Energy Of Graphs: The Eigen-Complete
Difference Ratio With Its Asymptotic,
Domination And Area Aspects

By

SAMSON OGAGA-OGHENE, OJAKO

4
Aw
AR

ey
&

a Ny,

UNIVERSITY OF
KWAZULU-NATAL

Completed in fulfilment of the academic requirements for
the degree of Masters of science in Mathematics

in the

School of Mathematics, Statistics and Computer Science,
University of kwaZulu-Natal Durban/Pietermaritzburg

December, 2015






Abstract

This dissertation brings together two important concepts in graph theory the energy
of a graph and the complete graph. The energy of a graph is the sum of the
absolute values its eigenvalues, and originated from the determination of the sum
of 7 -electron energy in a molecule represented by a molecular graph- i.e. a graph
where the vertices represent atoms and the edges bonds between atoms. Important
theorems, such as the Lovazs and Lollipop theorems, are used to find eigenvalues of
classes of graphs while analytic methods are used to determine simplified expressions
of the energy of classes of graphs.

As a result of the investigation, in the literature, of the difference of the energy of
two graphs G and H, on the same number n of vertices, we adapted this idea by
making one of the graphs the complete graph. This premise is based on the fact
that the complete graph is a very important and well-studied class of graphs. Since
the complete graph does not have the largest energy of all graphs, it is customary
to see how the energy of other classes of graphs compare to that of the complete
graph, and graphs with energy less than that of the complete graph are referred
to as hypoenergenic. It would therefore be significant to compare the energy of a
complete graph, with the energy of any other graph G, in terms of how close their
energies are, and how the energy of G compares with the energy of the complete
graph, where a large number of vertices are involved. This comparison provided for
the original definition of the eigen-complete difference ratio of a graph, which is the
main thrust of this dissertation.

Considering a graph as a molecular graph, the complete graph translates to that of
a molecule with all possible bonds between atoms i.e. a strongly bonded molecule.
The eigen-complete difference ratio allowed for the investigation of the domination
effect of the energy of graphs on the energy of the complete graph, when a large
number of vertices are involved. We found that a strongly regular graph dominated
in the largest negative way, while the star graph with rays of length one had a
domination effect of one- the largest possible positive domination effect. The lollipop
graph with base the complete graph had domination effect of zero, indicating its
behavior as similar to the complete graph. Cycles, paths and wheels are shown
to have same asymptotic convergence of their eigen-complete ratio,identical to ”7_2;
providing a significant link to the 7 -electron molecule. We attached the average
degree to the Riemann integral of this eigen-complete difference area to determine
eigen-complete difference area associated with classes of graphs similar to that of
other graph theoretical ratios in the literature.
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Chapter 1

Introduction

1.1 Introduction

This dissertation brings together two important concepts in graph theory: the energy
of a graph and the complete graph. The energy of a graph is the sum of the absolute
values its eigenvalues (defined explicitly in chapter 4) and originated (see [33]) from
the determination of the sum of m-electron energy in a molecule represented by a
molecular graph - i.e. a graph (formally defined in chapter 2) where the vertices
represent atoms and the edges bonds between atoms.

Brualdi [13], introduced the difference of the energy of two graphs G and H on the
same number n of vertices - we adopt this idea and making one of the graphs the
complete graph (a graph where every pair of vertices is joined by an edge defined
formally in the next chapter). This premise is based on the fact that the complete
graph is a very important and well-studied class of graphs; for example, because of
the fullness of its edges, it has a high degree of connectivity and robustness. The
complete graph is often used to apply a new graph theoretical concept, and to verify
known concepts, such as radius, diameter and chromatic number (defined in chapter
2). Given that the complete graph does not have the largest energy of all graphs, it
is customary, (see hypoenergetic graphs in Koolen, Moulton, Gutman, and Vidovic
[65]) to see how the energies of other classes of graphs compare to that of the energy
of the complete graph.

It would therefore be significant to compare the energy of a complete graph with

the energy of any other graph G, in terms of how close their energies are, and how
the energy of G compares with the energy of the complete graph, when a large num-
ber of vertices are involved. This provided for the definition of the eigen-complete
difference ratio of a graph, see Winter and Ojako[112], which we present in chapter
5.
Model atoms to vertices and bonds to edges, then the complete graph translated
to that of a molecule with all possible bonds between atom i.e. a strongly bonded
molecule. The eigen-complete difference ratio allowed for the investigation of the
domination effect of the energy of graphs versus the energy of the complete graph,
when a large number of vertices are involved. For cycles, paths and wheels (formally
defined in chapter 3), the domination effect is ”7’2 , which provides a mathematical
link to the idea of the m-electron energy associated with such molecules.



2 CHAPTER 1. INTRODUCTION

Chapter 2 presents the basic graph theoretical definitions needed for subsequent
chapters, and it is here where the different classes of graphs are defined and dis-
cussed. These classes form the basis for the investigation of eigen-complete differ-
ence ratios, asymptotes and areas in chapter 5.

The eigenvalues of graphs arise from the algebraic definition involving matrices and
vectors, and in chapter 3 we define the eigenvalues of a graph in terms of the ad-
jacency matrix of a graph. In this chapter we present different important theorems
used to find the eigenvalues of graphs such as the Lovaszs theorem and the lollipop
theorem. This chapter also illustrates the different methods used to find eigenvalues,
such as difference equations and matrix manipulation.

Once we have determined the eigenvalues of classes of graphs, it is possible to de-
termine the energies of classes of graphs. The complete graph on n vertices has an
integral energy of (2n — 2) , but for other classes of graphs, such as cycles and paths
and wheels, the energy expression is not simple, and involves the sum of cosine of a
rational number. However, analytical methods based on Winter and Jessop [101] are
presented to obtain simplified expressions of the energy of path and cycles in terms
of the cotangent and cosecant. We show that for large n, paths, cycles and wheels
on n vertices, have the same energy of 47”, confirming their hypoenergenic aspects
i.e. they have energy less than that of the complete graph. Once we have found the
energies of classes of graphs, we present a new ratio, the eigen-complete difference
ratio of classes of graphs, in chapter 5 this was puplished in Winter and Ojako[112].
We used the idea of the energy difference between two graphs, and the significance of
the complete graph, to formulate this eigen-complete difference ratio, which allowed
for the investigation of the domination effect that the energy of graphs have, with
respect to the complete graph, when a large number of vertices are involved. This
idea can be translated to molecular structures where the energy of a heavily bonded
molecule is significant. The cycles, paths and wheels on n vertices are also shown
to have the same eigen-complete domination effect of ”T’2 which is equivalent to the
solution y = f(m), of the separable differential equation:

1>dy_1 1 1

y(w) + (SL‘ dv = x,y(?)) 3

We attached the average degree to the Riemann integral of this eigen-complete
difference ratio to determine eigen-complete difference areas associated with classes
of graphs similar to that of: the eigen-pair ratio of classes of graphs, [113], the tree-
cover ratio of graphs,[110] , the eigen-energy formation ratio see [102], the t-compete
sequence ratio see [101], the chromatic-cover ratio, [108], the tree-3-cover ratio [110],
the chromatic-complete difference ratio [108], graph theory and calculus: ratios of
classes of graphs [106],the eigen-cover ratio [112] and the eigen-3-cover ratio [113].
We applied the above definitions also to the complements of classes of graphs.



Chapter 2

Definition of Graph Theoretical
Terms

2.1 Introduction

Graph theory is an expanding area in mathematical research, and has range of
specialized usage of terms related to "graph" (defined below). Some authors use the
same word with different meanings while some use different words to mean in same
thing. This chapter attempts to describe the majority of current usage of graph
basic terms. One of the earliest people to experiment with graph theory was a man
by the name of Euler (pronounced "Oiler") (1707-1783) [95]. He tried to solve the
problem of crossing seven bridges onto an island without using any of them more
than once. Since then, the study of graphs has been applied to a large number of
real world problems. Today, graphs are everywhere and are used in many diverse
industries, from computer networking (such as the internet), urban planning, to
shipping lanes, etc.

2.2 Graph Theory

Graph theory is the study of graphs, which are mathematical structures used to
model pairwise relations between objects. We shall adopt the graph theoretical
notation of Harris, Hirst, and Mossinghoff (see [15]).

Algebraic graph theory is the branch of mathematics that studies graphs by using
algebraic properties of associated matrices. We discuss this in chapter 3.

2.2.1 Graphs

A graph G consists of an ordered pair G = (V, F) of 2 disjoint sets V| E such that
VNE =0 with V = {v,vg, -+ ,0,} ; E = {er,ea, -+ ,em};n > 1; m > 0. The
elements of V are called vertices, the elements of E called edges, which are 2-element
subsets of V' (the endpoints of the edge).
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2.2.2 Vertex of Graphs

A wvertex (plural vertices) also known as node, is the fundamental unit of which
graphs are formed: an wundirected graph consists of a set of wertices and a set of
edges (unordered pairs of vertices) formally defined below. In a diagram of a graph,
a vertex is usually represented by a circle with a label and an edge is represented by
aline. A directed graph consists of a set of vertices and a set of arcs (ordered pairs of
vertices with arrow showing direction in the graph diagram). From the point of view
of graph theory, vertices are treated as featureless and indivisible objects, although
they may have additional structure depending on the application from which the
graph arises. The two vertices forming an edge are said to be the endpoints of this
edge, and the edge is said to be incident to the vertices. A vertex v is said to be
adjacent to another vertex w if the graph contains an edge v, w. A simple graph is
an undirected graph without loops (an edge with endpoints coinciding) or multiple
edges (more than one edge, each with the same endpoints).

The neighbourhood of a vertex v are all the vertices adjacent to v denoted by N(v).
The degree of a vertex in a graph is the number of edges incident to it, denoted by
d(v).

The maximum degree or more explicitly, maximum vertex degree of a graph G is the
largest vertex degree of G denoted A(G).

The minimum degree of a graph G, denoted by 0(G), is the smallest vertex degree
of G. The degree sum formula states that: given a graph, G = (V, E);

> dv) =2|E].

veeV

The formula implies that in any graph G, the number of vertices with odd degree
is even. This statement (as well as the degree sum formula) is known as the hand-
shaking lemma. The handshaking lemma (corollary 2.2.1 below) states that every
finite undirected graph has an even number of vertices with odd degree.

Theorem 2.2.1. The graph G = (V,E) where V. = {vy,v9, - ,v,} and E =

{e1,€e9, -+ ,e,} satisfies
n

> d(v;) = 2m.

i=1

Proof. Since each edge of graph G is incident with exactly two vertices, therefore if
we sum the degrees of the vertices of graph G, we count each edge twice. m

corollary 2.2.1. Fvery graph has an even number of vertices of odd degree.

Proof. 1f the vertices vy, vy, - - - , v have odd degrees and the vertices vy 1, Vkia, -+, Uy
have even degrees, then,

d(vy) +d(v2) + - -+ + d(vg) = 2m — d(vg+1) + d(vis2) + -+ d(vy)

is even number. Therefore k is even. O

In more colloquial terms, in a party of people some of whom shake hands, an
even number of people must have shaken an odd number of other people’s hands.
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The handshaking lemma (corollary 2.2.1) is a consequence of the degree sum formula
(Theorem 2.2.1) for a graph. Both results were proved by Leonhard Euler (1736) in
his famous paper on the Seven Bridges of Kénigsberg that began the study of graph
theory [29]. The vertices of odd degree in a graph are sometimes called odd nodes
or odd vertices; in this terminology, the handshaking lemma can be restated as the
statement that every graph has an even number of odd nodes. An isolated vertex is
a vertex with degree zero; that is, a vertex that is not an endpoint of any edge. A
leaf vertex or leaf (also pendant vertex or end vertex) is a vertex with degree one.

2.2.3 Edge of a Graph

An edge is drawn as a line connecting two vertices, called endpoints or end vertices
or end-vertices. An edge with end-vertices x and y is denoted by xy (without any
symbol in between).

The edge set of GG is denoted by F(G) or E, when there is no danger of confusion.
An edge zy is called incident to a vertex when this vertex is one of the endpoints x
or y. The size of a graph is the number of its edges, i.e. [E(G)].

2.2.4 Walk of a Graph

A walk of a graph G is a sequence of vertices and edges, of G, wvy,e;, v, , v,
which start and end with a vertex, where each edge’s endpoints are the preceding
and following vertices in the sequence.

A walk is closed if its first and last vertices are the same, and open if they are
different.

2.2.5 Length of Walk

The length | of a walk is the number of edges that it uses. For an open (if its first
and last vertices are not the same) walk, [ = n — 1 where n is the number of vertices
visited (a vertex is counted each time it is visited). For a closed walk, | = n (the
start /end vertex is listed twice but is not counted twice).

2.2.6 Trail of a Graph

A trail is walk in which all the edges are distinct (that is, no edge is repeated). A
closed trail has been called a tour.

2.2.7 Isomorphic Graphs

If two graphs are isomorphic, they must have the same number of vertices, the same
number of edges, the same degrees for corresponding vertices, the same number of
connected components, the same number of loops and the same number of parallel
edges.

In other words, an isomorphism of graphs G and H is a bijection (Gross and Yellen
[38]) between the vertex sets of G and H; f : v(G) — v(H); such that any two
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vertices u and v of G are adjacent in H if and only if f(u) and f(v) are adjacent in H.
This kind of bijection is generally called "edge-preserving bijection”, in accordance
with the general notion of isomorphism being a structure-preserving bijection. If an
isomorphism exists between two graphs H and G, then the graphs are isomorphic
and we write: G ~ H.

2.2.8 Path And Cycle of a Graph

A path of a graph is a walk where the vertices are distinct. A cycle of a graph may
be defined either as a closed walk with no repetitions of vertices and edges allowed,
other than the repetition of the starting and ending vertex, or a closed path with
only start and end vertex being the same. A graph is acyclic if it has no cycles.

2.2.9 A Connected Graph

A graph is connected if there is a path between every pair of vertices. A graph that
is not connected is disconnected. A graph with one vertex is connected. An edgeless
graph with two or more vertices is disconnected. In an undirected graph G, two
vertices u and v are called connected if G contains a path from u to v. If the two
vertices are additionally connected by a path of length 1, i.e. by a single edge, the
vertices are called adjacent. A graph is therefore said to be connected if every pair
of vertices in the graph is connected.

2.2.10 Cut Vertex And Vertex Separator

A cut verter is a vertex, whose removal from a connected graph, would disconnect
the graph. A wertex separator is a collection of vertices, whose removal from a
connected graph, would disconnect the graph.

2.2.11 Subgraph, Supergraph, Induced Subgraph And Com-
ponent of A Graph

A subgraph S of a graph G is a graph whose set of vertices and set of edges are
all subsets of G. (Since every set is a subset of itself, every graph is a subgraph of
itself.) In the other direction, a supergraph of a graph H is a graph G in which H
is a subgraph. We say a graph G contains a subgraph H if some subgraph of G is
H or is isomorphic to H (see definition of isomorphm of graphs in section 2.2.8).

A subgraph H is a spanning subgraph, or factor of a graph G if it has the same
vertex set as G. We say H spans G.

A subgraph H of a graph G is said to be induced (or full) if, for any pair of
vertices x and y of H, xy is an edge of H if and only if xy is an edge of G. In other
words, H is an induced subgraph of G if it has exactly the edges that appear in G
over the same vertex set. If the vertex set of the graph H is the subset S of V(G)
then H can be written as G[S], and is said to be induced by S.
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A component of a graph (or a connected component) of an undirected graph is a
(proper) subgraph in which any two vertices are connected, and which is connected
to no additional vertices in the supergraph. A vertex with no incident edges is itself
a connected component.

2.2.12 Distance, Radius, Diameter And Eccentricity of Graphs

The distance between two vertices in a graph G, is the number of edges in a short-
est path connecting them. This is also known as the geodesic distance of GG. Note
that there may be more than one shortest path between two vertices. If there is no
path connecting the two vertices, i.e., if they belong to different components, then
conventionally the distance is defined as infinite.

The eccentricity e(v) of a vertex v in a connected graph G, with vertex set V,
is the maximum graph distance between v and any other vertex u of graph G for
u,v € V.

The radius r of a graph G with vertex set V' is the minimum eccentricity over all
vertices of G. It is written as: Vi, € [e(V)].

To find the diameter of a graph, first find the shortest path between each pair of
vertices. The greatest length of any of these paths is the diameter of the graph. To
find the radius of a graph, first find the shortest path between each pair of vertices,
then, the least length of any of these paths will give the radius of the graph. The
diameter, R is R = V0. € [e(V)].

For a disconnected graph, all vertices are defined to have infinite eccentricity.

2.2.13 Caterpillar Graph

Caterpillar graph is a tree in which all the vertices are within distance 1 of a central
"path" (defined in section 2.2.8). They were first studied in a series of papers by
Harary and Schwenk. The name was suggested by Hobbs, A, J Harary and Schwenk
(see [47]). They colorfully write, "a caterpillar is a tree which metamorphoses into a
path when its cocoon of endpoints is removed”. We define regular caterpillar graphs
in section 2.2.22 in terms of a remnant path (fragment graph) when all the end
vertices are removed.

k. @ % . 2

Figure 2.1: Caterpillar graph CT'(k,1)
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2.2.14 Independent Set

An independent set is a set of vertices in a graph, such that no two vertices of the
graph G(V, E) are adjacent (i.e. there is no edge connecting the two vertices). In
other words, it is a set I C V such that for every two vertices in I, there is no edge
connecting the two. Equivalently, each edge in the graph has at most one endpoint
in .

2.2.15 Clique of a graph

A clique, C, in an undirected graph G = (V| F) is a subset of the vertices, C' C V,
such that every two distinct vertices are adjacent. This is equivalent to the condition
that the subgraph of GG induced by C' is complete. The term clique may also refer
to the subgraph directly in some cases.

A mazimal clique is a clique that cannot be extended by including one more adjacent
vertex, that is, a clique which does not exist exclusively within the vertex set of a
larger clique.

A maximum clique of a graph, G, is a clique, such that there is no clique with more
vertices.

The clique number w(G) of a graph G is the number of vertices in a maximum clique
in G.

The intersection number of G is the smallest number of cliques that together cover
all edges of G.

The clique cover number of a graph G is the smallest number of cliques of G whose
union covers V(G). The opposite of a clique is an independent set, in the sense
that every clique corresponds to an independent set in the complement graph. The
clique cover problem concerns finding as few cliques as possible that include every
vertex in the graph.

2.2.16 Complement of A Graph

The complement G of a graph G is the graph with the same vertex set as G and:

e € E(G) < e & E(G).

