively.

The images g(A), g € G, form a non-overlapping division of H, a hyperbolic tessel-

lation of H, and G has a presentation
G=(aBylad=F =y =@pP =Boy)=(acy) =1).

Proof. The arguments are exactly as in the case of the Euclidean plane R?, and we get
automatically the desired tessellation and the presentation for G (for more details in
the case of hyperbolic triangles, see [4]). O

Certainly, G is infinite. The subgroup G* = G n Aut(IH) has a presentation
G =y =y"=(xoy) =1)

with x = ao B and y = o y. The elements x and y are (hyperbolic) rotations with
rotation angles %’ and 27", respectively (see Figure 7.7).
The subgroup G" is called a hyperbolic triangle group and can be realized as a
group generated by A, B € Aut(IH) with
-1
Az p

and B:zw— -

. P withpep =2 o(ﬁ)
z+2cos(§) pz+2cos(§) witip+p O\ 7
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(o =(aoy) =(yop) =l

Figure 7.7: A’ = AU a(A) for a hyperbolic triangle group.

Remark 7.34. We may allow some of the interior angles to be 0, that is, we allow ver-
tices at R U {oo}. For instance, the classical modular group

F:{SeAut(IH) S.zm BFD
cz+d

,a,b,c,d € Z.and ad - bc = 1]»
is generated by the LFTs

1 1
T:z——-—- and R:z+— ———,
z z+1

and has a presentation
r=(T,R|IT*=R=1).

This can be seen as follows. It is easy to see that I is generated by Tand U : z —
z + 1. Then T is also generated by T and R because U = T o R.

Theorem 7.35. T is generated by T and U.

Proof. IfA:z ‘gig isinT and k € Z then

-d and UXoA - (a+kc)z+b+kd.

-cz
ToA:z
- +b cz+d

We assume that |c| < |a| (for if this is not true for A, then we start with T o A).

If ¢ = 0, then A = U%, for some g, ¢ Z.

If, however, ¢ # 0, we apply the Euclidean algorithm (see [12]) to a and ¢ (in mod-
ified form):

r
a=qoyC+r, —C=qiI1+T, I =qQhHh+I35...,(-1)1_1=¢qr,+0
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which ends with r,, = +1, since gcd(a, ¢) = 1. Premultiplying
ToUMoTo---oToU % bhyA,

we obtain U% with g, € Z.
Thus we have, the case |c| > |a| included:

A=T"o U e ToUl o...c To U o T o Ut

withm=0o0r1,4¢.q;,...,qn € Zand gy, q;,...,q, # 0. O

We now give a direct proof that I has a presentation
I=(T,R|T?=R>=1).
Theorem 7.36. The modular group T has a presentation
I=(T,R|T°=R’=1)

; . _1 . _1
WithT : z — Z andR :z — Pl

Proof. T is generated by T and R. We know that R?> = T? = 1 = id. We show that these
relations are defining relations forI'. Let R” = {x e R | x < O}and R* = {x e R | x > O}.
Then T(R™) ¢ R* and R*(R*) c R™ fora = 1,2.

Let S € I. Applying the relations T? = R> = 1, we get that S = 1is a consequence
of T?=R> =1,0rthat S =R* o T o---o R* o T o R%+ with 1 < q; < 2 (eventually after
a suitable conjugation). In the latter case, let x € R*. Then S(x) € R™, so in particular
S # 1. Therefore T = (T,R | T> = R> = 1). O

From the proof of Theorem 7.36, we automatically get the following.
Corollary 7.37. An element of finite order in T is either conjugate to T or to a power of R.

We remark that a suitable triangle A which corresponds to I' has a vertex at co,
which comes from the fact that we get z — z + 1 for the product U = T o R, a vertex at i
and a vertex at % + % V3. The hyperbolic polygon A’ = AU a(A) where a is the reflection
z — -z at the y-axis looks like that in Figure 7.8.

We have z, = esz = —% + %\/? i, a cubic root of 1.

A’ = Aua(A) forms a fundamental domain for T, that is, if z;, z, € H with [Re(z;)| <
Yand|z| > 1fori=1,2, then thereisno S € T, S # idy, with S(z)) = z,.

We complete this chapter with a nice number-theoretical application of the mod-
ular group.

Let H be the subgroup of I generated by

A=ToRoToR"! and B=ToR'oToR.
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A

(o]
1
1
1
1
1
1
1

_ZO

oF---=-=-=---

Figure 7.8: Hyperbolic polygon A’ = A U a(A) with a a reflection z +— —Z at the y-axis.

Now,
ToAoT=A", ToBoT=B"'! RoAoR'=A4'oB, R'cA-R=B7",
RoBoR'=A"'! and R'!<Bo.R=B"A

Hence H is a normal subgroup of I with the factor group /s = Cq, the cyclic group of
order 6, and by Theorem 7.36 we get that H has a presentation

H=(AB| )

that is, H is a (so-called) free group of rank 2, freely generated by A and B (see, for
instance, [22] or [7]). In fact, H is the commutator subgroup I’ of T', which is generated
by all commutators P o S P! o S7!, P,S € I. An automorphism of H is an isomor-
phism ¢ : H — H. The set of automorphisms of H forms a group under composition,
the automorphism group Aut(H) of H; Aut(H) is generated by the elementary Nielsen
transformations

a: (U, V)— (V,U),

B:(U, V)~ (VoUU™") and

y:(U V) (VoUoV, V),
{U, V} a (free) generating pair of H (see, for instance, [22] or [7]). Certainly, if {U, V} is
a generating pair of H, then the map A — U, B — V defines an automorphism of H
because H = (A,B | ).Hence a pair {U, V} c H is a generating pair of H if and only
if there is a sequence of elementary Nielsen transformations from {4, B} to {U, V}. We

then say that {U, V} is Nielsen equivalent to {A, B}.
IfP,S e H,let [P,S] := PoSoP 'oS ! be the commutator of P and S. Since

[S,P]=[P,S]}, [SeP,P'|=P'c[P,S]oP, and [S-P.S,5']=[P,S]},

we get the following.
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If {U, V} is a generating pair of H then [U,V] = W [A,B] o W' for some W ¢ H.
In fact, a pair {U, V} c H is a generating pair of H if and only if

[U,V]=Wol[AB* W

for some W ¢ H (see, for instance, [22] or [7]).

We now come back to our realization of H = (4,B | ) as a subgroup of Aut(H).
As mentioned above, Aut(IH) = PSL(2, R). In this sense I = PSL(2, Z), and we identify
I' with PSL(2, 7).

ThenT = +(%{)andR = +(9 '), and we get A = +(31),B=+(11)and AB™! =
+(379)- )

We consider the subgroup H of SL(2, Z), generated by (2 }) and (1 }). Without any
misunderstanding, we also just write

A:<2 1) and B:<1 1)
1 1 1 2

for the corresponding matrices.

Since the subgroup H of T contains only products of commutators of I', we also
have that H has a presentation H = (4,B| ), thatis, also H is a free group of rank 2.
Asconstructed, A = (21),B=(11}) and AB™! = (3 ), and tr(A) = tr(B) = tr(AB™!) = 3.
This means especially that (tr(4), tr(B), tr(AB™1)) is a solution of the diophantine equa-
tion x* + y* + z% — xyz = O because 9 + 9 + 9 — 27 = 0.

Now let {U, V} be a generating pair of H. Then [U, V] = W[A, B]*'W™ for some
W € H. Hence, tr([U, V]) = tr([4, B]) = —2. From the trace formula

te([U, V]) = (te(0))’ + (tr(V))’ + (te(UV))? - tr(U) - tr(V) - tr(UV) - 2,
which is easy to compute, we get that also (tr(U), tr(V), tr(UVY) is a solution of the
diophantine equation x> + y? + z> — xyz = 0.
We define
E ={{U,V} | {U, V}is Nielsen equivalent to {4, B}}
and
L = {(tr(U), tr(V), tr(UV)) | {U, V} € E}.

Since H = (U, V) and tr([U, V]) = tr([4, B]) for all {U, V} € E, the ternary form

F(x,y,z) =x2+y2+zz—xyz
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is invariant under the automorphism of H. As mentioned, the automorphism group of
H is generated by the elementary Nielsen transformations

a: (U, V) (V,U),
B: U, V)~ (VU,U") and
y: (U, V) - (VUV, V).

These induce birational transformations of L by

©:(xy.2) - (,X2),
w: (xYy,z) = (z,xy) and

Y:(xyz)— (X,y,z) withx =yz-x.

Let M be the permutation group of L generated by ¢, w and .

Theorem 7.38. Group M has a presentation
M={p,0,| 0" =’ =’ = (9ow)’ = (Popow) =1).

Proof. Allrelations in the presentation are evident by definition of ¢, w and y). We now
show that these relations form a complete set of relations. We let 1, = ¥, P, = wothow ™"
and i, = w ™! o 1P o w. We get

Pi6y.2) = (x,y',z) withy' =xz-y

and
v,(%,y,2) = (x,y,2') withz' =xy-z.

Assume that r = r(p, w,) = 1is an additional relation which is independent of the
given relations for ¢, w and ¥, and in which ) occurs. If we apply the given relations
for ¢, w and ¥, we may writerasr = yop, o---othp, = 1withy € (p,w), which
is isomorphic to the permutation group S3, m > 1, r; € {0,1,2} forj = 1,2,...,m and
r;# 1 ifm>1,fori=23,...,m(otherwise there is a cancellation possible).

For (x,y,z) € L we define the height h(x,y,z) = x+y +z. Since x* +y* +z> —xyz = 0,
we have 2 < x,y,z for (x,y,z) € L. We choose (x,y,z) € L so that the components
of (x,y,z) are pairwise distinct and that the (r; + 1)th component of (x,y, z) is not the
biggest component (this is certainly possible after an application of ¢, w, ).

Then we get

h(l/)rl(x»,V:Z)) > h(X:,V)Z)>
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the components of ¥, (x,y,z) are pairwise distinct, and the (r; + 1)th component of
Y, (x,y,z) is here the biggest component. This is clear because if, for instance, x <y
thenx' =yz -x > x,y,z.

If m > 1 then we get inductively that

h(y ety o+ o, (%,y,2)) > hx.y, 2),

which contradicts y o p, o---oth, =1

1

This proves Theorem 7.38. O
Corollary 7.39.

M =PGLQ2,Z) = {i <‘C’ Z) | (‘C’ Z) € GL(2, Z)}

and
M° =PSL(2,Z) =T,

where M° is the subgroup of M generated by w andp = o ¢ - w.

Proof. 1f we extend PSL(2, Z) by the element Z = +( ' ), we get easily the presenta-
tion

(X,Y,Z | X* = Y? = 7% = (XY)? = (ZXY)* = 1)

for PGL(2, Z), where

X=J_r<_1 _1>, Y=¢<_1 _1>, Z=J_r<_1 O).
0o 1 1 0 0 1

The mapping
p—~X, wrY, Y27
defines an isomorphism between M and PGL(2, Z). Then certainly
M° =PSL(2,Z) =T. 0

We now describe the announced number-theoretical application of the modular
group I

Theorem 7.40. The natural numbers x,y,z are solutions of the equation x> + y* + z* —
xyz = 0 if and only if there exists a generating pair {U, V} of H with tt(U) = x, tr(V) = y
and tr(UV) = z.
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Proof. Letx,y,z € Nwith x? + y* + z° — xyz = 0. Certainly, 2 < x, Y, z. Let
L' ={(6y,2) e N’ | X +y* + 2> —xyz = 0}.

We have to show that L = L'. Starting with (x,y,z) € L', we may apply the above
defined transformations ¢, w and i also to L', and we get ongoing new triples from L’.
We apply ¢, w and ¥ in a minimizing manner. With this we get a triple (x,y,z) € L’
with2 < x <y < zand h(x,y,z) = x + y + z minimal for all triples from L’.

With this we get z < xy — z. Hence altogether we get

2<x§yszgx—y.

2
Since x < y < z, we also have 1 < z. Hence %xy <z< %xy, that is, also %xy -z< éxy.
From this we get

2
2 2 1 1
—-xyz=x"+y +<§xy—z> —<§xy>

< 2y2<1 - %x2>.

This gives x = 3, and furthery < z = %y— % ,—5)/2 - 36, thatis, y* < 9, and therefore als?
y = 3, and finally, z = 3. But for this solution we have the above matrices ABlecH
withtr(4) = tr(B™}) = tr(AB™!) = 3. This gives L = L' from the preparing considerations.

O

2

0=x2+y2+z2

Exercises

1. Prove Theorem 7.11.

2. Verify statement (1) in Remark 7.13.

3. Give a proof of Corollary 7.14 along the lines in Remark 7.15.
4. Letf € Aut(H), f(z) = £,z ¢ H.

(a) Show that

If'2)| __1
Im(f(z)) Im(z)

(b) Lety:[0,1] — H be a continuously differentiable curve.
Show that

Ly(foy) = Ly(y).

5. Letf,g € Aut(H), f # idy # g. Show that f - g = g o f if and only if f and g have
the same fixed points.
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6. Show that
(@) cosh(x; +x,) = cosh(x;) - cosh(x,) + sinh(x,) - sinh(x,) for all x;,x, € R.
(b) cosh(x; — x,) = cosh(x;) - cosh(x,) — sinh(x;) - sinh(x,) for all x;, x, € R.
7. (a) Consider z;,z, € H, z; #+ z,. Describe the construction of the hyperbolic per-
pendicular bisector {z € H | 6(z;,2z) = 8(z,,2)} of the line segment z,z,.
(b) Letz, € H. The hyperbolic circle with center z, and hyperbolic radius r € R,
r > 0, is defined as

Ch=1{zeH|b(zp,2) =1}

Show that the hyperbolic circles are Euclidean circles, possibly with a dif-
ferent center. Give an example where the centers are equal and an example
where the centers are different.
8. Consider two hyperbolic lines ¢;, £, and complex numbers z, z, 25, 51, S,, S1, S, as in
Figure 79.

s S )

Figure 7.9: Hyperbolic lines ¢, £, and complex numbers z,2;,2,,51, S5, 51, S5

Let a be the angle between the hyperbolic line segments zz; and zz,. Show that

(51 = 55)(51 = 55) + (51 = $5)(51 = 89)

cos(@) = (51— s)(5, 51

(Hint: Apply the Euclidean Cosine rule in a suitable manner.)
9. Given a hyperbolic triangle with endpoints z;, z,, z3, line segments z,z,, z,z3, 23
and opposite angles a, 8, y, respectively.
Leta = 6(z1,2,), b = 8(2,,2z3) and ¢ = 8(2,, z3).
Show the
(a) rule of sine:

sinh(a) _ sinh(b) _ sinh(c)
sin(a)  sin(B)  sin(y)’

(b) first cosine rule:

cosh(c) = cosh(a) - cosh(b) — sinh(a) - sinh(b) cos(y),
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(c) second cosine rule:
cos(y) = —cos(a) - cos(f) + sin(a) - sin(B) - cosh(c).
(Hint: Let the triangle be given with vertices as in Figure 7.10.

21

23
23

Figure 7.10: Hyperbolic triangle with endpoints zy, z,, z3.

Consider the two rectangular triangles which we get if we draw the line through
z; orthogonal to the line z,z3.)

10. The hyperbolic congruence axiom 4 says that two hyperbolic triangles z;z,z; and
w;w,wj; are congruent if

6(21,22) = 5(W1, Wz), 5(21,23) = 5(W1, W3) and 4(%,@) = <(W1W2, W1W3).

Show that two hyperbolic triangles are congruent if they coincide in all three an-
gles.
11. (a) Leta: H — H, a(z) = -z = —x +1iy, if z = x + iy, be the reflection at the y-axis.
Show that

8(a(z)), a(zy)) = 6(zy,2,) forallz;,z, € H.

(b) Show that Aut(H) is composed of the maps

az+b

, ab,c,deR,ad-bc=1
cz+d

and

az+b

- ——, ab,c,deR, ad-bc=-1.
cz+d

12. The Hecke group G(g), g € N with g > 2, is a subgroup of Aut(IH), which is gener-
ated by the two linear fractional transformations

T:z— —é and U(q) :z+—>z+2cos<g).
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It is named after E. Hecke (1887-1947).
Show that G(q) has a presentation

G(q) = (T,R(q) | T* = R(g)? = 1),

with R(q) = TU(q).

(Hint: Proceed as in the proof of Theorem 7.36.)

Let K be a field and X, Y € SL(2, K). Show the trace identities:

(@) tr(XY™h) = tr(X) - tr(Y) - tr(XY),

(b) tr([X,Y]) = (tr(X))* + (tr(Y))? + (tr(XY))? — tr(X) - tr(Y) - tr(XY) - 2.
LetX=+(3 1), Y =+(F ¢ )andZ=x(39).

Show that the PGL(2, Z) is generated by X, Y and Z and has the presentation

(X,Y,Z | X*=Y> = 7% = (XY)* = (ZXY)* = 1).

(Hint: Use that PGL(2,Z) = PSL(2,Z) U X PSL(2,Z) and the known presentation
for PSL(2,Z) = (X,Y | X>*=Y>=1) =T.)
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8 Simplicial Complexes and Topological Data
Analysis

In Chapter 5 we have discussed a principle to model data in the form of objects and
relations between them as the vertices and edges of a graph, respectively. In this chap-
ter we aim at higher-dimensional data, that is, for instance, a point cloud in some R".
By nature of things, this data is very complex. Sometimes one is only interested in the
‘shape’ of the data. This boils down the task to a purely topological question. Topology
is a rather young branch of mathematics with rich applications in pure and applied
mathematics. Roughly speaking, in topology we only investigate features of geomet-
ric figures that do not change under continuous deformation, that is, no gluing and
cutting is allowed. However, we will not give an introduction to topology here; instead
our exposition will be laid out on a purely combinatorial level. We use methods from
Combinatorial Algebraic Topology and we apply them to give a little insight in the
emerging field of Topological Data Analysis.

8.1 Simplicial Complexes

For standard references concerning the following sections we refer to the classical [23]
as well as to the recent [20]. We will start with the combinatorial definition of a sim-
plicial complex that can be understood as a higher-dimensional analogue of a graph.

Definition 8.1. An abstract simplicial complex on a finite set V is a collection K of sub-
sets of VV such that whenever o € K and 7 c o0, then also 7 € K.

We sometimes leave the ground set V implicit. We call the elements o € K with
|o| = n +1the n-simplices. If T ¢ o and |1| = k + 1 we call T a k-face of 0. We denote
the set of n-simplices of K by K(n). In particular, if |o| = 4, |o| = 3, |o| = 2, or |o| =1,
we call ¢ a tetrahedron, a triangle, an edge or a vertex, respectively. We will see in
the following that there is a geometric intuition for these notions but first we will give
some examples of abstract simplicial complexes.

Example 8.2. The following collections of subsets are simplicial complexes on [n] =
{0,1,..., n} for a suitable n:

L. K, ={{0}, {1}, {2}, 0},

2. K,=1{{0,1,2},{0,1},{1,2},{0,2},{1,3},{0, 3}, {0}, {1}, {2}, {3}, 0}, and

3. A" ={A c [n]}, the standard n-simplex.

Recall that we have implicitly visualized graphs by assigning a point in some R"
to each node and connecting two adjacent points by a line segment between them.
This procedure is called geometric realization. We will describe a standard procedure
to do this in higher dimensions.

https://doi.org/10.1515/9783110740783-008
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To this end, we discuss the concepts of affine independence and convex hulls.
Recall that vectors v;,v,,...,v, € R" are linear independent if for A}, A, ..., A, € R the
equation A;v; +--- + A,v,, = O implies A; = A, = --- = A, = 0. We now define a stronger
concept.

Definition 8.3. Vectorsv,,...,v, € R" are affinely independent if for A, ..., A, € Rand
Y oA = 0 the equation Agvy + -+ + A,v,, = O implies A, = --- = A, = 0.

We give the following characterization of affinely independent vectors.

Lemma 8.4. Let vy,v;,...,v, € R". Thenv,,v,,...,v, are affinely independent if and
only ifvi = vy, ...,v, — v, are linearly independent.

Proof. First assume thatvy,...,v, are affinely independent and that 3\, A;(v;—v,) = 0
forA;,...,A, € R.Then Y1, A; =t -Ay € Rand Y}, A; = 0. We have

n n n
ZAivi = ZAi(vi - Vo) + (ZAi)Vo =0
i=0 i=1 i=0
and hence, as vy, ..., Vv, are affinely independent, it follows that A; = 0 forall0 < i < n.
Conversely, assume that v; — v,...,v, — v, are linearly independent and that
YitoAv; = 0with Ag,...,A4, € Rand Y jA = 0. Then also (3! ,A;)v, = 0 and
Y, Ai(v; = vo) = 0 by the above equation. Hence A; = 0 forall 1 < i < n by linear
independence and thus also A, = 0. O

We now consider the convex hull of vectors.

Definition 8.5. Let S = {v,...,v,} ¢ R". Then their convex hull is defined as

n n
conv(S) = conv(vy,...,V,) = {Z/Lvi l A€ IR,ZAi =LA = 0}.
i=0 i=0

This, together with the above characterization gives us the following geometric
intuition: If vectors vy, ..., v, are not affinely independent but v,,...,v, are, then we
have for their convex hulls conv(vy, ..., v,) = conv(v, ..., v,). Hence, we see thatin RrY,
N large enough, one vector is affinely independent, two distinct vectors are affinely
independent, the convex hull of three vectors needs to constitute a triangle and the
convex hull of four vectors needs to give a tetrahedron.

This is why we work with affinely independent vectors in the following in order to
have convex hulls uniquely defined by their spanning vectors. We now give a canoni-
cal recipe to geometrically realize abstract simplicial complexes.

Definition 8.6 (Canonical geometric realization). Given an abstract simplicial com-
plex K on some set V with K(0) = {v;,...v,}. Then its canonical geometric realization
is the union of {e,,...e,}, where e; denotes the ith standard vector in R¥©! and
{Conv(eio,...,eik) | {vio,...,vik} e K}.
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By abuse of notation, for an abstract simplicial complex K we will denote its ge-
ometric realization also by K. It will always be clear from the context if we consider
the abstract or geometric versions. We get the pictures in Figure 8.1 for the geometric
realization of the low-dimensional standard simplices A%, Al, and A%

/

Vv

@A° /

(b) &' (9 A?

Figure 8.1: Canonical geometric realizations of the first three standard simplices A%, Al and A%,

We already see that this canonical construction does not yield a minimal embedding
dimension as the examples could be visualized in lower dimensions. We will address
this issue below but we note that the canonical geometric realization of the standard
simplices and of a general complex K are instances of geometric simplices and geo-
metric simplicial complexes, respectively.

Definition 8.7.

1. A geometric n-simplex o in R" is the convex hull conv(v,,...,v,) of affinely inde-
pendent vectors vy, ...,v, € RY withn < N.

2. A k-face T of a geometric n-simplex ¢ = conv(v,,...,V,) is the convex hull T =
conv(S) with S c {vg,...,v,}and S| =k + 1.

3. Ageometric simplicial complex Lin RY is a collection of geometric simplices in R
such that
(a) every face of a simplex is also a simplex and
(b) the intersection of two simplices is a face of each of them.

4. For a geometric simplicial complex L we define its polyhedron as |L| = Uy, 0.

To get some intuition we give non-examples of simplicial complexes in Figure 8.2.

We have seen how to obtain a geometric simplicial complex from an abstract one.
We would now like to reverse this process and define the vertex scheme of a geometric
simplicial complex.

Definition 8.8. Given a geometric simplicial complex L = {o3,...,0,}, we then define
its vertex scheme as {{vy, vy, ..., i} | conv(vy,vy,..., V) € L}.

With this notion we can give the general definition of geometric realizations.
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(a) Intersection is not a common edge (b) Intersection is not a common vertex

Figure 8.2: Non-examples of geometric simplicial complexes.

Definition 8.9. Let L be a geometric simplicial complex and K be an abstract simplicial
complex. Then L is a geometric realization of K if K is the vertex scheme of L.

We would like to recall Example 8.2.1 and 8.2.2. In this case, the canonical geomet-
ric realization would yield geometric realizations in R* and R*. However, in Figure 8.3
we see that both can be realized in R%.

(a) Geometric realization of K; (b) Geometric realization of K,

Figure 8.3: Geometric realizations of Examples 8.2.1and 8.2.2.

We end this section with the following remark.

Remark 8.10. Any abstract simplicial complex K of dimension d, that is,
max{lo| |g €K} =d+1,

can be embedded into IRZd“, see [22]. This bound is sharp in the sense that there exist
abstract simplicial complexes of dimension d that cannot be geometrically realized
in R*. More explicitely, the latter assertion is known as the van Kampen-Flores the-
orem (first version proved 1932 by E. Kampen and independently 1933 by A. Flores)
which states that the d-skeleton of a (2d + 2)-simplex, that is,

skyA" ={o c[n]|lol <d+1},

cannot be geometrically realized in R,
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8.2 Sperner’s Lemma

We do a little detour and present a beautiful lemma that is broadly used in important
proofs in Combinatorial Topology. In order to formulate the lemma we need some ad-
ditional concepts concerning simplicial complexes.

We introduce the subdivision of the (geometric) standard simplex.

Definition 8.11. Let A" denote a geometric realization of the standard n-simplex and
let L be a geometric simplicial complex. Then L is called a subdivision of A" if |L| = A".

In Figure 8.4 we present two-dimensional instances of the barycentric subdivision
that plays an important role in the simplicial approximation theorem in topology, and
its chromatic analogue, the standard chromatic subdivision, that occurs within the
context of distributed computing as a protocol complex and that is a subject of current
research. In order to give a general definition of the barycentric subdivision, and for
further reference, we would like to take the opportunity to introduce the face poset of
a simplicial complex and the notion of a flag complex.

- &N

(a) Barycentric subdivision Bary(A?) (b) Chromatic subdivision x(AZ)

Figure 8.4: Examples of subdivisions.

Definition 8.12.

1. Let K be an abstract simplicial complex. Then we define P(K) to be the partially
ordered set with elements being the simplices and the order is induced by the
inclusion relation. We call P(K) the poset of K.

2. If Pisapartially ordered set, we define F(P) to be the abstract simplicial complex
with vertex set P, and a set of vertices {vy,...,v,} constitutes an n-simplex if and
onlyif vy < --- < v,, with respect to the partial order.

Observe that P(K) always contains ¢ if K # 0. We will later see examples of face
posets of abstract simplicial complexes when we take a look at discrete Morse the-
ory, named after M. Morse (1892-1977). For now we will just give the following general
definition of the barycentric subdivision of a simplex.
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Definition 8.13. The barycentric subdivision Bary(A") of the standard simplex A" is a
geometric realization of the abstract simplicial complex F(P(A")).

For a general combinatorial definition and a proof of the subdivision property of
the chromatic subdivision we refer the reader to [19].

We now discuss a Sperner labeling for a subdivision of the standard simplex,
named after E. Sperner (1905-1980).

Definition 8.14. Let L be a subdivision of A". A Sperner labeling is a function f: L(0) —
[n] that assigns to each x € |L| with x € conv(S), S c [n], a value in S. We call f(x) the
color of x.

In particular, the vertices of A" have distinct labels and any vertex in a face gets
labelled with the spanning vertices of that face. Sperner’s lemma is the following:

Lemma 8.15 (Sperner’s lemma). Let L be a subdivision of A" and f:L(0) — [n] be a
Sperner labeling. Then there exists an odd number of simplices o € L, and at least one,
with f(o) = [n].

Proof. We give a direct combinatorial proof of the lemma in the general case by induc-
tion over n. The case n = 1is immediate: If we consider a subdivided interval with the
endpoints labeled 0 and 1 we must switch the labeling at least once and obtain an odd
number of colored edges.

We now assume that the lemma holds for n — 1 and consider a Sperner labeling
f of L. Let C denote the set of colored simplices and D denote the set of the simplices
that admit all colors but n. We let A be the set of (n — 1)-dimensional colored faces in
the interior of L and B their analogue in the boundary. We set a = |A|,b = |B|,c = |C|,
and d = |D|. Observe that each ¢ € D contributes two elementsto AuB and each ¢ € C
exactly one. However, elements ¢ € A are the faces of either two simplices 7,7’ € D or
of simplices T € C and 7’ € D. Either way they get counted twice. Hence we obtain

c+2d=D>b+2a.

But b is an odd number by the induction hypothesis and so is c. This shows the asser-
tion for all dimensions. O

In Figure 8.5 we demonstrate the lemma with respect to different Sperner label-
ings on our subdivisions. For the Sperner labeling f; we see that all triangles obtain
all colors. Observe that this is not possible for Bary(Az).

We have already mentioned that Sperner’s lemma has rich applications in math-
ematics. We end this section by presenting two of them. First, we state that Sperner’s
lemma is equivalent to a famous theorem by L. E. J. Brouwer (1881-1966):

Theorem 8.16 (Brouwer fixed point theorem). Any continuous map f:D" — D" has a
fixed point. Here D" = {x ¢ R" | |Ix| < 1}.
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1
1 1
0 0 2 0 0 2 2
(a) Sperner labeling f on Bary(A?) (b) Sperner labeling f; on x(A?)

(c) Sperner labeling f, on y(A?) (d) Sperner labeling f; on x(4?)

Figure 8.5: Examples of Sperner labelings f, fi, f>. f5.

The second application we would like to give here is the board game Hex, see Fig-
ure 8.6, for two players. Here, in each turn a player places a stone in his or her color on
an arbitrary hexagon upon the board. The game ends if all stones are placed and/or a
player wins if he or she obtains a connected path from his or her side to the opposite
side. The hexagons of the four corners belong to both players.

Theorem 8.17. The game of Hex always has a winner.