2.2.17 The Conjugate Pair

A conjugate pair is a pair of the form a + v/b where a,b € R, b > 0.

We shall show later that if a graph has the associated eigenvalue %(deﬁned in

section 3.2.1), then it has an eigenvalue @YY and vice versa. Adding the pair of

2
(“+2\/5) and (“_2\/5), we obtain the integer a. Their product is @%l’) which

conjugates
is an integer, provided the numerator is a multiple of 4.
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2.2.18 The Path As A Graph

A path graph P, = P is a simple connected graph with |V,| = |E,| + 1 that can be
drawn so that all of its vertices and edges lie on a single straight line. An n vertex
path graph is denoted P,.

The length of a path P, is the number of edges in P, and is n — 1. A path always
has a first vertex called its start vertex and a last vertex called its end vertex. Both
of them are called end or terminal vertices of the path. The other vertices in the
path are internal vertices.

2.2.19 Cycle As A Graph

A cycle graph is a simple connected graph C with |[V(C)| = |E(C)| that can be
drawn so that all of its vertices and edges lie on a circle. An n vertex cycle graph is
denoted by C,, . The length [ of a cycle is the number of edges in it which is n . A
cycle is not allowed to have a length zero.

2.2.20 Tree As A Graph

A tree is an undirected graph in which any two vertices are connected by exactly
one simple path. In other words, any connected graph without cycles is a tree - see
Theorem 2.2.2 below.

Theorem 2.2.2. Let G' be a connected graph, then G is a tree iff G has no cycles.

Proof. Suppose T'is a tree, and let u,v € E(T). Since T is connected, we know there
exists a unique u, v path in T between any pair uv of vertices. Suppose now that there

is a cycle in G with vertices: u = uy, us, - -+ ,v and edges ujus, usus, - - - , Up_1V, VU7 .
Then there are two paths between u and v, namely, u;v and wuy, us, - -+ ,v. This is a
contradiction with our assumption that between every two vertices there is a unique
path connecting them. Hence, G contains no cycles. O

The forest as a disjoint union of trees

A forest is an acyclic graph (i.e., a graph without any graph cycles). Forests consist
only of (possibly disconnected) trees, hence the name "forest." Examples of forests
include the singleton graph, empty graphs, and all trees. A forest with components
and nodes has graph edges.
A tree is called a rooted tree if one vertex has been designated the root (start ver-
tex), in which case the edges have a natural orientation, towards or away from the
root, (Diestel, Reinhard [27]). Rooted trees, often with additional structure such
as ordering of the neighbours at each vertex, are a key data structure in computer
science. In a context where trees are supposed to have a root, a tree without any
designated root is called a free tree [97]. The term "tree" was coined in 1857 by the
British mathematician Arthur Cayley [68].

Also, a tree can be seen as an undirected simple graph G that satisfies any of
the following equivalent conditions:

e (7 is connected and has no cycles.
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*

Figure 2.2: A tree with 9 vertices and 8 edges

e (& has no cycles, and a simple cycle is formed if any edge is added to G.

e (5 is connected, but is disconnected if any single edge, or non-end vertex, is
removed from G.

e Any two vertices in GG are connected by a unique path.

2.2.21 The Complete Graph

The complete graph is denoted by K,, and defined as a graph on n vertices such that
there is an edge between any pair of vertices. In other words, a complete graph is
a simple undirected graph in which every pair of distinct vertices is connected by a
unique edge. A drawing of a complete graph, with its vertices placed on a regular
polygon, is sometimes referred to as a mystic rose.

AR

\

Figure 2.3: A complete graph on 6 vertices K
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2.2.22 The Star Graph

A star graph on n vertices with rays of length 1, denoted by S, ;, is the tree of
order n with diameter 2; in which case a star, with n > 2, has n — 1 leaves (vertices
of degree one or end vertices). Stars may also be described as the only connected
graphs in which at most one vertex has degree greater than one. A star graph on n

Figure 2.4: Star graph Ss;

vertices with k£ rays of length 2 is obtained from the star graph with rays of length 1
by inserting a vertex in each edge-i.e. by subdividing each edge with a vertex. The
number of vertices is therefore n = 2k + 1 so that k = ("2;1) Let S, i(2) denote the

star graph on n vertices with k rays of length 2
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Figure 2.5: Star graph S17g(2)

2.2.23 [-Regular Caterpillar Graph CT'(k,[)

An [-regular caterpillar graph is obtained by attaching [ pendant edges(An edge of a
graph in which one of its vertices is a pendant vertex) to each vertex of the path Pj.
It is denoted by CT'(k,l) where k and [ denote the number of vertices on the path
and the number of pendant edges respectively. This graph will have n = k(I + 1)
vertices. A vertex v of G is said to be a pendant vertex if and only if it has degree
1. The caterpillar graph is a planar graph. (see section 2.2.24).

A NN

Figure 2.6: Caterpillar C'T'(4,2)

2.2.24 Bipartite Graphs: the Complete Split-Bipartite Graph

A bipartite graph G is a graph whose vertex set V' can be partitioned into two subsets
A and B such that each edge of G has one endpoint in A and one endpoint in B. The
pair A, B is called the vertex bipartition of G, and A and B are called the bipartition
subsets. The two sets A and B may be thought of as a colouring of the graph with
two colours: if one colours all vertices in A blue, and all vertices in B green, each
edge has endpoints of differing colours, as is required in the graph colouring problem
[56]. In contrast, such a colouring is impossible in the case of a non-bipartite graph,
such as a triangle: after one node is coloured blue and another green, the third
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vertex of the triangle is connected to vertices of both colours, preventing it from
being assigned either colour.

Theorem 2.2.3. A bipartite graph is a graph that does not contain any odd-length
cycles.

Proof. Let G = (V, F) be bipartite given that A and B are the partitioned subsets
of V So, let V.= AU B (number of vertices in a bipartite graph. see definition
above) and AN B = ¢. Then, all edges e € E are such that e is of the form {a,b}
where a € A and b € B.

Suppose G has (at least) one odd cycle C, with length of C, is n. Let C, =
(v1, V9,03, ,U,,v1) Also, let v; € A. It follows that V, € B — v, and hence
vsg € A and so on. Hence we see that for all £ € {1,2,3,---,--- ,n}, we have:
vy € {A:B:odd k:even k:---}. But as n is odd, v, € A.

Also, v; € A and v,v; € C,. So v,v; € E contradicts the assumption that G is
bipartite. Hence, if G is bipartite, it has no odd cycles. O

A complete bipartite graph is a simple bipartite graph such that every vertex
in one of the bipartition subsets is joined to every vertex in the other bipartition
subset. Any complete bipartite graph that has m vertices in one of its bipartition
subsets and n vertices in the other is denoted by K, ,; it has mn edges, joining
every vertex of one partition to every vertex of the other partition. The complete
split-bipartite graph is when we split the vertex-set of the complete bipartite graph
into identical parts of size 3 .

Examples of Bipartite Graph

e Every tree is bipartite.
e Cycle graphs with an even number of vertices are bipartite.

e Every planar (defined in section 2.2.24 below) graph whose faces all have even
length is bipartite. A face of G is a closed walk, and an odd closed walk
contains an odd cycle. So the bipartite plane graph has no face of odd length.

Bipartite graphs may be characterized in several different ways

A graph is bipartite if and only if it is 2-colorable, (i.e. its chromatic number is less
than or equal to 2: the chromatic number of a graph is the least number of colours
require to colour the vertices of the graph so that adjacent vertices do not have same
colour) [56], [26].
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Figure 2.7: The complete bipartite graph K 3

2.2.25 Planar Graph

A planar graph is a graph that can be embedded in the plane, i.e., it can be drawn
on the plane in such a way that its edges intersect only at their endpoints. In other
words, it can be drawn in such a way that no edges cross each other. Such a drawing
is called a plane graph or planar embedding of the graph. A plane graph can be
defined as a planar graph with a mapping from every node to a point on a plane,
and from every edge to a plane curve on that plane, such that the extreme points
of each curve are the points mapped from its end nodes, and all curves are disjoint
except on their extreme points. Every graph that can be drawn on a plane can be
drawn on the sphere as well, and vice versa [12]. In other words, a graph G, is said
to be planar if there exists some geometric representation of G, which can be drawn
on a plane such that no two of its edges intersect. A planar representation of a
graph divides the plane into regions also called faces. Such a region is characterized
by the set of edges (or the set of vertices) forming its boundary.

™

Figure 2.8: A planar graph

Theorem 2.2.4 (Kuratowski’s theorem). Kuratowski’s theorem (Kuratowski and
Kazimierz [60]) states that a graph is not planar if and only if it contains Ks or
Ks3. They are the “atoms” of nonplanar graphs; at least one of them is contained
in every nonplanar graph.
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Examples of non-planar graph

/
S

~7

Figure 2.9: A non planar graph

The complete split-bipartite graph on 6 vertices: K3 3

The Utilities Graph: The complete split-bipartite graph on 6 vertices is called the
utility graph. We may imagine we have 3 utilities (gas=G, water=W, electricity=F)
and houses(A, B,C) and every house needs to be connected to every utility. It’s
called bipartite because there are two disjoint subsets of vertices, and all the vertices
in one subset are connected to all the vertices in the second subset (and vice versa).

Figure 2.10: The utilities graph

A simple proof of the non-planarity of the utility graph can be effected by noting
that the graph consists of a graph cycle G — A — W — B — E — C, to which the
three edges must be added. Now, for each of the edges, we have to choose whether
to draw the edge inside or outside the graph cycle, and so for two of the edges, we
must make the same choice. But two lines can’t be drawn on the same side without
crossing, hence the utility graph is not a planar (Buckley [21]).

2.2.26 The Wheel Graph

The wheel graph on n vertices is composed of a cycle on n — 1 vertices with a vertex
v (the center of the wheel) joined by a single edge to each vertex of the cycle.
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Figure 2.11: wheel graph Wy

2.2.27 The Dual-Star Graph

A dual star DusS, is defined as two star graphs with m rays of length 1 each on §
vertices joined by an edge (its center edge) connecting their centers. Graph duality
is a topological generalization of the geometric concepts of dual polyhedra and is
in turn generalized algebraically by the concept of a dual matroid. However, the
notion described in this page is different from the edge-to-vertex dual (line graph)
of a graph and should not be confused with it. The term "dual" is used because this
property is symmetric, meaning that if H is a dual of G, then G is a dual of H (if
G is connected). When discussing the dual of a graph G, the graph G itself may be
referred to as the "primal graph'.

Figure 2.12: The Dual-Star graph

2.2.28 The Line Graph of G (i.e., L(G))

The line graph of a graph G, denoted by L(G), is defined as a graph that has the
following properties:
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e there is a vertex in L(G) for every edge of G}

e two vertices of L(G) are adjacent if and only if they correspond to two edges
of G with a common end vertex.

The name line graph comes from a paper by Harary and Norman [48]. Both Whitney
[104] and Angela [100] [64] used the construction before this. Other terms used for
the line graph include the covering graph, the derivative, the edge-to-vertex dual,
the conjugate, the representative graph, the edge graph, the interchange graph, the
adjoint graph, and the derived graph.

Whitney[104] proved that, with one exceptional case,the structure of a connected
graph GG can be recovered completely from its line graph. Many other properties of
line graphs follow by translating the properties of the underlying graph from vertices
into edges, and by Whitney’s theorem (see Whitney [104]) the same translation can
also be done in the other direction. Line graphs are claw-free(as is the complement
of any triangle-free graph), and the line graphs of bipartite graphs are perfect(a
graph in which the chromatic number of every induced subgraph equals the size of
the largest clique of that subgraph) [23].

Line graphs can be characterized by nine forbidden subgraphs, and can be recognized
in linear time.

The line graph of a complete graph L(K,) has p = @ vertices, and also the
number of edges ¢ of L(K,,) is half the sum of the squares of the degrees of the
vertices of K, minus the number of edges of K,,. Thus:

(n—1)2 n(n-1)

1=  ~ 7

2.2.29 Strongly Regular Graph

A strongly regular graph is defined as follows. Let G = (V, E) be a regular graph
with v vertices and degree k. Then G is said to be strongly regular if there are also
integers A and pu such that [10]:

e Every two adjacent vertices have A common neighbours.
e Every two non-adjacent vertices have u common neighbours.

A graph of this kind is sometimes denoted by srg(v, k, \, i) .

2.2.30 The Lollipop Graph

The lollipop graph, denoted by H, , is obtained by appending a cycle C,, or a
complete graph K, to a pendant vertex with a bridge or edge. We will only deal
with the latter case, where the complete graph on (n — 1) vertices has an end vertex
appended to any of its vertices, and will be denoted by LFP, (see [118].
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Figure 2.13: Lollipop graph LP,

2.3 Conclusion

In our review of graph theoretical terms, we observed that a graph can take on
many forms which vary from undirected to directed. The edges and vertices form
an integral part of any graph, while the edges contribute to its “connectivity”. We
introduced many classes of graphs, such as bipartite, star, wheel, path, cycles etc.
The complete graph K, is a “well connected” graph in which every pair of vertices
is adjacent and with graph theoretical properties, such that the diameter and the
radius (radius = 1, diameter = 2) that can easily be determined. The importance
of the complete graph will be used in conjunction with the energy of other classes of
graphs, which involves algebraic graph theory which we discuss in the next chapter.



Chapter 3

Linear Algebra And Algebraic
Graph Theory

3.1 Introduction

The Linear algebra of graphs is the branch of mathematics that studies graphs by
using algebraic properties of associated matrices. Moreover, the theory of association
schemes and coherent configurations studies the algebra generated by associated
matrices. In this chapter, algebraic methods are applied to problems about graphs.
This is in contrast to geometric, combinatoric, or algorithmic approaches. There are
three main branches of algebraic graph theory, involving the use of linear algebra,
the use of group theory, and the study of graph invariants.

Linear algebraic graph theory involves the study of graphs in connection with linear
algebra. Especially, it studies the collection of eigenvalues (defined in Subsection
3.2.1) of the adjacency and Laplacian matrices (defined in section 3.2.3) of a graph
(this part of algebraic graph theory is also called spectral graph theory which will
be studied in the subsequent chapters). Several theorems relate properties of the
eigenvalues of special graphs to other graph properties. As a simple example, a
connected graph with diameter d (see Subsection 2.2.12) will have at least d + 1
distinct values in the collection of its eigenvalues.

The relationship between a graph and the eigenvalues of its adjacency and Laplacian
matrix is explained in detail in section 3.2 below and studied explicitly in spectra
graph theory.

The focus of this chapter is placed on various families, or classes, of graphs based
on their adjacency and Laplacian matrices from which their eigenvalues are derived.
Such graphs include Complete, Bipartite, Star graphs with rays of length 1- and
star graphs with rays of length 2, Path, cycle, Lollipop, strongly regular graphs, etc.
Such classes of graphs were introduced in chapter two.

Two basic theorems (the Lovasz and the Lollipop) are discussed with proofs and
application. The Lovasz theorem is used to determine the eigenvalues of trees while
the Lollipop theorem is used to find the eigenvalues of graphs with an end vertex
connected to a subgraph whose eigenvalues are already known. Different methods
were applied to find the eigenvalues of some selected graphs mentioned above. We
need the eigenvalues of classes of graphs so that we can determine their energies

19
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which we address in the next chapter.

3.2 The Adjacency Matrix, Laplacian Matrix and
their Eigenvalues

3.2.1 Eigenvalues And Eigenvectors

Figenvalues are a special set of scalars associated with a linear system of equations
(i.e. a matrix equation) that are sometimes also known as characteristic roots,
characteristic values [27], proper values, or latent roots [78]. Eigenvalues have their
greatest importance in dynamic problems. To explain eigenvalues, we first explain
eigenvectors. Figenvectors are a special set of vectors associated with a linear system
of equations (i.e., a matrix equation) that are sometimes also known as characteristic
vectors, proper vectors, or latent vectors [78]. An eigenvector or characteristic vector
of a square matrix is a vector that points in a direction which is invariant under the
associated linear transformation. In other words, if v is a nonzero vector, then it
is an eigenvector of a n X n square matrix A if Av is a scalar multiple of v . This
condition could be written as the equation Av = \v.

Almost all vectors change direction, when they are multiplied by A, so eigenvectors
are exceptional vectors x which are in the same direction as Ax. The value A is
said to be an eigenvalue of A. The eigenvalue tells whether the special vector z is
stretched or shrunk or reversed or left unchanged when it is multiplied by A. The
eigenvalue could be zero. Then, Az = 0z means that this eigenvector z is the value
of z that solve the equation Az = 0.

If A is the identity matrix (an n X n matrix with 1s down the main diagonal and 0
everywhere else-defined formally below), then every vector z satisfies Az = Iz . All
vectors are eigenvectors of I. All eigenvalues are A = 1.

3.2.2 Adjacency Matrix of a Graph

An adjacency matriz is seen as a means of representing which vertices of a graph
have common edges (are adjacent). The adjacency matrix of a finite graph G on n
vertices, defined by Ag or A(G), is the n X n matrix where the non-diagonal entry
a;; is the number of edges from vertex i to vertex j, and the diagonal entry a;
depending on the convention, is either zero, or the number of edges (loops) from
vertex ¢ to itself. The adjacency matriz can also be called the connection matrix.
For a simple labeled graph G is a matrix with rows and columns labeled by graph
vertices, with a 1 or 0 in position v;, v; according to whether v; and v; are adjacent or
not. For a simple graph with no self-loops, the adjacency matrix must have zeros on
the diagonal. For an undirected graph, the adjacency matrix is symmetric. There
exists a unique adjacency matrix for each isomorphic class of graphs (Subsection
2.2.7) and it is not the adjacency matrix of any other isomorphic class of graphs.
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3.2.3 Degree Matrix

The degree matriz is a diagonal matrix which contains information about the number
of edges incidence to each vertex in a graph G. It is used together with the adjacency
matrix to construct the Laplacian matrix of a graph G.

Given a graph G = (V, E) with |v| = n , the degree matrix D¢ is the n x n diagonal

matrix defined as:
o [dego) if  i=j
v 0 otherwise

where deg(v;) is the number of times an edge terminates at the vertex.

3.2.4 The Laplacian Matrix

The Laplacian matriz, sometimes called the admittance matrix, is a matrix repre-
sentation of a graph. It can be used to calculate the number of spanning subgraphs
that are trees. The Laplacian matrix can be used to find many other properties
of the graph. For example,it approximates the sparest cut of a graph through the
second eigenvalue of its Laplacian. Given a simple graph G with n vertices, its
Laplacian matrix LMg, is LMg = Dg — Ag, where D is the degree matrix (n x n)
matrix with the degree of the ith vertex in the 4,4 entry: formally defined above)
and A is the adjacency matrix of the graph defined above. From the definition it
follows that:

deg(vi) if i=]
L= —1 if 1# ] v; adjacent to wv;
0 otherwise

deg(v;) is degree of the vertex 1.

3.2.5 Identity Matrix

The identity matriz or unit matrix of size n is the n X n square matrix with 1s on
the main diagonal and zeros elsewhere. It is denoted by I,, or simply by [ if the size
is immaterial or can be trivially determined by the context. See the matrices below.

(10 0 --- 0]

10 0 010 ---0

12_[(1) (1)],1_010,1”_001---0
001 :

00 0 1]
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3.2.6 Adjacency Matrix of L-Regualar Caterpillar Graph

The adjacency matrix of the [-regular caterpillar graph (defined in section 2.2.4) is

n X n and takes the general form:

ACT(k, 1)) =

where [ is repeated [ times horizontally and [ times vertically, and A(Py) is written
once and is the first entry in the diagonal. For [ = 1 the 1-caterpillar graph C'T'(k, )
has n = 2k vertices, and an adjacency matrix of the form

A(CT(k,1)) = [

. Figure 3.1 depicts CT'(4,1)

A(Py)

Iy 1
Iy 1

Iy 1

Iy e
Ok
O,k

O,k

I Ok

I i
Ok, k
Ok k

Ok k

I i
Ok
O

O,k |

Figure 3.1: A caterpillar graph CT'(4,1)
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For [ = 2 the 1-caterpillar graph CT'(k,2) has 3k vertices, and an adjacency
matrix of the form

APy) Iip g
ACT(k,2)) = | Ixr  Opr Oru
Iep  Orpx Opg

ANANA

Figure 3.2: Caterpillar graph CT'(4,2)

3.2.7 Adjacency Matrix of Star Graph
With Rays of Length 1

A star graph, S,, is a connected graph on n vertices where one vertex has degree
n — 1 and the other n — 1 vertices have degree 1 (see section 2.2.22). A star graph
is a special case of a complete bipartite graph in which one set has 1 vertex and the
other set has n — 1 vertices:S,, = K 1.

Below is a star graph of 5 vertices, S5 = K 4.

Figure 3.3: Star graph S5 = K 4
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The adjacency matrix of a star graph S, is:

01 1 1 1
100 0 0
100 0 0

AlSw)=11 0 0 0 0l -
1000 0]

In otherwords,

{1 if i or j=1 but i#j }
CLZ'J': .

0 otherwise

3.3 The Characteristic Polynomial

The characteristic polynomial (a determinant expression) of a square matrix is a
polynomial which has the eigenvalues (A defined above) as roots. Given a square ma-
trix A we want to find a polynomial whose zeros are the eigenvalues of A . For a diag-
onal matrix A, the characteristic polynomial is easy to define. If the diagonal entries
are ai, ag, as,- -+ , then the characteristic polynomial will be:(t—a;)(t—az)(t—as) - - -
This works because the diagonal entries are also the eigenvalues of this matrix. For
a general matrix A , one can proceed as follows. A scalar A is an eigenvalue of A if
and only if there is an eigenvector v # 0 such that Av = Av or [A\] — AJv = 0 (where
I is the identity matrix).

Since v is non-zero, this means that the matrix (the characteristic matriz) A\ — A|
is singular (non-invertible), which in turn means that its determinant is 0. Thus the
roots of the function det(AI — A) are the eigenvalues of A, and it is clear that this
determinant is a polynomial (the characteristic polynomial) in A. The characteristic
equation is the equation obtained by equating to zero the characteristic polyno-
mial. The characteristic polynomial of a graph is the characteristic polynomial of
its adjacency or Laplacian matrix. It is a graph invariant (a graph property that de-
pends only on the abstract structure not on graph representations), though it is not
complete: the smallest pair of non-isomorphic graphs with the same characteristic
polynomial has five vertices [53]. We define det(AI — A(G)) as P;‘(G) where A(G) is
the adjacency matrix of the graph G. We define det(ul — LM(G)) as PFM(@ where
LM(G) is the Laplacian matrix of the graph G

3.4 Theorems Used To Find Eigenvalues

In finding the eigenvalues of some special graphs, we applied two basic theorems
which include the Lovasz theorem and the Lollipop theorem.
Example

[1] Given a tree T" with seven 7 vertices. We show that:

det(\I — Ag) = det(M — Ag_.) — det( A — Ag_(ey)
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Where e is the edge uv and (See [91]), {e} is the edge uv together with the vertices
u and v. See diagram below. The adjacency matrix of T is

[

Figure 3.4: The tree T

0 001O0O0O0
0 001O0O0O0
0 001O0O0O
Az=11 1 1 0 1 0 0].
0001O0T1TO0
00 0O0T1O0°1
00000 1 0]
The characteristics matrix will be:
‘A 0 0 1 0 0 0]
O X 0 -1 0 0 0
o 0 X -1 0 0 0
(M —-Ag)=1|-1 -1 -1 X -1 0 0
o 0O 0 -1 X =1 0
o O o0 o0 -1 X -1
00 0 0 0 -1 X

The expansion along the 5th column gives:

det(MN — Ag) = (=) (=1)| My 5| + (—=1)° N Ms 5| + (=1)%7°(=1)| Mg 5| + 0

det()\] — Ag) = |M475| ‘|’ /\|M575| + |M675| (31)
A0 0 -1 0 0
O A0 -1 0 O
0O 0N -1 0 O
[Mas| = 000 0 -1 05
0O 00 -1 X O
0O 0 0 O 0 A
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)\ ’M575| - )\

| M 5| =

We must work only with B, C' , and D. Now we consider graphs with edge
removed: Now, if the edge e between the vertices (5) and (6) are removed from the

-1

A
0
0
-1
0
0

A
0
0

0
0

0
A
0
-1
0
0

0
A
0
—1
0
0

0
0
A
—1
0
0

0

0

A
-1

0

-1

-1

-1
A
0
0

—1
—1
—1

A

—1

0

> O O O O

tree T, we have the disconnected tree T'— e as below:

> O O O O O

Figure 3.5: The tree T' — e

T with edge e removed is G — e, and the adjacency matrix of (G — e) is:

S OO OO o

O OO O OO

O OO O OO

The characteristic polynomial will be:

OO R O R F =

OO O = OO o

_o O O o oo

SR OO O oo

CHAPTER 3. LINEAR ALGEBRA AND ALGEBRAIC GRAPH THEORY

> O O O O O



3.4. THEOREMS USED TO FIND EIGENVALUES

27

(A 0 0 -1 0 0 0
o X 0 -1 0 0 O
o 0 X -1 0 0 O
M—-Age)=|]-1 -1 -1 X =1 0 O
0O 0 0 -1 X 0 O
o 0o o o0 0 X -1
00 0 0 0 -1 X
Expanding along 5th column:
A 0 O -1 0 0 O
o X 0 -1 0 0 0
0o 0 X -1 0 0 O
N[ — Ag_e|]=|-1 -1 -1 X =1 0 O
o 0 0 -1 X 0 0
o 0 0 o0 0 x -1
0O 0 O 0 —1 A

M — Ag_e| = (=1)**°(=1)[Mys| — (=1)>P°A|Ms 5| = [Mys] + A| Ms5).

A0 0 -1 0 0 A 0 0 -1 0 0
0A0 -1 0 0 0 A 0 -1 0 0
looa -1 0 0 0 0 A -1 0 o
=000 -1 0 ot 1 21 21 A o o=FTfC
000 0 XA 0 0 0 0 0 XA 0
000 0 —1 A 0 0 0 0 —1 A

Note det(A] — Ag—.) equals matrix C' plus a matrix B’ similar to matrix B with
the 4,5 position different.
det()\l - AG—@) = B/ + C = M475 + )\M575 (32)

Now we must work with D to get det(A — Ag—_{e})
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.

)
.
Figure 3.6: The graph 7' — {e}
A 0 0 —-10
0O X 0 —-10
det(M — Ag_tey) =0 0 X =1 0,
-1 -1 -1 X 0
0O 0 0 0 A
A0 0 -1 0 0
0O X 0 -1 0 0
0O 0 X -1 0 O
Mssl=\_y 3 24 o o=
0o 0 0 -1 =10
o 0 0 0 -1 A
We work with D :
Expanding along fifth column:
D = (=17 (=1)|Ns 5| = (=1)°"°| No 5| = —[Nss| + [No ]
this implies
A0 0 —-10 A0 0 —-10
0 X 0 —-10 0O X 0 —-10
D=|0 0 X —10/+/0 0 A -1 0],
~1 -1 -1 X 0| |-1 -1 =1 A 0
0O 0 0 0 X 0O 0 0 —-10

where

A0 0 -1
o X 0 -1
E=|{0 0 X -1
-1 -1 -1 X
o 0 0 -1

cooc oo
I
o
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Therefore,

D = det(\ — AG,{e}) + E = —det(M\ — AG,{E}) +0

D = —det(\ — AG—{e})

Now, recall that

A0 O -1 0 0 A0 0 —1
0OXN0 -1 0 0 0N 0 —1
00X =1 0 0 00 XN —1
M4’5_000—1—1 0_3’000—1
000 0 X -1 000 0
000 0 -1 X\ 000 0

Expansion along the 6th row of B will give:

> O O O O

—1

o O OO

=B

B = (—1)"(=1)|Nss| — (=1)°"°A|Ng 6| = |No 5| — A|Neg]

A0 0 -1 0 A0 0 —1
0O X0 -1 0 0 X 0 —1
B=10 0 A =1 0[=XA0 0 X -1
000 -1 0 0 0 0 —1
000 0 -1 00 0 O
Expansion along the 5th row of the 2nd Minor gives:
A0 0 -1 0
0O A0 -1 0 8\ g)\ 8
B=[0 0 A =1 0|—\°
0 0 A
000 -1 0 00 0
000 0 -1

Also, the expansion along the 6th row of B’ will give:

o O O
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B = (=1)°"(=1)|Nes| — (—1)°"°A|Ng 6| = | N5 — A| N g]

A0 0 -1 0 A0 0 -1 0
0O X0 -1 0 0O X0 —-10
B'=10 0 A =1 0[=X0 0 X -1 0
000 -1 0 000 —-120
000 0 -1 000 0 A

Expansion along the 5th row of the 2nd minor gives:

—1

0 0 0
0A0 -1 0 gggj
B=0 0 A\ —1 0—A2OOA_1,
000 —1 0 00 0 —1
000 0 -1
and,
A0 0 -1 0 N0 0 -1
0XN0 —1 0 0 %0 —1
B=[0 0 A =1 0]=X o |
000 —1 0 00 0 1
000 0 -1
Therefore,
B=RH.

Now, to show:

det(\ — Ag) = det(M — Ag_.) — det(\] — Ag_(e})

From (3.1) above, we have:

d@t()\l — Ag) = |M475| + )\|M575| + |M675|.

This implies that:

det(\ — Ag) = B+ C — D. (3.4)
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Also, from (3.2)

det(\ — Ag-e) = [Mys| + N Ms 5],

we have

det(\ — Ag_.) = B' + C.

We've proved that B = B’
Therefore,

det(\ — Ag_.) = B+ C. (3.5)

From (3.3), we have:

—det(M — Ag_{e}) = | Me 5|

implying that
- det(/\l - AG,{E}) =D. (36)

Adding equations 3.4, 3.5 and 3.6, we have
det(A\ — Ag) = B+ C+ D = det(M — Ag—_.) — det(A — Ag_iey) (3.7)

Theorem 3.4.1 (Lovasz’s Theorem). This theorem states that, If G is a tree and
e € E(Q) , then,

det()\l — Ag) = det()\l — AG—e) — det()\I — AGf{e})
Where e is the edge uv and {e} is the edge e and its vertices u and v .

Proof. As G is tree, we can label its vertices in such a way that e joins the points
k and k + 1 and there are no other edges between a point i(1 < i < k) and a point
j(k+1 <7 <n)sothat e is a cut edge of G and none of the v(¢) are adjacent to
v(k) for 1 <t < (k—2).

2 ™ % &

Figure 3.7: A path as a subgraph of a tree G

.
| =)

[ B]

-
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The adjacency matrix Ag is

0 a2 ay g—1 aik a1,k+1 a7 k42
az 0 ag k-1 ag ag ki1 a2 12
as 1 a3 2 a3 k—1 a3,k a3 k41 ag k+2
Ac ap-11 Qg—12 ""° 0 -1k Ok—1k+1 Qk—1k+2
k1 Qg2 Ak k-1 0 Akl Ak 2
Agy1,1 Akt1,2 g1 h—1  Qht1,k 0 oy 1, k42
Qp—11 Qan—1.2 Qp—1k—1 An—1k An—1k+1 An—1k+2
L an1 an2 A k-1 Qn K An k41 Ay k42
The characteristic matrix is:
A aipo a1 k—1 1 Ol O1k42
as A as j—1 azk G241 a2 k42
as1 as2 as k—1 as k a3 k+1 as k+2
ap—-11 Qg—1,2 A -1k Ok-1k+1 Qk—1k+2
(M—Ag) =
a1 Gk A k-1 A Ayl Qo2
k1,1 k412 A1 -1 k1 A At 1,542
Ap—-11 Qan-1,2 Ap—1k—1 An—1k An—1k+1 Qan—1k+2
L Qp 1 Qp 2 Qp,k—1 Qnp,k Ay k+1 Ay k42

Now, expansion of the determinant by its kth column gives:

CHAPTER 3. LINEAR ALGEBRA AND ALGEBRAIC GRAPH THEORY

a1 n—1
a2 n—1
a3 n—1

Ak—1,n—1
Ak n—1
Ak4+1,n—1

0 anfl,n

Ap n—1 0

a1 n-1
a2 n—1
a3,n—1

Ak—1n—1
Ak n—1
A+1,n—1

an,nfl

det(M — Ag) = (=1 ap_y o) Mr—r k] + A Mgl + (=1 appy ) M1

Since

det( N — Ag) = (=) ay 1| My | + (=1 Fagp| Mog| + -+

(=) a1 My 1] + N M| + (=) ap g o Miy1 g + - -

+(_1)n_1’kan—1,k|Mn—1,k| + (_1)n+kan,k|Mn,k|

det()\f — Ag) = |Mk_1,k‘ + >\|Mk,k| + |Mk+1,k|

(3.8)

al,n
a2,n
a3 n

Ak—1n
Qk.n
Ak+1,n

A1 n
a2,n
a3,n

Ak—1n
Akn
Ak+1,n

anfl,n
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A a2 ai,3 Tt A1k a1,k+1 a1,k42
a1 A a3 -+ Q21 a2 k+1 a2 k42
as,1 as2 A e A3 k-1 a3 k+1 a3 k+2

|Mk . k| _ |Qk—21 Op—22 Qg—23 **° A Qk—2k+1 Qk—2 k42
’ Qg1 Qg2 a3 Agk—1 Ak k+1 QA k42
k411 Ak4+1,2 Qp+13 - Qk41k—1 A Af41,k42
Gp—-11 Qn-12 Gp—-13 ' QApn-1k-1 Op-1k+1 An—1k+2
Qnp,1 Qp 2 Qpn 3 T Qp,k—1 Ap k+1 Ay k42

A a2 aysz -+ A1g—1 a1,k+1 a1 k42
az 1 A ags -+ A2 k1 a2 k+1 a2 k42
as1 as2 A s A3 k-1 az k+1 a3 k+2

M _ |Okg—21 Qg—22 Gk—23 " Qg—2k—1 Ok—2k+1 Ok—2k+2
[ A[ M| = \
ag—11 QAg—1,2 Qg—13 -"°° Qk—1k+1 Qk—1k+2
Akt1,1 Qky12 Qkg13 0 Qpglk—1 A Afq1,k+2
Ap—-11 Qn-12 Gp-13 ' Qp-1k-1 Op—-1k+1 An—1k+2
Qn, 1 QAn,2 Qn,3 e Qn, k—1 A, k+1 G, k42
A Q1,2 arsz -+ QArg—1 a1 k+1 Qa1 k42
a1 A Qg3 -+ A2k—1 a2 k+1 a2 k42
as; a3 2 A T A3 k—1 a3 k+1 a3 k42
M _ |Okg—21 Qg—22 Qkp—23 " Qg—2k—1 OQk—2k+1 Ok—2k+2
[1Miy14] = y
Qr—1,1 QAg—-12 Qg—13 *°° Ap—1,k+1 Qk—1,k+2

Qg1 Qg2 a3 - Qg1 A Ak k42
ap—-11 Ap—-12 ap-13 *°° Op-1k—1 OAn-1k+1 An—1k+2

an1 Qp,2 Gn,3 e Qp k-1 Qp k41 Qp k42

det()\l — Ag) = Mk—l,k + )\M/@k + Mk+1,k =B + C + D
Now we must work with B; C' andD
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a1n—1 a1n
a2 n—1 a2.n

a3.n—1 a3 n

Ap—2n—1 Qk—2n
Ak n—1 Qf.n
Ak4+1n—1 Qk+1n

A Qp—1n
an,nfl A
a1n—1 Q1.n
a2 n—1 a2n

a3 n—1 asn

Ak—2n—1 Qk—2n
Ak—1n—1 Qk—1n
Ak4+1n—1 Qk+1n

A Clnfl,n
an,nfl A
a1 n—1 A1 n
a2 n—1 a2n
ag n—1 a3 n

Ar—2n—1 Qk—2n
Ak—1n—1 Qk—1n

Ak n—1 Ak
A anfl,n
Apn—1 A
(3.9)
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Now we look at graph with edge removed: Now, if the edge e between the ver-

tices k and k + 1 are removed from the tree G , we have the disconnected tree G —e
as below:

L 3 - - - -
k-2 k-1 k k+l k+2
Figure 3.8: A tree G with edge e removed
The adjacency matrix Ag_. is:
0 1,2 o Ark—1 i,k a1,k+1 a1,k42 Tt A1p—1 ain
a2 1 0 s A2 k-1 a2k a2 k+1 a2 k42 a2 n—1 a2 n
as az2 ccr A3 k-1 a3k a3 k+1 a3 k+2 a3 .n—1 a3 n
A | Ok—11 Qg—12 - 0 k-1, Ok—1k+1 QAk—1k+2 °°° Ok—1n—-1 OGk—1n
G—e —

k.1 k2 Qpk—1 0 0 Ak j+2 " Qkp—1 Ak,
py11 Q412 " Akl k-1 0 0 gyl k2 0 Okiln—1 Okiln
ap-11 Apn—12 *°° Op-1k—1 An—1k On—-1k+1 An—1k+2 *°° 0 Ap—1n