We would also like to hint at [15] that shows how one can prove Hall’s Marriage
Theorem 5.35 using Sperner’s lemma. See also [6] for the other direction.

8.3 Simplicial Homology

We now discuss an algebraic tool to determine the shape of a simplicial complex that
is called simplicial homology. Again, we will work completely combinatorially and
define our theory for abstract simplicial complexes. However, we first need to enhance
them with a notion of orientation.
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Figure 8.6: The game of Hex.

Definition 8.18. An ordered abstract simplicial complex is an abstract simplicial com-
plex K with a total order on its vertex set K(0).

We remark that if the vertex set of an abstract simplicial complex K is [n], we have
a total order inherited from the natural numbers.

Definition 8.19. Let K be an ordered abstract simplicial complex and ¢ = (v, ...,V,)
be an ordered n-simplex, that is, vy < --- < v,,. We define the nth boundary 9,(c) as
follows:

02(0) = Y (=D (Vs V- V)
i=0

where v; says that v; should be omitted.

We next define the group of n-chains which are instances of free Abelian groups.
We recall Remark 4.2 where we described some fundamental definitions and facts
in group theory. In addition to those we need some more notations in the following.
A group G is called free Abelian of rank n, n € N U {0}, if G is isomorphic to Z". Recall
that the Cartesian product Z" is an Abelian group with componentwise addition, that
is,

(z15-->zp) + (U, .. Uy) = (20 + U, oo 5 2y + Up).

In general, the rank of a finitely generated group G is the minimal cardinality of a
generating set of G and is denoted by rk(G).

In Chapter 4 we have already seen how to present a group G with respect to a set
of generators X and defining relations R, that is, G = (X | R). If our group G is Abelian
we use G = (X | R),;, to denote that G has generators X and its set of defining relations
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is the union of R and the commutators. As a prototypical example we consider

ZxZ=Xy|xy=yx) =Xy | )a-

Definition 8.20. Given an ordered abstract simplicial complex K. Then its nth chain
group C,(K) is the free Abelian group generated by the ordered n-simplices.

We look at the boundary map again. As we apply it to n-simplices we can linearly
extend it to the nth chain group of a simplicial complex K and thus obtain a map:
0p: Co(K) — Cp_y(K).
We check the following assertion that will be of use when we take the quotient of
certain subgroups of C,(K).
Lemma 8.21. For an n-simplex o = (vy,...,V,) € K we have (0,_; » 9,)(0) =0

Proof. The proof is a direct calculation:

0,_1(0,(0)) = n1<2( Dive,.. 7 ..,vn)>

(=10, 1 (Vor- s Vi s V)

'M=

I}
<)

M:

1)<Z( D Worear Vo Vi s V)

+ Z (—l)j_l(vo,...,f/i,...,f/]-,...,vn)>

j=i+l

Il
o

= Y (DM D) g T T V)

O<k<i<n

=0. 0
We define two more groups associated to C,(K) as well as their quotient.

Definition 8.22. Let K be an ordered abstract simplicial complex. Then we define
1. the nth cycle group Z,(K) as ker 0,

2. the nth boundary group B,(K) asim d,,,, and

3. the nth homology group H,(K) as Z,(K)/B,(K).

Note that a factor group is not necessarily well-defined, also see Remark 4.2. How-
ever, as Z,(K) and B,,(K) are subgroups of Abelian groups we just need to check that
B,(K) is a subset of Z,,(K) but this is just the assertion of Lemma 8.21.

We will now study a collection of examples.

printed on 2/10/2023 4:13 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



214 — 8 Simplicial Complexes and Topological Data Analysis

Example 8.23.

1. Consider the simplicial complex K; = {{0}, {1}, {2}, 8} of three isolated vertices. We
immediately see that we have no simplices in dimensions 1 or higher. Hence we
just calculate ker 0, and this trivially consists of linear combinations of the ver-
tices (0), (1) and (2). Hence H,(K) = {0} for all n + 0 and

HO(K) = <(O)’(1)’(2) | >ab = ZB.

2. Now we consider the abstract simplicial complex where the three vertices of K, are
connected, that is, a hollow triangle. We set oA’ = {{0,1},{1,2},{0,2},{0}, {1}, {2}, 0}
and write (vw) for the ordered simplex (v, w), v < w. This time we need to calculate
which 1-chains are cycles. We have

0;(a(01) + b(12) + ¢(02)) = a(1) — a(0) + b(2) - b(1) + ¢(2) — c(0)
=—(a+c)0)+(a-b)1)+(b+0c)?2)
=0

ifand only if a = —c, a = b, and b = —c because (0), (1), (2) cannot cancel each
other. That is, we have Hl(aAz) =((01)+(12)-(02) | )4 asall cycles are multiples
of (01) + (12) — (02) and there are no relations (no 2-simplices). We immediately
see that ZO(aAZ) = {(0),(1),(2 | )qp> but this time we have boundaries 9(01) =
(1) - (0), 0(12) = (2) — (1) and 0(02) = (2) — (0), and thus HO(aAZ) = {(0), (1), (2) |
(0) - (1), (1) - (2,0) =g =((0) | )=Z.

3. We now consider the solid triangle A?. We see that this calculation is almost ver-
batim but we have to pay attention to 2-cycles and 1-boundaries. The calculation
0,(012) = (12) — (02) + (01) # 0 shows that we have no 2-cycles, but that the 1-cycle
from the previous example is now ‘bounded’. That is, H, (AZ) ={(01) + (12) - (02) |
(01)+(12)-(02)) 45 = {0} and also all other homology groups but H, (A%) = Z vanish.

We give geometric realizations of the complexes in Example 8.23 in Figure 8.7.

[ ] [ ] [ .
@)K, (b) a0? (©) A2

Figure 8.7: Geometric realizations of the complexes in Example 8.23.
We just discuss the intuition we should have gained from the sample computation. In

the first example, the rank of H,(K;) was equal to the number of vertices. In the second
example we have computed the homology of a connected complex, that is, there is a
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path from one point to another. The rank of HO(BAZ) reflected this fact. Also H; (0A?)
counted the number of 1-dimensional ‘holes’ the complex has. In the third example
there was no homology at all expect for H, (A?) which again reflected the connected-
ness of the complex.

This observation is best phrased with the Betti numbers ;(K) = rk(H;(K)), named
after B. Betti (1823-1892). In the above sense, S, counts the number of connected com-
ponents, 3; the number of one-dimensional or circular holes, and 8, the number of
two-dimensional holes or voids. We will summarize, and make precise, these obser-
vations in the following theorem.

Theorem 8.24. Let k < nand sk, A" = {0 c [n] | |o| < k + 1} be the k-skeleton of A"
Then

B ny _ [{0} ford#0,
1. f0r0<d_nwehaveHd(A)—{Z ford=0,
{0} ford#k,d#0,
2. for0 < k < nwe have Hy(sk;(A™)) = 1z ford=0, and
(1) ford=k,
B n _ [Z™ ford=0,
3. fork =0we have Hy(skyA") = {{0} ford £ 0.

Theorem 8.24.1 follows from the fact that the standard simplex is an instance of
a cone, that is a simplicial complex K with a vertex v € K(0) such that for ¢ € K we
also have {v} U € K, and these have trivial homology but in degree 0. Theorem 8.24.3
is immediate and Theorem 8.24.2 follows from the beautiful Euler—Poincaré formula,
named after L. Euler (1707-1783) and J. H. Poincaré (1854-1912):

Theorem 8.25 (Euler—Poincaré). For a simplicial complex K of dimension n we have
n ) n .
Y (DK = Y (-1)'Bi(K).
i=0 i=0

We leave the proof as an exercise. We are now ready to prove Theorem 8.24.2.

Proof. We assume k = d and derive from Theorem 8.25 that

k .
(040 = Y (T
i=0

i+1

k(N )
=1+(-1 S
+(D (k +1
where the last equality follows from induction, and hence §;(K) = (kﬁl), that is,

Hy (sk, (A™) = 20, O
We close this section with two more examples that we will compute in a different
way and this way gives an outlook to the recent field of the discrete Morse theory.

Consider again the simplicial complex K, of Example 8.2.2. Just by looking at its
geometric realization we see that the complex is connected and has a 1-dimensional
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hole. We already might feel that the solid triangle does not add to homology. Hence,
we conjecture that the homology groups will be H;(K) = Hy(K) = Z and all other ho-
mology groups will vanish. A topological way to justify this observation is the concept
of deformation retracts that we will not discuss. However, we will quote a main defi-
nition of discrete Morse theory that will shorten our computation and we follow [20]
for the following definition and theorem, though in a special case.

Definition 8.26. Let P := P(K) be the poset of an abstract simplicial complex K. Then
we write x < y if x < y and there is no z € P with x < z < y. A matching on P is a
matching M c E of the underlying graph G = (V, E). We call a matching on P acyclic if
there are no edges e; = {b;, b}}, e, = {b,, b3}, .., e, = {b,, bl,}, n > 2, and no chain

by > by < b, > b5 <--- < b, > b} < b,

If for P such an acyclic matching exists, we call the unmatched simplices critical.
We give the following special case of a main theorem of discrete Morse theory, see for
instance Theorem B in [20], in order to keep our exposition at a purely combinatorial
and simplicial setting.

Theorem 8.27. Let K be an abstract simplicial complex.

1. IfK has a complete acyclic matching, then H,(K) = {0} for alln + 0 and Hy(K) = Z.

2. IfK has an acyclic matching with all critical cells in dimension d, d > 1, and their
number is I, then Hy(K) = Zl, Hy(K) = Z and H,(K) = {0} foralln + 0, d.

3. IfK has an acyclic matching with all critical cells in even dimensions, then the ho-
mology is also concentrated in even dimensions.

We consider the following applications.

Example 8.28.

1. We consider the complex K, and the acyclic matching on its face poset given in
Figure 8.8.
We conclude by Theorem 8.27.2 that H;(K;) = Z = Hy(K,) and H,(K,) = {0} for all
n#0,1

2. We consider A> and the acyclic matching in Figure 8.9. We conclude by Theo-
rem 8.27.1 that H,(A%) = {0} for all n # 0 and H,y(A°) = Z.

The face poset P(A%) and the partially ordered subset of P(K,) that corresponds to
the copy of A? are instances of Boolean algebras that we will consider in Chapter 11.

This section just gave a little insight into simplicial homology theory and a spe-
cial case of an important theorem in discrete Morse theory. In particular we have only
considered the so-called homology with integer coefficients and just applied discrete
Morse theory to the purely simplicial setting. Just going beyond these restrictions gives
a much richer setting to investigate the shape of data. Furthermore, many algebraic,
combinatorial or topological theories that are in connection with homology theories
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3

Figure 8.8: Acyclic matching for the complex K.

0123

Figure 8.9: Acyclic matching for the complex A%,

are out of the scope of our book. Our aim here is just to equip the reader with some
intuition that will be helpful to understand the following section.

8.4 Persistent Homology

In the last section we have settled the theory and intuition to study and understand
first examples and applications in the emerging field of topological data analysis.
Here, we aim to understand data in the form of a point cloud in a metric space, as-
sociate to it a family of simplicial complexes and study its homology. These results
then are visualized in a suitable way such that we read off so-called persistent fea-
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tures of the data and give a conjecture about its shape. This procedure is sometimes
referred to as the ‘TDA pipeline’.
We first gather the remaining notions and then discuss an instructive example.

Definition 8.29. A (finite) filtration of an abstract simplicial complex K is a family
{Ko, ..., K,} of simplicial complexes with the property

D=KycKyc---cK,,CK,=K.

We consider an example in Figure 8.10.

Figure 8.10: Filtration of a complex.

We recall the notion of a metric space.

Definition 8.30. Let X be set. Amap d:X x X — R is called a metric on X if for all
X,y,z € X we have:

1. d(x,y)>0andd(x,y) =0ifand onlyifx =y,

2. dxy) =d(y,x),

3. d(x,y) <d(x,z) +d(z,y), the triangle inequality.

The pair (X, d) is called a metric space.

We will discuss metric spaces in the exercises. Now we define an abstract sim-
plicial complex associated to a point cloud that we consider as a finite metric space
X, a).

Definition 8.31. Let (X, d) be a finite metric space and € > 0. Then we define the ab-
stract simplicial complex V,, the Vietoris—Rips complex after L. Vietoris (1891-2002)
and E. Rips (born 1948), with respect to € as follows: The vertex set of V is X and the
simplex setis {o c X | d(x,y) < eforall x,y € g}.

We will show that for a finite sequence g;, ... ., €, the associated Vietoris—Rips com-
plexes yield a filtration.

Lemma 8.32. Foreg, <&, wehaveV, C V.

Proof. Ifo € V, , theno € V., because for x,y € 0 we have d(x,y) < & < &,. O
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Figure 8.11: Examples of (underlying graphs) of Vietoris—Rips complexes.

We give an example of such a filtration in Figure 8.11.

Now, a naive approach would be to compute homology of each V,. However, per-
sistant homology is more subtle and makes use of the filtration property. The inclusion
of the complexes gives rise to maps f;’j :Hy(K;) — Hy(Kj) fori<j.

Definition 8.33. Given a filtration {K;}(;., of a simplicial complex K, we define its pth
persistant homology group as H;;j (K) = Z,(K;)/(By(K;j) N Z,(K;)) for i < j.

We can interpret H;;j (K) as the group of all homology classes of K; that are still
present in K;. This enables us to record which topological features, in terms of homol-
ogy generators, persist.

We use the following terms:

Definition 8.34. We say that a homology class [c] € H,(K;)
1. isborninK;if[c] ¢ H;‘l’i(l(), and
2. diesinK;if f;)\([c]) ¢ Hy™"'(K) and £/ ([c]) € H} (K).

In the case of the Vietoris—Rips complexes we say that a class [c] that is born in

Ve, and that dies in Ve, has persistance p([c]) = &, — ;. The persistance of homology
generators is often visualized in so-called barcode, compare Figure 8.12.
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Bo

Figure 8.12: Barcode for the running example.

Example 8.35. We discuss the barcode of our running example. We see that from the
beginning (V,, = 0) we have seven generators for the zeroth homology group. But for
& = 1they all get identified, so six of them die at K,.

However, at K, a generator for the first homology group is born that persists until
K, where it becomes bounded. In this situation one would hence conjecture that the
point cloud comes from a circle as its features persist.

We have seen a glimpse of topological data analysis that is a very active field
of research and also developed outside academia with a plethora of real world ap-
plications. From the mathematical point of view we would just like to mention that
there are many variants (alternative complexes to construct, different metrics to use,
or even a manipulation of the initial point cloud itself) that are suited for certain sit-
uations.

A big topic within TDA is the computability of persistant homology within a
reasonable amount of time. Here, the project Ripser seems to be one of the most
widely used packages for the computation of barcodes using the Vietoris-Rips com-
plexes.
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Exercises

1.

N p N

The mesh of a geometric simplicial complex K is the length of its longest edge.
Let Bary" (A") be the Nth iterated barycentric subdivision of A" and let my de-
note its mesh. Prove that the barycentric subdivision is mesh-shrinking, that is,
limy_,o, my = 0.

Show that Hy(K) is always free Abelian for a simplicial complex K.

Find a simplicial complex K with H;(K) = Z/2Z & Z.

Show the induction in the proof of Theorem 8.24.

Prove Theorem 8.25.

Recall that a simplicial complex K is a cone if there exists a vertex v € K(0) with
the following property: If o € K, then ¢ U v € K. Show that for a cone K we have
Hy(K) = Z and H,, = {0} forall n + 0.

Show that in the definition of a metric space, the property d(x, y) > 0 follows from
the other axioms.

Show that, if d: X x X — R is a metric, then also

(a) k-dwith k > 0is a metric,

(b) % is a metric.

Prove that d: R x R — R with d(x,y) = In(1 + |x + y|) is a metric on RR.
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9 Combinatorics and Combinatorial Problems

9.1 Combinatorics

Combinatorics is the area of mathematics that is primarily concerned with counting
and the structure of finite sets. Finite probability theory that we examine in the next
chapter is heavily dependent on combinatorics and combinatorial techniques. A com-
binatorial problem is one that involves combinatorics. Combinatorial problems arise
in many areas of both pure and applied mathematics. The portion of combinatorics
that deals with counting and finding the sizes of finite sets is usually referred to as
enumerative combinatorics.

In this chapter we give some overview about enumerative combinatorics. We start
with elementary counting problems, consider the sieve method, partitions of sets and
numbers, recursion and generating functions. This is just an overview of some prin-
ciples and material a mathematics teacher and working mathematicians just should
know. Some people consider graph theory as part of combinatorics but we already
considered some of the most important principles in graph theory in Chapter 5.

9.2 Basic Techniques and the Multiplication Principle

For the most part of this chapter we will consider finding the sizes of finite sets and
combinations of finite sets. We make the following notational conventions.
If {a;,...,a,} is a finite indexed set of real numbers then

n
zai:a1+az+"'+an
i=1

is the sum of these elements and
n
a;=a;-a---ay
i=1

is the product of these elements. Then we note that

iak=o and ﬁakzl
k=m k=m

ifm,ne Nyjand m > n.
If M is a set then |M| denotes its cardinality or the number of elements in M. Now
let My, ..., M, be finite sets. We have the following straightforward results.

https://doi.org/10.1515/9783110740783-009
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@

r
UM
k=1

if the sets M; are pairwise disjoint, that is, M; N M; = 0 for i # j.

@

r
= > 1My
k=1

.
My x My - x M| = [ | IMyl.
k=1

The first of these is called the basic rule of summation or summation rule. The contra-
position of the rule of summation is the rule of difference or difference rule. 1t is the
idea that if we have n ways of doing something where exactly m of the n ways have an
additional property, then n — m ways do not have this additional property.

The second is called the multiplication principle or multiplication rule and is the
basic idea in most enumerative techniques. It is usually described in terms of choices.

Suppose a choice is to be made in two steps. If the first step has m choices and the
second step has n choices then there is a total of mn choices, that is, we multiply the
numbers of choices at each step.

The idea in the multiplication principle can be extended to more than two steps.
We give some illustrations.

Example 9.1. There are 8 applicants for one job and 12 applicants for a second job. In
how many ways can these people be hired?

Here the final choice is in two steps, fill the first job and then fill the second. In the
first case there are 8 choices while in the second we have 12. Therefore by the multi-
plication principle there are a total of 8 - 12 = 96 choices.

Example 9.2. A hospital cross-classifies patients in three ways: gender, age and type
of payment. There are 2 gender classifications, 6 age classifications and 4 payment
type classifications. In how many ways can the patients be cross-classified?

Here a cross-classification consists of a choice for gender, followed by a choice for
age, followed by a choice for type of payment. There are 2 choices in the first step, 6 in
the second and 4 in the third. Thus by the multiplication principle there are 2-6-4 = 48
cross-classifications.

Example 9.3. The elements of the set {4, B} can be combined with the elements of the
set {1, 2, 3} in six different ways, see Figure 9.1.

The multiplication principle is a special case of a more general counting tech-
nique known as a tree diagram. In this type of diagram, the decision maker or choice
maker is represented as the trunk of a tree. The initial choices are represented by
branches. A branch terminates at a node where further branching is possible. If there
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Al Bl
A A2 B B2
A3 B3

Figure 9.1: Combination of two sets.

is no branching at a node it is called a leaf. The total number of leaves gives the total
number of choices. We illustrate this in the example below.

Example 9.4. A production item has 4 weight classifications, Wy, W,, W, W,, 3length
classifications, L;, L,, L3, and 2 hardness classifications, H;, H,. The heaviest weights
W,, W, are made with all lengths and hardnesses while the lighter weights are only
made in L,; W3 is made with both hardness classifications but W, is only made with H,.
How many cross-classifications are there of this item?

The tree diagram for this situation is given in Figure 9.2 below. At the first stage
we can make all 4 weight choices but at the first set of nodes the possible branchings
are different. From the W; and W, nodes all 3 length choices are possible but at the W,
and W, nodes only the L; choice is possible. Finally, at branches which begin with W;
or W, both hardness classifications are possible while at branches beginning with W,
only H, is possible.

From the tree we see that there are 15 cross-classifications. This is found by count-
ing the number of leaves on the tree. Each path — such as W,L,;H; — corresponds
to a cross-classification. The example given by W,L,;H; corresponds to the cross-
classification of weight factor W;, length factor L, and hardness factor H;.

There are some basic results that follow directly from the above.

Theorem 9.5. Let R be a relation between two finite sets M and N, that is, R ¢ M x N.
For x € M let r(x) be the number of y € N which are related to x, that is,

rx)=|{y e N | (x,y) € R}

Analogously, let s(y), y € N, be the number of x ¢ M which are related toy. Then

Y=Y s

xeM yeN

Proof. For (x,y) € M x N we define

1, if(x,y) €R,

amw:%,ﬁmw¢R
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Then

rxo) = ) alxp,y), X €M,
yeN

and

s(vo) = Z a(x,yo), Yo €N.
xeM

Hence we get

Y= ) abcy) =) sw).

xeM (x,y)eMxN yeN
Hl
H, Hy H,
L
L 2 ;
Ly 1
H2
H
w, !
H
L 2
WZ
LZ
Hl
W3 L3
w, n
2
Hl
H
L, 2
Ly Y
1
H,
H,

Figure 9.2: Tree diagram.
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This double counting, or counting in two ways, is a combinatorial proof technique
for showing that two expressions are equal by demonstrating that they are two ways
of counting the size of one set. In this method one describes a finite set X from two
perspectives, leading to two expressions for the size of X. Since both expressions equal
the size of the same set X, they are equal to each other.

Remarks 9.6.

(1) LetM = {x;,X5,..., X} and N = {y;,¥5,...,Y,,} be given by a concrete listing. The
characteristic function a : M x N — {0, 1} for the subset R ¢ M x N corresponds to
an (m x n)-matrix over {0, 1}, the incidence matrix of the relation R.

The proof of Theorem 9.5 implies that one goes once column-by-column and the
other time row-by-row through the matrix.

(2) Counting arguments are often used to give existential (non-constructive) proofs.
The basic principle here is often the drawer principle of Dirichlet (pigeonhole prin-
ciple):

If one distributes n objects into k drawers and if n > k, then there exists one drawer
which contains at least two objects.

Let us state this principle in a mathematical way.

Theorem 9.7. Letf : X — Y be a map between two finite sets, and let |X| > |Y|. Then
there exists ay € Y with |f1(y)| > 2.

Example 9.8.

(1) Alibrary has more than 4000 books. None of the books has more than 4000 pages.
Then there are (at least) two books with the same number of pages.

(2) The friendship problem. Ineach setofn > 2 persons there are atleast two persons
which have the same number of friends (here we assume the relation of friendship
is symmetric).

Proof. If a person has n — 1 friends, then each person is his/her friend, hence no-
body is friendless. This means, that 0 and n — 1 do not occur simultaneously as
numbers of friends. Hence we have to distribute only n — 1 possible numbers of
friends to n persons. By the principle of Dirichlet, at least two persons have the
same number of friends. O

(3) IneachsetA c {1,2,...,2m} with at least m + 1 elements there are two numbers
a,b such that a | b, that is, a is a divisor of b.

Proof. Let{a;,a,,...,ay,} C M. We write each g; in the form a; = 2" g; with g; odd.
There are only m odd numbers in M. Hence, by the principle of Dirichlet, at least
one of the g; occurs for two distinct a; and a;, that is, a; = 2'ig and a; = 2'iq with
q = g; = g;-1f q; < a;, then g; | a;. O

printed on 2/10/2023 4:13 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

228 =—— 9 Combinatorics and Combinatorial Problems

9.3 Sizes of Finite Sets and the Sampling Problem

Dealing with counting in finite sets is related to two basic problems: the sampling prob-
lem and the occupancy problem. They turn out to be equivalent. We describe the sam-
pling problem first.

The multiplication principle can be used to determine the number of ways one set
of items can be sampled out of a larger set of items. Specifically, we suppose that we
have a total of n items and k items are to be sampled from them. The question of inter-
est is in how many ways this can be done. The answer to this depends on the manner
in which the sampling is done. In particular, the sampling can be done with replace-
ment, meaning the items are put back after they are sampled, or without replacement,
meaning they are not put back. In addition, we can have ordered samples, that is, sam-
ples in which the ordering of the sample is relevant, or unordered samples where the
ordering is irrelevant. Therefore to answer the question of how many ways x items can
be sampled from n items, we must consider four situations:

(1) Case 1. Ordered Samples Without Replacement.
(2) Case 2. Unordered Samples Without Replacement.
(3) Case 3. Ordered Samples With Replacement.

(4) Case 4. Unordered Samples With Replacement.

We concentrate first on the case of sampling without replacement. The number of or-
dered samples of k items that can be taken from n items without replacement is called
the number of permutations of k items out of n. This is denoted by ,,P; or P(n, k). An
ordered sample of k items taken from n items is called a k-permutation.

The number of unordered samples of k items that can be taken from n items with-
out replacement is called the number of combinations of k items out of n. This is de-
noted by ,,Cy, or most commonly by (}), which is called a binomial coefficient because
these numbers appear in the expansion of a binomial expression (a + b)". An un-
ordered sample of k items taken from n items is called a k-combination. We summarize
these definitions:

2Pr = number of permutations of k objects out of n
= number of ways to sample k objects out of n objects

without replacement but with order.

nCr = (Z) = number of combinations of k objects out of n

= number of ways to sample k objects out of n objects

without replacement and without order.
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The multiplication principle can be applied to determine formulas for both per-
mutations and combinations. First of all,

WPr=nn-1)(n-2)---(n-k+1).

This expression ,Pj, = (n)(n-1)--- (n—k+1) is also referred to as the falling factorial
and denoted (n);.

Example 9.9. Compute ,P;.

From the formula for ,P, we have ;P; = 7 -6 -5 = 210. Thus there are 210 differ-
ent ways to choose ordered samples of size 3 from a collection of 7 objects without
replacement.

Example 9.10. How many 1-2-3 finishes are possible in a horse race with 11 entries?
A 1-2-3 finish consists of a choice of 3 objects from the total of 11 objects. The
order is certainly relevant and therefore the number of these choices is

1wP; =11-10-9 = 990.

Example 9.11. How many unordered samples of size 6 are there out of 49 numbers?
Here the result is ,4Cq = (%) = 1398316.

If all n objects are chosen from the total of n objects what is really being done is
that the items are being rearranged. Thus , P,, counts the total possible rearrangements
of n objects. We see that

WPn=nn-1)(n-2)---1.
This expression is given the name n factorial and is denoted by n!. Then
n! =n(n-1)(n - 2)---1 = number of ways to rearrange n objects.

Example 9.12.

(@ 6!=6-5-4-3-2-1=720, so there are 720 different ways to rearrange 6 objects.

(b) 3! = 6 so there are 6 different ways to rearrange 3 objects. For example, suppose
the 3 objects were A, B, C. Then the six rearrangements are ABC, ACB, BAC, BCA,
CAB and CBA.

To see how the formula for permutations is derived, consider sampling k objects
from n objects. At the first step there are n choices. At the second there are only (n — 1)
choices since the sampling is done without replacement. At the third step there are
(n-2), and so on down for k choices, the final number being (n - k + 1). Finally, by the
multiplication principle, these numbers would be multiplied, yielding the result.
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By algebraic manipulation it is clear that the formula for permutations can also
be expressed in factorial notation as

n!
nPk = (n _ k)'

= (M.

To determine a method for computing combinations we reason in the following
manner. Each choice of an unordered sample of k objects from n objects can be rear-
ranged in k! different ways. Therefore the total number of rearrangements multiplied
by the total number of unordered samples will give the total number of ordered sam-
ples. Writing this in terms of permutations and combinations we have ,,C;, - k! = ,P;.
Solving this for ,C; gives us the following formula:

_(n\ _ P _nn-1---(n-k+1) _ n!
"Ck‘(k)‘ Kk k! T k(n-k)

Example 9.13. Compute (7). From the formula for ,,Cy,

(9): oPy 9876 0
4) 4 4.3.2.1
Example 9.14. How many 3-person committees can be chosen from among 8 people?

In choosing a committee the order of choice is irrelevant so that we are choosing
an unordered sample of size 3 from 8 objects without replacement. The number of
ways to do this is then gCs, and therefore the number of possible committees is

8 8:7-6
8C3=<3>= ; =56

We now turn our attention to sampling with replacement, that is, where the ob-
jects arereplaced after each pick. If order counts, then at every stage there are n choices
and there are a total of k stages. Therefore by the multiplication principle the number
of ordered samples of size k chosen from n objects with replacement is given by

n* = number of ordered samples of size k

chosen from n objects with replacement.

We call an ordered sample of size k chosen with replacement from n objects a
k-variation.

In a somewhat more complicated manner, the number of unordered samples with
replacement is determined by

(n+k—1

h ) = number of unordered samples of size k

chosen from n objects with replacement.
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We call an unordered sample of size k chosen with replacement from n objects a
k-repetition.

To see how this last formula is derived, consider, without loss of generality,
M = {1,2,...,n}. Then M is ordered in a natural manner. We write respectively each
k-repetition, which is unordered, as a monotonically decreasing sequence

a,<a,<---<a, whereay,ay,....,a, € M.
The assignment
(@, ..., aq;) — (@ +1,a,+ 2,...,a0; + k)

defines a map of the set N; of the monotonically increasing k-sequences of elements
of M onto the set N, of strictly monotonically increasing k-sequences of elements from
{2,3,....,n,n+1,...,n + k}. This map is bijective, and N, corresponds to the set of all
k-subsets of {2,3,...,n+ k}.

We now give a short recapitulation of the different sampling problems in the form
of the following theorem.

Theorem 9.15. Let M be a set with |M| =nand k € Nwith1 <k <n.