L Qp,1 Ap 2 e Qp k-1 QL Qp, k41 Ap k42 T Qpn—1 0 ]
Then the characteristic matrix is:
A @12 Tt ai k-1 al k a1 k+1 Q1 f+2 a1 n—1 a1 n

2.1 A T A2k—1 a2k a2 k+1 a2 k42 T Q21 a2.n

as3;1 as.2 cer A3 k-1 as i a3 k+1 a3 k+2 a3 n—1 asn

()\I A ) | Ok—11 Qg—12 - A k-1 Qk—1k+1 Ak—1k4+2 °°° OQk—1n-1 0Qk—1n
—4G—-e) —

Q.1 Q.2 et Ok k—1 A 0 Ak k+2 crr Q-1 Ak.n
k11 Gk12 0 Gkpih—1 O A Ukt1kt2 0 Qkln—1 Qktln
ap-1,1 Ap—-12 °°° Apn—1k-1 An—1k An—-1k+1 An—-1k+2 - A An—1,n

L Qp,1 Qp 2 e Qn, k-1 Qp Qp k41 Qp k42 e Apn—1 A

Now, the expansion of the determinant by its first £ columns gives:

det M — Ag_o) = (=1)** a1 oMy 1 + AMppe + (=) ap i p My s

Since

det(A — Ag—.) = (_1)1+ka1,kM1,k + (_1>2+ka2,kM2,k +-
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(—]JQk_lak—LkA4k—1ﬁ-+-Aﬂ4kk'+-(—1)2k+1ak+LkA4k+Lk-+~--

Therefore,

as
as

Ar—21
Q1
k411
Qp42.1

|My_1x| =

Ap—1,1
an,l

a2 1
as 1

Ar—21
ag—1,1
Ag41,1
Ag42.1

AMys| = A

Ap—1,1
an1

Therefore,

(=) M an g My + (—1)" P an My,

det()\I — AG,e) = Mkfl,k + )\Mk,k

12

as.2

Ap—2.2
Q.2
Ap1,2
Q422

Ap—12
an,Q

1,2

A

3,2

Ar—22
Ar—1,2
Ag41,2
Ak4-2,2

Qp—1,2
ap 2

@13
a2.3

Ar—23
Q.3
Ak+1,3
ar423

(p—1,3
an,?)

a1,3
23

ar—2,3
ag—1,3
Ak+1,3
Ag+2,3

an—1,3
an,3

al k-1
a2 k-1
a3 k-1

Ak k—1
Af4+1,k—1
Q42 k-1

Ap—1k—1
Qp k-1

a1 k-1
a2 k-1
a3,k—1

Ar—2,k—1
A
Af+1,k—1
Af4-2,k—1

Ap—1k—1
A k—1

a1 k+1
a2 k+1
a3 k+1

Ak—1,k+1
0
A

k42 k+1

Qp—1k+1
Ap k+1

a1 k+1
a2 k41
a3 k+1

Ak—1,k+1
0
A

Ak42 k+1

Ap—1,k+1
Qp, k+1

a1,k4-2
a2 k42
a3 k42

Af—1,k+2
Ak k+2

Q41,42
A

Qp—1,k+2
Ap k42

a1 k+2
a2 k42
a3 k42

Ap—1,k4+2
Ak—1,k+2
Qf+1,k+2

A

Ap—1,k+2
Ap k42

det()\f — AG—e) = Mk—l,k + )\Mk,k = B/ + C
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a1,n—1
a2 n—1
a3 .n—1

Ak—1,n—1
Ak n—1
Ak+1n—1
ak—l—Q,n—l

an,nfl

a1n—1
a2 n—1
a3,n—1

Ak—1n-1
ag—1,n—1
ak‘-i—l,n—l
Ak42,n—1

A

Apn—1

(3.10)

where B’ is similar to B Now, we must work with D to get: det(A — Ag_¢e})

Now, removing the vertices k and (k + 1), we have the graph as below G — {e}

al,n
a2.n
a3 n

Ak—1,n
Qk.n
ak—f—l,n
Q42,0

Qp—1n

a1n
a2,n
a3,n

Ar—1,n
Ak—1,n
Ak+1,n
Ak+2.n

anfl,n

B/
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b

L

k-1

%2

Figure 3.9: A tree G with vertices k and k + 1 removed:G — {e}

A
as
as3;1

Ar—2,1
det(/\]—AG_{e}) = ’
Ar—1,1
Ak421
an—1,1
an,l
Now, we have :
A Q12
a21 A
as1 as,2
ag—21 QAk—22
A |Mk,k‘ = A Q1 Ak 2
Ap+1,1  Ak+1,2
Ap4+2,1 Ak+22
ap—-11 Qan-1,2
Qn,1 Qn,2

Now, working with D,

12

as.2

Ar—22
Ar—1,2
Q422

Ap—1,2

)

Qp 2

@13
as 3

ar—2.3
a3

Ak+1,3

Ak+2,3

(p—-1,3
an 3

1.3 a1,k—-1 a1 k+1 a1 k42
a2.3 a2 k—1 a2 k+1 A2 k42
A T A3 k—1 a3 k+1 a3 k42
Ar—23 Q-2 k-1 OQk—1k+1 Qk—1k+2
ag—1,3 °°° A 0 Af—1,k+2

Apt2,3 Uop2,k—1  Qht2Jot1 A
(p—13 p—1k—1 OAn—1k+1 an—1k+2
Qp,3 Qp k-1 Ap k+1 Ap k42
ay g—1 a1 k+1 a1,k+2
a2 k—1 a2 k+1 a2 k+2
a3, k—1 a3 k+1 a3 k+2
-2 k-1 Qk—2k+1 QAk—2k+2

A 0 Ak y2
Akt1,k—1 A ki 1 k2
Akt2 k-1  Qht2k+1 A
p—-1,k—1 OGn-1k+1 QGn—1k+2
Qp k-1 Qp k41 Qp, k42
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a1,n—1
a2 n—1
a3 n—1
Ak—1,n—1
Akp—1n—1
k42 n—1
A
an,n—l
a1n—1 a1 n
a2 n—1 a2 n
a3n—1 as,n
Qk—2n—1 Qk—2n
Ak n—1 Ak
Qk+1n—1 Qk+1n
Qk+2,n—1 Qk+2n
A Apn—1,n
an,n—l A

al,n
a2.n
a3 n

Ak—1,n
Ak—1n
Ak42.n

Qp—1n
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A a2
as 1 A
asza as,2
ag—21 QAg—272
|Mk+1,k| = |Ok—1,1 Qk—12
Q.1 Qg2
Ak+2,1 Ag422
(p—-11 0np-—1,2
Qn,1 Q2

1.3
@23

A

ar—23

ak—1,3
Qg3

Q42,3

(p—-1,3
Qn. 3

The expansion along (k 4+ 1)th column will give:

D= (-1 ay 411 N1 g1 + (= 1)* Fag k1 Nogrr + (1) Faz g1 Naprq + -+

(=) apop 1 Ne—agrr + (=D ar1 401 Ne- 11401 + (=D ag oot Ne g1+

2k+3 n+k n+k+1
(=1)" " apy2k41 Neso k1 + -+ (=1) """ an_1 g1 Np1 541 + (1) A o1 NV k1

Therefore,

a2 1
as

Qr—2,1
Ar—-1,1
Ag42,1

Ap—1,1
an,l
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a1.k—1 a1 k+1 a1 k+2 a1n—1 a1n
as k—1 ag k+1 a2 k+2 a2 n—1 asn
ag k—1 a3 k+1 a3 k+2 a3,n—1 a3 n
Q-2 k-1 Qk—1k+1 Qk—1k+2 Akg—1n—1 QAk—1n

A 0 Af—1 +2 Ak—1n—1 Ok—1n
Ak k—1 A Ak k+2 Qkn—1  Ak+1n
Ak+2,k—1  Ak4+2k+1 A Ak4+2n—1 QAk+42n
p—1k—1 An—1k+1 An—1k+2 A Qp—1n
An k—1 Qp, k41 Qnp, k42 An,n—1 A
D = —Ni g1 + Negogpr1
a1 k-2 a1 k-1 A1 k42 a1n-1 a1n
a2 —2 a2 k-1 a2 k42 a2 n—1 a2 n
a3 k—2 a3 k—1 a3 k+2 a3 n—1 asn
A Qrp—2k—1 Qk—2k+2 Ag—2n—1 Qk—1n +
Qk—1,k—2 A Af—1,k+2 Qk—1n—1 Qk—1n
Aft2,h—1 Okt 2, 41 A Apt2,n—1 Ckt2n
Ap—-1k—1 OAn—1k+1 QAn—1k+2 A Ap—1,n
Qp k—1 Qp k41 Qp, k42 Ap n—1 A

1.9 a1,3
A a2 3
az2
ar—22 Qp—23
Qr—1,2 QAk—13
Qr+2,2 Ak4+23
(p—-12 0an—13
an,2 &n,S
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A 1.2 13

Q21 A 23

as a3,2 A
ar—21 QAg—22 Grp—23
ar—1,1 Ag—-12 GQk—13
Q1 Ak 2 a3
p—-11 Qn-12 0Gp-13
an,l an,2 an,3

a1 k-2
a2 -2
a3,k—2

A

Af—1,k—2

Ak k—1

Ap—1,k—1
Qp k—1

a1 k-1
a2 k-1
a3,k—1

Ak—2 k-1

A
A k+1

Ap—1,k+1
Qp, k41

a1,k42
a2 k42
a3 k42

Ak—2 k42
Ak—1,k+2

Ap—1,k+2
Qp, k42

The expansion along (k + 2)th column of the 2nd minor will give:

A

a2 1

as

ar—2,1

D=— ’
Ar—-1,1

Qr+2,1
an—1,1

an,l

A a2

Q21 A
as,; as,2
Akp—21 QAg—272
Qk—1,1 Qg—1,2
Q1 Qg2
Ap—-11 Qan-12
Qn1 Ap2

a1,

A

az2

Ar—2.2
Ar—1,2
Ak+2,2

Ap—1,2
Ap 2

13
2.3

ar—2,3
Ar—1,3
Qg 3

an—1,3
an,3

a1,3
2.3

Ak—23
ar—1,3
Ak+2.3

(p—-1,3
an3

a1,k—2
a2 k—2
a3 k—2

Qk—1,k—2

a1, k—1
a2 k—1
a3 k—1

Qr—2,k—1

A

a1 k+2
a2 k+2
a3 k42

Q-2 k+2
Ak—1,k4+2

Q42 k—1

Apn—1,k—1
Qp k-1

Qa1 k-2
a2 k—2
a3,k—2

Ap—1,k—2
Ak k—1

Ap—1,k—1
Qp, k—1

a1,k—1
a2 k-1
a3,k—1

k-2 k-1

A k+1

Ap—1,k+1
Ap, k+1

Ak42 k+1

Ap—1,k+1
Qp k41

A

Ap—1,k4+2
Qp, k42

a1 k42
a2 k42
a3 k42

Af—2 k+2

Af—1,k+2
A

Qp—1,k+2
Ay k42
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a1 n—1 Q1.n
a2 n—1 a2 n
a3n—1 asn
k—2n—1 Qk—1n
Qk—1,n—1 QAk—1n
Ak n—1 Ak
)\ anfl,n
an,nfl >\
a1,n—1 a1,n
a2n—1 a2 n
a3 n—1 asn
Qg—2n—1 QAk—1n
k—1n—1 Qk—1n
ag4+2n—1 Qk+2n
)\ 6Ln—l,n
an,n—l )\
a1 n—1 Q1.n
a2 n—1 a2n
a3,n—1 a3 n
Ak—2n—1 Qk—1n +
Ak—1n—1 Qk—1n
Ak n—1 Qk.n
A anfl,n
Qp n—1 A
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A a2 a3 a1,k—2 a1,k—1 A1,n—1 a1,n
az A a23 a2 k—2 a2 k-1 a2 n—1 a2 n
a3,1 as2 A a3,k—2 a3,k—1 a3,n—1 a3
Qg—21 QAg—22 Q23 A Ak—2 k-1 Qkg—2n—1 Qk—1n
ar—1,1 Qag—12 QAkg-13 Ap—1,k—2 A g—1n—1 Qk—1n
Qg1 Qg2 Q.3 Q. l—2 Ak k—1 Ak m—1 Ak n
Gp—-11 An—12 0QGp—13 Ap—1k—2 Apn—1k—11 A Qp—1,n
Qnp,1 Qp 2 Qp,3 Qp,k—2 Ay k—1 Apn—1 A
D=—(\—-Aqg_() + E+F
where FF =0
A Q1.2 a3 a1 k—2 a1 k—1 Q1 k+2 a1n-1 a1n
2.1 A 2.3 a2 k—2 a2 k—1 a2 k+2 a2 n—1 a2 n
as 1 a3, A a3, k—2 a3,k—1 a3, k+2 a3 n—1 a3.n
Do _ |%-21 Gk-22 k23 A Ak—2k—1 Ak—2 k42 Ak—2pn—1 Qk—1n
ag—1,1 Qk—12 Qkp-13 Af—1,k—2 A k1 f+2 k—1n—1 CGk—1n
Ap42,1 (k422 Opi23 Aht2 k-1 Qht2k+1 A Akt2,n—1 Okt
an—-1,1 Ap-12 Qan—13 An—1,k—1 QAn—1k+1 QAn—1k+2 A Qp—1,n
Qn,1 Qnp,2 Gp,3 Qp, k—1 A, k41 A, k42 Apn—1 A
A 1,2 1,3 a1,k—2 A, k—1 a1, k+2 a1n—1 Q1n
2.1 A 23 a2 k—2 a2 k—1 a2 k+2 a2 n—1 A2 n
a3 1 3,2 A a3,k—2 a3 k—1 a3 k+2 a3,n—1 as,n
ap—21 QAg—22 Qak—23 A Ak—2 k-1 k-2 k+2 Ak—2n—1 Q(k—2p
ag—1,1 Qk—12 GQk—13 Af—1,k—2 A Af—1 f+2 k—1n—1 Ok—1n
Qg1 a2 a3 Ak k—1 Ak k+1 A Ak n—1 Qk.n
Gp-1,1 Ap—12 Gp-1,3 p—1,k—1 On—1k+1 On—1k+2 A Ap—1,n
Gn,1 Qn 2 an 3 Qp k-1 Qp, k41 Qp, k42 (pon—1 A
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Expansion along the (n — 1)th column of the 2" Minor will give:
D = —(/\I — AG_{e}) + F
A 1,2 1,3 aq,k—2 a1,k—1 A1,
az1 A 23 a2 k-2 a2 k—1 a2 n
as az2 A a3 k-2 ag k—1 asn
E — . . 5 . — O
ag—21 Qg—22 Qg—23 A Q-2 k-1 QAk—2n
Qr—1,1 Qk—12 Qk—13 Ak—1,k—2 A Qr—1,n
g1 Qg2 Qg3 A, k—2 A k-1 Ak.n
A 1.2 a3 a1 k—2 a1 k-1 Qa1 k42 a1n-1 a1n
az1 A a2 3 a2 —2 a2 k-1 A2 k42 a2 n—1 a2 n
3,1 a3,2 A a3,k—2 a3,k—1 a3, k+2 a3,n—1 a3,n
D= _ Qr—21 QAg—22 Gp—23 A Ak—2k—1 Qk—2k+2 Qr—2n—1 Qk—1n
ag—-1,1 QAk—12 Qag-1,3 Ag—1,k—2 Ak—1,k+2 g—1n—1 QAk—1n
Ap42,1 Q42,2 (pt23 2 k-1 Cht2)o+1 A k2,1 Qki2n
Qp—-1,1 QApn—12 0Qap-13 Ap—-1k—1 OAn—1k+1 An—1k+2 A Ap—1,n
Qn,1 Qnp,2 Gp,3 Qp, k—1 A, k+1 A, k42 Apn—1 A
A ai,2 ai1,3 a1,k—2 a1,k—1 ai,n
a2 1 A a23 az k—2 a2 k-1 a2 n
as 1 az2 A as k—2 a3 k—1 a3 n
ar—21 Qg—22 Qg—23 -**° A ag—2k-1 QAk—2n
Qr—1,1 QAg—12 Qak—13 Ap—1,k—2 A Ak—1,n
Q1 Qg2 Q.3 A —2 Ak k—1 Qk.n
Therefore,
D =—(\ — Ag_qo)) (3.11)

Now for Minors B and B’
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A a2 aysz - A1k—1 a1 k+1 a1 k+2 ° A1p—1
2.1 A a3 ccc A2k—1 a2 k41 a2 k+2 0 A2np—1
as as,2 A ccr A3 k-1 a3 k+1 a3 k+2 o G3p—1
Qg—21 QAg—22 Qag—23 *°°° A Qgp—1k+1 Qk—1k+2 " Qkp—1n-—1
|Mi—1x| = | ax1  ar2 Qg3 -+ Qrk—1  Gkgr1  Qkgt2 0 Qkne1
Gg+1,1 k41,2 Ok41,3 °°° Qkg41k—1 A Ap4+1,k+2 *°° Qk4ln—1
k421 (k422 (k423 0 Qg2 k-1 Qkg2 kil A Crr Apg2n—1
p—-11 Qpn-12 Gp-13 - QApn-1k-1 Op-1k+1 An—1k4+2 *°° A
Qn 1 Qn,2 Q3 U Qn k-1 An k41 A k42 e Apn—1
and
A a2 aysz -+ A1g—1 a1 k+1 a1 k+2 ° Alp-1
az1 A a3 -+ Q21 a2 k+1 agk+2 ° A2p-1
asq g A a3k-1 G3pp1 G3ky2 ccc (3p1
Qr—21 QAg—22 0Qp—23 *°°° A Ag—1,k+1 Ak—1k4+2 *°° (Ag-1n-1
|Mi—1x| = | ag1  ag2  Qr3 - Qg1 0 2 (kp—1
Ar4+1,1 Ag+12 Qk413 - Qk+41k—1 A Ak+1,k4+2 *°° Qk4+1n—1
Qp+4+2,1 Ag422 Q423 - Qp42k—1 Qk+2k+1 A s Qg42n—1
ap-11 Ap—-12 ap-13 *°° Op-1k—1 Oan-1k+1 an—1k+2 " A
Qnp,1 Qp,2 (n,3 e Qp, k-1 Qn k+1 Qp k42 e Qp n—1

Using column operations to get rid of any non-zero entries in the last row between
k+2 and (n — 1), the following steps are applicable.

B and B’ differ in the (k, k + 1)"* entry after we have removed the k" column from
G and G — e So that in B, a1 # 0 and in B’ ag 441 =0

A 1,2 a1.3 T a1,k—-1 a1 k+1 a1 k42 o Q1p—1

Qg1 A a3 -+ Q21 a2 k+1 agk+2 °  A2p-1

as1 g A e G3k-1 G3k41 G342 (3p-1
Qr—21 0Ag—22 0Qp—23 °°° A Ag—-1k+1 Ak—1k4+2 °°° (Ag-1n-1

|Mi—1x| = | ax1  ar2 Qg3 -+ Qrk—1  Gkgt1  Qpgt2 0 Qkpel
Ar4+1,1 Ag+12 Ak413 - Qk+41k—1 A Ak+1,k4+2 - Qk4+1n—1
Qp+4+2,1 Ag422 Q423 " Op42k—1 Qk+2k+1 A s Og42n—1

ap-11 Ap—-12 ap-13 *°° Op-1k—1 On-1k+1 an—1k+2 " A
Gnp,1 Qp,2 (n,3 e p, k-1 Qn k+1 Qp k42 T Qp n—1

al,n
asn
asn

Ar—1,n
Qk.n
Ap4+1,n
Ap42.n

Ap—1.n

A

edge{e}remo

a1n
a2,n
a3,n

Ak—1n
Qf.n
Ap+1,n
Ak42.n

anfl,n

A

edge{e}remo

a1n
&2,71
a3n

Ak—1n

Ak+1,n
Ak+2.n

anfl,n
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Replacing column I with I + a; where j is column and it does not change the
determinant. This operation is done on matrices B and B’ below. The problem is
the different entries in k, k + 1 for B and B’ - note that in the nth row all entries
from column 1 to £ — 1 are 0 (because there are no adjacent vertices)

Case 1, A # 0
There is a (A # 0 ) in the n,n position of the matrices B and B’. Let b; be a
nonzero entry in one of the column positions (k + 2) to (n — 1) in the nth row,
i.e. j runs from (k + 2) to (n — 1). These columns are identical in B and B’. Let
this position be I; which contains b;. Replacing column [; with column I; — (%’)
will convert all non-zero entries from (k + 2) to (n — 1) to 0. This operation will

not affect the determinants of matrices B and B’ when expanding along the nth row.

Case 2: A =0
We have A = 0 in the n,n position. Let b; be a nonzero entry in one of the column
positions (k+2) to (n— 1) in the nth row, i.e. j runs from (k+2) to (n—1). These
columns are identical in B and B’. Let this position be I; which contains b;. Swop
the nth column with this j¢h column so that we have a 1 in the n,n position.

Case 2.1
Proceed as in case 1 if there are any other non-zero positions in columns (k 4 2) to
(n — 1) using this non-zero 1 in the n,n position. Following cases 1 and 2 for B
and B’ will keep their determinants the same when expanding along nth row. Now
proceed to row n — 1 where there is a A in the (n — 1,n — 1) position. Convert
relevant non-zero entries in this row to 0 in columns from k& — 2 column using cases
1 and 2. Expanding along this n — 1th row will keep the determinant of B and B’
the same. Continue until row £ —1 . When we expand the along the kth row, the
different entries in the k, k+1 entry for B and B’ will not be relevant so that: B = B’

From above, we have:
B=D (3.12)

we may proceed to calculate. from above, we have: det(\] — Ag) = B+ C +
D --- (3.8)

det(\ — Ag—e) = M1 + AMyp, =B '+ C --- (3.9)
det(N — AG_{Q}) -+ (3.10)
Therefore, since we have (3.12)
det()\l — Ag) = det()\l — AG—e) — det()\l — AG*{@})
[l

Theorem 3.4.2 (Lollipop Theorem). Let x; be a vertex of degree one in the graph
G on n vertices, and let x; be the vertex adjacent to x;. Let G be the sub-graph
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obtained from G by deleting the vertex x;, and let G5 be the sub-graph obtained from
G by deleting both vertices x; and x; . Then

Pa)(A) = APa1)(A) = Paez)(A)
See [8]
Proof. Without loss of generality, let ¢ < j, so row i comes before row j in
Paey (V) = det(Al — A(G))
Then we have,
(V= A(G))is =\
(= A(G))y = —1.
(M —A(G))ix=0 for 1 <k <nandk #iandk # j.

Expand the determinant of (A — A(G)) along the ith row, where there are only two
non-zero entries as defined above. Then,

Pyay(N) = (=)™ (N My + (=1)" (1) M,

now,

S0,

Pac)(N) = APac) (M) + (=1)" M

Now expand M, ; along the ith column, which only has one non-zero entry of —1 in
the (j — 1)th row as x; has degree one and is only adjacent to z So,

Paic)(A) = APa)(A) + (=1) 7+ (=1) 71 (=1) Pagayy (V)

= APa(c,)(A) = Pagy)(N)
0

3.5 Eigenvalues of complete graphs, bipartite graphs,
star graphs, cycle graphs, path graphs

3.5.1 Eigenvalues of Complete Graphs

A complete graph is a simple undirected graph in which every pair of distinct vertices
is connected by a unique edge. For any complete graph K, the eigenvalues are n—1
(multiplicity 1) and —1(with multiplicity n — 1). See Jessop [59].
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Lemma 3.5.1. Let J denote the n x n matriz of all 1s then the eigenvalues of J
are n (with multiplicity 1) and O (with multiplicity (n — 1).

Proof. Using the eigenvector v with only 1s as its entries we see that

Jv = nv.

so that n is an eigenvalue of J . Since
tr(J) =n,

and the trace is the sum of the eigenvalues,

Trace = Z)\i =n+0
follows that the remaining n — 1 eigenvalues of J must all equal to 0. O]

Theorem 3.5.1. Any complete graph K, has one eigenvalue (n—1)' and eigenvalues
of (=1)"~.

Proof. Generally, the complete graph K,, has an adjacency matrix A which is given
below as:

011 -1
101 -1
A=|1 10 -1
111 - 0

where a; ; = 1 when 7 # j; a;; = 0 when ¢ = j

Let J be matrix with all 1s and [ is the identity matrix. The rank of matrix
J is 1(that is, there is one nonzero eigenvalue equal to n ; with eigenvector 1 =
(1,1,---,1) while the remaining eigenvalues are 0. Let z be the n x 1 vector of
1’s only and A the adjacency matrix of the complete graph. Then, subtracting the
identity matrix shifts all eigenvalues by (—1) .

ie.

Az = (J -1z
=Jz— Iz
=nzx—z=(n—1)z,

we have
Az = (n — 1)z.

Therefore n — 1 is an eigenvalue of the adjacency matrix A.

Since the complete graph is regular of degree n — 1 it has exactly one eigenvalue
equal to n — 1( see spectra of graphs by Haemers [9]).

Since the complete graph has diameter 2, it has 2 distinct eigenvalues (see [9]).
Let the second eigenvalue be p, of which there are n — 1. Then, since tr(A) = 0,
and A is the adjacency matrix of the complete graph (see [9]), we have:

(n—1)+pn—1)=0
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Which implies p = —1.

SAr =0z —lz = Az = —1Ix

A= -—1
Therefore, the eigenvalues of the complete graph K, are (n —1)! and (—1)""!. O

3.5.2 Eigenvalues of Bipartite Graphs

Example: Below is a bipartite graph, K, ,, on 6 vertices.

M

N

Figure 3.10: A bipartite graph on 6 vertices

Below is the complete bipartite graph Ks 3.

Figure 3.11: A bipartite graph on Kj3

Theorem 3.5.2. The adjacency matriz of a complete bipartite graph K, ,, has eigen-

values: (/mn)', (—y/mn)' and 0mT"=2.

Proof. The adjacency matrix of K,,,, with order (m + n)(m + n) is of the form:

Ak, .. =

mxXn

lomxm LW]

1n><m Oan
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Now, let define matrices Bayxs and S(y4n)x2 to be:

o=[a 4]
n 2x2

(%)mxl 0m><1

1

Onx1 (n)nxj (m+n)x2

The idea that m > 0 and n > 0 allows us to construct S. We have:

AS = [Omxm 1mxn1 [(i)mxl Omx1

and

S:

1 I

Lnxm  Onxn = ]
"/ nx1d (m4n)x2

_ [Omxl 1m><1

Onx1 Ot OnX1‘|(m+n)><2

and

1
(a)mxl Omﬂ] lo m]_lomxl L1
i _
(m-+n)x2

SB = .
0n><1 n 0 0n><1 OnX1](m+n)x2

n/nx1

From the above, it is obvious that: AS = SB. Here, if A is an eigenvalue of B with
eigenvector v then:

BA=M
AS =5B = ASv=SBv =5\ =\Sv

This implies
ASv = \Sw.

So that A is an eigenvalue of A with eigenvector Swv.

Now, matrix B has eigenvalues 4++/mn, which are the nonzero eigenvalues of
K., . But the rank of matrix A is 2, therefore the rest of the eigenvalues are 0.
The method applied in the above proof is called the equitable partition. O

3.5.3 Eigenvalues of Star Graphs

We use induction and the Lovasz theorem to find the eigenvalues of star graphs.

Theorem 3.5.3. The eigenvalues of a star graph with m rays of length 1 on n
vertices are 02 and +/n — 1

Proof. By induction: The theorem is true for a star graph with rays of length one
on 2 and 3 vertices. See[59]
Assume:

Det (M — Ag, ) = X" [\ = (n - 2)]
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where A" 73 [\? — (n — 2)] is the characteristic polynomial of a star graph on n — 1
vertices. The characteristic polynomial of the star of rays of length 1 on n vertices is:

A

—1

-1 -1 —1]

-1 X 0 0 0

-1 0 X 0 --- 0
W =4As)=1_1 0 0o A 0

-1 0 0 0 - X
Using cofactor expansion along the second row, we have the determinant as:
det(\ — Ag,) = —1ag Oy + ageChy — ag3Cs3 + aggCay — - -+ + (=1)"1a,;Cy;

= —1021 -+ )\022 — 0023 + 0024 — e+ OC”
= Cy1 + A\Co
. Since as; is negative.
-1 -1 -1 - —1] A -1 -1 —1]
o X 0 -+ 0 -1 X 0 0
0O 0 X -+ X|gx|—-1 0 A 0
00 0 - A -1 0 0 - A
It is obvious that Cyy is the determinant of the matrix (Al — Ag, ,). Now let
the matrix Cy; be B. Then,
1 -1 —1 —1]
0O X O 0
B=1]10 0 X 0
00 0 A

Using cofactor expansion of B along the first column, we get:

detB = —1011 =—1 .

A
0

0
A

0

0
00 -+ A
But Ci1 = det)\l,,_5, where I,,_5 is the n — 2 identity matrix.

Therefore, detB = —\""2
and

det(A — Ag,) = —(—=1)(=\"7?) + Adet(M — As,, )
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= Met(\ — Ag,_,,) — A2
Using the inductive hypothesis we have:
det(\l = Ag,) = A (A" (M = (n—2)) = A"?)
= An2 ()\2 — (n— 2))) — A2
=\ (N = (n—2)-)
=A"2 (X2 = (n—2))

Now, let
=det (A — Ag,) =0

This implies,
A2\ = (n-1)] =0.

Thus, either A2 =0 or [A\* — (n — 1)] = 0. Therefore, A = 0”2 or
M=m-1)=A=4/(n—-1).

]

Thus by induction the eigenvalues, A, of a star graph of rays of length 1 on n

vertices are: 0”2 and +4/(n — 1).

Theorem 3.5.4. For a star graphs Sy, 2 with m rays of length 2 withn = 2m+1, the
eigenvalues of Sy are: 1 and —1, each of multiplicity m — 1 = "2 one eigenvalue

2
0, and two eigenvalues

1
A=+vm+1== n—2k ,

Proof. Now, considering a star graph S, of m + 1 rays of length 2 where n’ =
2(m +1) 4+ 1 and e = uv where u is the center adjacent to v , we must show that:

det(\] — Ag ) = A(N* = 1)™[A\* — (m + 2)]

Now, considering a star graph S™ of (m 1) rays of length 2 where n’ = 2(m+1)+1
and e = uv where u centre adjacent to v. Given:
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~
Figure 3.12: A star graph with 4 rays

Let find the eigenvalues as follows.
for n’ = 2(m+ 1) 4+ 1 is of 4 rays of length 2
n’ =2(m+ 1)+ 1 vertices.
we must show:

detO\ — Ag ) = A(A\2 — 1)™[A% — (m + 2)]

By removing the edge e = uv from S, , i.e from the star with m + 1 rays of length
2

3 4

Figure 3.13: A disconnected star graph
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G—GZSnUKQ

Now removing the vertices u,v € V from S,, we obtain

&
K

G-{e}

%

Figure 3.14: A star graph with central vertex removed

For the star with m + 1 rays of length 2, we have:

G —{e} = (K2)"™ U (K1)
and ,
det(M — Ag,) = A(A* = )™ 1N — (m + 1)].
K1 =\
Therefore,
det(A\] — Ag,) = det(\] — Ag_.) — det(\] — Ag_(o})
(Lovasz Theorem).
=M —Ag, ) UM — Ag,) — (M — Ak,)" U (N — Ag,)
= det (\I — Ag, ) det (M — Ag,) — [det (M — Ag,)]™ A
AN =D R = )] (R 1) A ()"
A=) R = ] A (3 - 1)"
=A(=1)" [P =m+1)]-Ar(N-1)"
=A(3=1)" [N = (m+1)—1]
det (AT — Ag,) = A (A = 1)" [\ = (m +2)]
Thus, the eigenvalues are:
A=0, A=+(VD™, A=+(/m+2)",

So that the theorem is proved by induction. m
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3.5.4 Eigenvalues of The Path Graph
We need the following theorem and lemma:

Theorem 3.5.5 (Gershgorins Theorem). This theorem states that every eigenvalue
X of matriz A, satisfies:[21]

|A_aii| < Z‘(lzﬂ fOT 7= {172’37... ,TL}.
J#i

Proof. Suppose that A is an eigenvalue of the matrix A. The matrix |\ — A| is
Strictly Diagonally Dominant (SDD) if:

|)\—6Lu| S Z|aij] fO’/’ Z = {1,2,3,"' ,}
J#

If the Gershgorin’s Theorem is not satisfied, then |\ — A| is SDD.
If [\ — A is SDD then, it is non-singular and as a result,\ is not an eigenvalue.
If X is to be an eigenvalue, then:

’)\—aii’ < Z‘aij| fori= {1’2’37... ’n}
J#i
O

Lemma 3.5.2. Suppose o and [ are the roots of av;y 1 —Av;+bv;_1 = 0.for a,b # 0.
Then o , 8* are solutions of aviy; — Av; + bv;_; = 0.

Proof. Let a be a solution to the difference equation:av;, 1 — Av; 4+ bv;_1 = 0. Thus,
if v; = o', we have

acttt = ot +bal "t =aa? — Na+b=0.

let v; = o', and also let a,b be nonzero constant. Then the difference equation will
be:

avip1 — M; +bu;_ =0, ad™ — o + bali — 1).

By factorization, we have:
acd™ — Ao 4 ba' !

Taking out o~! one is left with the quadratic as a factor. That is:
adtt — Na' + bt =o't (aoz2 — Ao+ b) = 0;
= aa’ - a+b=0.

Similarly by putting v; = 3¢ we get the desired result as
B (ap* = AB+b) = Ba’ 1.0 =0,
Assuming that 3% is also a solution of the equation

Vi1 — /\Ui + v = 0.
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From the above, we have established that:
v; = o and v; = 3¢ are solutions to the difference equation

Vi1 — A\ +v;_1 = 0.
Suppose v; = aa’ + bS3* where a and b are constants, then,
avip1 — Av; + by = a(@™ 4+ ) = Mo + 87) + b(a' T+ 5.
= aa’ + Ao’ — b BT+ NG — b
=a' (aa2+)\a—b) + B (aﬁz—i-)\ﬁ—b)

= a'.0+ 3.0 = 0 provided a # 0.
This implies that: v; = aa® + bS* is a solution to the difference equation:

Vig1 — A0y + 01 = 0.

O
Theorem 3.5.6. Let A, be the adjacency matriz of the path graph P,. The eigen-
values of A, are: 2cos; L for j=1,2,3,--- n.

Proof. The adjacency matrix A, has the form:

0 1000 0 00 0
101000 000
010100 000
001010 000
Ap= |+ + 0 R
000000 100
000000 010
000000 101
000000 01 0

We know that A is an eigenvalue of A, if and only if there exists a nonzero vector
v = (v1,v9,03,- - ,v,)" such that A,v = A\v. Writing the condition A,v = Av in
coordinates, we obtain the system of equations:

010000 00 0][wn 0
101000 00 0|/ w vy
010100 00 0| v Vs
001010 00 0w 0
R R S = A

000000 10 0| [vns Uns
000000 0 1 0| |vps Un_2
000000 10 1] |vey Un_1
000000 01 0f/[ v | v, |
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This implies that:

Vg = /\U1
v + vg = )\1)2
Vg + Uy = )\U3

Un—1 = Avn

From the above system of equation, it is seen that:vy = Avy.
This implies that: v, = Av,,_4
Also, v1 + v3 = A\vg = v3 = Mg — V1 = U, = M1 — Up_a

and vo + U4 = A3 = U4 = AU — Uy = Uy, = A\Up_1 — Up_2

Therefore, v, 1 = \v, = v, = A\v,41.
We have the initial conditions vg = 0 = v, since vy and v, ; are respectively
before and after the start vertex and the end vertex of the path P,.

? 1 Y 3 ] b 5 k 2

Figure 3.15: A path graph of n vertices

Then, the system of equation will become linear recurrence:
Vi1 + Ui = Ay, 1 <i<n

The system of equation implies that:

Vig1 — AV + ;-1 =0

(Homogeneous difference equation).