(1) A k-combination of M is a k-subset of M. Their number is (}) = ,Cy.

(2) A k-permutation of M is an ordered k-tuple of distinct elements from M. Their num-
beris

1
ks = = () = B

(3) A k-repetition of M is an unordered choice of k not necessarily distinct elements
from M. Their number is ("*k1),

(4) A k-variation of M is an ordered k-tuple of elements from M which are not necessar-
ily distinct. Their number is nk.

This is summarized in Table 9.1.

We close the section sizes of finite sets with three further examples.

Table 9.1: Summary of Theorem 9.15.

Choice of k elements from n elements unordered ordered

without replacement k-combination  k-permutation
(Z) =nCk (Mk = nPx

with replacement k-repetition k-variation
(n+l/§—1) nk
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Example 9.16. Let M = {a,b,c}, n = [M| = 3 and k = 2. Then we get
(1) k-combination

ab
ac
bc
(2) k-permutation
ab ac
ba bc
ca cb
(3) k-repetition
aa bb
ab bc
ac cc
(4) k-variation
aa ba ca
ab bb cb
ac bc cc

Example 9.17.

(1) Suppose 5 members of a group of 12 are to be chosen to work as a team. The num-
ber of distinct 5-person teams is (7) = 792.

(2) Now suppose two members A and B of the group of 12 refuse to work together on
a team. The number of distinct 5-person teams that do not contain both A and B
is (12) - (1) = 792- 120 = 672, where (') is the number of distinct 5-person teams
that contain both A and B (difference rule).

(3) Now suppose the group of 12 consists of 5 men and 7 woman.

The number of 5-person teams that contain 3 men and 2 women is

The number of 5-person teams that contain at least one men is (%) - (£) = 792 -
21 = 771, where (;) is the number of 5-person teams that do not contain any man
(difference rule).

Hence, the number of 5-person teams that contain at most one man is (1) +(3)(}) =
21 + 175 = 196. Here (3)(;) is the number of 5-person teams with one man (multi-

plication rule).
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Example 9.18. Given a dice with 6 numbers, the number ¢ of possible occurrences in
case of five times rolling is as follows:
(1) Without chronological order

t=(6+5_1)=(10>:252;
5 5

(2) With chronological order

t =6 =7776.

9.3.1 The Binomial Coefficients

The number of combinations of k objects out of n is given by the binomial coeffi-
cients ( ). These have many important properties and applications that we explore
in this subsection.

The basic properties of the binomial coefficients are:
@O ¢ = gomon k), fork,n e Ny, n=k;

2 () Ofork,n e Ny, n < k;
B) ()= (") =1forn e Ny;
(4) (ﬁ) ( )fork,neINO,ksn.

We have the following recursion formula.

Theorem 9.19 (Recursion formula).

This formula can be visualized through Pascal’s triangle which is named after
B. Pascal (1623-1662).

@©
@ O
@ @ 6
@ @ 6 06
@ @O 6 & @
@ & 6 6 @ 6
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1/1\1
VAWAN
VAVAVAN
INSNININ
ININSNININ,

and so on.
The binomial coefficients can be used to count the number of subsets of size k in
a set with n elements.

Theorem 9.20. Let M be a finite set with [M| = n, n € N,,, elements. A subset of M with
exactly k elements is called a k-subset of M. The number of k-subsets of M is (z)

Proof. Let a(n, k) be the number of k-subsets of M.

Certainly, a(0,k) = (7) for k > 0 and a(n,0) = 1 = () for all n. In particular,
the statement holds for n = 0. Now if [M| = n+ 1and x € M, then for an arbitrary
(k + 1)-subset N exactly one of the following holds:

(1) x¢N;
(2 xeN.

Ifx ¢ N, then N is a (k + 1)-subset of M \ {x}.

There is a bijection between the (k + 1)-subsets of M which contain x and the
k-subsets of M \ {x}.

Hence we have

amn+1,k+1)=ank+1)+an,k).
Therefore, the a(n, k) satisfy the same recursion formula and the same initial condi-

tions as the binomial coefficients (}). Hence a(n, k) = (). a

Remark 9.21. Theidea to geta suitable recursion formula for numbers a,, by case anal-
ysis is typical for counting problems.

The numbers (})) are called binomial coefficients because of their role in the bino-
mial theorem, or binomial expansion.
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Theorem 9.22 (Binomial formula). Let R be anintegral domain withunity 1andn € IN,.
Then

n

(a+b)" = Z (n)akb"_k fora,b € R.
far

Recall that an integral domain with unity 1 is a commutative ring R with a unity 1 + 0

and the property thatifab =0 € Rthena=0orb = 0.

Proof. This is correct for n = 0 because x° = 1 for all x € R by definition.
Let now n > 0. By the expansion of

(@a+bh)"=(a+b)a+b)---(a+h)

n-times (a+b)

we have to decide either for a or b in each factor (a + b). If we decide in the factors
with the numbers 1 < i; < i, < --- < ii < nfor a, then each such choice corresponds
uniquely to a k-subset of {1, 2,...., n}. For this we have by Theorem 9.20 exactly (}) pos-
sibilities. If we decide k times for a, then b occurs exactly n — k times. Hence, we have
exactly (}) summands d“b™*. This means for the whole sum that

n

@+b)" =Y (7)ab*,

k=0 k O

From the binomial theorem we can prove that the total number of subsets of a set
with n elements is 2".

Corollary 9.23. A set M with n elements, n € N, has 2" subsets, that is,
[P =2" ifIM| =n.
Here P(M) is the power set of M.

Proof. By Theorem 9.20, we get
L /n
Panl= ¥ (i)

k=0

and

i(;:):(nl)":z"

k=0

by Theorem 9.22. O
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Corollary 9.24. For alln € N we have

n

$ (1)t o

k=0

Proof. Takea = -1, b =1in Theorem 9.22. O

Corollary 9.25.

("= 2 (")

foralln,m e N,

Proof. We apply Theorem 9.22 for both sides of the equation
QA+t™=1+"1+)"

and compare the coefficients of t™. O

Remark 9.26. We get

2t = 260200

let j=m-k

because (m”ij) = (’)")

9.3.2 The Occupancy Problem

The sampling problem is equivalent to the occupancy problem. Here we have n distin-
guishable cells and k particles. In how many ways can the particles be distributed in
the cells?

The solution to this is equivalent to sampling k objects out of n objects with the
following translations:

distinguishable particles = ordered sample

with exclusion = without replacement

This is illustrated in the following Table 9.2.

The occupancy problem plays a role in atomic structure, in particular, in find-
ing how electrons are distributed among the atomic orbitals. The names in the ta-
ble indicate the physical model for this: F.C. Maxwell (1831-1879), C. Boltzmann
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Table 9.2: Occupancy Problems.

Distribute k objects distinguishable indistinguishable

in n cells particles particles

without exclusion nk ("*ﬁ*) with replacement
Maxwell-Boltzmann Bose-Einstein
statistics statistics

with exclusion aPr = (n)g nCi = (}) without replacement

Fermi-Dirac statistics

ordered sample unordered sample sample k objects
out of n objects

(1849-1906), S. Bose (1894-1974), A. Einstein (1879-1974), E. Fermi (1901-1954), and
P. Dirac (1902-1984).

9.3.3 Some Further Comments

We have some further interpretations of the basic sampling formulas in terms of maps

between sets.
Letk,n € N.

@) (nf—;(), = Py is the number of all injective maps of k-set A into an n-set B. To see
this, consider, without loss of generality, A = {1,2,...,k} and B = {a;, a5, ..., ay,}.
For each a € A thereis an arrow starting at a, and for each b € B, which is affected,

there is exactly one arrow ending at b. We have necessarily 1 < k < n.

1. arrow

2. arrow .. .
a as an a a Qan-1

Figure 9.3: Injective maps.

There are n possibilities for the first arrow. There are n — 1 possibilities for the
second arrow. There are n — k + 1 possibilities for the kth arrow, see Figure 9.3.
Hence altogether

WPr=n(n-1)---(n-k+1) = (n).
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Remark 9.27. If n = k, then each injective map f : A — B is already bijective, and
there are n! bijective maps.

If A = B, then these form a group, isomorphic to the permutation group S,,. If
n > k, then (n), may be considered as the number of k-tuples of B, in which all
elements are pairwise distinct (k-permutations of B).

Application. Pigeonhole principle
If |A| balls are put into |B| drawers, and if m - |B| < |A| < co, m € N, then there is
one drawer with m + 1 or more balls.

2 n* is the number of all maps from a k-set to an n-set. Let, without loss of generality,
A={1,2,...,k} and B = {a;, ay, ..., a,}.

a a, e a, a a, e a,

Figure 9.4: All maps.

For each a € A there are n possibilities to choose the image of a, and there are k
elements in A, hence we have

n-n---n=n* possibilities, see Figure 9.4.

k times

Application. Let [M| = n. For each subset A ¢ M there exists a unique character-
istic function

Xa:M — {0,1},
@ 1, ifacA,
a) =

Xa 0, ifa¢A.

This means that there exists a bijection between P(M) and the set .4 of maps from
M into {0, 1}. In particular,

[P(M)| = |A] =2".

3) (Z) = ,C; is the number of injective, monotonically increasing maps from {1, 2,.. .,
k}to{1,2,...,n}.
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We necessarily have 1 < k < n. This we see as follows. We may order the images
f(@) = a; by size as

a; < ay << a.

(4) ("*’k“l) is the number of monotonically increasing maps from {1,2,...,k} to
{1,2,...,n}. This we see as follows.
As in part 3, we may order the images f(i) = a; by size, but the images this time
are not necessarily distinct so that

a;<ay < < a.

Hence the number of monotonically increasing maps from{1,2,...,k}to{1,2,...,n}
is equal to the number of k-repetitions of {1,2,...,n}, which is ("*k-1).

9.4 Multinomial Coefficients

An extension of the binomial coefficients are the multinomial coefficients which count
the number of ways to partition a set with n elements into k subsets of respective sizes
ny,...,mewithn +---+m =n.

Definition 9.28. Letn;,n,,...,n, € Ng,k e Nandn=n; +n, +--- + n. Then

()~
Ny, Ny, ..., N n'ny!---m!

is called the multinomial coefficient. If n = k + m, then

(tom) = () = ()
km/  \k/ \m/
The following extension of the binomial theorem is called the multinomial theo-

rem.

Theorem 9.29 (Multinomial Theorem). Let xq,X,,..., X, k > 1, be elements of an inte-
gral domain with unity 1, and let n € N,. Then

n n.n n
g +X+ -+ x)" = ) ( )xl‘xzzn-xkk.
non s T Tl
N+ 4o+ =N

Proof. The proof uses the binomial theorem (Theorem 9.22) and induction on k.
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First, for k = 1, both sides are equal x’f since there is only one term n; = n. For the
induction step, suppose the multinomial theorem holds for k. Then

n n
Oq+X+ -+ X+ X)) = (g + X9 + -+ X_g + (G + Xppq))
< n
Ny, Ny, Mg, M

n_mn ny_q m
>X1 Xt (X + Xpei1)
Ny +Ny+-+N_ +m=n

by the induction hypothesis. Applying the binomial theorem to the last factor, we get

O+ X+ 4+ X + X))

_ Z ( n )XIHX;'Z .. X;{'k—ll z ( m )XI’:kXZkH
Ny, Ny,..., N y, M - (] +1
N+ _+m=n T 182> > k-1 M+ =m o Pkl
— n Xy .. .X”kn
n.n n 172 k+1°
N+ ety =n D T2 - T

which completes the induction. The last step follows because

(g o) )~ (i)
Ny, Ny, ..y Mgy M) \ Ny, Mgy NNy, ... Myyy/ O

Theorem 9.30. Consider nobjects of k varieties, where n; (not distinguishable) elements
from the jth variety exist (j = 1,2, ..., k). We call (n;,n,, ..., ny) the specification of the n
objects. Then the number of the possible arrangements of the n objects as a n-sequence

(” n ,n )
ERAY PRI k

Proof. Consider a fixed specification (n;, ny, ..., ny). Let a be the wanted number. If we
replace the n; elements of the first variety by n; distinguishable elements, then the
number of the possible arrangements increases by the factor n,!. The same holds if we
do that for all varieties, and we finally get a - n;! - n,! - - - ;! possibilities. Since now all
elements are distinct, we get

a-n!-ny!---m!=nl,

which gives

()
T \npny,...om/ O
Example 9.31. For four objects with specification (1, 1,2), we have the following 12 ar-
rangements:

a b c c b a c c c b ¢ a c a b c

a c b c b ¢ a c c ¢c a b c a c b

a c c b b ¢ ¢ a c ¢c b a c b a c
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9.5 Sizes of Finite Sets and the Inclusion—Exclusion Principle

The inclusion-exclusion principle is a counting technique which generalizes the fa-
miliar method of obtaining the numbers of elements in the union of two finite sets. Let
A, B be two finite sets. If A n B = 0, then

|AuB| = |A]| +|B|.
But, if AN B # @, then

[AUB| =|A|l+|B|-|AnB.

Figure 9.5: Intersection of two sets.

This expresses the fact that the sum of |A| and | B| may be too large since some elements
may be counted twice. The double-counted elements are those in the intersection ANB,
and the count is corrected by subtracting the size of A n B, see Figure 9.5.

The principle is more clearly seen in the case of three finite sets A, B and C. We
then get

JAUBUC| = |A| +|B| +|C| - |ANB|-|ANC|-|BNC| +|AnBNC|.

Figure 9.6: Intersection of three sets.

When removing the contributions of the over-counted elements in the pairwise in-
tersections, the number of elements in the mutual intersection of the three sets has
been subtracted too often, so must be added back in to get the correct total, see Fig-
ure 9.6.
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Example 9.32. How many integers in {1,2,...,1000} are divisible by 3,5 or 8. Define
A and B and C to be the sets of numbers in {1,2,...,1000} divisible by 3 and 5 and 8,
respectively. Then

|A] = @ =333,
|B| = 10% =200,
IC| = % =125,
|AnB| = % = 66,
[AnC|= % =41,
IBNC| = l(l)‘% =25 and
[AnBNC| = % =8.

Here |x] means the biggest integer less than or equal to x (Gauss bracket). Hence
[AUBUC| =333+200+125-66 —41-25+ 8 =534.

Consequently, the number of integers in {1, 2,..., 1000}, which are not divisible by 3,5
or 8, is then

1000 - 534 = 466.

Generalizing the result of these examples gives the principle of inclusion—exclu-

sion. To find the number of elements of the union of r finite sets M;, M,, ..., M,:

(1) Include the numbers |M;],

(2) Exclude the numbers |[M; n Mj| for i # j,

(3) Include the numbers |[M; N M; N M| fori #j + k # 1,

(4) Exclude the numbers of elements of the quadruple-wise intersections,

(5) Include the numbers of elements of the quintuple-wise intersections,

(6) Continue, until the number of elements of the r-tuple-wise intersections is in-
cluded (if r is odd) or excluded (if r is even).

The name comes from the idea that the principle is based on over-generous inclu-
sion, followed by compensating exclusion. The concept is attributed to A. de Moivre
(1667-1754), but it first appears in a paper of D. da Silva (1814-1878) and later in a pa-
per by J.J. Sylvester (1814-1897). Often the principle is referred to as the formula of
Sylvester.
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Theorem 9.33. Let My, M,, ..., M, be finite subsets of the set M. Then

r
IMUM U~ UM, = Y (D" Y M 0 M.
k=1

1<i) <e<ip <r

Proof. The proof uses the formula for two sets and induction on r.
The statement holds for r = 1 and r = 2. Now, let r > 3. Then

IM{UM,U---UM,| = |(M;UM,U---UM,_;) UM,|
= |M1UM2U"'UM),71|+|Mr|—|(MlﬂM2ﬂ"'ﬂMr71)ﬂMr|
= |M1UM2U"'UMr—1|+|Mr|_|(M1ﬂMr)U(M2mMr)U"'U(Mr—1ﬂMr)|-

Now we use the induction hypothesis for the first and third term in the last sum. The
third term gives the summands for which k > 2 and M, is present. This finally gives
the result. O

Remark 9.34.
(1) Inapplications it is common to see the principle in its complementary form. That
is, let M be a finite set and M;, M, ..., M, be subsets of M. Then

M\ (MjuM,U---UM,)|
=|M|—|M1UM2U"'UMr|

r
=M+ YD Y My M N0 M,

k=1 1<i; <iy < <ip<r

Iy

More precisely, let M be a finite set. We ask for the number of all elements of M
which do not have certain properties Ej, E,, ..., E,. We then define

M; = {x | x € M | x has property E;}

and ask for IM \ (M; UM, U ---UM,)|.

(2) Let M be a finite set and My, M, ..., M, be subsets of M. Let G be an Abelian group
with addition +. Suppose there exists a weight function w : M — G with w(4) =
Y xea Wx) for A ¢ M. Then

r
WM UMy U--UM) =YD Y oM n M, 00 M).

U
k=1 1<i; <ip<-<i<r

In Theorem 9.33 we have G = Z and w(x) = 1 for each x € M.
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Applications.

(1) Letn = p'p5---py’,r € Ny, a; € Nfori =1,2,...,r,andp; < p, < --- < p, be
prime numbers, the prime factorization of n € N, where n = 1if r = 0 (see [12]).
Let ¢(n) be the number of elements a in the set {1,2,...,n} which are coprime to
n, that is,

o) =|{alae{l,2,...,n}and gcd(a,n) = 1}.

The function ¢ : N — N is called Euler’s ¢-function (see [12]). Then

(p(n)=n<1_pil><1_piz>...<1_i).

Proof. This is clear for n = 1. Now let n > 2. We first remark that, if d € N is a
divisor of n, then there are exactly g numbers in {1,2,...,n} which are divisible
by d. This holds because fromd < md < nwegetl<m < g.
Now define

M={1,2,...,n} and M;={x|xeMandp;|x} fori=12,...,r.

We ask for [M \ (M; UM, U --- U M,)|, which we get from

M\ (M, UMy U UM)| = M+ Y (DY M M N0 M, |

k=1 1<i; <iy < <ip <r

=n+ i(_l)" y _n
k=1

1<, <iye<ip<r PiPi, " Py

S U

(2) Let M, M,,...,M, be finite subsets of the set M. The number of elements of M
which belong to exactly m of the subsets (1 < m < r) is given by

r
> (—D"“"(k) Y M OM N0 M.
k=m

Tk
1<i; <iy<-<ip <r

Proof. Let x € M be an element which belongs to exactly s of the subsets
(0 < s < r). We count what x contributes to the above sum.

If s < mthen x does not contribute anything to the sum because k > m and, hence,
x does not belong to a k-tuple-wise intersection.

If s > m then the contribution is
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This can be seen as follows: x belongs to exactly (3) of the k-tuple-wise intersec-
tions of those sets, in which x is an element. If s = m then this sum is equal to 1.
If s > m we get O (which proves the statement):

S0

( )Z( D e'(is em)m)' =0,

by Corollary 9.24. O

(3) Here we start with a classical problem, the “Probléme de recontres” of R. de Mont-

mart (1678-1719):

nmarried couples meet together for a dancing party. How many possibilities exist

to form dancing couples so that no married couple dances together? This prob-

lem will be solved by an interpretation through the number of permutations of

{1,2,...,n} with no fixed point.

We repeat some of the definitions from [12].

(a) Let Mbeasetandf : M — M be a bijection. We call f a permutation of M.

(b) An element x € M is called a fixed point of the permutation f : M — M if
fx)=x

(c) Apermutationf : M — M is called a derangement if f has no fixed point, that
is, f(x) # x for all x € M.

(d) The set of all permutations of {1,2,...,n} forms a group S,, with respect to the
function composition, the symmetric group S,,. The order of S,, is n!.

The number of derangements in S, is

L (-1
Zk—-

The numbers D, are called Recontres numbers.

Proof. Let M = {1,2,...,n}, and let P; be the set of all permutations which fix k;
Py is a subgroup of S,,. Then

D, =|S,\(PLUP,U---UP)|

_n!+i(—1)k Y o -k
k=1

1<i <ip<-<ip<n

—nl+ i(-n"(Z)(n ~I!
=n! Z( 1)

k=0 O

EBSCChost - printed on 2/10/2023 4:13 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



246 —— 9 Combinatorics and Combinatorial Problems

We give a different interpretation. A person writes n letters and the corresponding
envelops. Then he randomly puts the letters into the envelopes. What is the prob-
ability that no recipient gets the letter which is meant for him? This probability is
given by

Q| =

D, _ ¢ (-
P=t= Y
S U &

asn — oo (see [12]).
For a formal definition of a finite probability, we refer to the following Chapter 10.
The number of permutations of S,, with exactly m fixed points is

n"& i1
D — —.
»mml :;o( ) k!

Proof. For the choice of m fixed points we have (r'r’l) possibilities, the remaining
elements have to be mapped then without fixed points.
Hence, D, , = ()D,,_,, which gives the statement. O

(4) Let M,N be sets with [M| = m and |[N| = n where 1 < n < m. The number of
surjective maps f : M — N is given by

n
Y 0 (F -k
k=0
Proof. Without loss of generality, let N = {1,2,...,n}. Let A be the set of all map-

pings M — N and A, the set of mappings f € A with k ¢ f(M).
Then A\ (A; UA, U---UA,) is the set of all surjective maps and their number is

n
k
S =1"+ Y (1) > A A N N4l
k=1

1<i; <ip<-<ip<n

Here A; NA; n---N4; isthesetofall mappings M — N\{i;,i,,...,{}; their number
is (n - k)™. Hence

Sn = 1" + é(—l)"(,f)(n k"= kio(—l)k(Z)(n ™ .

Theorem 9.35 (Inversion formula). Let R be an integral domain with unity 1 and ¢ :
Ny — R. Define (k) = Yy_, ()g(e) for k € Ny. Then

k
k
o) =Y (D" )k - o).
Yev(y)
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Proof.
Sev(Ewe-o- () Yo
¥ ()" Yo
0<e,r<k
-yoo( X () )
Now
(l;)(k ; e> _ {?ﬁ)(ker) ilg;t: thatis, £ >k —r,

If we plug this into the above equation, we get

2(—1)6’(’;>¢(k E iqo(r) (Z)(_l)e(k : r>> (;;> .

_[1 ifk=r,
“lo ifk>r.
by Corollary 9.24 O

Applications.
(1) Let k,n € N with k < n. We denote the number of surjective maps

fL2....n —{1,2....k

by S, and define numbers S(n, k) by S(n, k) = %Sn)k. We will see in the next sec-
tion that the S(n, k) are the Stirling numbers (of the second type). We have the
relation

e Lok
= Z WS(H,V).

v=0

Proof. We consider the maps

fFi{L2...n—{12....k.

There are k" of them. Now we split these as follows:
Forav-subsetof{l,2,...,k} thereareS, , =v!S(n,v) surjective maps from {1,2,...,n}
onto this v-subset, and there are () such v-subsets of {1,2,..., k}. Hence

Z (k- v)S(” V). 0
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k!

Now T =

(¥)v!, and from the inversion formula we get

k
v(k n_
KIS(n, k) = ;(-1) <V>(k —V)" = S

for the number of surjective maps {1,2,...,n} — {1,2,...,k}. This we got also with
the inclusion—exclusion principle.

(2) Let D, be the number of ¢ € S, without fixed points, that is, the Recontres num-
bers. We know that

n
S, = U {o | o as exactly k fixed points} .
k=0 =F

We have from above that

n
1Fl = Do = ()Pt

where D, ; is the number of permutations in S,, with exactly k fixed points. Hence

we$ (=5 (o

k=0 k=0

From the inversion formula we now get

x PN 7Y . k1
Dn_k;)( 1) (k)(n k)!—n!k;)( Db

This we also got with the inclusion—exclusion principle.

9.6 Partitions and Recurrence Relations

In this section we consider the number of possible partitions of a finite set. We recall
some definitions.
Let M + @beasetand S c P(M). If
(1) 0¢S,M={JgesX and
2 XnY=0forX,YeS,X+Y,
then S is called a partition of M.

Remark 9.36. A partition S defines an equivalence relation on M by

a~b o abeXforsomeXeS (abeM).
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Conversely, if ~ is an equivalence relation on M, then the set of the equivalence classes
defines a partition of M.

Hence the partitions of a nonempty set M correspond uniquely to the equivalence
relations on M.

Definition 9.37. Let M # 0 be asetand k € N.
(1) A k-partition of M is a partition which is composed of k nonempty subsets of M,
that is,

k
M= JM; with M; c M,M; # 0
i=1

fori=1,2,...,kand M; nM; = 0fori+j.

(2) Let M| = n € N. We denote the number of distinct k-partitions of M as S(n, k).
Further, we set S(0,0) := 1, S(n,0) = 0 forn > 0 and S(n,k) = 0 for 0 < n < k. The
numbers S(n, k) are called Stirling numbers (of the second kind).

From the discussion above we get the following.

Theorem 9.38. Let M be a nonempty set and |M| = n. The number of equivalence rela-
tions with exactly k equivalence classes of M is S(n, k).

We now give a recursion formula for the Stirling numbers. They are named after
J. Stirling (1692-1770).

Theorem 9.39 (Recursion formula). Let k,n € N. Then
S(nk)=S(n-1,k-1)+k-Sn-1k).
Proof. The formula is correct for k = 1 because S(n,1) = 1 forn = 1and
1=5(1,1)=S(0,0) +S(0,1) =1+0
and
1=S(n,1)=S(n-1,0)+S(n-1,1)=0+1

forn > 2.
If k > n, then the formula is correct because

0=S(n,k)=S(n-1,k-1)=Sn-1,k).

Hence, letnow [M|=n>2and1< k < n.
Let x € M. We divide the k-partitions of M into two distinct types:
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(1) {x}is an element of the k-partition. Then the remaining elements of the partition
form a (k — 1)-partition of M \ {x}. Hence, the number of k-partitions of this type is
Sn-1,k-1).

(2) x € Awhere |A| > 2and A is an element of the k-partition. If we remove x from M,
then we get a k-partition of M \ {x}. On the other hand, if

k
M\ {x} =N,

i=1

is a k-partition of M\ {x}, then we may extend each of the N; by x to get a k-partition
of M of the second type.
Therefore, the number of k-partitions of this second type is kS(n - 1, k). Hence,

S(n,k) =S(n-1,k-1) + kS(n - 1,k). 0
Example 9.40.
(1) S(n,n) =1forn e N,.
() S4,2) =
(3) S4,3) =

(4) S(n,n-1) = (5) forn>2.

Proof. We prove this by induction on n. If n = 2, then S2,1) = 1 = @) Now, let
n > 3 and suppose the statement is correct for n — 1. Then

Smn-1)=Sn-1,n-2)+(n-1)S(n-1,n-1)

:(n;1>+(n—1)=%+(n—l)
_ (n-1)! <1+ 2 )
T 2(n-73) n-2
n! n
T An-2) (2) O

(5) S(n,2) =2"1-1forn>1.

Proof. We prove this by induction. The statement is correct for n = 1.
Now, let n > 2. Then

S(,2) =S(n-1,1)+2S(n-1,2) =1+2(2"2-1)=2""-1
using the induction hypothesis. O
Theorem 9.41. Letn,k € N. Then

1) S(nk) = Yo k1S3, k - 1).
@ S(nk) =¥y ("HSG k- 1).
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Proof.
(1) The statement follows directly by induction from the recursion formula.
(2) We prove this combinatorially by counting the k-partitions of an n-set in a different

manner.

Let x € M be chosen fixed. For each i € {0,1,...,n - 1} there are (") = (";")
possibilities to choose a subset A of M with x € Aand |A| =n —1i.

For each of these subsets, the number of (k — 1)-partitions of M \ A is equal to
S, k-1). O

Theorem 9.42. Let k,n € N. The number S, of surjective maps from an n-set onto a
k-setis S, = kIS(n, k).

Proof. If k > n, then there does not exist any surjective maps from an n-set to a k-set,
in other words, S(n, k) = 0.

Nowletl <k <n.
Letf:{1,2,...,n} - {1,2,...,k} be surjective; f defines a k-partition of

1,2,...,n} = U FH).

1<i<k

Each k-partition of {1, 2,. .., n} provides k! surjective maps from {1,2,...,n}to{1,2,...,k}
given by the k! permutations of {1,2,...,k}.

Hence the number S, ; of surjective maps of an n-set onto a k-set is S,; =

k!'S(n, k). O

Remark 9.43. This shows how meaningful the definition of S(n, k) was in the last sec-
tion:

1
S(n, k) = an,k

fork,ne N,1<k<n.

Definition 9.44. Letn € N. Then

n
B, := ) S(nk)
k=0

is called the nth Bell number; we have B, = S(0,0) = 1. It is named after E. T. Bell
(1883-1960) who wrote science fiction books with the pseudonym John Taire.

Theorem 9.45.

n

n
B, = z (k)Bk forn e N,,.
k=0
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Proof. Let M = {1,2,...,n + 1}. For each k € {0,1,...,n} there are ( ) possibilities to
choose a subset A of M with |A| = k + 1and (n + 1) € A. Further, there are B,,_; possi-
bilities to partition the remaining set M \ A. O

The following formula is due to G. Dobinski who found it in 1877.

Theorem 9.46.
i K
fard k'
Proof. We use the formula
. k
ED) (—1)"<v>(k _on,
v=0

n,k € N, 1< k < n, from the last section.
This formula certainly also holds for n = k = 0.
Now let N > n. Then

& 1 ¥ x/m
By= Y st = ¥ [ 53" 3
m=0 osmeN \ T k2 k
m!
_ (- 1)m k n)
0<;<N< O<%m k'(m !
- 3 (. 2 et
O<ksN k! ksm<N (m — k)'
oy (B oy e
0<ksN k! 0<¢<N-k ¢
. -1 _ yoo (1) .
Sincee™ = },2, =5, we get the statement with N — co. O

Remark 9.47. So far, we introduced the Stirling numbers S(n, k) of the second type.
There exist also Stirling numbers s(n, k) of the first type.
To introduce these, we have to recall some facts about permutations from S,
(see [12]).

Definition 9.48. Let M = {1,2,...,n}. A cycle is a permutation ¢ of M which maps the
elements of some subset A of M to each other in a cyclic fashion, while fixing all other
elements of M. If A has k elements, the cycle is called a k-cycle.

In other words, if A = {a;,a,, ..., a;} ¢ M, then for eachi € {1,2,..., k} there exists
aj with oj(al) =a;,ando(v) =vforallv ¢ A.

Example 9.49. Let M ={1,2,...,7}and A = {2,4,5,6,7}. Let 0 be given as in Table 9.3.
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Table 9.3: Values for 0.

Now

2=0°Q2), 5=002), 4=00)=0°Q),
7=04)=0°2) and 6=0(7)=0"Q).
Hence o is a cycle.

We just write g = (2,5, 4,7, 6) for the cycle o (recall that, with this writing, we may
cyclically permute in (2,5,4,7,6)).

The set A is called the orbit of the cycle. Every permutation of S,, can be decom-
posed into a collection of cycles on disjoint orbits (see [12]).

Example 9.50. Let M = {1,2,...,8} and 0 € Sg be given as in Table 9.4.

Table 9.4: Values for 0.

Then o = (1,3)(2,5,4)(6, 8)(7).
Now we may define the Stirling numbers s(n, k) of the first type.

Definition 9.51. The number of permutations from S,;, n € N, which are composed of
k cycles, is called the Stirling number s(n, k) of the first kind.
In addition, we define s(0,0) =1, s(n,k) =0fork=0,n>1,0or0 <n<k.

Remarks 9.52.
(1) Since n! is the number of all permutations in S,,, n € IN, we get

n

z s(n, k) = n!.

k=1

This gives in particular that s(n, k) < n!.

(2) We have s(n,n) = 1for n € IN,,. This is clear by definition for n = 0.
Now letn > 1. Let 0 € S,, be composed of n cycles. Then each cycle must have
length 1, that is, each element of M is fixed. Then o is the identity.
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Theorem 9.53 (Recursion formula). Let n,k € N. Then
s(ink)=s(n-1,k-1)+(n-1)s(n-1,k).

Proof. This is clear for k > n by definition.
Now let 1 < k < n. The proof is analogous to that of Theorem 9.38.
On the left side of the equation we have all permutations of M = {1,2,...,n} with
k cycles. There are two types of them:
(1) (n) is one of the cycles.
A permutation of this type arises by adding (n) to a permutation of the set
{1,2,...,n -1} with n — 1 cycles. Here there are s(n — 1, k — 1) possibilities.
(2) (n)is not one of the cycles.
All such permutations arise by inserting the element n to a permutation of
{1,2,...,n — 1} with k cycles. There are s(n — 1, k) of such permutations, and for
each of these we may insert in a cycle the element n after any element of the n -1
remaining elements.
Hence there are (n — 1)s(n — 1, k) possibilities. Altogether we get the recursion for-
mula. O

Corollary 9.54. Letn € N. Then
s(n,1) =(n-1).

Proof. This is correct forn = 1. Now let n > 2. Thens(n - 1,k - 1) = s(n — 1,0) = O for
k=1,and

sin,)=(n-1)(n-2)---2-1=(n-1),,

by induction. O

Remarks 9.55.
(1) We consider the polynomial

f)=x(x-1)---(x-n+1).

By expanding this polynomial we get
n
fx) =Y 5(nkx .
k=1
We further define 5(0,0) =1, 5(n,0) =0 forn > 1and 5(n, k) = 0 forn € Ny, k > n.
Via the recursion formula for s(n, k) we get

§(n,k) = (-1)"*s(n,k) forn,k € N,.
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(2) In many books one uses the Karamata notation

soLk):{Z}, sOLk):[Z],

which is named after J. Karamata (1902-1967), to demonstrate the analogy to the
recursion formula for the binomial coefficients.

9.7 Decompositions of Naturals Numbers, Partition Function

So far we have considered decomposition of nonempty sets M with |[M| = n € IN. Let
M = M; UM, U ---U M, be a k-partition of M with k > 1 nonempty, pairwise disjoint
sets. This k-partition induces a decomposition of n into k positive summands:

n= M|+ M| +---+ [Ml.

We described the number of k-partitions of M by the Stirling numbers S(n, k) (of second
type). Nevertheless, distinct k-partitions may generate the same decomposition of n
into the same k summands. In general, a partition of a natural number n is a way of
writing n as a sum of positive integers where two sums that differ only in the order
of their summands are considered the same partition. Hence we make the following
definition.

Definition 9.56. A partition of n € N into k, 1 < k < n, positive summands is a se-
quence (ny,ny,...,ny) € 1Nkwithn1 >ny,>---2mxlandn=n;+n,+--- + n.

Example 9.57. Number 4 can be partitioned in five distinct ways:
4, 3+1, 2+2, 2+1+1, 1+1+1+1.

Definition 9.58.

(1) A summand in a partition is called a part.

(2) Letk,ne N,.
If 1 < k < nthen p(n, k) denotes the number of partitions of n with exactly k parts.
Further we define p(0,0) =1and p(n,k) =0fork =0,n>1orforn < k.
The numbers p(n, k) are called the (arithmetic) partition numbers.

Example 9.59.
(1) p(4>2):2WIth4:3+1:2+2’
) p(7,3) =4wWith7 =5+1+1=4+2+1=3+3+1=3+2+2

Theorem 9.60 (Recursion formula). If1 < k < n then

pin,k) =pin-1,k-1)+pn-k,k).
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Proof. The partitions of n into exactly k parts fall into two types:

(1) 1isapart.

If we cancel the part 1, then we get a partition of n—1into exactly k —1 parts. There

are p(n — 1,k — 1) possibilities.

(2) 1isnot a part.

Then we may subtract 1 from each part, and we get a partition of n — k into exactly
k parts. There are p(n — k, k) possibilities. These types together give the recursion

formula.

O

There is a common diagram method to represent partitions as Ferrers diagrams,
named after N. M. Ferrers (1829-1903), which is given by the points (i,j) with i €

1,2, khj={1L2...,n}.

Example 9.61.

. ° ¢
7’
4
4
. ¢ o °
'
7’
4
(] ° ° ° °

Figure 9.7: Ferrers diagram.

15=5+3+3+2+1+1

Reflection at the angle bisector of the quadrant translates a Ferrers diagram into a
Ferrers diagram (for the same number n), see Figure 9.7. This way we get a bijection
between the set of partitions of n with exactly k parts and the set of partitions of n with

k as the biggest part.

Hence p(n, k) are the partitions of n with k as the biggest part.

Finally, we define the summary partition function

Example 9.62. p(4) = 5.

p:N—-N,

p(n) =) p(n.k).

k=1
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9.8 Catalan Numbers

In this section, we finally just mention the Catalan numbers. The Catalan numbers
form a sequence of natural numbers that occur in various counting problems, often
involving recursively defined objects. They are named after E. C. Catalan (1814-1894).
There are several ways to define the Catalan numbers.

Definition 9.63. Let n € N,. Then C, is the number of different ways n + 1 factors
can be completely parenthesized, in pairs if n > 1, omitting the pair of a right-most
and left-most bracket (or the number of ways of associating n applications of a binary
operator).

The C,, n € Ny, are called the Catalan numbers.

Certainly, C, = 1because we then have only one factor x;. To illustrate this we give
the list for 1 < n < 3 explicitly:

n=1:xx
n=2:(Xx)X3, X;(X5X3)

n=3: (0Q)x3)X4 (1)06X,), (X300X3))X%4, X1 (060X3)X4), X (6 (X3X4)).

Hence,C; =1,C, =2,C3 =5.

Theorem 9.64 (Recurrence relation).

n
Co=1 and Cuy= Z CChx forn=0.
k=0

Proof. This is clear for n = 0. Now let n > 1. An (n + 2)-fold product, provided accord-
ingly with brackets, combines a (k+1)-fold product with an (n+2)- (k+1)-fold product,
where k € {0,1,2,...,n}. For these partial products there are C; and C,_; possibilities,
respectively. Hence, for the complete (n + 2)-fold product there are

n
Cus1 = ) CxCpy  possibilities.
k=0 g
There are many counting problems in combinatorics, solutions of which are given
by the Catalan numbers. We give here three more examples:

(1) A Dyck word of length 2n is a string consisting of n X’s and n Y’s such that no
initial (of the first half) segment of the string has more Y’s than X’s. C, denotes
the number of Dyck words of length 2n. These are named after W. F. A. von Dyck
(1856-1934).

For example, the following are the Dyck words of length 6:

XXXYYY, XYXXYY, XYXYXY, XXYYXY, XXYXYY.
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(2) C, isthe number of rooted binary trees with n internal nodes. Here, we consider as
binary trees those in which each node has zero or two children, and the internal
nodes are those that have children.

The binary trees corresponding to n = 3 are the following, see Figure 9.8.

AN N
AR

Figure 9.8: Binary trees corresponding to n =

(3) C, is the number of different ways a convex polygon with n + 2 sides can be cut
into triangles by connecting vertices with straight lines. Figure 9.9 illustrates the

casen = 3.
2 2 2
5 4 5 4 5 4
2 2
1 3 1 3
5 4 5 4

Figure 9.9: Cutting of convex polygons into triangles for n = 3.

For more details and information on the Catalan numbers we refer, for instance, to [18]
or [10].
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9.9 Generating Functions

9.9.1 Ordinary Generating Functions

The term ordinary generating function is used to describe an infinite sequence of (real
or complex) numbers (an)nen, by treating them as the coefficients of a power series
expression. This (formal) infinite series is the generating function:

o0
a(t) := Z a,t".
n=0

When the term generating function is used without qualification, it is taken to mean an
ordinary generating function. Unlike an ordinary series, this formal series is allowed
to diverge, meaning that the generating function is not always a true function and the
variable t is actually an indeterminate with

[ee]
z a,t" +
n=0

Mg

n

o0
but" = ) (a, + by)t"
0 n=0

and

(] (] o0
(Z ant"> . (Z bnt"> = ) cyt" wherec, = ) ab;,
n=0 n=0 n=0

i+j=n

i,j>0
the (formal) generating functions over R (or C) form a commutative ring R[[¢]] (or
C[[t]]) with unity 1. With the addition and the scalar multiplication

(o] o0
n n
1Y a,t" =) ragt
n=0 n=0

they also form a vector space over R (or C).

In what follows we assume that there exists a real number a > 0 with |a,| < a"
for all n € INy. In this case the generating function is a true function which converges
absolutely for |x| < é, where x € R (or C). More precisely, if there exists

-1
r= (lim sup { Ianl)
n—.oo

such that r > 0 then the generating function converges absolutely for all x € R (or C)
with |x| < r. In addition, if a, # O for almost all n, that is, for all n up to at most finitely
many, and iflim,_, I% | exists, then alsor = lim,,_, | % |. This r is called the radius
of convergence. Hence, more precisely, we assume that the generating function has a
positive radius of convergence. This includes the case that the radius is co. In that case
we may apply the known results from real (or complex) analysis.
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In particular, if a(t), b(t) are the generating functions of (a,)nen, » (Pn)nen, » r€SPEC-
tively, and if r,, r, > O for their radii of convergence, then the following hold:
(1) a(x) = b(x) for all x with

x| < min(r,, 1) © a, =b, forallne N,.

(n)
Q) a,=*9,

n!

The latter is a consequence of the fact that the nth derivative of the generating function
(around 0) is

a®x) =n! Z ( )akx

k>n

Example 9.65.
) Let a be a constant with a # 0, and a, = a" foralln € N,. Then a(t) = Y2, a"t" =
- Das radius of convergence r = L
at lal*
In particular,

a(t) = Zt —L fora=1

1-
and
(o] 1
=Y -D't"=— fora=-1.
a(t) ngo() T+7 or a

(2) Ifa, =nforalln € Ny, then

o0 [ee]
aty=y nt"=t-y nt""
n=0 n=1

!

:t<§)t"> :t(ﬁ)l

B 1
S (1-t)?

with radius of convergence r = 1.
3) a,= (’r':), m € N fixed, n € Ny. Then a,, = 0 for n > m, and hence

a(t) = i <':)t" = i (T)t" =1+t)"

n=0 n=0

with radius of convergence r = co
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We now calculate the generating functions for some concrete examples.

Theorem 9.66. Let N be a given (finite or infinite) subset of N. The generating function
for the number of all partitions of n in summands of N (without consideration of the
order) is given by

1
H l_tm‘

meN

Proof. Let N consist of the numbers m; <m, <mz < ---.
We know that

has radius of convergence r = 1.
Hence

R e e T P EEE

[

meN

1-tm

Expansion of the product shows that t" occurs as often as there exist sequences
(r> 195 . ..) of numbers from N, with n = ym; + r,m, + - - -, and that is the number of all
partitions of n in summands of N (without consideration of the order). O

Example 9.67 (Example for nostalgists). In how many ways may we change 1 DM into
smaller coins?

Let c,, be the number for an amount of n pennies.

At the time of the German mark there existed coins with values of 1, 2, 5, 10 and
50 pennies.

Hence the generating function for the number of all partitions of n in summands
of {1,2,5,10, 50} is given by

1

n;)C"t T A-00-2)1- )1 - 91 - %)

A+t + 4+ )A+ P+t ) (L0040,

We ask for ¢,y and get ¢;oq = 2498.

Remark 9.68. To calculate c;o, we may argue also successively.
We start with ﬁ =1+t +t?+---and divide successively the other polynomials
subject to the general method:

(ap + agt + ayt® +-+-) : (1= %) = by + byt + byt* + - -
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with

{an forn=0,1,...,k-1,
b, =

a,+ b, forn=k

Corollary 9.69.

(@) The generating function for the summary partition function p(n)is Y, ﬁ

(b) The generating function of the partitions of n in natural summands, which are not
bigger than k € N, is

1
1-tm

I~

1

3
I

(c) The generating function for the partition numbers p(n, k) is

t
1-tm’

:l»

3
R

Proof. (a) and (b) are special cases of Theorem 9.66. For (a) we may take N = N, and
for (b) we may take N = {1,2,...,k}.

(c) From Ferrers diagram we know that p(n, k) is the number of partitions of n — k
in natural summands which are not bigger than k. Hence (c) follows from (b) through

X k 1 k ¢
tgl—tmznl—tm' 0

m=1

Remark 9.70. (}) is the number of k-combinations of elements of an n-set.
Let uy, u,,...,u, be n pairwise distinct real numbers and ¢ be an indeterminate.
Then

T+ ut)A + upt) - (1 + uyt)
is a polynomial of R[¢]. Expansion of the product leads to

1+
(U +uy + - upt +

(uquy + wgUs + -+ + Uz + -+ + un,lun)t2 +
Uglly -+ Upt".

Hence, the coefficient of t* is the sum of all k-combinations of elements from

{u, uy, ..., u,}.
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If we put
Up = Uy == Uy =1,

then the coefficient of t* is the number of these k-combinations, thatis, (ﬁ) This shows
that sometimes we can give the generating function directly and afterwards we can
calculate the coefficients.

We generalize this as follows.

Theorem 9.71. The generating function for the number of those k-repetitions from an
n-set (1 < k < n), for which the multiplicity of the jth element (j = 1,2,...,n) is from a
given setN}- Cc Ny, is

()

j=1 “veN;

Proof. Letagainuy,u,,...,u, be pairwise distinct real numbers. Expansion of the prod-
uct

(303 e) (5 w)

veN; veN, VEN,

leads to a sum or (if at least one N; is infinite) a series where the coefficient of s
the sum of all those repetitions of {u;, u,,...,u,} for which the multiplicity of y; (j =
1,2,...,n) is given by a number from the set N;. If we putu; = u, = -+ = u, = 1, then
the resulting coefficient is the number of those k-repetitions. O

Example 9.72. Calculate the number of all 4-repetitions of elements from {a,, a,, as,
a,} in which a; occurs 0, 1 or 2 times, a, occurs exactly twice, a; occurs arbitrarily
often and a, does not occur.

Hence, we have N; = {0,1,2}, N, = {2}, N; = Ny and N, = {0}.

We get the generating function

[ee)
(1+t+t2)-t2-<2tv>=t2+2t3+3t“+3t5+---.
v=0

The number of acceptable 4-repetitions is 3, which we get by looking at 3t*, and we
have

a10,0,a;5, A,0,05a5, 10,00,
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Corollary 9.73. The generating function for the number of all k-repetitions of elements
from an n-set is

Iﬁ<§f> o §<n+k 5

j=1 \v=0

Theorem 9.74 (Fibonacci numbers). The Fibonacci numbers f,, n > 0, are given by
fo =0,fi =1andf, = foq + fuy for n > 2 (see [12] for properties of the f,). Let
fO =320 fn t" be the generating function of (fy)ew, - Then
(W) F(O) = s

1+V5\n 1-5
@ fu= \f(( AR (T)n)-

Proof. Let f(t) = Z;’ZO ft". This series converges for |x| < % To calculate f(t) we use
the recursion formula for f,,. Then

fO =t+ Y ft =t + Y fuat"+ Y fuot"
n=2 n=2 n=2
=t +tf(t) + EF (),

and hence

t t
t) = = )
f® 1-t-t2 2+t-1

The zeros of the denominator of f(t) are —% + % and —(% + %).

Hence partial fraction decomposition leads to

1 1 1
fo = —( - )
1+45 1-+5
V5 1_+Tt 1_Tt

We apply

to both terms in the bracket and get

= %((12@)"_(1_2{5)”)'

Theorem 9.75. Let the sequence (ay)new, be recursively defined by

O

as=0, a,=2a,,+1, nx=1

Let a(t) = Y2 a,t" be its generating function. Then
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t
(@ a(t) = a-Da-20’
(b) a,=2"-1forn>0.

Proof. Leta(t) = ¥, ayt". This series converges for |x| < % Then

a(t) = Za " = Z(Za + 1t

n=0
t
—2ta(t)+—
t
Therefore,
t 1 1
alt) = —— = — + ——
® 1-tH@a-2t) 1-t 1-2t
(o) o0
:—Zt"+ > 2"
= n=0
(o]
=y @ -,
n=0
andsoa, =2"-1. O

Theorem 9.76. Let the sequence (ay)nen, be recursively defined by a, = 2, a; = 5 and

Apyr = 50p4q — 6a, forn > 0. Let a(t) = ;> ant" be the generating function. Then
_2-5t

@) at) = =57

(b) a,=2"+3"

Proof. Leta(t) = ¥, a,t". The series converges for |x| < % Now

o0
a(t) = ag +at + Z(San_l - 6a,_,)t"
n=2

=2 - 5t + 5ta(t) - 6t%a(t).

It follows that

Therefore,
a,=2"+3". O

Theorem 9.77 (Stirling numbers of the second kind). Let k € N, be fixed. For this fixed
k we define Si(t) = .2, S(n, k)t", where S(n, k) are the Stirling numbers of second kind,
and call S, (t) the generating function for S(n, k) (with fixed k). Then Sy(t) = 1and S, (t) =

=D 2t) o fork > 1.
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Proof. Certainly Sy(t) = S(0,0) = 1 because S(n,0) = 0 for n > 1. Now, let k > 1 and
(]
Sk(t) =) Sn, lt".
n=0
The series converges for |x| < %, since at least S(n, k) < ’,‘(—T (see Theorem 9.42). Now

Sit) =) S, lt" =) S(n, kt"
n=0 n=k
Sm-1Lk-Dt"+k Y Sn-1,kt"

1 n=k+1

=t +
n

»
g =DM18

o0
=Kyt z S, k- 1Dt" + kt Z S(n, k)t"
n=k n=k

= ktS (t) + tSp_4(t),
that is,

S _ tSk*l(t)
kO™ ket

From this we get recursively
£k
1-0Ha-2t)---A-kt)’ O

Si(t) =

The Stirling numbers of the first kind may be considered analogously.

Remark 9.78 (The Chebyshev polynomials (of the second kind)). The Chebyshev poly-
nomials T,(x), n € N, are defined recursively by T(x) = 0, T;(x) = 1 and T,(x) =
xT,_1(x) — T,,_,(x) for n > 2. These polynomials satisfy some interesting identities:

() Tpem®) = Ty00 T3 (0) = T(O T4 (%),

(@) T200) - Ty ()T, () = 1and

B3) Tyun(0) = T Ty () = Ty GO Ty (%)

If now x € R, x > 0, then we have the following:
(@) IfOo<x <2thenthereisa® e R,0< 0 < % with x = 2 cos(®), and we have

sin(n®)

100 = e

€ Np.
(b) Ifx = 2then T, (x) = nforn € N,.
(c) Ifx > 2then thereisa® € R with x = 2cosh(0), and we have

sinh(n®)

T,x) = m
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Let UXx)(t) = ‘,;ZO T,0)t", x € R, be the generating function of the sequence
(T,0nen,» X € R.

Theorem 9.79. Let U(X)(t) = Y2, T,(x)t", x € R, be the generating function of the
sequence (T, (x))pew,» X € R. Then
UM = ———, xeR
2-xt+1 )
Proof. Let U(x)(t) = Z;’ZO T,00)t", x € R. From the definition (and properties) of T, (x),
we get that for a fixed x € R the series U(x)(t) has a positive radius of convergence.

Then
U@ =t+ ) T,00t"
n=2
=t+ ) (XTp 1 (6) = T p (O)E"
n=2
=t + xtUX)(t) - LUX)(0),
and hence
t
YO0 =T s

Remark 9.80 (The Catalan numbers C,)). Recall that, by Theorem 9.64, C, = 1 and

Cns1 = g0 CkCngs 1 = 0. Let C(t) = Y12, Cut" be the generating function for the

series (Cy)nen, - From the recurrence relation we get inductively that C, < 4". Hence

the series converges for x < %
Now we form

C*(t) = f(i CkC,,_k>t".

n=0 \ k=0

Since Cy = 1and C,,; = Yy_o CxCpy for n > 0, we get

(C() = Y Cogt™ =1+ ) Ct" = C(t) -1,
n=0 n=0

hence C(t) satisfies the functional equation tC2(t) - C(t) +1 = 0.
Therefore either

+ V14t

C(t):l \/1—4t.

1_
C(t) =
2% or C(0) 21
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Only the function
co- o VIZA 2
2t 1+V1-4t
has a power series at 0 and its coefficients must therefore be the Catalan numbers.
Therefore
C(t) = 1-vi-at Vzlt_ at

The chosen solution satisfies

limC(x)=Cy=1.
x—0

x>0

The square-root term can be expanded as a Taylor power series using the identity

00 n+1
(-1) (Zn) n 1 1,
Vi+y = _ =l+zy—-=y"+---,
y ,;)4"(2n—1) n) g
see [17].
Setting y = —4t and substituting this power series into the expression for C(t) and
shifting the summation index n by 1, the expansion simplifies to

-5 ()5

n=0

The coefficients are the C,, hence C, = ﬁ(zrf), n € N,. Hence we get the following.

Theorem 9.81. Let C(t) = Y2 Cut" be the generating function of the sequence (Cy,)nen,
of the Catalan numbers. Then

(@ C(t)=5(1-VI-4D.

() C, = L(er), n € No,.

n+1

We remark that also

2n 2n
C"_<n)_<n+1)’ neNo

(Zn)_ n (Zn)
n+1/ n+1\n/

because

This last equation gives also

2n+2> B n_+2<2n+2> _2(2n+1) <2n)

2C =< - _
(n+2)Cha 2+1 n+1\n+2 n+1l \n

hence we have the following.
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Corollary 9.82.

22n+1)

Co=1 and C,,=
0 n+1 n+2

C, fornx=0.

9.9.2 Exponential Generating Functions

If we have a combinatorial sequence (@) e, , then the values a,, grow often very fast.
This happens, for instance, if the values are related to permutations. In such a situa-
tion the ordinary generating function for (a,),cx, diverges for each x € R, x > 0.
Hence in such a case we do not get new information for the a,,. One obvious case
for this is a, = n! for n € IN,. This leads to the concept of exponential generating
functions.
Let (ap)nen, be @ sequence of real (or complex) numbers. Then the (formal) series

o a
Aty =) 2"
n
is the exponential generating function for the series (a,) e, - The rules for addition and
multiplication are given (formally) by

S a S b S (a,+b
Z_)"ltn+z_r'1tn: z ( n ' n)tn
=0 n: =0 n: =0 n:

and

(555 2e)- 528

n=0 n=0

In what follows we assume that there exists a real number a > 0 with |a,| < (an)" for
all n € N,. In this case the exponential generating function is a true function which
converges absolutely for |x| < é (because % < ne"). In particular, the series has a
positive radius of convergence (this includes the case that the radius is co). Then the
derivative of the exponential generating function (around 0) is

A= Y G,
= n!
Examples 9.83.
(1) Leta, =n!foralln e Ny. Then A(t) = Y2 t" = ﬁ
(2) LetI(n,m), m,n € Ny, be the number of injective maps from an n-set into an m-set.
Then, by Theorem 9.15 and the interpretation, I(n,m) = (m),, = n!(’;‘). We choose
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m to be fixed, and then (an)ngNO, a, = I(n,m), is a sequence in n, and we get

At) = go I(':;!m)t” _ n;)(':)t” —(1+D™

(3) The Bell numbers B,. We remind that B, = Y;_, S(n, k) where S(n, k) are the Stir-
ling numbers of the second type.

From S(n, k) < ’f{—': (see Theorem 9.42) we see that the series

< B
B(t)= ) It
=0 n:

has a positive radius of convergence. We already know that

n

n
Bpyy = Z (k)Bk
k=0
for all n € IN,. Using the above rules we get

B’(l’) _ z Bn+1 tn
= n

n=0 k=0
(e8] tn [e.] B n
= Z‘J(Z‘?)
n=0 """ n=0 ""*
= e'B(1)

Hence B’ (t) = e'B(t). We now want to solve this type of differential equation. The
function eet also satisfies this differential equation. Now let B, (t) and B,(t) be two
solutions of this differential equation with B;(x) > 0 and B,(x) > O for all x € R,
x > 0. Then

Bi(O) _ By®) _ 4

Bi(t) By(t)

(IneBy)'(t) =

Hence, B,(t) and B,(t) differ only by a constant factor because the derivative of

By(t) -
Bip) 1S Z€T0.
1

Hence B(t) = ceet for a constant ¢ € R, ¢ > 0. Because of B(0) = 1 we get ¢ = s
Therefore B(t) = e,
In particular, the series

D18
|3

B
B(t) = t"
n!

n=0

converges for all x € R.
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Exercises

Now

t_ 113 K"
Bt)y=e*"1=2Y) =
B =e e kZOk!<r;) n! )
PSR
If we compare the coefficients, we get again the Dobinski formula (Theorem 9.46):
< k"
ek

Altogether we have the following beautiful result.

mlf—‘

Theorem 9.84. Let (B,),cn be the sequence of the Bell numbers. Then

ef-1

(a) The exponential generating function of (By)pen, is B(t) = e
(b) Bn Zk 0 k'

Exercises

1.

printed on 2/10/2023 4:13 PMvia .

(@) Consider a triangle in the plane R? with vertices 4, B, C. A line g intersects the
triangle, but not at one of the vertices A, B, C.

Show that two of the vertices are in one of the half-planes determined by g.

(b) 9 students are sitting in a row with 12 chairs.

Show that there are at least three consecutive chairs which are occupied.

(c) Consider 12 pairwise distinct binary natural numbers.

Show that there are two among them whose difference is a binary number
whose both digits are equal.

(a) There are 3 routes from Passau to Dortmund and 4 routes from Dortmund to
Hamburg. How many routes do there exist altogether to drive from Passau to
Hamburg via Dortmund?

Realize the situation in a tree diagram.

(b) How many O0—1-sequences of length 8 do there exist?

(a) Let p be a prime number. Show that p | (,{) forall 1 < k < p. Conclude from
this that

x+yP=x+y’* modp

forallx,y € Z.
(b) Let O < k < n. Show that

<n>_n—k+1( n )
k)~ k k-1/)
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4. Let M be a nonempty finite set. Let E be the set of subsets of M with an even num-
ber of elements and O be that with an odd number of elements.
Show that |E| = |O].
5. (a) How many natural numbers with 9 digits do there exist, in which each digit
between 0 and 9 occurs at most once and the 0 occurs at least once?
(b) How many possibilities do there exist to have at least four correct numbers in
the lottery 6 from 49?
6. Ina group of 20 persons there are 7 chosen which should form a working team.
(a) How many different teams with 7 persons do there exist?
(b) Two persons A and B refuse to cooperate in one team. How many different
teams do there exist which do not contain both A and B?
(c) Suppose that the group has 12 men and 8 women.
— How many different teams do there exist with 5 men and 2 women?
- How many different teams do there exist with at least 1 man?
— How many different teams do there exist with at most 1 man?
7. (a) We consider the natural numbers between 1001 and 2000.
How many of these numbers are divisible by 3 or 5 or 8?
(b) Let S be the set of all students which registered for all exams.
Let D be the set of students from S registered for Discrete Mathematics, A the
set of students from S registered for Algebra and G the set of students from S
registered for Geometry.
Further, let

|ID| =60, |A]l=50, |G|-=40,
IDNA|=40, |[DnG|=30, |AnG|=20 and
IDNnAnG|=10.

— How many students are registered for at least one exam in Discrete Math-
ematics, Algebra or Geometry?