Now, given that F is an n x n matrix this will give: v; is replaced with £. This is
because, v; is a vector (row or column matrix) while E is an nxn matrix where n # 0.
EfY _\E'+ E7'=0
E'E—-XE'+ E'E™' =0
E(E-A+E")=0

Multiplying the terms in the bracket by £ ,we have:

Ei(EQ—/\EJrl):O

Hence, the linear recurrence can also be written as:
(E*=AE+1)v=0.

its solution has the form v; = aa’ + b3* (see lemma 3.6.1 above) where a and b are
constants). (unless @ = 8 to make the equation linear), where «a, # are the solutions
of the characteristic equation:

E*-AE+1=0
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which has «, 8 as a non-trivial solution of the characteristic equation:
2= A +1=0

In particular, a8 = 1 (roots of quadratic equation).
From the initial data vy = 0 = v,41, we deduce a™*! = "' as below.
The general form of second order difference equation is:

aYr+2 + byk1 + cyr = 0.
Which has a characteristic equation of:
ax® +br +c=0.
From above, we have the difference equation
Vig1 — AV + 0,1 =0

Initial value condition:
v =0=vp41

For ¢ = 0 implies
vo=ac’ +b3° = 0=a+b,

from which a = —b. For,
0= v, = aa™ 4+ pp" Tt
_ _ban+1 4 b6n+1
—b [_OénJrl + 6n+1]
For non-trivial solution,
b7é0:> _an+1+ﬂn+1 :0:>an+1 :Bn+1
But,

1
5:(1_1 :>an+1 —

an+1
= a2 =1,

This, along with the equation o8 = 1 (the product of the roots of quadratic equa-
tion) gives
a2n+2 =1
po=1
That is, « = V1

Hence « is some (2n + 2) root of unity.
By De Moivres Theorem (Borges 1998) [7]

. (0+ 275 ,
o= 7 =0,1,---.2n+ 1.
czs<2n 2),] , 1, ,2n




3.5. EIGENVALUES OF COMPLETE GRAPHS, BIPARTITE GRAPHS, STAR GRAPHS, CYCLF
this implies that,
a = cis (71171) j=0,1,2,--,(2n+1).

Therefore,
1
f=—=p=aqa.
Q@

But A = a 4+ 8 (sum of the roots of quadratic equation). = o + @ = 2Re(«)

T

—2005( ),j—0,1,~-,(2n+1).

n+1

Consequently,

)\:a—l-BZQRe(a):Qcos( le)’ j=0,1,2,---  (2n+1).

n -+

By periodicity of cosine and its evenness, we have

cos(—x) = cos x and cos (27T - n’%) = cos (M> Moreover,

n+1
( 7Tj ) ( >(2n—|—2 j >
cos = cos(m — .
n+1 n+1 n-+1

), j=0,1,2,---  (2n+1).

. by
Deos (M)  9vos <7T<H+J>> |
n+1

n+1
We need only consider the possibilities j = 0,1,2,---, (n + 1).
This is because, if we go beyond n + 1 then
2n+2—7 < N .
n+l —Tn+l

That is, for j = n + 2, we have

2Zn+2—-35 2n+2-n-2 n
n+1 n+1 Con4 17

for j = n + 3, we have

2Zn+2—-j5 2n+2-n-3 n-—1

n+1 n-+1 Con+1]

and so on.
Three (3) cases to be considered. (1) j =0; (2) j = n+ 1; (3) all the other js.

CASE 1. if j = 0,

2 2—7
A = 2cosm (n+3>?

n+1
= 2c0821 = 2.
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Similarly, we can show that j can be n + 1 as follows.

CASE 2if j =n+1,

2n+2—n-—1
n+1

A\ = 2cosT < > = 2cosm = —2.

To show that the eigenvalues of a path graph can’t be two (2) and negative two
(-2) we use theorem 3.5.5 above:

We had established that:

2n+2—7 .
)\—cos7r< e ),]—0,1,---,(71—1—1)
Now,

—x 1 0 0 00 0O 0 0]
1 =21 0 00 0O 0 0
0 1 -x 1 00 0 0 0
0 0 1 —-A10 0 0 0
(Ap, —A) = S S

o o0 0 0 00 - 1 0

o o0 0 0 00 - -2 0
o o0 0 0 00 - 1 =X 0
0 0 0 0 00 - 1 =\

Let A = 2. Then, Rowl : |=2| < |1| 40|+ (0| +[0] 4+ - - -+ 0] +|0| 4+ |0| not true
Also,let A = —2 then, Rowl : |2| < |1| 40|+ ]0| 4+ ]0| 4+ ---+|0| +|0| + |0| not true.

An n x n Matrix has exactly n eigenvalues, so we conclude that:

)\:2005( 77:71)’ j:1,2,...7n

n -+

are indeed the eigenvalues of the adjacency matrix of the Path graph. O

3.5.5 Eigenvalues of The Cycle Graph

Theorem 3.5.7. Let A, be the adjacency matrixz of the cycle graph C,,. The eigen-
values of Ac, are:

27k
cos <W>; for k=0,1,2,3,--- (n—1).
n
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Proof. The adjacency matrix A,, has the form:

0100 0 1
1010 00
0101 00
Ao, =100 10 00
0000 - 01
1000 -+ 1 0

Writing the condition A,v = Av in coordinates, we obtain the system of equations:

01 0 0 0 177 v 7 [ vy ]
1 010 0 0 V2 ()
0101 0 0 V3 U3
0 010 0 0 Vg | =] U2 |,
00 0 --- 01 Upn—1 Un—1
1 00 0 --- 1 0] [ v, | L U |
Vg + v, = Au;
v +v3 = Ay
= Vg + Uy = )\'Ug
U1t U1 = Avy

From the above system of equation, it is seen that:

Vo + Uy = AV = v, = AUp — Vo,

Also,

U1+U3:)\’U2:>U3:)\U2—U1,

Vg + V4 = A\U3 = vy = AUz — Vs,

We deduced that,
vV, = )\U,L',l — V;—92; 1 S ) S n (313)

V1 + Up_1 = AU, (3.14)
We have the initial conditions
Vo = Uy, and Vpiq = Uy

Since the start vertex and the end vertex are the same the system of equations
becomes the linear recurrence.

v = )\Uifl — Vi—9; 1 S 1 S no--- ,(313)

Equation (3.13) is a second order linear homogeneous difference equation (Homoge-
neous difference equation, [Mallik 2000]). O
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Theorem 3.5.8. The second order linear homogeneous difference equation:

Tky2 + AT k+1 + b.Tk =0

has xy, = xf as a non-trivial solution if and only if o is a solution of the character-

istic equation: x> + ax +b = 0.

Proof. Considering the equation (3.13) above, we have:

V; = AU — vi—9; 1 <0 <.

On substituting v; = 2 as a solution, we find that the resulting characteristic
equation will be

Vi— A1 + 0o =0=2" = XL+ 272 =0,

= 2'(1- Xz ' +272) =0.

This implies either 2° =0 or 1 — Az=t + 272 = 0.
Multiply the second equation by x?

= 2?2 — Az + 1 = 0. This is only true if 2° # 0. Since 2* € V and 0 € V, its
solution has the form z; = aa’ + 03" (unless o = 3 ), where a and b are arbitrary
constants, o and 3 are the solutions of the equation: 22 — Az + 1 = 0.
In particular, af =1, a+ 5=\
From the initial data, xg = x,, and x,., = 7;, ® =1 and " =a".a! = a.

The second one implies o = 1.
This, along with the equation aff = 1 gives us: {Oéﬁ _:al_l}.

Hence, a is some nth root of unity (i.e a = /1) and (n + 1)th root of unity
(= "V1).
Consequently

A=a+B=a+a ! =2Re(a),

where A = a + 8 (sum of the complex roots of a quadratic equation).

o2 2]

However, a = (1)x

Therefore,
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3.5.6 Eigenvalues of The Wheel Graph

Let W,, be wheel graph on n vertices with (n— 1) spokes and with the central vertex
labelled v, and the outer vertices vy, vs, - -+ ,v,. The adjacency matrix of W, is

_ A S
Aw, =K P Cpy = [ b 1],

(Jin)' B

where A is 1 x 1 matrix of a single vertex, so m(row) = 1 and Bisan (n—1)x (n—1)
adjacency matrix of a cycle on (n-1) vertices.

Theorem 3.5.9. Let

UkT = [Iprln,k Ipsn,k T aIP(m_l)] )

m,k

and

T _ 1 2 (n—1)
‘/;' - |:Ipn7j Ipn,]?‘[pn,] :|7

where P = e%for 1 <k < (m-—1) and p,; = e%for 1 <7< (n-1).
Let square matrices A = [ay, a2, -+ ,ay] and B = [by, by, -+ ,b,] be two circulant
matrices. Then,

e

Jom B
2. CSET(A® B) = {W, Wy, -+, Wyin}
= set of vectors of A® B
where W' = [Ol,m, Vﬂ if1<k<(m-1),
and
(W Wl b = {[Jm, @i Ina® + a(da — dp) = m = 0},
where dg = a1 + as + -+ + apy,.

anddB:b1+b2+---+bn.

3. The eigenvalues N\, of A@ B are given by:

A, = b + bgpz + b3pik ot bnpgln—l)k’
for1<k<(n-1),
)\k:—‘rn =a1 + agpfn + a3p?f 4+ 4+ ampg;n—l)k7
for1 <k < (m-—1),
and
{)\na )\ner} = {nOé + dA’nCt2 + a(dA — dB) —m = O} )
See Gross and Yellen [/1].
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Proof. To show that W}l = {01”, VkT} is not an eigenvector for k = 0 we let

C—A®B= [ A va”]

Jpm B
so that,

S -m_ — -

0] |m 0

A A ! ) !

T m,n T| m,n . _ T __ .
CWD_[Jnm B}[OLm,VO}—[Jnm B] S dy —/\{01,77“‘/0}—/\ s

’ ’ 1] [db 1

1 . 1

L _db_ L

which means m = 0 is impossible.
To show that

n— T .
W' = (01, V'] = [000---001p} ; 2 ;- pl77] 5 1< < (n—1)
is an eigenvector of C' consider:

A J -n1"
T _ mn L2 (1)
CwW; = [Jnm B ] {000"'001% Pnj " Pny } :

The first m rows look like:
n—1 n—1 n—1
Z pfw- Z pfw-cdots . Z pfw».
k=0 k=0 k=0
Then, from Theorem 3.2
n—1
Z pl:L,j = 07
k=0

so the first m rows of C’WJ-T are 0.
The next n rows look like:

by + bapl 4+ byp? -+ bl Y,

for 1 < j < (n — 1) which is from the eigenvalue corresponding to eigenvector

n—1 .
[17p711,j7p3z,j7'“ 7p7(z,j )}7 fOT’lS]S(n—l)
Thus we have proved that:

W7 = 04, VI] = [000---001p%; 25+ p5] 5 1< < (n—1)
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is an eigenvector of C'= A @ B.
Applying the same method, we can show that

WnTH = [UJT,OM} for1<j<(m-—1),
are eigenvectors of C'= A @ B.

T
To determine the first set of eigenvalues of A ® B we set v = (Olym, @T> where

' = (1,29, - ,,) and solve for (A @ B)v = \v . We specifically select v to be of
this form as we understand the join of sub-graphs A and B, and this vector isolates
the edges in B.

Solving (A @ B)v = \v we get
Am,m Jm,n 0m,l Y 0m,l
Jn,m Bn,n xn,l N :Cn,l

o [Jm,m xnﬂ‘| — >\ [On,1‘|

Bn,m in,l iml

Solving Bz = Az we obtain the eigenvalues of B which are, as per Theorem 2.2.1(see

[59])

N = 1+ bapj +bypy + -+ bupy" ",

for 1 <k <(n-1).

T
To determine the next set of eigenvalues of A ® B we set v = (gT, Ol,n) where

27 = (z1,29, -+ ,T,,) and solve for (A@® B)v = lv . We specifically select v to

be of this form as we understand the join of sub-graphs A and B, and this vector
isolates the edges in A.

Solving (A @ B)v = Av we get

Am,m Jm,n Om,l - Om,l
Jn,m Bn,n Tn,1 N Tn,1

Am,m &m,l _ lm}l
[ Jn,m xm71] = [On,1‘|
Solving Az = Az we obtain the eigenvalues of A

Atk = a1 + agp;j + CLBPJQ' +eeet ampg‘m_l)v

for 1 <k <(m-—1).

To find the eigenvalues A, and A, of (A & B) we solve: (A @ B)v = \v, where
v = (Jl,ma ajl,n)T .
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The edges between the two graphs A and B, which form the join between the
sub-graphs, are significant in the determination of the conjugate eigen-pair of the
adjacency matrix of the resultant graph. We used the factor of « in the vector v to
assist in obtaining the conjugate eigenvalues as follows:

Am,m Jm,n Jn,m =\ Jm,l
Jn,m An,n Bn,m N On1

- l(dA + noc)m,ll _, [Jm ] |

(m + adp)na ady
da+na=A
m + adp = Ao

Now, from theorem 2.1.1 and Corollary 2.1.1 of Jessop’s thesis(see [59]), the
wheel graph W,, has eigenvalues:

)\k; = b1 + bgpf’; + b3pik + b4pik 4t bnpgln—l)k’

for 1 <k <(n-2),

where

Also,

Anak = a1 + a2pﬁ + a;:,pik + a4pik +oeeet anpgmﬂ)k,

for 1 <k <(m-—1),

Which gives no eigenvalues for m —1 =10

{An-1, A} ={(n —1a+da},
where (n — 1)a? + a(dys —dg) —1=0and dy =0, dg = 2.

That is (n — 1)a? — 2a — 1 =0,

2+ \A—4n-1)

TS T o

Therefore,
{M, M {(n—1Da+da}
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2(n—1)

:{(n_l) (2i,/4—|—4(n—1))}20.

{/\n—h /\n} {(n - 1)a + dA}

2

:{Qim}:{u\/ﬁ}

3.5.7 Eigenvalues of The Lollipop Graph

Figure 3.16: A Lollipop Graph

Theorem 3.5.10. If LP(G) is the complete graph on n — 1 vertices (the base of
the lollipop graph) joined to a single end vertex x5 by an edge xi1x9, and let G’
be the subgraph of G induced by removing the vertex x1, and let G" be the sub-

graph of G induced by removing the vertex xo. Then the eigenvalues of G are:
A=0; A= —1 (multiplicity n — 3); \ = (”_2)+V2”2_4”+8 A= (”_2)”2”2_4%8.

Proof. Using the Lollipop theorem (see theorem 3.4.2).
Pa@(X) = AParN) = Pacr(N) = A+ 1"\ (n=2)) = A+ 1) (A= (n—3)
SAQ D" [+ DA (2 —2)) — (A= (n—3))]
=AM+ D" N = A0 —2)+ A= (n—=2) = A+ (n—3)]

=AD"V = An-2) 1]
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The roots of quadratic are:

n—2)+tvn2—4n+4+4

vl
2

we have the following roots
A=0; A= —1 (multiplicity n — 3); A = ("_2)+V2”2_4”+8;)\ = ("_2)”2”2_4%8.

3.5.8 Eigenvalues of the Dual-Star Graph

A dual star graph Du.S,, is defined as two star graphs with m rays of length 1 (each on
% vertices). It has 4 non-zero eigenvalues found as solutions of the following equation
with small trees(an undirected graph in which any two vertices are connected by
exactly one path):

(n—2)?

o' = @m+ a2’ +m? = 0= 2! — (n—a® + = =0,
wz:<n—1>i¢<n2—>2—<n—2>2_<n_1>i2,rn_37

B (n—1)++v2n -3 (n—1)—+2n -3
:>:c—:|:\/ 5 or :I:\/ 5 .

3.6 Eigenvalues of The Line Graph of the Com-

plete Graph,the L-Regular Caterpillar Graph
and the Caterpillar Graph

3.6.1 Eigenvalues of the Line Graph of the complete graph
Ky

The line graph L(K,) of K, has @ [13] vertices. The number ¢ of edges is the

sum of the square of the degrees minus the number of edges of K,,.
Thus,

—1)2 _ _ _ _
‘= n(n—1)° n(n-1) _ n(n 1)[n 1] n(n —1)(n 2).
2 2 2
Also,
2n% — 6n = 4n(nQ_1)—4n:4p—4n

n—n—-2p=0=n

1l /1+8p 1+4/1+38p
B 2 N 2 ‘
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3.6.2 Eigenvalues of the L-Regular Caterpillar Graph and
the caterpillar graph

To obtain the eigenvalues of the caterpillar graph we need the eigenvalues of the
Laplacian of its line graph. Now, by using the format of A(CT(k,2)) as above, we
have the following:

Line Graph of The Caterpillar Graph L(CT(k,))

For the caterpillar graph CT(k, 1) , its line graph is the sequence of k cliques(see sec-
tion 2.2.15) K41, K19, Kiy3,- -+, K40, K11 in this order, such that two consecutive
cliques have exactly one vertex in common. This graph will have n = kl + (k — 1)
vertices, and

k(kQ—l(k_2)+2(k—1)2(k—2) _ (k+2)(k;;1)(k—2)'

/

Figure 3.17: Line graph L(CT(4,2)) of Caterpillar L(CT(4,2))

Lemma 3.6.1. If G is a bipartite graph and if X is a nonzero Laplacian eigenvalue
of G then A — 2 is an eigenvalue of L(G) [80].

Proof. Now since CT'(k, 1) is a bipartite graph, the eigenvalues of L(CT(k,[)) can be
derived from the Laplacian eigenvalues of CT'(k,[) (see [86] for these eigenvalues),

namely:
Ai=A—2=1-2=—1 with multiplicity k(I — 1),

1
)\j—)\i—2—2(l—l—l—aj—\/02+2(l+1)0j+(l2+6l>,

k+1—3
Uj:2003<(+k])7r>,

for j=2,3,--- ,k and

Pt = Aj —2 = <Z—1+aj+\/a2+2(l+1)aj+(l2+6l),

N |

where bl
o, = 205 (Hk—m>

for j=1,2,3,--- k. O
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3.7 Conclusion

In this chapter, we presented different methods of finding the eigenvalues of some
classes of graphs so that we can determine their energies in the next chapter. Some
of the methods use the definition of the adjacency matrix while others used known
results/theorems. Some of the proofs illustrate the combinatorial aspects of the
associated theorems in determining the eigenvalues of adjacency matrices associated
with graphs.