- Howmany students are registered for exactly two of the exams in Discrete
Mathematics, Algebra or Geometry?

— How many students are registered for exactly one of the exams in Discrete
Mathematics, Algebra or Geometry?

8. Inaclass, a group of 28 students celebrate the pre-Christmas Secret Santa. Each
student puts one gift into a big box. If all gifts are in the box then each student
randomly takes one gift from the box.

How many possibilities do there exist that at least one student gets that gift he put
himself/herself into the box?

9. Letn e N. Show that
- S(n3)=33""-2"+1)forn>3,

- S@2n,n)=n"
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(Hint: Compare the surjective maps {1,2,...,2n} — {1,2,...,n} with the combi-
nations of permutations of {1, 2, ..., n} and arbitrary maps {n+1,n+2,...,2n} —
{1,2,...,n}),

s(nn-1) = %n(n -1),

s(m2)=(n-DI(A+5+-+-)forn>2,

S(n,k) <s(nk)forO0 <k <n.

10. Lety;,¥5,...,¥ns 1 € N, be real numbers and

11.

12.

fO)=x-y)x-y)) - x=yp)

(-Diax™™", ay=1

=

i=0
Show that
()
G =Yy1+yr+ Yy
az = Y1y2 + y1y3 4+ 4+ yn—lynr
as =Y1y7¥3 ++ + Yn-2¥n-1Vn>
an = ylyz .. .yn.
(b)
an_i =s(nk), 0<k<n,
if we take

y1=0, y,=1, y3=2, ..., y,=n-1

Let n € N. Show that

p(n,n) =pn,1) =1,

p(n,1)=1forn > 2,

p(n,2) = | 5] where | 5| is the biggest natural number less than or equal to 3,
pn,n-2)=2forn >4,

pn+kk) = Z}‘le(n,j) fork > 1.

(@) LetqeIR,q;éliandne]N.LetS(n)=1+q+q2+~~-+q”.Showthat

- S =5L,

- lim,_, S(n) = 1Lq if|g| < 1.

(b) Let f(x) = x* + px + q € R[x]. Suppose that f(x) has two distinct real zeros x;

and x,. Show that there exist real numbers a and b with

1 a b

fx) x-x +x—x2'
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13. (a)

(b)

14. (a)

Let a,, be the number of words of length n from an alphabet with m letters.
Show that

Assume that the sequence (a,)nen, has the generating function

1
A(t at =
© = Z 5t+6
Show that
1 1
a"_2n+1_ﬁ’

a; = 3% and a, = gan_l - %an_z forn>2.

The Lucas numbers ¢,,, n € Ny, are defined by
=2 ¢=1 and ¢,=¢,,+¢,, forn=2

Show that:
(i) €, = f_1 + fnu for n > 1, where the f; are the Fibonacci numbers.
(i) The generating function for the sequence (¢,),c, is

(oe)
Lit) =) £,t" =
n=0

1-t-t2

Conclude from this that

< 1++5 )n ( 1-+5 )n
en = + .
2 2
The number W, of possibilities to construct a wall of length n and height 2
with dominoes is given by the recursive formula

wo=1 wy=1 w,=w,;+w,, forn>2.

Show that the generating function for the sequence (Wy) e, is

1 1<1+\/§ \/§—1>

o0
W) =Y Wyt = ——— = — ¥ .
n:zo B A A T LT W

1+5

Conclude that w,, is approximately =5=f; for large n.
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(b)

(c)

16. (a)

(b)

Exercises = 275

Given the sequence (v,)pey, With
Vo=2, vy=3 and v,=3v,;-2v,, fornx=2

Show that v, = 2" + 1forn € N,,.

Give two proofs, one by induction and the other with help of the generating
function V(¢).

Prove that

-3t
Vit t—
©= ZV" 3t+1

Given the sequence (a,)pen, With
ay=0, a=1, and a,=7a,;-1a,, forn>2.
Show that the generating function A(t) for the sequence (a,)pen, is

1

Alt) = ———.
© 1-7t+12t2

Conclude from this that
a,=4"-3" forneN,.
Consider the sequence (by)pen, With
by=0, by=1 and b, =5a,,-6a,, forn=>2.

Determine the generating function B(¢) of the sequence (by,)nc, and show
that

b,=3"-2" forneN,.

Determine the number of possibilities to write 32 as a sum of natural numbers
(without the consideration of the natural order), first with help of the recur-
sive formula and second with help of the generating function.

Determine the number of possibilities to exchange a 20-cent coin into smaller
coins.
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10 Finite Probability Theory and Bayesian Analysis

10.1 Probabilities and Probability Spaces

Probability theory deals with the modeling and analysis of random events. It has
a long history: Gambling is one of the oldest human endeavors, and anyone who
gambles must consider probabilities. Insurance also depends upon probabilities, and
insurance was already being offered during the Renaissance. The beginnings of the
mathematical theory of probability were in a series of letters called the Pascal-Fermat
letters between P. Fermat (1607-1665) and B. Pascal (1623-1662). These letters explored
the heavy reliance of finite probabilities on combinatorics. During the eighteenth and
nineteenth centuries these ideas were extended to uses of probability in science
and continuous spaces by T. Bayes (1702-1761), P.S. Laplace (1749-1827), C.F. Gauss
(1777-1855), P.L. Chebyshev (1821-1899) and others. A rigorous mathematical clas-
sification of the concept of probabilities was first worked out by A.N. Kolmogorov
(1903-1987).

In this chapter we introduce basic probability theory and Bayesian analysis. For
the most part we will be dealing with finite probability spaces.

The concept of probability begins with probability spaces and probability func-
tions.

Definition 10.1. A probability space consists of a triple (S, £, P) where
(1) Sisasetcalled the sample space. The individual elements of S are called outcomes.
(2) ¢ is a distinguished collection of subsets of S called the class of events (which
contain S and are closed under complements and unions). € is often called the
event space.
(3) PisafunctionP: £ — R called a probability measure on £ satisfying:
(@) P(E)=0foralleventsE ¢ &;
(b) P(S)=1;
(c) P(EyUE,U---UE,U---) = ¥, P(E;) for any finite or countable collection of
mutually disjoint events.

Remark 10.2. Here, if the sample space S is finite then each individual element s € S
is an event.

In probability theory the empty set 0 is called the empty event. The following theo-
rem summarizes the basic properties of probability functions and probability spaces.
Here E€ indicates the complement of the event E.

Theorem 10.3. Let (S, &, P) be a probability space then
(1) 0 < P(E) < 1for any every event E.

(2 pP@) =o0.

(3) P(E) + P(E) = 1for any event E.

https://doi.org/10.1515/9783110740783-010
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(4) IfE C F then P(E) < P(F).
(5) P(EUF) = P(E) + P(F) - P(E nF) for any two events E, F (general rule of addition).

Proof. Since E U ¢ = E for any event E, we have
P(Eu®)=P(E)=P(E)+P®) = P@®) =0,

proving (2).
Further EUE® =Sand ENE® =@soP(E) + P(E°) =P(S) = 1.
IfE c FthenF = EU (E° N F). Because E N (E° N F) = 0, we have

P(F) = P(E) + P(E°NF) > P(E) since P(E°NF) > 0.

We leave the remainder of the proof as an exercise. O

A discrete sample space is one which is countable, otherwise it is a continuous
sample space. A finite sample space has a finite number of outcomes.

If S is a finite sample space with |S| = n where as before |S| stands for the number
of elements in S; S then has equiprobable outcomes if P({s}) = % foralls € S. A fi-
nite sample space with equiprobable outcomes is often called a Laplace space. The
following is straightforward.

Theorem 10.4. If S is a finite sample space with equiprobable outcomes and E is an
event then
|E|
P(E) = S

In this chapter we will concentrate for the most part on finite sample spaces with
equiprobable outcomes. Thus computing probabilities involves finding the sizes of
sample spaces and the relevant subsets. Hence the use of combinatorics.

Before moving on, we mention that probability theory is actually a part of real
analysis where it is a special case of measure theory. Let S be a set. A collection of
subsets £ of S is a g-algebra if it contains S and is closed under complements and
countable unions (it follows also that it is closed under countable intersections).

Definition 10.5. A measure space consists of a set S, a g-algebra £ of subsets of S and

a function m : £ — R called a measure satisfying

(1) m(E)=0forallE € &;

(2) m(9) = 0;

(3) m(E,UE,U---UE,U---) = ¥, m(E;) for any finite or countable collection of pairwise
disjoint sets in £.
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There are many examples of measure spaces, for example, consider the real line

with the length measure. In this more general context a probability space is just a
general measure space where the measure of the whole space is 1.

10.2 Some Examples of Finite Probabilities

In this section we present some examples of finite probabilities.

@)

@

The dice problem

Suppose we roll a pair of fair dice as in Monopoly or backgammon. Then the possi-
ble numbers are 2 through 12. We find the probabilities of each. A dice has six faces
numbered 1 through 6. We generally throw two dice and consider the sum. This
becomes crucial in many gambling games such as craps and backgammon. Since
each dice has six faces, the size of the sample space is the size of pairs of numbers
(ny,ny) with each n; = 1,..., 6. The size of the sample space is then 6 - 6 = 36. To
get a 2, for example, the only possibility is (1, 1) and therefore the probability of a
2is the %. We summarize all the probabilities:

PQ)= . PO2= o,
PO)= 2. PUD= 2,
PU)= 2, P(0)= 2,
PO= 1. PO=
P6) == PO,
P(7) = 3%

Matches in lotto

We ask about the possibilities to have exactly 4 correct matches in a lotto. This
means that there are 4 of the 6 winning numbers marked with a cross, and 2 of
the marked numbers are from the remaining 49 — 6 = 43 non-winning numbers.
By the multiplication rule, the number of possibilities to have marked 4 of the 6
winning numbers is

6\(43)_ 6! 43!
=—— ——=15-903=1 _

13545

Hence the probability to have exactly 4 of the 6 winning numbers is F5=2 =~

0.00097.
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If we have exactly 5 of the 6 winning numbers and the bonus number, then the
probability is

GQE) 6

= = 0.000000429.
13983816 13983816 ?

(3) The birthday problem
In a group of n people we ask for the probability that at least two of them have
the same birthday. It is higher than most people expect. In a group of 40 people
there is almost a 90 % probability that at least two have the same birthday. The
complete solution is given in the following theorem.

Theorem 10.6 (The birthday problem). The probability p(n) that out of n persons at
least 2 have birthday at the same day is

p(n)=1—ﬁ(1—%>,

k=1

where we assume that there is an equipartition of the birthdays of all persons over a year
with 365 days.
As a first approximation we get

—n(n-1)

pn)=1-e 70 |

Proof. Altogether there are 365" possibilities for the birthdays of n persons, and we
have

365-364---(365-n+1)

possibilities that no person out of the n has the same birthday as one of the others.
Hence the probability that all n persons have different birthdays is

365!

P(B) = (365 — n)1365"

where B is the subset of the set M of all n persons which have different birthdays (here
we assumed that we have a sample space with equiprobable outcomes). Let B = M\ B
be the complement of B in M. Then we get

365! nl k
P = PM\B) =1-P(B) =1~ mc= oy _1_5(1_ %>

If we take the linear approximation

k

k
1-—=e &

365

>
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then we get
=(+2tn=1) 1)
p(n):l—e 365 =1-e 70 , O
Numerically we get:
p(23) = 0.507,
p(30) = 0.706,
p(50) = 0.970.

10.3 Random Variables, Distribution Functions and Expectation

A crucial concept in dealing with probabilities is that of a random variable. If S is a
probability space then a random variable on S is a function X : S — R which is mea-
surable, that is, for all real numbers t the set {s € S|X(s) < t} is an event in S.

Intuitively, a random variable assigns real numbers to the outcomes of a chance
phenomenon.

Example 10.7.

(1) A Bernoulli process, named after J. Bernoulli (1655-1705), is any random event with
only two outcomes that we call success and failure. Consider a Bernoulli process
with n independent trials and probability p of success on each trial. Let X be the
number of successes obtained. Then X is called a binomial random variable with
parameters n, p.

(2) Suppose we have a container with M balls of which R are red and M - R are non-
red. Suppose n are sampled and let X be the number of red balls in the sample.
Then X is called a hypergeometric random variable with parameters M, R, n.

(3) Suppose we have a process which generates discrete occurrences over a continu-
ous interval with a fixed average A per unit interval. This is called a Poisson pro-
cess, named after S. D. Poisson (1781-1840), with parameter A. Let X be the number
of occurrences in the unit interval. Then X is a Poisson random variable with pa-
rameter A.

(4) Let P be a population of some measured variable such as height, weight or time.
Let X be the particular measurements. Then X is the population random variable.

If X is a random variable then X is a discrete random variable if the range of X is a
discrete set in R (contains no interval); X is a continuous random variable if the range
of X is either an interval or a union of intervals. If the range of X contains both discrete
and continuous sections, X is called a mixed random variable.
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Actually we are not interested in the random variable itself but rather the proba-
bilities that it takes on its values. To this end we study several related functions: dis-
tribution functions, mass functions for discrete random variables and density functions
for continuous random variables.

The distribution function of the random variable X is the function F : R - R
defined by

F(x) = P(X < x) = Probability that X takes on a value < x.

That is, F(x) measures how much of the random variable accumulates less than or
equal to x. A distribution function is also called a cumulative distribution function ab-
breviated c.d.f.

The following theorem gives a complete characterization of a distribution func-
tion.

Theorem 10.8. A function F : R — R is the distribution function of some random vari-
able if and only if it satisfies the following five properties:

1) 0<Fx)<1.

(2) F(x) is monotonically non-decreasing.

(3) lim, . F(x) =1

(4) lim,_,_  F(x) =0.

(5) F(x) isright continuous, that is,

lim F(x + h) = F(x).
h—0*

Example 10.9.

(1) IfA > 0 show that F(x) = 1 - e ™ if x > 0 and O elsewhere is the distribution
function for some random variable X. We must show that F(x) satisfies each of
the 5 properties in the theorem. Showing this is direct.

(2) IfA =2, what is P(X < 4) and what is the median of this random variable.

PX<4) =F)=1-e¢%*=0997.

The median is the value m such that F(m) = 0.5. Then

_ In(0.5)

Fm)=05=1-¢"" = m = 0.3466.

Two random variables X, Y are identically distributed if they have the same dis-
tribution function. Often it is easier to work with other functions rather than directly
with the distribution function.

If X is a discrete random variable assuming the values x;,x,,...,X,,..., then its
mass function, also called its probability mass function, abbreviated p.m.f., is the func-
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tion

PX =x;), ifx=x;
px) = ]
0, otherwise.

As with distribution functions there is a complete characterization of mass func-
tions.

Theorem 10.10. A functionp : R — R is the mass function of some discrete random
variable if and only if it satisfies the following three properties:

(1) p(x) = 0 except at discrete points x;,Xz, ..., Xp, - - -

(2 px)=0.

3) inp(xi) =1

If X is a continuous random variable with distribution function F(x) then f(x) is
its density function, also called its probability density function, abbreviated pdf, if for
allx e R

Flx) = J Fb)dt.

Roughly, the density function is the function whose curve is the normalized fre-
quency curve.

Theorem 10.11. A functionf : R — R is the density function of some random variable if
and only if it satisfies the following properties:

D fx) =0,

@ [ foodx=1.

Notice that if X is a continuous random variable with distribution function F(x)
then its density function f(x) is given by the derivative of the distribution function

f(x) = F'(x).

Example 10.12. Let X be the random variable which picks a point at random from the
interval [a, b] and all points are equally likely. X is called a uniform random variable
with parameters a, b.

(1) The distribution function for X, called the uniform distribution, is given by

0, ifx <a,
— X—-a :
F(x) = g Ha<x<bh,
1, ifx > b.
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(2) The density function for X, called the uniform density, is given by the derivative of
the distribution function. Therefore:

1 .
o0 = {m, ifa<x<h,

0, otherwise.

Finally, random variables are described by their expectation or expected value.

Definition 10.13. If X is a random variable then its expectation or expected value, de-
noted E(X), is

E(X) =) xp(x)

if X is discrete and p(x) is its mass function, or

EX) = J xf (x)dx

if X is continuous and f(x) is its density function.
If g(x) : R — R then g(X) is a random variable and

E(g(X)) = ) g()p(x)

if X is discrete and p(x) is its mass function, or

E(g(X)) = j g(0f (x)dx

if X is continuous and f(x) is its density function.

Expectation is a linear operator on random variables. That is,
E(ag(X) + Bh(X)) = aE(g(X)) + BE(h(X))

for real numbers a, 8 and functions g(X), h(X).

Further the expectation of a constant random variable is that constant, that is,
E(c) =c.

The kth population moment of a random variable denoted m; (X) is E (Xk ). The
first population moment E(X) is called the population mean or population average de-
noted p.

E((X- y)k )is called the kth central moment. The second central moment E((X —u)?)
is the variance denoted var(X) or 0*(X). The square root of the variance is the standard
deviation denoted o(X).
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10.4 The Law of Large Numbers

In ordinary language we often say that things tend to average out. By this we mean
mathematically that in a limiting sense random events converge to their mean. For-
mally, this is called the law of large numbers which we will describe in this section.

First, we show the importance of the mean as described in the next theorem,
called Chebyshev’s theorem. It says in essence that for any population with finite mean
and variance the population will cluster about the mean.

Theorem 10.14 (Chebyshev’s Theorem). Let X be a random variable with finite expec-
tation E(X) = p and finite variance V(X) = o’. Letk > 0 be any positive real number.
Then

1
P(IX -yl = ko) < 2k

Proof. We first prove the discrete case and then do the continuous case. Let X be a
discrete random variable with discrete values {x;}, mass function p(x) = P(X = x) and
finite mean y and finite standard deviation o. Let k > O be any positive real number.
Then

0’ = E(X - ) = Y.(x; - w’p(xy).

Now the set {x; | |x; — u| > ko} is contained in the whole range {x;}, so adding over this
set the result is smaller than when adding over the whole range. Hence

R Y A i 1)
(xillx;—pl>ko}

However, on this set (x; — u)* > k’0* and therefore replacing this in the sum we get

2 2 2 2 2
o 2> Z ko’p(x;) = ko Z pxy).
Xl —pl>ko} x;lx;—pl>ko}

However, p(x) is the mass function so

Y p) =P(X -l > ko).
{xillx;—pl>ka}

Combining these gives
o’ > I°’P(|X - u| > ko)
and hence
1
2z P(|X - u| > ko),

proving the theorem in the discrete case.
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The continuous case is analogous with the mass function replaced by the density
function and summation replaced by integration. Let X be a continuous random vari-
able with density function f(x) and finite mean y and finite standard deviation o. Let
k > 0 be any positive real number. Then

0" = B((X - p) = [0~ fo0d
R

Now the set {x | |x — u| > ko} is contained in the whole range (-co, 00), so integrating
over this set the result is smaller than when integrating over the whole real line. Hence

o’ > J (x - y)zf(x)dx.
{xllx—pl>ka}

However, on this set (x — u)> > k*0” and therefore replacing this in the integral we get

o> J 120%f (x)dx = I j FO)dx.
{xllx—pl>ka} {x|lx-pl>ko}

However, f(x) is the density function, so integrating over a set gives the probability of
that set. Hence

f()dx = P(IX — | > ko).

{xllx—pl>ko}
Combining these yields
o’ > K’0’P(|X - u| > ko)
and hence
1
2z P(1X — u| > ko),
proving the theorem in the continuous case. O

From Chebyshev’s theorem we get the law of large numbers.

Theorem 10.15 (The law of large numbers). Let (X;);cn be a sequence of independent
and identical distributed random variables X; with common expectation E(X;) = p < co
and common variance V(X;) = 0 < co. If S, = X; + X, + - - + X, then

2€>=0

. Sp
([

forallreal e > 0.
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Proof. From the linearity of the expectation we get

(S - B
n n n

From the properties of the variance and independence of the X;, we get

V<E>ZM:"_‘72_02
n? n? n’

n

Let € > 0 be given. Then for some k > 0 we have e = k V(%") = % From Chebyshev’s
Theorem we obtain

n

S
P(;—H

n

o) -r(

2
g (o
AN

~vn ne

Taking the limit as n — oo finishes the proof. O

Remark 10.16.

(1) Theorem 10.15 goes back to J. Bernoulli (1654-1705).

(2) Theorem 10.15 is sometimes called the weak law of large numbers. A stronger re-
sult can be found in [3].

Example 10.17. We roll with fair dice. Let the (discrete) random variable X be 1 if we
roll a six, and O otherwise. We get an expectation

1
EX) = 3

and the variance
2 2
5 1 1 1 5
vx)=2(o-=) +=(1-2) ==.
¥ 6( 6>+6< 6) 36
We throw the dice n times. Then B,, = X; + X, + --- + X, is the number of sixes that

appear. The expectation is E(B,) = g, and the variance is V(B,,) = 2—2.
We consider the relative frequency % of the sixes, and we get

B, 1 Bn>_ 5
E<n>_6 and V<n T 36n’

From Theorem 10.14 and the proof of Theorem 10.15, we obtain

i

&_1|>€><L
n 6| ) 36ne?
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Hence the probability that the relative frequency of the sixes is by at least € away from
é goes to 0 with an increasing quantity of the casts of the dice. In this sense, the relative
frequency converges to the expectation.

10.5 Conditional Probabilities

In the following we use the notation A N B for the event that both events A and B occur.
Analogously, A; N A, n--- N A, denotes the event that all events A;,A4,,..., 4, occur.
Again, if A ¢ M then we write A° for the complement M \ A of A.

Definition 10.18. Let P be a probability on a set M. If A and B are events then the con-
ditional probability of A given Bwith P(B) > 0, which is denoted by P(4 | B), is defined
as

P(ANB)
P(A|B) = “PB)

The conditional probability P(A | B) can be interpreted as the probability that A
will occur given that B has occurred. To see how this becomes an appropriate defini-
tion, recall that A n B is the event that both A and B will occur. If B has occurred and
A is to occur then A N B will occur. This describes the proposition of times that A n B
occurs among all possible times that B has occurred. This would then be the ratio in
the definition. Conditional probability can also be thought of as the effect the event B
(which has occurred) has on the event A.

Example 10.19. Table 10.1 below represents a cross-classification of male and female
smokers.

Table 10.1: Male and female smokers.

Smokers Non-Smokers Total

Male 34 66 100
Female 23 87 110
Total 57 153 210
Then we get
P(Male) = @,
210
P(Male | Smoker) = %
57
34
P(Male n Smoker) = —,
(Male n Smoker) 210

which agrees with the definition.
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The events A and B are independent if and only if
P(A) = P(A | B).

This follows from the definition and the fact that A and B are independent if and only
if

P(ANB) = P(A) - P(B)

using the multiplication rule. In this case, the event B has no influence for the event A.

Using these definitions we get the Bayes Expansion and then Bayes Theorem.
These were originally written by T. Bayes who was a British clergyman and amateur
mathematician. His original motivation was to use conditional probability to prove
the existence of God. The original motivation was the clockmaker argument. Suppose
someone is stranded on a desert island and finds a clock. There are two possible ex-
planations. There was a clockmaker who was on the island first or random particles
came together to form a clock. The probability is much higher that there was a clock-
maker. Putting this in probability terms and applying it to the universe, much more
complicated than a clock, leads to an extremely high probability, in Bayes view, of the
existence of God.

Bayes expansion given below expresses the probability of an event A in terms of
another event B and its complement B€.

Theorem 10.20 (Bayes Expansion). If A, B are any two events with P(B) > 0, we have
P(A) = P(A | B)P(B) + P(A | BS)P(B).
Proof. We have A = (A nB) U (A nB°). Since AN B and A n B¢ are disjoint, we then get
P(A) = P(ANB) + P(AN B°).
From the definition we have

P(ANB)=P(A|B)P(B) and P(AnB°)=P(A|B°)P(B). 0

This can be extended as follows. Let £ be the event space and let the collection of
events B; partition the sample space so that S = | J;B; with B; n B; = 0 if i # j. Then for
any event A we have

P(A) = ZP(A | B;)P(B;).

Theorem 10.21 (Bayes Formula). Let A, B be two events with P(B) > 0. Then

P(B|A)-P(A)

P(A|B) = P(B)
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Proof. 1f P(A) = 0 then also P(An B) = 0 and P(A | B) = 0, and the equation holds.
Now, let P(A) > 0. Then

P(ANB) P}f}jf’ -P(A)
P(B) P(B)

_P(B|A)-P4)

- P(B) '

P(A|B) =

and the equation holds.

For illustration see Figure 10.1, where A° = M \ A.

P(B)

P(A° | B)
P(A | B)

.= Figure 10.1: Illustration of Bayes Formula.

Corollary 10.22. Let {B; | i =1,2,...,n} be a partition of the sample space S, that is,
n
S=|JB; and B;nBj=0 fori#j
i=1
where B; are events. Then

P(A | B,)P(B;)
Y1, P(A | B)P(B;)

P(B; | A) = if P(A) > 0.

In particular, if A is an event with P(A) > 0, then

P(A | B)P(B)

PB14A) = P(A | BIP(B) + P(A | B)P(B°)’

Proof. We have

P(A) = P(U(Bi n B)> =Y P(B;nA)
i=1 i=1
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M=

P(A | B))P(By).

Il
—_

Further,

P(AnB;) P(A|B)P(B)

P(B; | A) = PA) PA)

by Theorem 10.21.
Now, we plug in this value of P(A) into this last equation.
The additional statement follows because S = BU B and Bn B¢ = 0. O

Example 10.23.

(1) Consider two urns A and B, each containing 10 balls. In A there are 7 red and
3 white balls, in B there is one red and 9 white balls. We move one ball from a
randomly chosen urn.

Here the probability for picking urn A and urn B is the same. The result of the
drawing is that the ball is red.

We want to find the probability that this red ball is from urn A.

We define:

— Aisthe event that the ball is from the urn A.

— Bisthe event that the ball is from urn B.

— Risthe event that the ball is red.

Then we have:

1 7 1
PA)=PB)=-, PR|A)=—, PR|B)=—.
(A)=P(B) =35, PRIA)=1, PRIB) =
Hence,

P(R) = P(R | A)P(A) + P(R | B)P(B) = +

NI =
vl N

1
10

Sl~
NI =

is the total probability to move a red ball.
Then

PRIA)-PA) 155 _7

P(A|R) = R i

Hence the conditional probability that the red ball is from urn A comes to %.

(2) Assume that there are two coins in a pot. One coin (4,) is fair with heads and tails,
the other coin (4,) has two heads. Now we choose randomly one coin and throw
it. Suppose we get heads (K).
The probability that the coin is fair comes to

P(ADP(K | A)

PO = pap® 14 + PAYPK Ay ~ T

ST INYTSN
N—=

NI=
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Hence the probability that we get the coin with two heads comes to P(4, | K) = %

Remark 10.24. The formula of Bayes allows us in a certain sense to reverse the con-
clusion.

We start with a known value P(B | A), but actually we are interested in the value
P(A | B). For instance, it is of interest to know how big the probability is that a person
carries a certain illness if a special quick test for this illness has a positive result.

From empirical studies one normally knows the probability for a positive test if
the person carries the illness. The desired conversion is possible if one knows the (ab-
solute) probability for the presence of the illness in the whole population.

Example 10.25. A certainillness is carried with a frequency 20 of 100000 persons. The
event K, a person carries the illness, has therefore the probability

P(K) = 0.0002.
Then
P(K°) = 1- P(K) = 0.9998

where K€ is the complement of K, the event that a person does not carry the illness.

Let T be the event that the test is positive.

It is known that P(T | K) = 0.95, which means that if a person carries the illness
then the test is positive with a probability of 0.95.

Sometimes the test is positive for a person who does not carry the illness. In fact,

P(T | K°) =0.01

for the respective conditional probability.
Then

1-P(T|K°)=1-0.01=0.99.

We are interested in the conditional probability P(K | T) that a person carries the
illness if the test is positive.

By the Bayes formula
PK| T) = P(T | K)P(K)
P(T | K)P(K) + P(T | K¢)P(K®)
B 0.95-0.0002
"~ 0.95-0.0002 + 0.01 - 0.9998
~ 0.0186.
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Example 10.26 (Hemophilia problem). A woman with no known history of hemophil-
iain her family has a son with hemophilia. She reasons that a gene must have mutated,
which has a tiny probability m. What is the probability that her second son has the
disease given the first son has it.

The second son will have hemophilia if one of her X chromosomes mutated to
the complement X, Let A, be the event that the first son has it, A, the event that the
second son has it and B the event that she is a carrier, that is, one of her chromosomes
has mutated.

Let P(B) be the probability that one of her chromosomes has mutated. Each
woman has two X chromosomes, and they would mutate independently. The proba-
bility that one chromosome does not mutate is 1 - m. Hence the probability that both
do not mutate is (1 — m)?. Therefore, the probability that at least one chromosome
mutatesis1- (1- m)z. However,

1-(1-m) = -m® +2m ~ 2m,
since m is tiny. Then
P(B)~2m and P(B°)=1-2m.
Now
P(A,|B)=P(A,|B) = % and P(A,|B°)=P(A,|B°) =m.
This can be seen as follows. We have
P(A, | B) = P(4; | B) = 5
because the mother has two X chromosomes, and one is mutated. We have
P(A, | B°) =P(4; | BY) =m

because, if none of her chromosomes is mutated, the only way a son is hemophilic is
that a gene is mutated in the child which has probability m. Therefore,

P(AlnAle):% and P(4;NA,|B°) =m’.

We want

P(A,NA,)

P(A; | Ay = P(Ay)

Then, using Bayes expansion,

P(A,) = P(A, | BP(B) + P(A, | B)P(B°) ~ =2m + m(1 - 2m) ~ 2m

N | =
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and

P(A, N A,) = P(A; N A, | B)P(B) + P(A,; N A, | B)P(B°) = %(2m) +(1-2mm’ ~ %

Then our final computation is

P(A, | Ay) =

1
4)

S

which is surprising. For medical reasons the % is easy to understand.

Example 10.27 (Pareto analysis). Pareto analysis is a method used in quality control
to reason backwards to find the cause of an industrial problem.
Suppose we are constructing an item and D is the event that there is a defect.
Suppose that the defect can be caused by
— bad raw material, denoted by B,
— bad settings, denoted by S,
— worker error, denoted by W, or
— everything else, denoted by E.

Suppose that by experiment (Pareto analysis) you find the following conditional prob-

abilities:
P(D | B) = 0.15,
P(D|S) =0.10,
P(D|W)=0.05 and
P(D | E) = 0.005.

Suppose that we have for the total probabilities:

P(B) = 0.01,

P(S) = 0.05,
P(W)=0.05 and
P(E) = 0.89.

Then the probability for a defect is

P(D) = P(D | B)P(B) + P(D | S)P(S) + P(D | W)P(W) + P(D | W)P(E)
= 0.1345,

using Bayes expansion.
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Hence, given a defect D, using Bayes formula gives

P(D|B)P(B) 0.15-0.1

P(B1D) = D) oosas 02
P(D|S)P(S) 0.10-0.05

P(S|D) = - - 0372,

(S1D) P(D) 0.01345 37

P(D | W)P(W) 0.05-0.05

pw | D) = 2 'P(D))( ) _ Sois = 0186,
P(D |E)P(E) 0.005-0.89

PEID) =X 1|9(D))( - ooas 03t

Therefore, one checks bad settings first, then everything else, then worker error, and
finally bad material.

10.6 The Goat or Monty Hall Problem

The Monty Hall or goat problem is a brain teaser, loosely based on the game show
“Let’s Make a Deal” and named after its host, Monty Hall.

The problem was originally posed in a letter by S. Selvin to the American Statis-
tician in 1975. It became famous as a question from a letter quoted in M. vos Savant’s
column in Parade magazine in 1990:

Suppose you are on a game show, and you have the choice of three doors: Behind one door is
a car; behind the others are goats. You pick a door, say No. 1, and the host, who knows what is
behind the doors, opens another door, say No. 3, which has a goat. He then says to you “Do you
want to pick now door No. 2?” Is it to your advantage to switch your choice?

The answer is that the contestant should switch to the other door. Under the standard
assumptions, contestants who switch have a % chance of winning the car, while con-
testants who stick to their initial choice have only a % chance.

We now give the solution using the formula of Bayes:

We have the followings events:
- G, the win is behind door i,i =1,2,3.
- M, the host opens door M]-,j =1,23.

The contestant opens one door, and for his first choice we have
1
P(G;) = P(G,) = P(G3) = 3
Say, the contestant chooses door No. 1.

Now, the host chooses a door such that a goat is behind it. If the win is behind
door No. 1, then the host has two possibilities, namely door No. 2 or door No. 3. Hence,
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for the choice of door No. 3 we have
1
P(M5 | Gy) = >
If the win is behind door No. 2, then the host has to choose door No. 3, that is,
PM; | G,) =1
If the win is behind door No. 3 then the host cannot choose door No. 3. Hence,
P(M; | G;) =0.

Now, the contestant switches to door No. 2.
We ask for the conditional probability P(G, | Mj3) if the host chooses door No. 3.
By the Bayes formula, we get

P(M; | Gy)P(G,)

P(G, | M3) =
(621 M) P(M3 | G1)P(G;) + P(M5 | G,)P(G,) + P(M5 | G3)P(G3)
1
= 1 . §
1 1 1

If the contestant continues with his initial choice, then he has only a % chance to win.
We now give a different proof for the goat problem using probability trees together
with the multiplication and addition rules, see Figure 10.2.

10.7 Bayes Nets

Bayes formula can be used to utilize amounts of data (big data) when we describe the
data in a Bayes net.

At this stage, to introduce Bayes nets we need some more graph theory than we
had in Chapter 5 to classify Platonic solids.

Definition 10.28. A directed graph or digraph is a pair G = (V,E) consisting of a
nonempty set V of vertices and a set E ¢ V x V of oriented edges or arcs.
We write k = (x,y) for k € E.

Remark 10.29.
(1) In other words, a digraph is a nonempty set V equipped with a relation in V.
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Constant Car is behind Host opens Success with Success without
chooses door door door switching switching
1 No.2
B no yes
6
1
3 no yes
No.1 3 yes no
1 yes no
3
2 1
3 3

Figure 10.2: Proof for the goat problem using probability trees together with the multiplication and
addition rules.

Representation.
y
k fork = (x,y) e E,x #+y.
b%
k
Q if k = (x,x) € E (here k = (x,x) is called a loop).
b%
y
k i ifk=(y)eEandk' = (y,x) e E,x # .
b%

(2) We do not allow multiple oriented edges between two vertices x,y € V, that is, we
do not allow situations given in Figure 10.3.
Then we call the digraph simple.

(3) If Vis finite then we say that the digraph is finite.

X Figure 10.3: Oriented edges.
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Agreement. In what follows we only consider finite, simple digraphs.

Definition 10.30. Let G = (V,E) be adigraph and x € V. The output degree d, (x) (input
degree d_(x)) of x is defined as the number of directed edges with x as beginning vertex
(ending vertex, respectively). We define d(x) = d, (x)+d_(x). If we have aloop at x then
this loop contributes two times for d(x).

If G = (V,E) is a digraph, then

El=Y d=Y dw=3Y dw.

xeV xeV xeV

Remark 10.31. In case of a digraph we use the notations edge sequence, edge line,
edge path, edge circle of arcs disregarding the direction of the arcs.

If the beginning vertex of each arc is equal to the ending vertex of the previous
arc, that is, all arcs are directed in the running through direction, then we talk about
directed edge sequences, directed edge line, directed edge path, directed edge circle.

Example 10.32. In Figure 10.4 we have

- WU,UsUslg is an (undirected) line,

- Ujusl;UUg is a directed edge sequence,
- Uuslylg is a directed edge line and

— WU is a directed edge path from a to b.

Uy Us

Uy

Ug

b Figure 10.4: Example of a digraph.

Analogously, connected components and connection of a digraph are defined as in an
undirected graph.

Definition 10.33. A digraph is called strongly connected if for each pair a, b of vertices
there exists a directed path from a to b.
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In general, an Euler line and Euler cycle are defined for a digraph if we do not
consider the direction of the graph.

Theorem 5.40 of Chapter 5 holds analogously for digraphs if we consider them as
undirected graphs with, eventually, two edges between two vertices.

Definition 10.34. A closed directed edge line C in a digraph is called a directed Euler
cycle if C contains each arc of G exactly one time.

Analogously as in Theorem 5.40 of Chapter 5 we get the following.

Theorem 10.35. A digraph G = (V,E) has a directed Euler cycle if and only if G is
strongly connected and d, (x) = d_(x) forallx € V.

We now give an application.

Theorem 10.36. Foreachn € N there exists a cyclic ordering of 2" numbers 0 and 1 such
that the 2" n-tuples of consecutive elements represent each integer k with 0 < k < 2"
exactly once as binary numeral.

Example 10.37. Let n = 3, thus 2> = 8. Therefore we get in this example the circle
given in Figure 10.5.

0
1 O 0
O O
10 Oo
. O O
1
O
0 Figure 10.5: Cyclic ordering of 23 with numbers 0 and 1.

The triples of consecutive elements are

(0,0,0), (0,0,1), (0,1,0), (1,0,1),
0,11, (11,1, 1,1,0), (1,0,0)

where (x,y,z) means x - 22 +y -2 + z.

Proof. We construct a digraph G = (V, E) with V the set of the 2 (n- 1)-tuples a =
(ay,ay,...,a,_1), a; € {0,1} fori = 1,2,...,n — 1, and E the set of the pairs (a, b) with
a,=by,a3=b,,...,a,_1 =b,.

Then d, (a) = d_(a) in G for all vertices a; indeed, the neighbors of a are exactly
as given in Figure 10.6.
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0,a,ay,...,a,_5) (ay, as,...,a,_1,0)

\/

(aj,ay,....a,_4)

T

(Lay,a,,...,a,,) (ayas,...,0a,1,1)

Figure 10.6: Neighbors of a.

Then we have |E| = 2.
Graph G is strongly connected because for arbitrary a, b € V we have the directed
connecting line

(al, az, ey an,l) - (az, ey an,l, bl) g (a3, ey an,l, bl’ bz) —> e > (bl’ bz, ey bl’l*l)'
Hence, by Theorem 10.35, there exists a directed Euler cycle. The allocation
((1, b) [ad (al, (12, e an_l, bn—l)

defines a mapping f : E — {0,1}"". We have that f is injective because f(a, b) = f(c, d)
means a = c and b,,_; = d,_;, which gives b = d by definition, and therefore (a, b) =
(c,d). Hence, f is bijective because |E| = 2". By writing one behind the other coordi-
nates, we get the desired ordering, corresponding to the iteration of the directed Euler
cycle. O

Example 10.38. Let n = 3 and see Figure 10.7 with the directed Euler cycle abhgcdef.

(00,00) ~ (0,0,0),
(00,01) — (0,0,1),
(01,10) — (0,1,0),
(01,11) — (0,1,1),
(11,11) » (1,1,1),
(11,10) ~ (1,1,0),
(10,00) ~ (1,0,0).

We now come to the final definition we need for a digraph.

Definition 10.39. Let G = (V, E) be a digraph.
(1) Gis called a directed cyclic graph, or cyclic digraph, if G contains a closed directed
edge line, or, in other words, if G contains a directed edge circle.

printed on 2/10/2023 4:13 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



10.7 Bayes Nets =—— 301

Figure 10.7: Directed Euler cycle is the
d path abhgcdef.

(2) Giscalled adirected acyclic graph, or acyclic digraph, if G does not contain a closed
directed edge line.

Example 10.40. We give three examples, see Figures 10.8, 10.9 and 10.10.

Figure 10.8: Directed acyclic graph.

O Figure 10.9: A directed loop is a directed circle.
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Figure 10.10: Digraph with a closed directed line in
gray.

Remark 10.41. An acyclic digraph does not contain a directed loop and, more gener-
ally, does not contain a directed circle.

Now we are prepared to introduce Bayes nets.

A Bayes net, or Bayes network, is a probabilistic graphical model that represents
a set of random events and their conditional dependence via a directed acyclic graph
(DAG) or acyclic digraphs. For instance, it can represent the probabilistic relationship
between diseases and symptoms. Given symptoms, the net can be used to compute
the probabilities of the presence of various diseases (see also the examples for the use
of Bayes formula for the probability to carry a certain illness). More generally, Bayes
nets are a probabilistic method to conclude results under uncertainties.

Practically, in all real-life problems certain unknown and random influences
play an essential role. These influences obliterate technically the connection to mod-
els. The resulting uncertainties can be regarded by modeling with Bayes probabili-
ties. The Bayes probability method makes available, on the one hand, a consistent
mathematical basis and, on the other hand, a comprehensible possibility to describe
stochastic coherences.

We now give a more formal definition.

Definition 10.42. A Bayes net is made of an acyclic digraph G and conditional proba-

bilities such that:

— The vertices describe events and the edges conditional probabilities;

— The edges are directed and establish respectively the causal effect of the event at
the beginning vertex of the edge on the event at the ending vertex of the edge.

Remark 10.43.

(1) TItis possible that there exist several undirected paths from one event to another
event.

(2) Since unconnected subgraphs are completely independent from each other, we
can always assume that the graph is connected as an undirected graph.
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From the graph structure, an event (vertex) A has a set of parent events (parent
vertices) pa(A). This set involves all those events from which an edge starts with ending
vertex A. It is possible that pa(4) = @, which has to be for at least one vertex.

Analogously, there exists for each event A a set of child events ch(A) which involves
all events which are ending events of an edge which starts at A.

For each event A of G, the conditional probability distribution P(A | pa(A)) has to
be given. With P(A | pa(A)) we mean the following.

If pa(4) = {X;,X5,...,X,} then

P(A|pa(A)) =PA | X, nX,N--NX,) = PA | XpXor ... Xp)s (10.1)

which is the probability of A under the condition that X;,X,,..., X,, arose. If pa(4) = ¢
then the total probability P(4) must be given.

IfX;,X,, ..., X, are events in G (which are closed among adding of parent events),
then we calculate the common occurrence as follows:

n
P(X, N X, N+ N X,) = P(Xy, Xy ... Xp) = [ [ P(X; | pa(Xy). (10.2)
i=1

If some X; has no parent events then we take the total probability for X;.
This formula is a consequence of the multiplication rule.
We now give an example which explains in detail the above description.

Example 10.44. Suppose that there are two events which could cause grass to be wet:
either the sprinkler is on or it is raining. Also, suppose that the rain has direct effect
on the use of the sprinkler. If it rains, the sprinkler is usually not turned on.

The situation can be modeled with a Bayes net.

All three events have two possible values, T (for true) and F (for false).

We denote the event grass wet by W, the event sprinkler by S and the event rain
by R.

The Bayes net looks like that in Figure 10.11.

@ Figure 10.11: Bayes net.

We have the following conditional probability tables see Tables 10.2, 10.3 and 10.4.
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S Table 10.2: Conditional probabilities for the sprinkler.
R T F
F| 04 06
T 0.01 0.99
TR Table10.3: Probabilities of rain.
T F
0.2 0.8
w Table 10.4: Conditional probabilities of wet grass.
S R T F
F F 0.0 1.0
F T 0.8 0.2
T F 0.9 0.1
T T 0.99 0.01

From (10.2), the joint probability function is
P(W,S,R) = P(W | S,R)P(S | R)P(R).

Now the model can answer the question “what is the probability that it is raining,
given the grass is wet?”
By Bayes formula, we get

PW=T|R=T)-PR=W) P(W=T,R=T)
P(W=T) T P(W=T)

PR=T|W=T)=

By the above rule (10.1) we have to sum over the nuisance variables and get

PW=T,R=T) = Z PW=T,5,R=T)

Se{T.F}
and
PW=T)= Y PW=T,SR).
S,Re{T,F}
Hence,

Yserry PW=T,S,R=T)
Ysreirpy PAW =T,S,R)

PR=T|W=T)=
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Then the numerical results (subscripted by the empirical values from the tables above)
are:

PW=T,S=T,R=T)=P(W=T|S=T,R=T)P(S=TIR=T)PR=T)
=0.99-0.01-0.2 = 0.00198,

P(W=T,S=F,R=T)=0.584,

P(W=T,S=W,R=F)=0288 and

P(W=T,S=F,R=F)=0.

Using these values we obtain

PW=T|G=T)= 0.00198 + 0.1584 _ 891
0.00198 + 0.288 + 0.1584 + 0 2491
= 0.3577.

Hence, the probability that it would rain, given the grass is wet, is 0.3577.

Exercises

1. (a) We throw four identical fair six-side dice and take care of the order of the re-
alized numbers. What is the probability that all four numbers are different?
What is the probability that all numbers are equal?
(b) What is the probability
(i) to have at least four correct figures in the lottery 6 of 497
(ii) to have exactly four correct figures in the lottery 6 of 49?
2. (a) Agroup offour women and one man are arranged randomly for a group photo.
What is the probability that the only man stands in the center?
(b) A fair coin will be tossed three times. What is the probability to get
(i) three times heads?
(ii) atleast two times heads?
(iii) at least one time head?
3. Complete the proof of Theorem 10.3.
4. (a) Ahunter has the marksmanship % What is the probability that he has at least
3 hits after 10 shots?
(b) A family has four children. The probability to have a girl is % Compute the
probability that
(i) the family has exactly four girls?
(ii) the first and the second child of the family is a boy?
(iii) the family has at least two boys?
5. (a) There are 5 red, 3 white and 2 green balls in a box. What is the probability to
have
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10.

(i) 3 white balls after three drawings with replacement?

(ii) 1red, 1 white and 1 green ball after three drawings with replacement and
considering the order?

(iii) 1 red, 1 white and 1 green ball after three drawings with replacement and
not considering the order?

(b) A person writes 12 letters and the related envelops. He puts the letters ran-
domly into the envelopes. What is the probability that no recipient gets the
intended letter for him/her?

Let m,n € N with n < m. Alice and Bob independently each make up a number

from theset M = {1,2,...,m}.

What is the probability that the two numbers differ in at most n?

(Hint: Calculate the cardinality of the set

{(a,b) | a,b € M and |a - b| < n}.

Make for this purpose the case analysis

- a=h,

- a<bsn,

- a<bandn+1<b<m)

(a) A single roll of a fair six-sided dice produces one of the numbers 1, 2, 3, 4, 5
or 6. Show, using the law of large numbers, that the relative frequency (some-
times called the sample mean) is likely to be close to 3.5 if a large number of
such dice are rolled.

(b) We consider the case of tossing a coin n times with S,, the number of heads
that turn up. Show that for large n the relative frequency is close to %

Prove Theorem 10.35.

(@) Aschoolgirl takes the bus on 70 % of the school days. If she takes the bus then
she is on time in school on 80 % of days. On average, she arrives on time at
the school only on 60 % of the school days. Today she is on time. What is the
probability that she took the bus?

(b) The red—green blindness is an inborn defect of sight which appears in 9 % of
the boys but only in 0.6 % of the girls.

We assume that a newborn is a boy for 51% and a girl for 49 % of instances.
A mother is having her baby which has the red—green blindness.
What is the probability that her baby is a boy?

A machine can recognize a counterfeit banknote. We define event A as “The ma-

chine gives an alarm” and event F as “The banknote is counterfeit”. The machine

was tested by means of many real banknotes and many fake banknotes. Thereby
one got P(A | F) = 0.96 and P(4 | F€) = 0.01 for the relative probabilities.

Additionally, it is known that P(F) = 0.001, that is, 0.1 % of the circulating ban-

knotes are counterfeit.
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Determine P(F | A), that is, the probability that a banknote is a counterfeit if the
machine gives an alarm.
Give an explanation for the terrifying low value for P(F | A).

11. Three death row prisoners — Anton, Bernd and Clemens — are located in individual
cells when the governor decides to pardon one of them. He writes their names on
three slips of paper, puts them into a hat and pulls one randomly out. He makes
known the name of the lucky prisoner to the jail guard. Rumors about that reach
Anton.

He asks the jail guard to tell him who will be given a pardon. The jail guard refused.
Now Anton makes the following suggestions to the jail guard:

Give me the name of one of the other prisoners who will be executed. If Bernd
will be pardoned then name Clemens. If Clemens will be pardoned then name
Bernd. If I will be pardoned then toss a fair coin to decide between naming Bernd
or Clemens. After a while the jail guard agrees with the procedure and tells Anton
that Bernd will be executed. What is the probability that Anton survives? What is
the probability that Clemens survives?

12. Students’ humor in the afternoon often depends on the weather and the quality
of the lunch in the commons. We have three events: weather (W), lunch in the
commons (M) and humor (H).

We say that W is true if the sun is shining and false if it is raining. We say that M
is true if lunch is eatable and false if lunch is not eatable.

Finally, we say that H is true if humor is good and false if humor is bad. As usual,
we denote true by T and false by F. We have the following graphical situation with
the respective conditional dependence, see Figure 10.12.

Lunch in the Mensa

Figure 10.12: Graphical situation for Exer-
cise 12.

Consider Tables 10.5, 10.6 and 10.7.

PW=T) PW=F) Table 10.5: Probabilities for weather.

0.4 0.6
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PM=T) PM=F) Table 10.6: Probabilities for lunch at the commons.

0.9 0.1

Table 10.7: Conditional probabilities for humor depending on weather and lunch at the commons.

W M PH=T|WM) PH=F|W,M)
T T 0.95 0.05
T F 0.70 0.30
F T 0.75 0.25
F F 0.1 0.9

What is the probability that the sun is shining if humor is good? What is the prob-
ability that lunch in the commons is eatable if humor is good?

13. We consider a person who might suffer from a back injury, an event represented
by the back (B). Such an injury can cause a backache, an event represented by
ache (A). The back injury might result from a wrong sport activity, an event rep-
resented by sport (S) or from new uncomfortable chairs installed at the person’s
office, represented by chair (C). In the latter case, it is reasonable to assume that
a coworker will suffer and report a similar backache syndrome, an event repre-
sented by worker (W).

All events are either true, denoted by T, or false, denoted by F. We have the fol-
lowing graphical situation together with respective conditional dependence, see
Figure 10.13:

@ Sport
@Ck

Figure 10.13: Graphical situation for Exercise 13.
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Consider Tables 10.8, 10.9, 10.10, 10.11 and 10.12.

PC=T) P(C=F) Table 10.8: Probabilities for chair.

0.8 0.2

PS=T) PS=F Table 10.9: Probabilities for sport.

0.02 0.98

C PW=T|C) PW=F|C) Table 10.10: Conditional probabilities for chair and worker.

T 0.9 0.1
F 0.01 0.99

B PA=T|B) PA=F|B) Table 10.11: Conditional probabilities for back and ache.

T 0.7 0.3
0.1 0.9
C S PB=T|CS) PB=F|CS) Table 10.12: Conditional probabilities for chair, sport
and back.
T T 0.9 0.1
T F 0.2 0.8
F T 0.9 0.1
F F 0.01 0.99

Calculate the common occurrences
P(A,B,W,S,C)=P(A|B)-P(B|S,C)-P(W|C)-P(S)-P(C).

What is the probability that the chair is uncomfortable in case of a backache?
(Hint: Make the calculation in steps.)
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11 Boolean Lattices, Boolean Algebras and Stone’s
Theorem

11.1 Boolean Algebras and the Algebra of Sets

In mathematics and mathematical logic, Boolean algebra is a branch of algebra in
which the values of elements and variables are the truth values true and false, usually
denoted 1and 0O, respectively. The main operations of Boolean algebra are the conjunc-
tion and, the disjunction or, and the negation not. Boolean algebra is a formalism for
describing logical relations in the same way that ordinary algebra describes numeric
relations.

Boolean algebra was introduced by G. Boole (1815-1864) in his book The Mathe-
matical Analysis of Logic (1847), and set forth more fully in his next book An Investi-
gation of the Laws of Thought (1854). The name Boolean algebra was first suggested by
H. M. Sheffer (1882-1964) in 1913.

The operation of almost all modern digital computers is based on two-valued or
binary systems. Binary systems were known in the ancient Chinese civilization and by
the classical Greek philosophers who created a well structured binary system, called
propositional logic. Propositions may be TRUE or FALSE, and are stated as functions of
other propositions which are connected by the three basic logical connectives: AND,
OR, and NOT.

In the 1930s, while studying switching circuits, C. Shannon (1916-2001) observed
that one could apply the rules of Boolean algebra in this setting, and he introduced
switching algebra as a way to analyze and design circuits by algebraic means in terms
of logic gates. Shannon already had at his disposal the abstract mathematical appara-
tus, thus he cast his switching algebra as the two-element Boolean algebra. Because
of Shannon’s work, the operation of all digital computers depends on Boolean alge-
bras. Boolean algebras are provided in all modern programming languages. They are
also used in set theory and statistics.

Boolean algebras are related to the algebra of sets with disjunction analogous
to union, conjunction analogous to intersection and negation analogous to comple-
ment. A highlight of this chapter will be to prove a celebrated theorem of M. Stone
(1903-1989) which is that any Boolean algebra is equivalent to an algebra of sets.

11.2 The Algebra of Sets and Partial Orders

In this section we start with a set M with a partial order and then develop Boolean
algebras step by step. As a first highlight we will show in Section 11.5 the theorem of
Stone that each finite Boolean algebra can be realized as a power set algebra. In par-
ticular each finite Boolean algebra with at least two elements has exactly 2" elements
for some natural number n.

https://doi.org/10.1515/9783110740783-011
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We start with a set M and let P(M) be its power set, that is, the collection of all
subsets of M. The set operations intersection N and union U provide binary operations
on P(M) that satisfy a whole collection of nice properties which we describe in detail
in this section. We start first by discussing partial orders. We need the basic properties
of relations.

Recall that a relation R on a set M is a subset of the Cartesian product M x M. If
(a,b) € R then we say that a is related to b and write a ~ b.

Let R be a relation on a set M. Then:

(@) Ris reflexive if and only if (x, x) € R for all x € M. That is, an element x is related
to itself.

(b) R is symmetric if and only if whenever (x,y) € R then (y,x) € R forall x,y € M.
That is, if an element x is related to y then y is related to x.

(c) R is transitive if and only if whenever (x,y) € R and (y,z) € R then (x,z) € R for
all x,y,z € M. That is, if an element x is related to y and y is related to z then x is
related to z.

(d) R isan equivalence relation if and only if it is reflexive, symmetric and transitive.
Equivalence relations mimic the properties of equality and define a partition of
the set M.

(e) R isantisymmetric if and only if whenever (x,y) € R and (y,x) € R thenx = y.

(f) If Ris arelation on M then the inverse relation to R, denoted R, is defined by

R ={0,0 | (6y) € R, x,y € M}.

For Boolean algebras we need partial order and order relations.

Definition 11.1. A partial order on M is a relation R, which is reflexive, antisymmetric
and transitive. A set M with a partial order R is called a partially ordered set or poset.

Two elements x, y in a partially ordered set M with partial order R are comparable
if either (x,y) € R or (y,x) € R.

A partial order is called an order if any two elements are comparable.

A set with an order R on it is called an ordered set.

Remarks 11.2.

(1) If not stated otherwise, we denote a partial order by <, that is, x < y if (x,y) € R.
If x <y and x # y then we write also x < y.

(2) If R is a partial order then the inverse relation R ! is also a partial order called
the dual partial order of R. We write > for the inverse relation of <. In particular
we use x >y as the equivalent formulation for y < x.
We have the duality principle for order theory. If we interchange in a valid theorem
for each partial order consistently < and > then we again get a valid theorem for
each partial order.
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Example 11.3.

@
@
€)
(4)

®)

The division relation on the natural numbers N. Here x|y if and only if y = kx for
some k € N. This is a partial order relation on IN.

For each set M, inclusion c is a partial order on the power set P(M).

In the set of real numbers R the usual size < is an order relation.

Let M = R". Let x = (X3, X3, %)Y = V1,V - - -, ¥y)- Define x < y if and only if
Xg <y fork =1,2,...,n. This defines a partial order on M.

Let (M, <) be an ordered set and let F(M) be the set of all finite sequences of ele-
ments from M. The lexicographic order on M is a partial order on F(M) defined by

XX X)) S VY25 Vn)
m<n and
=q1X =Y, fork=12...,mor
Xi <Yy forthe smallest k with x; # y;,1 < k <m.

This is the alphabetic order of words in a dictionary.

The element a is called a lower-neighbor of b, writtenas a <y b, ifand onlyifa < b

and {x | x e M and a < x < b} = 6; b is then called an upper-neighbor of a denoted by
b >y a.

Remark 11.4.

@

@

G

It is possible that there do not exist neighboring elements. For example, in (R, <)
for the usual size <.

If M is finite then there do not exist neighboring elements if and only if < is a subset
of the relation I); defined by (x,y) € I); if and only if x = y. Here certainly Ij; is a
partial order.

We may represent a finite partially ordered set by a mathematical diagram, the
Hasse diagram, named after H. Hasse (1898-1979). For a finite partially ordered set
(M, <), one represents each element of M as a vertex in the plane R? and draws a
line segment upward from a to b whenever a <y b. These line segments may cross
each other but must not touch any vertices other than their endpoints. Such dia-
grams with labeled vertices uniquely determine its partial order a < b if and only
if, starting from the bottom up there is a sequence of line segments from a to b.

Example 11.5.

1)

@

Let M = {1,2,3}. Then we have the following possible Hasse diagrams in Fig-
ure 11.1.

Let M = {1,2,...,10} be equipped with the division relation as the partial order.
Then we have the following possible Hasse diagram, see Figure 11.2.
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We now discuss maximal and minimal elements together with upper and lower
bounds.

Definition 11.6. Let (M, <) be a partially ordered set and a € M, D c M. Then:

(a) ais called a maximal element if {x | x € M, x > a} = 0.

(b) ais called a greatest element if {x | x ¢ M,x < a} = M.

(¢) ais called a minimal element if {x | x € M, x < a} = 0 and a is a smallest element if
x|xeM,x>a}=M.

(d) Ifaisasmallestelementthen the elements b € M with a <y b are called the atoms
of M.

(e) Anelement b € M is an upper bound for D if x < b for all x € D. An element b ¢ M
is a least upper bound, written as lub(D), or sup(D), if b is an upper bound for D
and b < c for any other upper bound c for D.

(f) Anelement b € M is a lower bound for D if x > b for all x € D. An element b € M is
a greatest lower bound, written as glb(D), or inf(D), if b is a lower bound for D and
b > c for any other lower bound c for D.

(g) The subset D is called directed if for any x,y € D there existsaz € Dwithx < z
andy < z.

(h) The partially ordered set (M, <) is complete if each directed subset D of M has a
least upper bound in M.

Remarks 11.7.

(1) IfD c M thenitis possible that sup(D) or inf(D) does not exist. For instance, sup(@)
exists if and only if M has a smallest element and inf(¢) exists if and only if M has
a greatest element.

(2) Itis possible that there do not exist a smallest or greatest element and also not a
minimal or maximal element. For instance this is the case for (IR, <) with the usual
size <.

(3) In each partially ordered set there exists at most one smallest and at most one
greatest element.

(4) A complete partially ordered set (M, <) has a uniquely determined smallest ele-
ment sup(@) = 0.