The complete graph K, has ”("2_1) edges, and is a regular graph of degree (n —
1). All complete graphs are their own maximal cliques [1]. They are maximally
connected(i.e. every pair of distinct vertices is connected by a pair of unique edges:
one in each direction) as the only vertex cut which disconnects the graph is the
complete set of vertices. It is very well centrally connected (a well-covered graph or
an undirected graph in which every minimal vertex cover has the same size as every
other minimal vertex cover) and has conjugate pair

n—2 n?
4=
G
For the bipartite graph, its "bi-centrality" is easy to see (chromatic number is two
and its maximum clique size is also two). It has the pair of conjugate eigenvalues:
[0 £ /mn)]
The path graph contains only vertices of degree 2 and 1. In particular, it has

two terminal vertices that have degree 1 , while all others (if any) have degree 2.
The path and the cycle graphs don’t have an explicit central vertex.

For the wheel graph, the connectivity of the central vertex to every other vertex
gave rise to the formation of a vector that resulted in a conjugate pair of eigenvalues
(1 ++/n). There is a conjugate pair of eigenvalues of the adjacency matrix related

to the star graphs (rays of length one; length two), which are: [0 +/(n— 1)} ;

C[il + \/"T_l . In the next chapter we use the eigenvalues found in this chapter to

etermine the energies of the graphs discussed so far.



Chapter 4

Determining The Energy of
Classes of Graphs With Emphasis
On Analytical Methods

4.1 Introduction

Definition 4.1.1. The energy of a graph G is the sum of the absolute values of the
eigenvalues associated with the adjacency matriz of G [65], [5]).

We determine the energy of different classes of graphs using the eigenvalues
determined in the previous chapter— the purpose of this will be explicated in the
next chapter. Finding a simple expression for the energy of a class of graphs can be
trivial, especially if the eigenvalues are integral (for the complete graph, for example)
on it can be a challenge (for graphs for which the eigenvalues involve the cosine of a
rational function of n ) as we illustrate below. We express the energy of cycles, paths
and wheels, on n vertices, in terms of simplified expressions involving the cotangent
and the secant of either *; —= % or ﬁ We also find that these classes of graphs
have the same energy of 47", for large values of n.

4.2 Finding Eigenvalues of Lollipop Type Graphs
With The Complete Graph

The lollipop graph, defined in section 2.2.28, and denoted by LP(H,,_1), is obtained
by appending a known class of graphs H,,_; on n — 1 vertices to a pendant vertex
of a path of length 1. We shall only deal with the case H,_1 = K,,_;.

67
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Figure 4.1: Lollipop graph 1

The eigenvalues of LP(H,,_1) are (see theorem 3.2): A = 0; A = —1 (multiplicity n—
3) A= (n72)+\/n274n+8,)\ _ (n—2)—vn?—4n+8
) 2 s 5 .

Hence, the following theorem:

Theorem 4.2.1. Energy of this LP(H,,_) is:

(n—2)—|—\/n2—4n—|—8+\/n2—4n+8—(n—2)

O+1(n—3
+1(n—3)+ 5 5

since n > 4, then

E(LP(H,-1)) = (n+3)+Vn?—4n+38

4.3 Dual-Star Graph

A dual star graph DuS,, is defined as two star graphs with m rays of length 1 (each
on § vertices) joined by an edge (its center edge) connecting their centers (see section
2.2.25). This graph has 4 non-zero eigenvalues found as solutions of the following
equation see Haemers [54] with small trees:

jx:i\/(n_nz\/mw i\/(n_m;m‘
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Figure 4.2: Dual star graph

The energy of this graph is therefore given by the following theorem:
Theorem 4.3.1.

E(DuSn):2\/(71_1)2V2”_3+2\/(”—1)—2v2n—3

4.4 Energy of Strongly Regular Graphs

Koolen and Moulton [62] have proved that the energy of a graph on n vertices is
n(n+v/n

at most ===, and that equality holds if and only if the graph is strongly regular
with parameters
n(n++/n) (n+2yn (n+2yn
2 ’ 4 ’ 4
Such graphs are equivalent to a certain type of Hadamard matrices. Here we

survey constructions of these Hadamard matrices and the related strongly regular
graphs [94]

4.5 Energy of The Line Graph of The Complete
Graph

The line graph L(K,) of K, on n vertices has energy 2p* — 6p [13]. Converting the
energy to being a function of n we get (discussed in section 3.5):

1
E(L(K,)) = 2p° — 6p = 4]’@2) dp—dn—2-2/T+8n.

For large n this value is greater than the energy of the complete graph.

4.6 Planar Graphs

A graph G, is said to be planar if there exists some geometric representation of G,
which can be drawn on a plane such that no two of its edges intersect (see section
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2.2.24). A plane representation of a graph divides the plane into regions also called
faces. A region is characterized by the set of edges (or the set of vertices) forming
its boundary.

4.6.1 Bounds on The Energy of Planar Graphs

Let G, be a planar graph with n vertices and m edges. Denote the energy of G, by
E(G,). Clearly,

E(G,) < V2mn (4.1)
m < 3n—6 (4.2)

A lower bound for the energy of a graph solely in terms of its number of vertices
E(G,) >2vn—1 (4.3)

Theorem 4.6.1. For a planar graph G,

2 m;3§E@ggdmm—m.

Proof. 1f G, is a planar graph with n vertices and m edges, then (4.2) holds. Using
(4.2) in (4.1), we obtain

E(G,) <1/2(3n — 6)n = \/6n(n — 2) (4.4)

Using (4.2) in (4.3), we obtain

mGg22¢m+6—1:2¢m+3 (4.5)
3 3
Combining (4.4) and (4.5), the result follows. O

Theorem 4.6.2. If G, is a connected planar graph, then

2 ”;2 < E(G,) < \J6n(n - 1)

Proof. For a connected planar graph, m > n — 1 and using this in (4.5), we get

143 2
_magz2un3+—1zzﬂng.

Together with (4.4), we obtain

20/ 2 < B(G,) < \Jon(n—1).
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4.7 Polyhedron

A polyhedron is a solid bounded by surfaces, called faces, each of which is a plane.
A polyhedron is said to be convez if any two of its interior points can be joined by a
straight line lying entirely within the region. The vertices and edges of a polyhedron,
which form a skeleton of the solid, give a simple graph in three dimensional space.
For a convex polyhedron this graph is planar(see [87]. A simple connected plane
graph G, is called polyhedral if d(v) > 3 for each vertex v of G, and d(¢) > 3 for
every face ¢ of G,.

Theorem 4.7.1. If G, is a polyhedral graph, then

2(n+2) < E(Gp) <y/6n(n—1).

Proof. As G, is polyhedral,d(¢) > 3 for every vertex v of G,. So,
an
2m =Y d(¢) >3, or m > - (4.6)
Now, using (4.6) in (4.5), we get

E(G,) > 2y 3"; 6 _ fan+2).

Together with (4.4), we get the required result. O

If G is a bipartite graph with n > 2 vertices, then [33]

E(G) < Vi +v/2) (4.7)

o
and [83])

E«%§2(37)+Jﬁfﬂ)@m—ﬂ<%?y> (4.8)

Theorem 4.7.2. If G, is a planar bipartite graph, then

E(G,) < 3m8_ A (V3m—4+2).

Proof. Since G), is planar bipartite, then

3m —4
2

Using (4.9) in (4.7), the result follows. O

2
m > g(n—i—Q) orn < (4.9)

A polyhedron is called regular if it is convex and its faces are congruent regu-
lar polygons. We know that, the only regular polyhedra are the tetrahedron, the
cube, the octahedron, the dodecahedron and the icosahedron. Balakrishnan and
Ranganathan in (8], showed that if G is a regular graph of degree k , then

E(G) <k+/k(n—1)(n — k) (4.10)
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By using (4.10), we see that the tetrahedron, the cube and the dodecahedron are
not hyperenergetic (having energy greater than the complete graph (see section 4.11
below), since they are regular graphs of degree 3.

This can also be verified by using, the result of [42] as shown below.

Show that for these three regular polyhedras, m = 37” and m = 37" =2n—n —
”7_4<2n—2 , and hence the argument. Now by using (4.10), E(octahedron) and
E(icosahedron) < 54 /385. For the planar graph G, , with n vertices, m edges
and f faces, we have the well-known Euler’s formula: n —m + f = 2 [29] Together

with (4.2), we obtain

m > 3f;12 (4.11)
and A
n> f;“ (4.12)

With the help of (4.11) and (4.12), the bounds for the energy of a planar graph
solely in terms of its faces f can be obtained as below.

B(G,) > (f ;4) W (113)

E(Gy) >

E(G,) > \/2(f +2) (4.15)

Furthermore, the smallest non-planar graphs are K5 and K33 and we see that both
are not hyperenergetic (section 4.11) From (4.7),

f2—16 (4.14)

NN V]

E(K33) < \% (V6+v2) <2n—2=10 (4.16)
4.8 Analytical Methods To Obtain The Energy of
Graphs

This section is based on the article by Winter and Jessop [111] .We show that the
energy of cycles, paths and wheels are the same for large values of n, i.e.42

4.8.1 Energy of The Path Graph

Let G be the path graph P, on n vertices, and with n — 1 edges.

corollary 4.8.1. The eigenvalues of the path P, are \; = 2cos (nLle) i jg=1--n
(each with multiplicity 1) for n > 2 See [59].

Theorem 4.8.1 (1). For p even, then

p

2 )
Z 2cos <7T‘7> = cot <7T> -1
T p 2p
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2. forp odd, then

Proof. The positive cosine eigenvalues are therefore:

2cos (ﬂ) ;1 2c08 <7T2) 2cos (ﬂ?’) ;o0 52008 <W> <k>
n n n n 2

Let .
CzZQcas( ) S = ZZsm( )
1
and
T A
¥ = cos () + 151N () .
n n
so that .
k T\ |2 ™
vz = {cos ( > + 151 ()} = coS <> + 151 ()
n n n n
Then,

( this step was provided by Indulal and Vijayakumar [58]

g (L (o (55) isin (55))]
(1= cos (%)) —isin (%)
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T .7
=2 (cos— + 1sin—
n n

cos™ + Zsmﬂ [(1 — cos%) + zsmﬂ [(1 — cos (%%)) — 151N (%g)}

(1 - cos (2))" + isin? (=)

=2
_ s 27 2T
1 QCOSn -+ cos n + sin n

2 [cosl — c0$*T + isinT — icos=sinE + icosTsin® — smzﬂ} [(1 — coSs (EE» — 18in (Eﬁﬂ
n n n n n n n n n 2 nn

2 — 2008%

Kcos% - 1) +1 (3271% — cosTsing + cos%sm%)] {(1 — cos (%%)) — 151N (%g)}
1 —cos™

[(cosz —1) +isinZ] (1 cos (£%)) —isin (5)]

1-— (coszﬂ — sinQE)
n n

_ [(eost — 1) ising] [(1— cos (75)) — isin (75)] |

Taking the real parts:
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_ [(cosz —1) (1~ cos (25)) + singsin (£4)]
(2sm21)

2n

T 1 _ m Tk Tk T aim (T E
[cosn 1 COS-COS (n2) + cos (n2) + SIN - SIN (RZ)}
2

[(cos% -1 (cos%cos (%g) — sinrsin (%%)) + cos (%g))}
(237Ln2%)

[(COS% —1—(cos (% + %g) + cos (%g))}

For k = n, we obtain

[(cos* s =1 = sin® 72 — (cos (%) cos (3) = sin (£) sin (3)))]

B (23in2l)

2n

B [—2sin? () + sin (Z)]

(28in2l)

2n
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[2sin? () + 2sin ();;) cos (£)]

(23@'71221
n

= cot <7T) — 1.
2n

this gives result [1] of theorem 4.8.1
Recall

C =

Do (7:3) _ Kcos% —1— (cos (% + %g) + cos (%%)))} |

HM“W

for k =n — 1, we obtain

N 7r'> {(cos%—l—(cas z

g (T
0—22605(71

|cosZ — 1= (cos () cos () — sin (3) sin (£)) + (cos (3) cos (&) + sin (3) sin (£))]

B [—252’712% + 2sin (i)}
B (28in2l)

2n
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= cosec (W) —1
2n

this gives result 2 of theorem 4.7.1

Let
k
e AN [(cos%’f—l)— (cos (%”—i—%”%) + cos (%’Tg))]
b= 21:2008 ( n ) a (25@'712%)
for k = %1’ we obtain
" o [(cos%’r —1) — (cos (27” + 2%”—_1) + cos (27””—_1))}
D = 21: 2cos ( - ) = (ZSinQ%) 4 1

(2205 (cos () cos (1) — sin (5) sin (55)) + (cos (5) cos (51) + sin (5) sin (57)))]

{sin (%) cos (%) + cos (%) sin (%) + sin (%)}
(232’712 (%))

[252’71 (%) cos (%) cos (%) + sin (%) (cos (%) + 1)}

s 2)

= 14+

=1+
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2sin (57) cos (3) cos (57) + sin (57 ) (cos” (5) — sin (57) +1)]
(2502 (1))

=1+

1
- 14 = i
+ 2cosec<2n>

this gives result 3 of theorem 4.8.1

for k = %3’ we get

n—3
4 2 :
D= Z 2cos <Z‘7)
1

[(—2sin? (Z) = (cos (%) cos (£) — sin (%) si.n (£)) + (cos (5) cos (32) + sin (5) sin (32)))]
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s () sin(3) cos (3) }+ (7) sin (3:)]

[232'71

_y Lsin(G) + 2sin (57) cos® (55) + [eos® (55) — (sim® (55))] sim (3]
[2sin? (Z)]

oy L () +2sin (57) cos® (57) o+ [eos® (57) = (1= cos (57) )] sin (55

[2sin? (%]

. [sin () + 2sin (%) cos® () + [cos® (&) — 1] sin (£)]

o (2]

{4sm ( n) cos? (ln)] 1 T
88”?227;6082275 = DR

— 1+

This gives result 4 of the theorem. n
Theorem 4.8.2. The energy of the path P, is:

1. forn even,
' s
cos (n—i—l)’ lcosec (2(71—1—1)) ],

PI=3,

2. n odd,

.

|2cos (n?l)‘ =2 [COt (2@1 1)) B 11 |

Proof. As per Corollary 4.8.1 the eigenvalues of the path P, are 2003( +1) RS

1,---,n, so
2005( >‘
+1

=1 =

1. Now let n be even, ie. n = 2t. Then

2008
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oo <7r(2t +1-— j)) H
2t + 1

Uy
2 v
cos <2t+1>‘+

el

-2

J=1

Tj m(2t+1) ( J ) o (m(2t+1)\ | ( 7j )
2005 | —2— )|+ |2c0s [ o2 nor)
COS(%H)‘JF‘ COS( o1 ) \are1) T T ) e

t . . .
= ]; 2cos (2:%{1)‘ + |2cos(m)cos (2;:{ 1) + sin(m)sin (Ztﬂi 1)‘
mj mj
=3 2c0s ()| 4 |2 A
jz:; cos (2t+1)‘+‘ cos(m)cos (2t—|—1)‘

t

:22

i=1

o (52|
coOS | ——— .
2t +1

Now, 21631 <0.5for1 <5<t s0cos (%) > 0. Therefore,

™

i mj j
E(P,) =2 2 =2 2 .
(P) ]z:l cos <2t+1> JE:I cos (n—l—l)

Setting k =n + 1, we get

k-1

E(P,) =2 22: 2cos (7;‘7)

J=1

Now applying result 2 from Theorem 4.8.1, we obtain

E(P,) =2 {cosec (27;) - 1] =2 [cosec <2(n”+1>> - 1]
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2. Now let n be odd, ie. n =2t + 1. Then

n - 241 .
) Uy
E(P,) = 2cos ()’ = 2cos ()‘
() ]Z::l n+1 Jz::l 2t 4 2

A4+2—39 t+1
2cos u + |2cos mt+1)
26+ 2 2t + 2

()2 )

TjJ
2 _J
cos (275 n 2)‘ +
2c0s (2:_{{2>’ + |—2cos (th + 2>|

t 7Tj
=2 2
3 foeos (75|

Now, 2t+r2 <bforl1<j<t,so2cos (%}r?) > 0. Therefore,

2cos(m)cos (7?215 + 2) + sin(m)sin ( J )‘
J

2t + 2

t
Jj=1
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*Mwm

2

mJ
2 -
1 cos<k>

Now applying result 1 from Theorem 4.7 we get

J

E(P,) =2 [cot (;‘i) - 1}

SESE

4.8.2 Energy of The Cycle Graph
Let G be the cycle graph €, on n vertices, and with n edges.

corollary 4.8.2. The eigenvalues of the cycle C,, are \; = 2cos (2%) ;7 =0, ,n—
1 each with multiplicity 1 for n > 3 . See Jessop [58].

Lemma 4.8.1.

5 ( 7r >+ ( 3 >+ N (2t — 1)m
coS COS |\ ——— coS | ——
2t +1 2t+1 2t+1

! (2t —2r +1)
ZQZCOS[ 1 =1, t=12,---.
r=1

See Winter [110] From Lemma 4.1

Nown=2t+1 so

! -2 1
zcos<”<"”>:; f—19...
o n 2
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= cos (7“”‘2))+ (“”‘4)>+ +cos (“” — 2 - ””>+COS (7“”‘2’5)) 05

n

2. Forn odd, and n = 2t + 1 where t is odd and t = 2q, then

t 9 =1 2¢+1 9 q
Z cos<7r‘7 >| Zcos( >‘+05ze Z cos(ﬂj)‘ Zcos( >‘+05
j=5t+1 =1 j=q+1 =1

(4.18)
1. From Lemma 4.8.1 we consider n odd i.e. n =2t + 1 and t even i.e. t = 2q and

n=4q+1. for ¢ =2,3,4,--- ,n, we have:

2t —2r +1)

2 =1 t=1,2- 4.19
ZCOS( 2t—|—1 > ) ) ) ( )

2 4g —2r + 1
23 (Tl 20

r=1

) =0.5;=>=A+ B =0.5, (4.20)
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where
3 5 2qg—1
A= [cos <4q11> + cos (461_7;1) + cos <4qj_1> + -+ cos (W) (q terms)] :
(4.21)
and
2+ 1 2q+ 3 2¢+5 4qg — 1
4g+1 4+ 1 4q + 1 4g+1
(4.22)

Note that all terms in A are positive. Now

1 T n 3m N o R (2¢ — )m
= cos cos cos o 4cos | ————
4qg+1 4+ 1 4q+1 4q9+1 )7

(4.23)
B (49 + 1) — 4qm (4g+1) — (49— 2)7
= cos ( o1 ) + cos ( 1 ) (4.24)
(4g+1) — (4 — ) (4g+1)— (2g+2)7
+cos< 41 >+---+cos< i1 ), (4.25)
_ (4q)7 (4g — 2)7
= —cos <4q n 1) + cos <4q—|—1> (4.26)
(4g — ) (2q +2)7 %4 297
+cos < 11 > + -+ cos ( 11 ) ];16084q+ T (4.27)
Also,
_ (2¢ + 1)m (2q + 3)m (2¢+5)7 (4g — V)m
B_COS< 4 + 1 ) <4q+1 )+ <4q+1 >+ +COS< 10 +1 )
(4.28)

oo <<<4q 1) - (2 - 4>>7r> s <<<4q 1) - <2>>7r> w0
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= —cos (200 o (BT (BT) () o
(4.31)

where,

C = cos ( (24) ) + cos <(2q_+2)7T> + cos <M> (4.32)

4g+1 4g+1

@7\ & (27
+ ..+ cos <4q+1>_2003 n (4.33)

and all terms in C are positive.