(5) Each finite partially ordered set contains minimal elements. If it contains exactly
one minimal element then this is the smallest element. The analogous statement
holds for maximal elements.

S I AN

Figure 11.1: All Hasse diagrams with three elements.
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10

5 7
/ Figure 11.2: Hasse diagram with divisor relation

1 as partial orderon {1,2,..., 10}.

Theorem 11.8 (Adjunction of a smallest element). Let (M, <) be a partially ordered set.
Let N be a set with N + M and let a € N \ M. We extend the partial order < to the set
M u {a} by settinga < aand a < x for all x € M. Then M U {a} is a partially ordered
set which has a as the smallest element. Analogously, we may adjoin a greatest element
to M.

Example 11.9. IN U {0} U {oo} is a partially ordered set with smallest element O and
greatest element co.

If we adjoin the smallest element a to a finite partially ordered set (M, <) then we
draw a under the Hasse diagram for (M, <) and connect a with each minimal element
of (M, <) by a line segment.

In the following we call a partially ordered set (M, <) just a partial order.

Definition 11.10. Let (M, <) be a partial order.

(1) We call a partial order (N, <) a partial suborder of (M, <) if N # 0, N ¢ M and if and
onlyifa<binNthena<binMfora,b e N.

(2) Fora,b € M we call the subset

[a,b] ={x | x e Mand a < x < b}

an interval in M.

(3) Achainin M is a subset C ¢ M in which any two elements are comparable.

(4) A chain C in M is called maximal if and only if whenever a, b are neighbors in C
then a, b are neighbors in M.

(5) The length of a chain C denoted ¢(C) is the number of elements in C minus 1.

(6) If M has a smallest element O then

d(x) = sup{é(C) | C a chain from 0 to x} € N U {oo}
is called the dimension of x € M.

Intervals and chains are special partial suborders of (M, <).
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Example 11.11.
(1) Suppose that we have the Hasse diagram given in Figure 11.3.

C
b g
a
0

(smallest element) Figure 11.3: A Hasse diagram with maximal dimension 6.

Then
dic)=6, d(g)=5 db)=4, da)=1 d0)=0.

The induced partial suborder on {a, b, ¢, g} is given by the Hasse diagram in Fig-
ure 11.4.

c
b@g
a

The interval [a, c] is given by Figure 11.5.

C
a: Figure 11.5: Interval [a, c].

There are three maximal chains from a to ¢ with lengths 3, 4, 5, respectively.

Figure 11.4: Induced partial suborder on {a, b, c, g}.
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(2) We consider N with the divisor relation. Here 1 is the smallest element.
If x = pi'p}? - p* is the prime factorization of x ¢ N then

dx)=n +ny,+---+n
is the dimension of x.

Definition 11.12. Let (M, <) be a finite partial order. Amap g : M — Z is called a
gradation of (M, <) if and only if x < y implies that g(x) + 1 = g(y) forall x,y € M.

Theorem 11.13. Let (M, <) be a finite partial order with smallest element 0 € M. Then
the following are equivalent:
(1) Any two maximal chains with the same endpoints have the same length.
This is called the Jordan-Holder chain condition named after C. Jordan (1838-1922)
and O. Holder (1853-1937).
(2) The dimension is a gradation.

Proof. Suppose that a <y b and that C is a maximal chain from O to a. Then C U {b} is
a maximal chain from O to b. By definition then ¢(C) = d(a) and ¢(C U {b}) = d(b). This
gives d(b) = d(a) + 1, showing that (1) implies (2).

Conversely, we first show that if a,b € M and C is a maximal chain from a to b,
then £(C) = d(b) — d(a). This means that £(C) is independent of the particular chain C.
For this we let a € M be arbitrary but fixed. Let b ¢ M and let C be a maximal chain
from a to b. If d(a) — d(b) = 0 then a = b and certainly d(b) — d(a) is the length of C.

Now if d(b) — d(a) > 1, and let the statement hold for all b; € M and all maximal
chains C from a to b; with d(b;) < d(b). Let b, € C with b, <y b. Then C, = C\ {b}isa
maximal chain from a to b,. By assumption d(b,) — d(a) is the length of C,. From the
second induction principle we get that d(b,) + 1 — d(a) is the length of C. Now d is a
gradation, that is d(b,) + 1 = d(b) and therefore d(b) — d(a) is the length of C. O

We now define various types of maps between partial orders.

Definition 11.14. Let (M, <) and (N, <) be partial orders. Amap f : M — N is called

(1) an order homomorphism, or isotone map, if a < b implies f(a) < f(b) for all
a,b e M.

(2) an order antihomomorphism, or antitone map, if a < b implies f(a) > f(b) for all
a,b eM.

(3) Iff is a bijective order homomorphism and if also f ! is an order homomorphism
then F is called an order isomorphism. Analogously, we define an order antihomo-
morphism.

(4) If (M, <) and (N, <) are both complete and f : M — N is an order homomorphism
then f is called continuous if sup(f(D)) = f(sup(D)) for each nonempty directed
subset D c M.
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Example 11.15.

(1) The identity map id : N — N gives an order homomorphism from (NN, |) to (N, <)
where | is the divisor relation and < is the usual size. This is not an order isomor-
phism because the inverse function is not an order homomorphism.

(2) Let M be a set and (P(M), €) be the partial order on the power set of M with con-
tainment. Then ¢ : (P, c) — (N, <) given by ¢p(A) = |A| for each A ¢ M is an order
homomorphism.

(3) Let (M, <) be a partial order. The identity map gives an order isomorphism of the
partial order.

Theorem 11.16. Let (M, <) be a finite partial order. Then there is an isotone and injective
map (M, <) — (N, <) where < is the usual size on IN.

Proof. Without loss of generality, we may assume from Theorem 11.8 that M has a
smallest element a,. Now let d : M — N, be the dimension map. The relation x ~ y if
and only if d(x) = d(y) defines an equivalence relation on M. We have x < y if and only
if d(x) < d(y) and any two disjoint elements from the same equivalence class are not
comparable. Let n be the maximal dimension in M and let A, denote the equivalence
class of those elements with dimension v.

We now define

k, = Aol + 144 +---+14,| forv=0,1,...,n

We have |A,| =k, - k,_; forv=1,2,...,n.Themap a, — 1and A, withv =1,2,...,n
bijective onto the number set {k,_; + 1,k,_; + 2,...,k,}. This defines an isotone and
bijective map M — {1,2,...,k,}. O

Note that in the theorem we may replace finite by countable. Further we may map
each finite partial order isotonely and injectively into an ordered set. With this proce-
dure we map elements with the same dimension onto a block of consecutive integers.
We may also construct an isotone and injective map successively by the following rule:
(a) Map a minimal element of (M, <) onto 1.

(b) If the images of a nonempty subset N ¢ M are already defined, then map a mini-

mal element of the partial suborder (M \ N, <) onto [N| + 1.

11.3 Lattices

Let (M, <) be a partial order. We now call an element b an upper element of a and a a
lower element of bifa < b.

Definition 11.17. A partial order (M, <) is called a lattice if for any two elements a, b of
M there exists in M a greatest common lower element called the conjunction of a and
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b and denoted by a A b and a smallest common upper element called the disjunction
of a and b and denoted by a Vv b.

Example 11.18.

(1) Letn e Nand M = {m | m € N, m|n}. In N we have a partial order with the
divisor relation m; < m, if and only if m;|m,. The given two natural numbers the
greatest common divisor gcd(m;, m,) is the greatest common lower element and
the least common multiple lcm(im;, m,) is the smallest common upper element for
my, m, € M. Recall that gcd(m,, m,) and lcm(m,, m,) are elements of M.

(2) Suppose M c R with the usual size is a lattice with a A b = min(a,b) andaVv b =
max(a, b) for a, b € M. Analogously each order (M, <) is a lattice with a A b being
the smaller element of the two and a Vv b the larger element of the two for a, b € M.

(3) Let M be a set and (P(M), ) the partial order on the power set with the order
relation containment. This is then a lattice since any two subsets A, B of M one
candefine ANB=AnBandAVvB=AUB.

We note that (M, ¢) with M ¢ P(M) is not a lattice, in general.

(4) The Hasse diagrams for all lattices with at most five elements are given in Fig-

ure 11.6.

Hold 909

Figure 11.6: Hasse diagrams for all lattices with at most five elements.

(5) If (M;, <) and (M,, <) are partial orders then the Cartesian product M, x M, together
with the componentwise comparison

LX) <pY2) © x<y;inMjandx, <y,inM,

is also a partial order. If both (M}, <) and (M,, <) are lattices then (M; x M,, <) is
also a lattice with

(X1, X2) A1, ¥2) = (X A X, Y1 AY3)
and
(X1, X2) V (Y1, ¥2) = 0 VX0, Y1 V ¥)).

An analogous result follows for more than two factors M;, M,, ..., M,,.
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Theorem 11.19. Let (M, <) be a lattice. Then the following hold:
(1) If M is finite then there exists a smallest element 0 and a greatest element 1in M.
(2) Letx,y,z € M. Then we have the following rules:
(L1) xAx=xandxV x = x. This is called idempotence.
(L2) xAy=yAxandxVvy =yV x. This is commutativity.
(L3) xAy)Az=xA(yAz)and (xVy)Vz=xV(yV z). This is associativity.
(L4) xA(yvz)=xandxV (y Az) = x. This is absorbtion.
(3) Forx,y e Mthenx <yifandonlyifx Ny =xifandonlyifxVvy =y.

Proof. Lattices are sets with special partial orders. Hence by the definition of aAb and
a Vv b we use the duality principle for A and v. For this we have to interchange < and
>, Aand Vv and also 0 and 1 if they exist. Therefore we must only prove the existence
of 0 if M is finite, and for (L1) through (L4) only one equation and for (3) only the first
equivalence.

(1) Since M is finite, there exists at least one minimal element and at most one mini-
mal element because we have a A b for all a, b € M. Altogether there must exist a
minimal element O in M.

(2) The rules (L1) and (L2) are obvious. We prove (L3). Here y A z is a common lower
element of y and z and hence x A (y A z) is a common lower element of x,y and z.
By the definition of the greatest common lower element, we must have xA(yAz) <
(x Ay) A z. Analogously, we get the same result for >.

Rule (L4) follows directly from (3) sincex < x vy and x Ay < x.

(3) We now prove the first part of (3) and show that x < y if and only if x = x A y.
Suppose that x < y. Then we get that x < x A y. Further, x Ay < x from the
definition. Hence x = x A y.

Suppose that x Ay = x. Then x < y follows fromx Ay <y. 0

Lattices are not only sets with special partial orders, they are also algebraic struc-
tures with two binary operations A and v. We may take this idea as a characterization
of lattices.

Theorem 11.20. Let M be a nonempty set equipped with two binary operations A : M x
M — Mandv : M x M — M which satisfy rules (L1) through (L4). If we define x < y if
andonlyifx ANy = x for all x,y € M then (M, <) is a lattice such that A and v have the
meaning of the greatest common lower element and smallest common upper element,
respectively.

Proof. We first show thatx Ay = xifand onlyifx vy =y forall x,y € M (x). We then
havey =yv(yAx) =yVv(xAy) by (L2) and (L4). Buttheny = yvx = x vy from xAy = x,
which proves the result in one direction.

In the other direction, from x vy = y we get that x = x A (x Vy) = x Ay. This shows
that () holds.

We now show the properties of a partial order for <.
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From (L1) we get that < is reflexive.

Ifx<yandy < x, thatis,x =xAyandy =y Ax = x Ay, we get x = y, and hence
< is antisymmetric.

If x <y and y < z then x < z because

X=XAYy=xANYAzZ)=(XAY)Az=XAZ,

and hence < is transitive.

We finally have to show that A and v have the meaning of greatest common lower
element and smallest common upper element, respectively. By the duality principle,
it is enough to consider the statement for A.

Let x,y € M. Then:

1) xAy)Ax=xAXAYy)=(XAX)AYy=XxAY,thatis,x Ay < x.
2 xAy)Ay=xA(yAy)=xAy,thatis,x Ay <y.

Therefore x A y is a common lower element of x and y.
Now let z € M be any common lower element of x and y. Thenz < xand z < y.
Therefore y Az = z and x A z = z. Then we get

ZAXAY)=(XAY)ANZz=XAN(YNZ)=XNzZ=2z,

and hencez < x AYy. O

Theorem 11.21 (Calculations in lattices). Let (M, <) be a lattice. Then for all a,b,c,d €
M the following hold:

(1) a<bimpliesthatanc<bAdandavc<bvd.

(2 a<bandc <dimplythatanc<bArdandavc<bvd.

(3) The distributivity inequalities

an(bvc)=(anb)Vv(anc),

av(bnac)<(avb)A(avo).
(4) The modular inequality
a<c implies av(bnAc)<(aVvb)Ac.

Proof. By the duality principle, it is enough to show only one inequality in (3).
(1) Since always x < x V y, we get that

a<b<bvc and c<cvb=bvc ifa<h.

Therefore avc < bvcsince avcis the smallest common upper element of @ and c.
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Analogously we get
anc<a<b and anc<c ifa<bh
and
bac<b and bAc<c.

Therefore a A ¢ < b A ¢ by the maximality of b A c.
(2) This follows from (1) by doing it twice.
(3) By (1) we have

(anb)v(anc)<av(anc)=a.
Then by (2) we have
(anb)v(anc)<bvec.

Combining these we get the statement of (3) because a A (b V c¢) is the greatest
common lower element of aand b v c.

(4) Wehavea < cand also a < a Vv b. Therefore a < (a Vv b) A c. Further from (1) we
have b A ¢ < (aV b) A c. Together this means that

av((bnac)<(avb)ac
by the minimality of a v (b A c). 0

We note that there are already lattices with five elements, for which equality in (3)
or (4) of Theorem 11.21 does not hold, see Figure 11.7.

1 1
c
b
a b c
a
0 0
M; N; (herea < ¢)

Figure 11.7: Lattices with five elements for which equality in (3) or (4) of Theorem 11.21 does not
hold.
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In M; we have
O=(anc)v(anb)<anvc)=a.
In N; we have
a=aVv(bAc)<(avb)rc=c.

Definition 11.22. Let (V, <) and (V', <) be lattices. Thenamap f : V — V' is a lattice
homomorphism if and only if

fxAy)=fx)Afy) and fxvy)=f)VfQy).

Lemma 11.23. A lattice homomorphism is also an order homomorphism.

Proof. From x < yifand only if x = x Ay if and only if y = x vy we have

f) =fxAy) =fxX)Afy),
fy)=fxvy)=fx)Vvfy),

and hence f(x) < f(y). O

A lattice isomorphism is a bijective lattice homomorphism.
Lemma 11.24. A lattice isomorphism is also an order isomorphism.

Proof. Since a lattice isomorphism is also an order homomorphism, we have to show
that f ! is also an order homomorphism.

Letf : V — V' be a bijective lattice homomorphism and let a,b € V'. Suppose
that f(x) = aand f(y) = bwith x,y € V and f(x) < f(y). Then

flanb) =ffONf®) =f(Fxay) =xay=f"(a)Af(b).

Analogouslyffl(a vb)= ffl(a) Vf’l(b). O

Definition 11.25. Let (V, <) be a lattice and V' ¢ V. Then V' is a sublattice of V if V' is
closed under the binary operations A and V.

Example 11.26.
(1) Let(V,<) be alattice. Then:
(a) Each interval [a, b] in V is a sublattice. Froma < x < band a < y < b we get
thata<xAy<xvy<hbh.
(b) Each chainin V is a sublattice since x < y impliesx =x Ay andy =x V.
(2) Let M be a nonempty set and M ¢ P(M). Then M is a sublattice of P(M) if it is
closed under intersection and union.
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11.4 Distributive and Modular Lattices

In this section we discuss certain special types of lattices.

Theorem 11.27. Let (V, <) be a lattice.
(1) The following two conditions are equivalent:
(D) xviyAz)=xVy)A(xvz)forallx,y,zeV.
(D) xA(yvz)=(xAY)V(xAz)forallx,y,zeV.
(2) If (D) holds, and hence also (D'), then we have
M) x<z = xv(yAz)=(xVvy)Azforallx,y,z e V.

Proof.

(1) Itis enough to show that (D) = (D'). The implication (D') = (D) follows by
the duality principle.
Suppose (D) is true and let a, b,c € Vwithx =aA b,y =aand z = c. Then

(anb)v(anc) 5 (anb)yva)a((anb)vc)
i © A((anb)vc)
o an(cv(anb)).
We apply (D) once more, this time with x = ¢, y = aand z = b, to obtain
an(cv(anb)) or an((@ave)a(bvo))

& (an(ave)avo)

(L=4) an(bvo).

This gives (D') with a, b, c for x, y, z.
(2) Ifx <z then (M) follows from (D):
X<zo©z=xVz=>xV({YyA2)
(E)(va)/\(XVZ)Z(XVy)/\Z. -

Definition 11.28. Alattice (V, <) is a distributive lattice if (D), and therefore (D), holds.
It is a modular lattice if (M) holds.

In general, a modular lattice is not distributive. As an example, we have already
seen that M; in Figure 11.7 is not distributive but modular. Ms is also shown in Fig-
ure 11.8.

M; is not distributive since

O=(anc)v(anb)<anbvc)=a,

but it is modular.
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0]

M5 Figure 11.8: Lattice Ms.

Because of the equivalence of (D) and (D') and the self-duality of (M) (replacing <
with > and A by Vv gives the same equality with z and x interchanged) we also have the
duality principle for both distributive lattices and modular lattices.

Theorem 11.29 (J. W. R. Dedekind (1831-1916)). Let (V, <) be a lattice. Then the follow-
ing are equivalent:

(1) Vismodular.

(2) The modular cancellation rule holds:

Ifx<yandanx=aAnyandavx=aVvy thenx=y.
(3) V does not contain a sublattice that is lattice-isomorphic to N;.
Proof. (1) = (2) Letx <y.Then

x =xV(xAna)=xV(yAa)

= (xva)Ay= Va)Ay=YV.
(M)( ANy =(VaAy=y

(2) = (3) We have to show that the modular cancellation rule does not hold in
N, see Figure 11.9.

1
y
a
b'e
0
N Figure 11.9: Lattice Ns.

Wehavex <y.NowaAnx=aAyandavx=avybutx+y.
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(3) = (1) Assume that (V, <) is not modular. Then there exist a, b, ¢ € V with
a<c and av((Aac)<(avb)Aac.

Letx =av((bAac),y=b,z=(@@Vvb)Ac,n=bAcande = aV b. We then have
n<x<z<eandn <y < e. We cannot have x < y because if x < y then a < b and,
together with a < ¢, we get

banc=aVv(bAac)<(avb)Ac=bAc.
We cannot have y < z because if y < z then b < c and, together with a < c, we get
avb=av(bAac)<(avb)Ac=aVh.

From these facts we get that y ¢ {n, x, z, e} and that y is comparable neither with x
nor z. In particular, the five elements n, x, y, z, e are pairwise distinct.
Further

xvy=av((bnrc)vb=avb=e,
zAy=(avb)AcAb=bAc=n.
This means, on the one hand, that y is comparable with neither x nor with z and, on

the other hand, that {n, x,y, z, e} is closed under A and v.
Therefore {n,x,y, z, e} is a sublattice of V which is lattice-isomorphic to N;. O

We saw that the lattice M; is modular but not distributive. If both M; and N5 do
not appear then the lattice is distributive. This characterizes distributive lattices.

Theorem 11.30 (G. Birkhoff (1911-1996)). Let (V, <) be a lattice. Then the following are
equivalent:

(1) Visdistributive.

(2) InV the cancellation rule holds:

ifanx=anyandavx=aVvy thenx=y

forallx,y,aeV.

(3) V does not contain a sublattice which is lattice-isomorphic to either Ms or Ns.
Note that for the cancellation rule we need both equationsanx = aAyandaVv x =
avy.

Proof. (1) = (2)

x = xV(xAa)=xV(any)
(L4)

o xva)Axvy)=(avy)An(xVy)
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= (anx)v
<D)( )Vy

(L) Y

(2) = (3) We have to show that the cancellation rule does not hold in M; and
N;, which are given in Figure 11.10.

1 1
y
a
a X y
X
0 0
M; Ns

Figure 11.10: Lattices M5 and N.

In both caseswehaveaAx=aAyandavx=avybutx #y.

(3) = (1) Assume that (V, <) is not distributive and does not contain a sublattice
that is lattice isomorphic to Ns. Hence (V, <) is modular by Theorem 11.29. Since (V, <)
is not distributive there exist a, b, c € V with

(anb)v(anc)<an(bvc).

We define
n=(anb)v(anc)v(bnac),
e=(avb)An(avc)An(bVo),
x=(ane)Vvn,
y=(bAne)vn,

z=(cAe)Vvn.
Then we have n < x,y,z. From (M), which holds since (V, <) is modular, we get
ann=an((anb)v(anc)vibnc)) =(anb)vianc))v(an(bnc)) =(arb)v(anc).

This, together withaAe = aA (b V c), leads to n < e. From this we get x, y, z < e. To
see, for instance, x < e, wenotethatane <eandn < e.
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To show that {n, e, x, y, z} forms a sublattice of VV which is lattice-isomorphic to Ms,
it is enough to show that

XAYy=XAzZ=yAz=n

and
XVy=xVy=xVvz=e.
We show that x Ay = n. The other cases are analogous.
We have

xAy = ((@ane)vn)A((bre)vn)
((a/\e)/\((b/\e)vn))vn

EII

A:/I (aneya((bvn)Ae))vn
& (aneynen(bvn))vn
& (aneyn(bvn))vn
i ((anvo)a(bvianc))vn
& (an(bv((bvc)A(anc))))v
an(bvanc))v (usinganc<c<bvc)
(L:nn
This proves Theorem 11.30. O

11.5 Boolean Lattices and Stone’s Theorem

We are now almost ready to describe the Boolean lattices. The standard example is
the lattice (P(M), c) where M is a set. Here the empty set @ is the smallest and M the
greatest element. It is possible that M = 0. In what follows we always assume that a
lattice (V, <) has a smallest element O and a greatest element 1. If V is finite then these
elements exist by Theorem 11.19.

Definition 11.31. Let (V, <) be a lattice with smallest element O and greatest element 1.

If V is finite these exist automatically.

(a) Elements x,y € V are called complementary to each other if and only if x Ay = 0
and x vy = 1. We call y a complement of x.

(b) (V,<)is called a complementary lattice if each element in V has at least one com-
plement.

(c) (V,<)isa Boolean lattice, or just Boolean, if (V, <) is distributive and complemen-
tary.
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Remark 11.32.

(1) For distributive lattices we know that the duality principle holds. From the defini-
tion it also holds for complementary lattices if we interchange A and v and also 0
and 1. Hence the duality principle holds for Boolean lattices.

(2) A chain in a lattice is always a distributive sublattice since if, for instance, y < z
thenxVvy<xvzandxVvV(yAz)=xVy=xXVY)A(xVz).

(3) A complementary lattice is in general not distributive; Ms provides an example,
see Figure 11.11.

(0]

MS Figure 11.11: Lattice M.

We know that M is not distributive but modular. M; is complementary. Certainly
O0A1=0and0vVv1=1and, forexample,anb=0andavb=1.
(4) A chain with more than two elements is distributive but not complementary.

Theorem 11.33. Let (V, <) be a distributive lattice with the smallest element O and the
greatest element 1. Then each element of V has at most one complement.

Proof. Lety, and y, be complementary to x. Then
XAY;=XAy,=0 and xVvy,=xVvy,=1
Therefore y; = y, by the cancellation rule. O

It follows from the theorem that in a Boolean lattice for each element a there exists
exactly one complement a. Hence in a Boolean lattice we have besides (L1)—-(L4) and
(D)-(D") also the rule: For each a € V a unique complement a exists witha na =
O,ava=1.

Further in a Boolean lattice we get De Morgan’s laws, named after A. De Morgan
(1806-1871), relating conjunction, disjunction and complement.

Theorem 11.34 (De Morgan’s Laws). In a Boolean lattice (V, <) we have
(1) (anb)=avh,
(2) (avb)=anh.
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Proof. Here
(@anbyan@vb)=an((baa)v(bab))=arnanb=0Ab=0
and
(@anbyv@vb)=(ava)A@vb)vb=(@vbhyvb=avi=1

Henceavb = (a A b) by the uniqueness of the complement. The second of De Morgan’s
laws follows from the duality principle. O

We now define a Boolean algebra.

Definition 11.35. A Boolean algebra consists of a nonempty set B together with the
following axioms:
(1) There exist in B two distinguished elements, the zero element 0 and the unity ele-
ment 1.
(2) There exists in B a unary operation ~, which assigns to each element a € B a
unique element a, called the complement of a.
(3) There exists in B a binary operation A.
(4) There exists in B a second binary operation V.
(5) The operations A, v and ~ satisfy the following axioms:
(@) ana=aandaV a = afor all elements a € B.
(b) anb=bAraandavb=bvaforalla,b eB.
(c) anbac)=(anb)ancandaVv (bvc)=(avb)vcioralla,b,c € B.
(d) anve)=(anb)v(anc)andav (bnac)=(avb)A(anc)foralla,b,c €B.
(e) an(avb)=aandav (anb)=aforalla,b ¢ B.
(f) ana=0andava=1foralla ¢ B.
(g) an0=0,av0=a,avi=1,anl=aforalla e B.

Remark 11.36.

(1) As an example, if M is a set, then the power set P(M) is a Boolean algebra with
0=0,1=MandA =A°=M\A.HereA=nandV = u.
By definition the duality principle holds for Boolean algebras. If we interchange
consistently A and v as well as 0 and 1 in a statement which is true for all Boolean
algebras then we again get a true statement for all Boolean algebras.

(2) With the same proof as for Boolean lattices, for Boolean algebras we get De Mor-
gan’s laws:
(@) (anb)=avh,
(b) (@avb)=anh.

(3) Boolean lattices and Boolean algebras denote the same (discrete) algebraic struc-
ture. We talk about lattices if we want to emphasize the order, and we talk about
algebras if we want to emphasize the algebraic operations.

printed on 2/10/2023 4:13 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



11.5 Boolean Lattices and Stone’s Theorem = 331

In a Boolean algebra with the operations A, v and ~, we get a partial order by
defining

a<b ifandonlyif a=anb.

In what follows we want to describe and classify the finite Boolean lattices (fi-
nite Boolean algebras). We show that they are lattice-isomorphic to a Boolean lattice
(P(M), ) for a nonempty set M. This is the theorem of M. H. Stone (1903-1989).

Definition 11.37. Let (V, <) be a finite lattice. An element a € V is called irreducible
(or more concrete V-irreducible) if and only if a is not a minimal element and for all
b,ce Vwegetfroma=bvcthata=bora=c.

Let Z(V) denote the set of irreducible elements of V.

Remark 11.38. Each finite lattice (V, <) with more than one element contains irre-
ducible elements. Recall that a finite lattice ¥V has exactly one minimal element 0 and
the elements a with dimension d(a) = 1 are irreducible.

There do exist infinite lattices without irreducible elements. An example for this
is the Cartesian product Z x Z with componentwise comparison. This follows from
(mn)=(m-1L,nv(immn-1)formneZ.

Example 11.39.
(1) Inachain each a # 0 is irreducible.
(2) Inthe Hasse diagram in Figure 11.12 all elements except O are irreducible:

a=xVy = x=y=aorx=0o0ry=0,

thatis,a=xora=y.

0 Figure 11.12: Hasse diagram with three irreducible elements.

(3) In the Hasse diagram in Figure 11.13 the irreducible elements are the four circled
elements.

Definition 11.40.

(1) A lattice (V,<) is called a set lattice if V is lattice-isomorphic to a sublattice of a
power set lattice P(M) for some set M.
Each set lattice is certainly distributive since distributivity follows in sublattices.
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Figure 11.13: Hasse diagram in which irreducible elements are the
four circled elements.

(2) A Boolean set lattice or Boolean set algebra is a set lattice V of a power set lattice
P(M) for some set M with 0, M € V and for A,B € V then A°,Av Band A A B are
allin V.

Theorem 11.41. Let (V, <) be a finite distributive lattice. For a € V we define
pa) ={x|xeZ(V)and x < a}

ifa+0andp(a)=0ifa=0.
Then the following hold:

(1) p(V) = {p(a) | a € V}is a set lattice with respect to the inclusion c and with the
union U and the intersection n as the operations.

(2) The allocation a — p(a) defines a lattice isomorphism (V,<) — (p(V), ©).

Proof.

(1) Inany case (p(V), <) is a partial suborder of the lattice (P, ¢). It may be that p(V) =
@,namelyif V = 0. However, for each a #+ 0 we get p(a) # @ because either dim(a) =
1 or if dim(a) > 2 then a maximal chain from O to a contains an element with
dimension 1. (Such a maximal chain exists.) We have to show that p(V') is closed
under Nnand U. Leta, b € V witha # 0,b # 0. Then

(1) pl@)np) ={x|xeZ(V)and x < a,x < b} =planb) € p(V).
(2) p@up)={x|xeZ(V)andx <aorx<b}c{x|xeZ(V)andx <av b}
=p(aVvb).

On the other hand, let x € p(a Vv b). Then by definition x < a v b. Now

x=xA(avb) = xAna)V (xADb).
(D)

From x € Z(V) we get x = x Aaorx = x A b. Hence x < a or x < b, and finally
x € p(a) U p(b). Altogether we get p(a) U p(b) = p(a Vv b) € p(V).
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(2) Since A and v are associative, for finitely many a;, a,, . .., a,, we may write

<=
2

I
—_

insteadof aq; va, v---va,. Alsoif A = {a;,a,, ..., a,} we may just write

\ a

a;cA

The analogous representation we may use for A.
With this setting we get

fora € V'\ {0}.

This shows the injectivity of the map p : V — p(V) given by a — p(a). The map p
is surjective by definition.

The equations p(a A b) = p(a) n p(b) and p(a v b) = p(a) u p(b) were shown al-
ready. 0

Definition 11.42. Let (M, <) be a partial order with smallest element 0. The atoms of
M are those elements b with O <y b. These are exactly those elements b € M with
db) =1.

Theorem 11.43. Let (V, <) be a finite Boolean lattice with a € V,a # 0. Then a is irre-
ducible if and only if a is an atom.

Proof. ltis clear that atoms are irreducible. Now leta € V,a # 0, not be an atom. Then
there exists an a; € V with 0 < a; < a, and we get

a,V(ana) (L:)) (ayva)A(agva)=anl=a.

We claim thatana; < a.
For this claim first we have a Aa; < a. Assume that a Aa; = a. By De Morgan’s law
we get

ana;=ava,=ava, =a,

and therefore a; < a. It follows that a; < a A a = 0, that is, a; = 0, which gives a
contradiction. Hence a A @; < a and a is not irreducible. O

We now come to the main result of this section Stone’s theorem for finite lattices.
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Theorem 11.44 (Stone’s theorem). Each finite Boolean lattice (V, <) is lattice-isomor-
phic to a power set lattice (P(M), C).

More concrete, let A be the set of atoms in V. Then (P(A), c) and (V, <) are lattice-
isomorphic.

Proof. V is distributive and hence by Theorem 11.41 we have that V is lattice-isomor-
phic to (p(V), c) where

p(V) = {p(a) | a e V}
with
pa) ={x|xeZ(V),x < a}.

By Theorem 11.43 we have Z(V) = A, and hence p(V) c p(A). If a € A then p(a) =
{a}, which means that all sets with one element from A belong to p(V). Since V is closed
under A, we finally have p(V) = P(4). O

Corollary 11.45. Let V be a finite Boolean algebra. Then |V| = 2" where n = |A| where A
is the set of the atoms in V.

Remark 11.46.

(1) Inthe opposite direction, if M is a finite set with |M| = nthen (P(M), <) is a Boolean
lattice with 2" elements. Hence for each k = 2", n € N, there exists a Boolean
lattice with exactly k elements, and this is uniquely determined up to lattice iso-
morphism.

(2) We note further that Theorem 11.44 does not hold in general for infinite sets. We
give an example. Let M be the set of all subsets of N which are either finite or
cofinite, that is, have a finite complement.

We claim that M is a distributive lattice with respect to inclusion c and with the

operations U and n. To see this we have:

(@) A, BeM = AUB < M. Thisis clear if both A, B are finite. If A is infinite then
A€ is finite and hence

(AUB)  =A°nB° is finite.

Therefore AUB € M.
The case where B is infinite is analogous.

(b) AL Be M = AnB e M.If either A or B is finite then A n B is finite, and
hence A n B € M. If both A and B are infinite then both A€ and B¢ are finite,
and hence (A N B)° = A€ U BC is finite. Therefore AN B € M.

(c) Since M c P(IN), all the rules for u and n hold in M, and hence M is a dis-
tributive lattice.
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We next claim that M is a complementary lattice. For this claim we must show that
if A € M then A € M. If A is finite then A€ is cofinite, and hence A€ € M. If A is
infinite then A€ is finite, and hence A€ ¢ M.

Hence M is a distributive, complementary lattice, and therefore M is a Boolean
lattice. Further M is an infinite Boolean lattice and M is countable.

Now let N be any set, then P(N) is either finite or uncountable. It follows that
(M, <) is not lattice-isomorphic to a power set lattice (P(N), ¢) for some set N.

We now state the general theorem of Stone which we will prove in Section 11.8.

Theorem 11.47 (General Stone’s theorem). Each Boolean lattice (V, <) is a Boolean set
lattice, that is, lattice-isomorphic to a Boolean sublattice of a power set lattice (P(N), )
for some set N.

11.6 Construction of Boolean Lattices via 0-1 Sequences

Besides the trivial Boolean lattice where {0} = {1}, the Boolean lattice containing only
the two elements 0 and 1 with O # 11is the simplest.

Let B = {0,1} with O # 1. For the operations A and v we give the following tables,
see Table 11.1.

Table 11.1: Operations A and V.

N 0 1 \Y 0 1
0 0 1
1 0 1 1 1 1

For the complement in B we have 1 = 0 and 0 = 1. We now consider {0, 1} as a subset
of Z, and here {0, 1} is closed under multiplication in Z and the S-sum defined by

a+b-=

{o, ifa=b=0and
S

1, otherwise

with a, b € {0, 1}.
Now A coincides with the multiplication in {0, 1} and v with the S-sum or Boolean
sum:

anb=ab and avb:aﬁstb

fora,b € {0,1} c Z.
Starting with B we may construct each finite Boolean lattice.
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Let B" be the n-fold Cartesian product of B, that is, the set of n-digit 0-1 sequences
(ay,ay,...,a,) with a; € {0,1},i = 1,2,...,n, equipped with the componentwise multi-
plication and Boolean addition:

(al,az,...,an)/\(bl,bz,...,bn) = (al,az,...,an) . (bl,bz,...,bn)
= (albl, azbz,. .. ,anbn)

(al,az,...,an)V(bl,bz,...,bn) = (al,az,...,an)‘;(bl,bz,...,bn)

= (algbl,angz,...,angbn)
with all a;, b; € {0, 1}. We have |B"| = 2" and define
(ay,ay,...,a,) < (b1, by,....by)
if and only if
(a1, ay,...,0,) = (ay, Ay, ...,0,) (b1, by, ..., by) = (a1hy, ayby, . .., ayby).

With 0 = (0,0,...,0)and 1 = (1,1,...,1) we get that 0 < (a;,ay,...,a,) < 1forall
(ay,ay,...,a,) € By, and certainly (ay, a,,...,a,) < (by, by, ..., b,) ifand only if a; < b;
fori=1,2,...,n.

Theorem 11.48. B" with n > 1 is a Boolean algebra, that is, (B",<) is a Boolean
lattice with the zero element O and the unity 1. Further if (a;,a,,...,a,) € B" then
(apay,....a,) = (@, a,...,a,) is the complement of (aj,a,,...,a,). Each Boolean
algebra (lattice) with 2", n > 1, elements is lattice-isomorphic to B".

Proof. LetM ={1,2,...,n}. For A ¢ M we define

Xa = Xa(D,xa ), ..., xa(M))

with
0, ifj¢ Aand
i) =
Xa0 {1, ifj € A.
We then have the relations
XanB = XA XB

and

XauB = Xa }'XB-
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The allocation A — y, defines a bijective map ¢ : (P(M), <) — (B", <) with
$(ANB) =p(A) - p(B)

and
P(AUB) = p(A) : ¢(B).

The rules for a Boolean lattice now come from (P(M), <) to (B", <) O

Definition 11.49. A Boolean function is a map F : B" — B™ with m,n € N. A map
B" — Bis called a switching function.

A Boolean function describes how to determine a Boolean-valued output based
on some logical calculations from Boolean inputs. Such functions play a basic rule in
questions of complexity theory as well as in the design of computer chips for digital
computers.

The properties of Boolean functions also play a role in cryptology, particularly in
the design of symmetric key protocols and their algorithms. Boolean arithmetic on
{0, 1} is called the XOR operation.

Each Boolean function B" — B™ is uniquely determined by the m switching func-
tion which belong to the single coordinates in B™.

The 22 = 2%l switching functions form a Boolean lattice with respect to

-9 =fx)-gx),
f gg)(X) =f(x) t gx)

and
FOO =fF(0
where x = (x;, X, ...,X,) € B". Here f(0,0,...,0) = 0and f(1,1,...,1) = 1.

The rules for a Boolean algebra extend to the set of switching functions.
As an example for n = 1 we have the 4 switching functions, see Table 11.2.

Table 11.2: 4 switching functions forn = 1.

Forn=1 function values

variablevalue0 0 0 1 1
variablevalue1 0 1 0 1
function 0 X X 1

zero function identity complement unit function
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If n > 2 then we have the special switching functions (x;,x,,...,x,) — X, the projec-
tion onto the vth coordinate. We denote these simply by x,. If z = (z;,2,,...,2,) € B"
arbitrary but fixed we define

f(x) = E(xvzv 1%, 7).

We have

f,x)=1 ifandonlyif x=z
and

f,x) =0 ifandonlyif x#z
because

X,z Jsrx_vz_v =0 ifandonlyif x, #z,.

This gives the following theorem.

Theorem 11.50. Each switching function f : B" — B has a unique representation of the
form

foo =Y A@)f,x)
zeSB'l
with A(z) = 0 or 1. This is the disjunctive normal form.

The uniqueness of the representation follows directly from A(z) = f(z) for each
zeB".

11.7 Boolean Rings

Let M be a set and P(M) its power set. We construct a ring structure on P(M). For a
discussion of rings see, for example, [13].

First we define multiplication by intersection. That is, if A,B € P(M) then AB =
A n B. For addition we use the symmetric difference of two sets. By this we mean

AAB=(AUB)\(ANB)=(ANB°)U(A°nB).
On P(M) we define for any two sets A, B € P(M) their sum as

A+B=AAB.

With these operations we get the following result.
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Theorem 11.51. Let M be a set and R = P(M). Then R with addition and multiplication
as defined above forms a commutative ring with unity. The zero element is ¢ and the
unity is M. The additive inverse of any subset A is A itself. The ring R is finite if and only
if M is finite. If M = @ then R is the null ring {0}.

Proof. The proof that R forms a ring under the given operations consists of verifying
the ring axioms. This is very straightforward and we omit here the easy calculations.
The other assertions follow directly from set properties.

If M is finite then P(M) is also finite while if M is infinite its power set is also
infinite. O

Any subring of P(M) is called a ring of sets. Recall that a nonempty subset of a ring
forms a subring if it is closed under addition, multiplication and additive inverses.
For subsets of P(M) to be a ring it is sufficient that this subset is closed under union,
intersection and complement since symmetric difference is defined in terms of union,
intersection and complement.

Lemma 11.52. Let R; c P(M) be a nonempty collection of subsets of the set M. Then R,
forms a subring of P(M), and hence a ring of sets, if it is closed under union, intersection
and complement.

From Lemma 11.52 we get the following:

Lemma 11.53. Let R; ¢ P(M) be a ring of sets. Then R, forms a Boolean lattice under
union, intersection and complement.

Let A € R = P(M). Then AA = A’ = An A = A. Hence the square of any element in
aring of sets is itself. Further A is its own additive inverse since A + A = 2A = (. Hence
for any A € R we have 2A = 0 where R is any ring of sets.

The property A% = A for any A in a ring of sets we abstract to define a special type
of ring.

Definition 11.54. A Boolean ring R is a ring where x* = x for all x € R.
We now show that any Boolean ring is commutative and 2x = O for any x € R.

Theorem 11.55. Let R be a Boolean ring. Then R is commutative and 2x = O for any
x € R.

Proof. If R consists of just the zero element O then the assertions are clear. Assume
then that R has at least two elements. Let x,y € R. Then x*> = x and y? = y. Consider
(x + x)? = x + x. On the other hand,

(x+x)2 =X+ X+ XX =X X EX X
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This implies that x + x = 0 or 2x = 0. This implies that -x = x for any x € R. Now
consider (x + y)? = x + y and get

x+y)P =X +xy+yx+y =x+y = xy+yx=00rxy = -yx.

However, we have shown that —yx = yx, therefore xy = yx, and hence R is commuta-
tive. O

If Ris a Boolean ring, then we define x < y if x = xy. This relation is a partial order.
It is reflexive because x° = x, it is antisymmetric since R is commutative, and finally it
is transitive because

xz=xyz=xy=x forx=xyandy=yz.

Theorem 11.56. LetR = (R, +,-,0,1) be a Booleanring, and let x < y if and only if x = xy.
Then (R, <) is a Boolean lattice. In this lattice we have:
(@) Ois the smallest element and 1 is the greatest element.

(b) x Ay =xy.
() xvy=x+y+xy.
(d x=1+x.

Proof. We have already seen that (R, <) is a partial order. The statement (a) is obvious.
(b) We have xy < x and xy <y since xyx = xy = xyy.
Now letz < x,z < y, thatis, z = zx and z = zy. It follows that z = zy = zxy, and
therefore z < xy. Hence x A y = xy, the greatest common lower element.
(c) We have

x(x +y+xy) =x2+xy+x2y:x+2xy=x
and analogously
yx+y+xy) =y.

Thereforex < x+y+xyandy < x +y + xy.
Now letx < zandy < z. Then x = xz and y = yz. Then

X+y+Xxy)z2=XZ2+yZ+XYZ=X+Yy +X).

Hence x+y+xy < z and therefore x vy = x+y+xy the smallest common upper element.
(d) Now x + (1 + x) = 1and x(1 + x) = 0. Therefore x = 1 + x.
This shows that (R, <) is a complementary lattice. The distributive law is satisfied
because

xXVY)ANz=X+y+xy)z=xz+yz+xyz=(XAY)V(y AZ2).

Hence (R, <) is a Boolean lattice. O
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Theorem 11.57. Let (V, <) be a Boolean lattice with minimal element 0 and maximal
element 1. We define addition and multiplication by

(@ x+y=GxAy)VEAY),

() xy=xAny.

Then (V,+,-,0,1) is a Boolean ring and x < y if and only if x = xy.

Proof. Immediately we have that x + x = 0, x + 0 = x, xx = x and x - 1 = x. Further
x+y=y+xandxy = yx, as well as x(yz) = (xy)z.
We show that addition is associative:

X+yY)+z=XXAYAZ)VNXAYANZ)VXAYAZ)V(XAYAZ)

=x+(y+2).
Finally, we must show that
x+y)z=xz+yz.
We have
x+)z=((XAY)VEAY)Az=XAYAZ)VXAYAZ).
Further

XZ2+yz=XANZAYANZ)VYANZAXNZ)
=(xXAzAFVZ) V(Y AZAKAZ))

=(XAYAZ)VXAYyAZ).
Both calculations together prove that (x +y) - z = (xz + yz).
This proves the statement. O

We note that the concepts Boolean lattice, Boolean algebra and Boolean ring are
entirely equivalent. This leads to the second version of Theorem 11.44.

Theorem 11.58 (Stone’s theorem for Boolean rings). Each finite Boolean ring R is ring-
isomorphic to a power set ring P(M) for a set M.

11.8 The General Theorem of Stone

We now use the theory of Boolean rings, which is equivalent to the theory of Boolean
lattices, to prove the general theorem of Stone. We recall that x < y ifand onlyif x = xy
via the mentioned equivalence. Let R = (R, +,, 0,1) be a Boolean ring. A subset F ¢ R
is called a filter if the following four conditions are satisfied:
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(@) F+0.

(b) O ¢F.

(c) x =xyimplies thaty € Fforallx € Fandy € R.
(d) xy e Fforallx,y € F.

Remark 11.59.

(1) From (c) we have that1 € F.

(2 IfOo + x € RthenF, = {y € R | x < y}is afilter called a principal filter generated
by x. If {F; | I € I} is a family of filters with I a linearly ordered index set and if
F; c Fjforalli < j then Ji/F; is a filter. This means that in the set of all filters in
R each chain {F; | i € I} has a smallest upper element | J;;F;. By Zorn’s lemma,
named after M. Zorn (1906-1993), each filter is contained in a maximal filter, that
is, in a filter U ¢ R with the property that each filter F with U c F c Ris already U.

Zorn’s lemma is equivalent to the axiom of choice (see [14]). Here we may take
Zorn’s lemma as an axiom. We denote the maximal filter as an ultrafilter.

Now filter F ¢ R cannot contain both x and X = 1 + x for otherwise 0 = x(1 + x) is
in F, which is impossible.

This observation provides a nice characterization of ultrafilters.

Lemma 11.60. A filter F c R is an ultrafilter if and only if either x e Forx e F,Xx = 1+x,
foreach x € R.

Proof. Letx € Randlet F c Rbe afilter. As mentioned F cannot contain both x and 1+x.
Assume that F contains neither x nor 1 + x. We show that F is not maximal. We
define

F' ={z € R| xy = xyz for some y € F}.

We have F ¢ F' and x ¢ F' since F is not empty. Therefore F # F'.

We must show that F' is a filter. Assume that 0 € F'. Then xy = xy - 0 = 0 for some
y € F and therefore y(1 + x) = y which givesy < 1+ x = X € F, which is impossible.
Hence O ¢ F'.

Letz € F' and z = zz'. For some y € F we have the equation

xy = xyz = xy(22') = (xyz)z' = xy2'

and then z' € F'. Hence F' is a filter. O

The set U/ of ultrafilters is therefore exactly the set of filters which contain either x
or1+ x foreach x € R.
We now allocate to each a € R a set p(a) c U of ultrafilters and we define

pa@a={Uel|acU}
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11.8 The General Theorem of Stone = 343

This gives us the general Stone’s theorem.

Theorem 11.61. Let R be a Boolean ring and let U be the set of ultrafilters of R. The
allocation a — p(a) defines an injective map R — P(U). In particular, the Boolean ring
R is ring-isomorphic to a subring of P(U), and therefore each Boolean lattice is lattice-
isomorphic to a Boolean set lattice.

Proof. Directly we have p(0) = @ and p(1) = U{. We show that p is injective.

Let a,b € R with a # b. By symmetry we may assume that a # ab because either
a+aborb + ba=ab.Thena(l+ab)=a+ab + 0.

Therefore there exists an ultrafilter U. which contains the principal filter {y € R |
¢ <y} where ¢ = a(1+ab). The ultrafilter U, contains a and 1+ ab but it cannot contain
b because otherwise ab € U contradicting 1+ ab € U,.

We finally have to show that

p(ab) = p(a) N p(b)
and
pa+b) = p(a) A p(b).

The ultrafilters which contain ab are exactly those which contain a and b. Hence
we have p(ab) = p(a) N p(b). We now consider an ultrafilter U which contains a + b.

Assume that U contains neither a nor b. Since U is an ultrafilter then1+aand 1+ b
are contained in U by Lemma 11.60. Hence

(a+b)1+a)1+b)eU.
However, this is not possible since
(a+b)Q+a)l+b)=(a+b)1+a+b+ab)=a+a+ab+ab+b+ab+b+ab=0.

This shows that p(a + b) = p(a) U p(b).
Now assume that U contains both a and b. Then ab € U. This also is impossible
because

(a+b)ab=ab+ab=0.

Hence p(a + b) c p(a) & p(b).
The last thing we must show is that

p(a) A p(b) c p(a+b).
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For this we start with an ultrafilter U which contains a and 1+ b. We have to show that
a+bisinU.Ifnot, thena,1+band1+a+ b areall in U. Again this is impossible since

al+b)1+a+b)=(a+ab)l+a+b)=a+a+ab+ab+ab+ab=0.

Altogether we have p(a + b) = p(a) A p(b), proving the theorem. O

We note that for finite Boolean rings the ultrafilters are exactly the filters generated
by the atoms.
Hence Theorem 11.44 and Theorem 11.58 are indeed special cases of Theorem 11.61.

Exercises

1. Let B", n > 1, be the n-fold Cartesian product of B = {0, 1}, that is, the set of the
n-digit 0-1-sequences (a;, ay, ..., a,) witha; =0or1fori=1,2,...,n.
Show that B" is partially ordered by

(ay,ay,...,a,) < (by,by,....b,) & a;<bjfori=12,...,n and
(ay,ay,...,a,) < (by,by,....b,) & a;<bjfori=12,...,n and

a; < b; for at least one i.

Give the Hasse diagrams for B!, B® and B>.
2. Let (M, <) be a finite partially ordered set.
Show that M contains minimal elements and, if M contains exactly one minimal
element, then this is the smallest element.
3. Let (M, <) be a partial order
(@) Show that sup(@) exists if and only if M has a smallest element, and then
sup(d) =: 0 is the smallest element.
(b) Show that inf(9) exists if and only if M has a greatest element, and then
inf(@) =: 1is the greatest element.
4, Let (M, <) bea complete partial order. Show that (M, <) has a uniquely determined
smallest element, and this is sup(@) =: 0.
5. Let (M, <) be a complete partial order and f : M — M be continuous. Show that

X = sup{fi(sup((b)) |i>0}

is the uniquely determined smallest fixed point of f.
(Hint: An element x € M is a fixed point of f if f(x) = x.
Show first that

sup(0) < f(sup()) sfz(sup(ﬂ)) <

This is the fixed point theorem of S. C. Kleen (1909-1994).)
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Exercises = 345

Show the existence of an infinite set lattice which does not contain irreducible

elements.

Let (V, <) be a Boolean latticeand a € V.

Show the general statement that a is an atom if and only if a is irreducible.

(a) Let (V,<)be a complete lattice, that is, a lattice and a complete partial order.
Show that in V each subset D has a greatest lower bound

inf(D) = sup{x € V| x < yforally € D}.

In particular, each complete lattice has a smallest and a greatest element.
(b) Show that each finite lattice is complete.
Let (V, <) be a complete lattice (see Exercise 8) and f : V — V be a lattice homo-
morphism.
Then the set

Pf)={y e VIf(y) =y}

of the fixed points of f is a complete sublattice. In particular, there exist uniquely
determined smallest and greatest fixed points.

This is the fixed point theorem of B. Knaster (1893-1980) and A. Tarski (1901-1983).
Show in detail that each switching function f : B* — B has a unique representa-
tion of the form

f00 =Y A2f00, Az)=0orl.
S
zeB"

Let M be any nonempty set. In the power set P(M) we define addition and multi-
plication by

A+B=(AUB)\(AnB) and
A-B=AnB.

(a) Show that R = P(M) forms a commutative ring with unity.
(b) Explain why we will not get a ring if we define operations in P(M) by

A+B=AUB and
A-B=AnB.
Let R be a ring such that
3

x> =x forallx € R.

Show that R is commutative.
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abstract face 205 combinations 228
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acyclic digraph 301 complement of a 330
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adjugate adj(A) 39 complete 314
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arc length parameter 18 cone of a simplicial complex 215
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(arithmetic) partition numbers 255 congruent 31
(arithmetic) partition numbers recursion formula  congruent number 53

255 congruent triangle 49
atoms 314 conic section 69, 70

connected 130

barcode 219 connected component 130
Bayes net 302 connecting edge 127
Bayes network 302 constant speed curve 17
Bell-number 251 continuous 317
Bernoulli process 281 continuously differentiable 188
Betti numbers 215 convex hull 206
bijective 36 convex polyhedron 170
binomial coefficient 228 critical simplices 216
binomial formula 235 cross-product 15
binormal vector 20, 21 cross-ratio 183
bipartite graph 140 crossing-free 136
Boolean algebra 311 cube 159
Boolean function 337 cumulative distribution function 282
Boolean lattice 328 curvature 20
Boolean ring 339 curvature vector 19
Boolean set algebra 332 cycle 252
Boolean set lattice 332 cycle group 213
boundary group 213 cyclic digraph 300
C-coloring 139 degenerate conic sections 72
c.d.f. 282 degree of x 130
canonical geometric realization 206 derangement 245
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Catalan numbers recurrence relation 257 difference rule 224
chain 315 digraph 296
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directed acyclic graph 301
directed cyclic graph 300
directed Euler cycle 299
directed graph 296

directrix 81

discontinuous 90

discrete random variable 281
discriminant 83

distinct from G 137
distributive lattice 324
distributivity inequalities 321
dodecahedron 159

(double) cone 69

double periodic group 99
double ratio 183

drawer principle of Dirichlet 227

earth measure 1

edge circle 130

edge line 130

edge path 130

edge sequence 130

edges 127

eigenvalue 54, 61

eigenvector 54, 61

elementary Nielsen transformations 196
ellipse 77

empty event 277

equivalence relation 312

Erlanger Programm 31

Euclidean group 87

Euclidean group of motions 31
Euclidean parallel postulate or EPP 177
Euclid’s Axiom 1 1

Euclid’s Axiom 2 1

Euclid’s Axiom 3 1

Euclid’s Axiom 4 1

Euclid’s Axiom 5 2

Euclid’s Elements 1

Euler cycle 145

Euler line 145

Euler-Poincaré formula 215

Euler’s g-function 244

event space 277

exponential generating function 269

faces of G 137
factor group 88
factorial 229

figure 162

filter 341

filtration 218

final vertex 130

finite digraph 297

finite graph 129

finitely presented 87

fixed point group 91

fixed point of f 179

fixed point of the permutation 245
focal points 77, 80

free Abelian 212

frieze groups 101

friezes 101

fundamental region for G 94

Gale-Shapley algorithm 144
general linear group 39
generators 87

geometric face 207

geometric realization 208
geometric simplex 207
geometric simplicial complex 207
geometry 1

glide reflection 46

gradation 317

graph 127

greatest element 314

greatest lower bound 314
group of congruence motions 31
group of Euclidean motions 31

Hamiltonian cycle 148

Hamiltonian line 148

Hasse diagram 128

Hessian normal form 70, 71

homology group 213

homomorphism 88

homothety 178

hyperbola 77,79

hyperbolic distance 187

hyperbolic geometry 177

hyperbolic length 188

hyperbolic line segment 188
hyperbolic parallel postulate or HPP 177
hyperbolic polygon 188

hyperbolic theorem of Pythagoras 190
hyperbolic triangle group 193
hypergeometric random variable 281
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icosahedron 159
idempotence 320
identically distributed 282
Incidence Axiom1 6
Incidence Axiom 2 6
Incidence Axiom 3 6
incidence matrix 227
infinite dihedral group 92
inner vertex 131

input degree 298
intrinsic equations 24
invariant 31

inverse matrix 36

inverse relation 312
inversion 178

invertible 36

irreducible (or V-irreducible) 331
isolated 129

isometries 31

isometry 24, 31
isomorphic graphs 136
isomorphism 88

isotone map 317

Jordan—-Ho6lder chain condition 317

k-colorable 139
k-combination 231
k-cycle 252
k-permutation 231
k-repetition 231
k-subset of M 234
k-variation 231
Karamata-notation 255
ker(f) 88

kissing plane 20
Klein four group 92

label 94

Laplace space 278

lattice 318

lattice homomorphism 323
leaf 131

least upper bound 314
length of ¢ 17
lexicographic order 313
line 167

linear eccentricity 78

linear fractional transformation (LFT) 177

Index

linear isometry 31
loop 297

lower bound 314
lower element 318
lower-neighbor 313

marriage condition 140
marriage theorem 141
mass function 282
matching 140

matching on a poset 216
maximal chain 315
maximal element 314
measure space 278
mesh 221

metric 218

metric space 218
minimal element 314
modular inequality 321
modular lattice 324
moves 42

moving trihedron 19
multinomial coefficient 239
multinomial theorem 239

Nielsen equivalent 196
non-oriented 88

normal subgroup 67
numerical eccentricity 74

octahedron 159

orbit 253

order 312

order antihomomorphism 317
order homomorphism 317
order isomorphism 317
ordered samples 228

ordered set 312

ordered simplicial complex 212
ordinary generating function 259
oriented 88,163

orthogonal matrix 40
osculating plane 20

outcomes 277

output degree 298

p.m.f. 282
parabola 77, 81
parameter 74
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parameterized curve 16
parent events 303

parent vertices 303

Pareto analysis 294

part 255

partial order 312

partial suborder 315
partially ordered set 312
partition 255

partition of M 248

path 16

perfect matching 140
permutation of M 245
permutations 228
persistance 219

pigeonhole principle 227, 238
planar 136

planar isometry 89

(plane) figure 90

Platonic solid 171

point 167

polyhedra 170

polyhedron 207

poset 312

position vector 16
probability mass function 282
probability measure 277
probability space 277
“Probléme de recontres” 245
Priifer code 135

rank of a group 212
Recontres-numbers 245
recursion formula 233
reflection angle 43
reflection at the plane through ¥; and ¢ 56
reflexive 312

regular 16

regular conic sections 72
regular polygons 91
relation R 312

ring of sets 339

rotary translation 57
rotation 178

rotation about an axis 56
rotation reflection 56
rule of difference 224

sample space 277
sampling with replacement 228

sampling without replacement 228
screw displacement 57

section graph 130

semi-major axis 78

semi-major axis of the ellipse 75
semi-minor axis of the ellipse 75
semidirect product 88

set lattice 331

sign of a permutation 38

simple digraph 297

smallest element 314

solution of a TSP 151

spanning section graph of V' 130
spanning tree 134

special linear group 39

special orthogonal group 89

speed 16

Sperner labeling 210

Sperner’s lemma 210

(spherical) angle 168

(spherical) distance 167

spherical law of cosines 175
spherical move 168

spherical theorem of Pythagoras 175
spiral similarity 178

stable marriage problem 142

stable matching 142

Stirling number s(n, k) of the first kind 253
Stirling numbers recursion formula 249
Stirling-numbers of the second kind 249
strongly connected 298

subdivision of a simplex 209
subgraph 130

sublattice 323

switching function 337

Sym(F) 90

symmetric 312

symmetric matrix 67

tangent vector 19

tessellation (tiling) 93
tetrahedron 159

time 16

torsion 21

transformation group approach 31
transitive 312

translation 178

translation axis 101

translation by v, 34
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transpose of A, AT 37

Traveling Salesman Problem (TSP) 151
tree 131

tree diagram 224

triangle group 97

triangle inequality 218

ultrafilter 342
unchanged 31

unit normal vector 20
unit speed curve 17

Index

upper bound 314
upper element 318
upper-neighbor 313

velocity 16

velocity vector 16

vertex scheme 207
vertices 127
Vietoris—Rips complex 218

weighted graph 151
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