Therefore:

24 21j 21
A+ B=05andB=-C,=A=C+05= — Z cos—27 :Zcos mJ +0.5

i da+1l im0 dq+d
(4.34)
Taking the absolute values of both sides, we obtain:

2 27 ‘ 1 27 |
> |cos =) |cos +0.5 (4.35)

e R =

t omj| | 27
= Y cos | = > cosm‘ +0.5 (4.36)
j=%+1 J=1 n

2. From Lemma 4.8.1, we have for n odd i.e. n=2t+1and tisoddie. t =2¢g+1
and n = 4q + 3 , we then for ¢ = 2,3,4,---, we obtain

i (2t —2r + 1)

2 =1 t=1,2--- 4.

7Z:lcas( T 1 ot .2, (4.37)
2q+1
m(4g+2—2r+1)

2 —0.5. 4,

= ;cos< 013 ) 0.5 (4.38)
N T N T\ L D (2¢+ 1)m
cos 0s s cos
4q9+ 3 49+ 3 49+ 3 dqg+ 3

(4.39)

os (2q + 3)m (2¢+5)m . (2¢+ 77 4 cos (4q + 3)m

4q9+ 3 4q + 3 dq+3 4qg+3
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= [A] + [B] = 0.5. (4.41)
where
2q+1
A = cos <4q7j_ 3> + cos <4q347: 3> + cos (4;_7_ 3> + .-+ cos (W) ;qterms.
(4.42)
and
(2q +3)m (2q +5)m (2¢+7)m
B — AL = 4.4
cos( 1013 + cos 1013 + cos 1013 (4.43)
4
+ .+cos<(j+3?37r> ; g+ 1terms (4.44)
q

Note that all terms in [A] are positive. Now

A 7r N 3 N 5 P (2¢+ 1)m
= cos cos cos s 4 cos | ——
49+ 3 49+ 3 49+ 3 49+ 3

(4.45)
(4g+3 - (dg+2))m (4g+3) — (4)r
:cos( 10+3 >+COS< 1013 ) (4.46)
(494 3) — (4q — 2)7 (4g+3) — (20 + 2)7
—l—cos( 1013 >+...+cos< 1013 ) (4.47)
= —cos <Mq—i—2)7r> — cos < U ) — cos <(4q—2)7r> — - — o8 ((2q+2)7r>
4q + 3 4qg + 3 49+ 3 10+3
(4.48)
== T cos 2)m
N qu:H < dg + 3) (4.49)
_ (2 +3)7 (29 + 5)7
B = cos <4q+3> + cos (4(]—1-3> (4.50)

+cos (W) + -+ cos <W> (4.51)
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:CDS<«4q+3)—(2®)ﬂ>+ﬁms<«4q+3)—(21—2ﬁﬁ> (4.52)

49+ 3 4qg + 3

#1m3<«4Q+3>_(2q_4»W>—%~-+mms<«4Q+3>_(2»W) (4.53)

4q + 3 4q9+ 3
(2q)m (2 —2)m (2 —4)m (2)m
- _ S AN RS AL I - _C
cos (4(] 3 cos 1053 cos 1053 cos 1013
(4.54)
where,
(29)m (2g = 2)m (2 —
— S Sl AT L 4.55
C cos<4q+3 + cos 1013 + cos 1013 + (4.55)
(2)m : (24)m
= 4.56
+cos <4q+3 j;cos 10+3 ( )
and all terms in C are positive.
Therefore
A+B=05
= A=C+05
2q+1 ; q ;
219 21y
= — = 0.5 4.57
j:zq;rlcos<4q+3> ;cos<4q+3>+ (4.57)

Taking absolute values of both sides, we get

2q+1 i q o
= > |cos ( J )‘ cos ( 1 )‘ +0.5 (4.58)
i 4qg + 3 = 4q 4+ 3
t 9 =L .
= > |cos < 717)‘ = Z ( >‘ +0.5 (4.59)
=%+ j=1
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Theorem 4.8.3. The energy of the cycle C,, is given by:
1. Forn even and n = 2t,
1.1 fort even, then

o
E(C,) = |2cos (W>’ = 4cot (W> ; (4.60)
= n n
1.2 fort odd, then
n-! 21j T
EC,) = 2cos ()‘ = 4cosec () : (4.61)
= n n

2. forn odd, n =2t +1;
2.1 fort even, then

o
2cos (M)‘ =4
n

2.2 fort odd, then

E(Cy) =3

J=0

n n

o (2rk
14 cos <W>] = 2cosec (;) (4.62)
k=1

n—3
= 27 N 27k
E(C,) = |2cos (W)‘ =4 |1+ cos <7T>] = 2cosec <W> (4.63)
s n s n 2n
Proof. From Corollary 4.8.2, eigenvalues of the cycle C,, are:
o
2c0s <Z‘7) j=0,1,--,(n—1), (4.64)
n n—1 27Tj
BC) =Y M =Y |2c0s ()‘ | (4.65)
i=1 =0 n
1. Now let n be even, i.e n = 2t . Then
n—1 O 2t—1 o
E(C,) = |2cos (MN = > |2cos (M>’ (4.66)
i=0 " i=0 "
2 4
2[003 (0>’+ cos <7T)‘+ cos (ﬁ>’+} (4.67)
n n n
2 2 1 2m(2t — 1
[cos < mf)‘ + |cos <7r(t+)> H +---+ [cos <7T(t)> H (4.68)
n n n
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=2 ti [ cos <2Z>‘ + |cos <27T<ljl+t>> H (4.69)
=1 2rk 2rk 27t

= 2;:%) [cos <t>‘ + |cos (225 + 2t> H (4.70)
= ka_:[) [cos <227Ttk>‘ + |cos 27?) cos(m) — sin <2Wk> sin(m) ] (4.71)

= 2rk 2rk
=2 cos | — —cos | — 4.72
2 (5 (5] o
=2 § 2cos <227Ttk>‘ (4.73)

Now,
_ 2t—1 22 B t—1 @ _ t—1 <7Tkl>‘

E(C),) = cos = cos = cos 4.74
o=z s ()] <2 s () <23 e ()| 0

=2 l|2003(0)| + ];

e () amy
o ()] e

k=1

setting [ =t — 1, then

E(C,) =2 [2 +;§ 205 (ﬂ) H (4.77)

1.1 For t even and [ odd, we have from Theorem 4.8.1 result 2,

208 <ZT1>‘ =9 [cot (2(51 1)> - 1] (4.78)
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2c0s (ﬂ)“ =2 l2 +2 (cot (2(/_1 1)> . 1)] (4.79)
4 (1 + cot <22Tt)> - 1) = dcot <Z> (4.80)

1.2 For t odd and [ even, we have from Theorem 4.8.3 result 1,
2005 [ X 2 T 1 (4.81)
—— || = 2 |cosec — )
[+1 2(0+1)
!
E(C,) =2 l2 + >

> [2c0s (ZTJ H —2 [2 +2 <cosec (2@1 1)> - 1)] (4.82)
_y (1 + cosec <2?t)> . 1) — dcosec (Z) (4.83)

2. Now let n be odd, ie. n =2t + 1 Then

So,

B =2[p+ Y

k=1

So,

2t 2t

21y 21y
E(C,) = |2cos (MN =2 |cos (O>’ + > |2cos (717)’ (4.84)
=0 n n j=1 n
0 ! 2] 2r(2t 4+ 1 — )
=2 |cos (— 2c0s ()| + |2 4,
Cos<n>‘+;[ COS<2t+1>’+‘COS< 2t + 1 (4.85)
i 2mg 2mg
=2 2 — 2 2 — 4.
+§1[ COS<2t+1>’+ COS(” 2t+1)H (4.86)
=2+ 2; { 2cos (2751]1)‘ + |cos(2m)cos (2757_?1> — sin(2m)sin (275:]1) H
(4.87)
2my 2my H
=2 4.
2 {Cos(zt+1)‘+‘m(2t+1) (4.88)
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()

oo (29| a0

: 27 27
=2+4 Z cos <7TJ>‘ + Z cos (77]) ] (4.91)
— n ; n
7j=1 =5+1
Now from Lemma 4.8.2, for ¢ even,
t o i o
> |cos (W)’ = |cos <7T‘7)‘ +0.5 (4.92)
5 n — n
Jj=%+1 J=1
So,
3 2 3 j
E(C,)=2+44|>_ |cos <)‘+Z 05 (n)‘+05 (4.93)
j=1 n J=1
S0 ors
=448 |3 |cos <7T‘7) ] (4.94)
j=1 "

[SIES

4(1+2

Now for 1 < j < %, from theorem 4.8.1

205 (mj )> > 0 (4.96)

n

(2] a0

J=1

S0,

n—1
4 2 -
142 Z cos (W)] = 2cosec (;)
n n

E(C,) =4 (1 +2 .
(4.97)

o (2] ) -

7j=1
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From theorem 4.8.3

2.2 Now for t odd, we get

o
E(C,)=2+4Y |cos (7”> ’ (4.98)
i=1 n
&I (2 t omj
=2+4|> |cos (MN + > |cos <7TJ) ] (4.99)
i n i n
J=1 =%+
Now from Lemma 4.8.2, for ¢ odd,
‘ 21y = 21y
> |cos ()’ =) |cos ()‘ +0.5. (4.100)
e n — n
j=t5t+1 3=1
e e j
E(Cy)=2+4|> |cos (>’+Z cos (>’+05 (4.101)
j=1 n j=1
s
=448 |3 |cos (m) ] (4.102)
j=1 n
s
—4 (1 +213" |cos (7”> ’D (4.103)
i=1 "
Now for 1 < j < %, so from theorem 4.8.1
s L
E(C,) =4 (1 + 2> 2cos (W)) =4(1+2) cos (M>] = 2cosec (W)
= n = n 2n
(4.104)

]
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4.8.3 Energy of The Wheel Graph
Let G be the wheel graph W,, on n vertices, and with n — 1 spokes, with n > 4.

corollary 4.8.3. The eigenvalues of the wheel graph W,, are A = 1+ /n (each with
multiplicity 1), and \; = 2cos (%) ;7 =1,2,-+- (n—2)(each with multiplicity 1).
See Jessop [59]

Theorem 4.8.4. The energy of the wheel graph W,, For n even, is:

7r
EW,) =2 — 242 N AE—— 4.105
(W) = 2v/n — 2+ 2cosec <2(n—1)> ( )
forn odd, andn =2t + 1
1.1 fort even, then
E(W,) = 2y/n — 2 + 4cot (”1) (4.106)
n—
1.2 Fort odd, then
E(W,) = 2v/n — 2 + 4cosec ( T 1) (4.107)
n—
Proof. for n > 4, we have
E(W,) = A (4.108)
1
- 2]
=1+ V| + [1 = Vn| + > 2]cos (ﬂ)’ (4.109)
i=1 e
n-2 21y
=1+vn—14++vVn+>_ 2cos<n 1)’ (4.110)
j=1 -
n—2 27T]
=2yn+ Y |2cos <nl>‘ (4.111)
=1 -
setting £k = n — 1, then
s 21y
EW,) =2Vk+1+> 2c0s—= (4.112)
j=1
k—1 27T]
=2VEk+1+> QCOSk‘ — |2cos(0)] (4.113)
=0
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.
QCOS% (4.114)

k—1
=2Vk+1-2+)
j=0

From Theorem 4.8.4 we get 1. For n even, k odd,

EW,) =2Vk+1—-2+ kf 200322‘7‘ (4.115)
j=0
=2k + 1 — 2+ 2cosec (27;) (4.116)
2v/n — 2 + 2cosec <2<nﬂ_1>> (4.117)
This proves 1 of Theorem 4.8.4
2. Forn=2t+1, k even, and k = 2t,
2.1 For t even, then
E(W,) =2Vk +1— 2+ dcot (Z) (4.118)
Nown=k+1=2t+1,sonisodd. Therefore
E(W,) = 2/n — 2 + deot (L)
This proves 2.1 of Thoerem 4.8.4
2.2 For t odd, then
E(W,) = 2Vk +1 — 2 + 4cosec <Z>
Nown=k+1=2t+1,sonisodd. Therefore
E(W,) = 2v/n — 2 + 4cosec <ni1>
This proves 2.2 of Thoerem 4.8.4 O]
Lemma 4.8.3. For large values of n the following expressions behave in the follow-
mg way:
1.

. 7 n
lim |cosec|— || =~ —; n large
n—-:~oQ n T
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. T n
lim {cot ()} ~ —; n large
n—ao0 n T

Proof. We use the following results
(i) lim sinx ==z
z—0t
and
(ii) lim cosz = 1.
z—0F

1 1
lim {cosec (W)] = lim =_—~ L (4.119)
cos (T 1
2. lim [cot <)} ~ lim (2)] _ L (4.120)
O

Theorem 4.8.5. For large n , the energy of cycles, paths and wheels (as classes
denoted by ) is:

4
lim B(3) = — (4.121)

n——~oo T

Proof. 1. For n even, n = 2t and ¢ even,

2cos (2?;‘7)’ = 4cot (Z) (4.122)

For large n the energy of the cycle C),) will therefore be

n—1

E(Ch) =2

Jj=0

4
lim [E(C,)] = lim [4 (cotﬂ)] ot = (4.123)
n—>00 n—>00 n s ™
2. For n even, n = 2t and t odd,
n-l 2mg s
E(C,) =) |2cos <)‘ = 4cosec <> (4.124)
oy n n

For large n the energy of the cycle C,,) will therefore be

lim [E(C,)] = lim {4 (cosecnﬂ NA—-=— (4.125)

n—-:ao0 n—ao0
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3. Fornodd, n=2t+1 and all ¢,

E(C,) = 2cosec <27;> (4.126)

For large n the energy of the cycle C,,) will therefore be

2 4
lim {2 (cosec;ﬂ S (4.127)

n—»ao0 n T T

Therefore, for large n, the energy of the cycle C,, is:

. 4n
Jim [B(C,)] =2 (1.128)
The same can be applied to path and wheel graphs. O

4.9 Energy of The Line Graph of The Regular
Caterpillar Graph

A caterpillar graph is a tree with the property that the removal of its end points
leaves a path. An [ regular caterpillar is obtained by attaching [ pendant edges to
each vertex of the path Py (see section 2.2.18). A caterpillar graph is denoted by
CT(k,l) where k and [ denote the number of vertices on the path and the number
of pendant edges respectively. This graph will have n = k(I + 1 vertices and the ad-
jacency matrix of the caterpillar graph is an n X n matrix and takes the general form:

AP Dy Dux - Ig)

Ik Ok Ok -+ Org

ACT(k D) = | Lek Ok Ok - Org
| Ter Okg Opg oo O]

where I, is repeated [ times horizontally and [ times vertically. For [ = 1 the
[-caterpillar graph CT'(k,l) has n = 2k vertices, and an adjacency matrix of the
form:

A(CT(k, 1)) = lAUD ‘) 1%

Lk Opg

Now, by using the format of A(CT'(k,l)) as above, we have the following by calcu-
lation:

For | = 2 the 1-caterpillar graph CT'(k,l) has 3k vertices, and an adjacency
matrix of the form:

ACT(k,2) = | I Orp Org

Ik Ok Opg

A(Py) Iy fm]



4.9. ENERGY OF THE LINE GRAPH OF THE REGULAR CATERPILLAR GRAPH97

k | n | E(CT(k])

2 | 4 4.4721
316 6.8990
4 1 8 9.3317
5 [ 10 11.7636
6 |12 14.1957
7 |14 16.6277

10 | 20 23.9237

Table 4.1: Energy of the Caterpillar graphs

Now, by using the format of A(CT'(k,2)) as above, we have the following by calcu-
lation:

k | n | B(CT(k2))
216 6
319 9.153

4 112 12.307

5 |15 15.461

6 |18 16.271
7|21 21.770
10 | 30 31.233

Table 4.2: Energy of the Caterpillar graphs

For the caterpillar graph CT'(k,l), its line graph is the sequence of k cliques

K, Kpio, -+, K9, Ki41 in this order, such that two consecutive cliques have ex-
actly one vertex in common. This graph will have n = kl 4+ (k — 1) vertices, and
m = =D gy 4 oGl _ (RG-DE=) oqoq

Theorem 4.9.1. The energy of L(CT(k,1)) is:

B(LCT( ) = i~ 1)+ Y

Jj=2

1
2(z—1+aj—¢a2+2(z+1)aj+(z2+61+1))‘

(4.129)

k

+2

j=1

1
; (z 4o+ Jo? 120+ Doy + (B4 61+ 1))‘ (4.130)
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Where
1_
o; = 2cos (W) (4.131)

fOTj:L"' 7k

Proof. The Laplacian eigenvalues of the caterpillar graph CT'(k,l) are given by
subsection 3.5.7 and since CT'(k,l) is a bipartite graph, from section 3.6.2, the
eigenvalues of L(CT'(k,1)) can be derived from the Laplacian eigenvalues of CT'(k,1),
namely

p=A—2=1-2=—1,

with multiplicity k(I — 1).

b= A -2 = (12 (z Aoy o4 2+ Doy + (12 + 61+ 1))) (4.132)

Where o; = 2cos (W), for j=2,--- k and

1
Prtj = Aj — 2 = (2 (l —1+4+o0;+ \/02 +2(l+1)o; + (12 + 61 + 1))) (4.133)

Whereaj:2cos( ), for 5=1,---,k and ppy; =N —2
Therefore the energy of L(CT(k,l)) is:

(k+1—g)m
k

n k 1
B(LCT (kD)) = A = k(I = 1)+ 3|5 (z —ltoy—Je 2+ o+ (246l + 1))‘
1 j=2
(4.134)
kol
+> 2<l—1+aj+\/a2+2(l+1)o—j+(12+6l+1))‘ (4.135)
j=1
Where bl
o) = 2c08 <(+—J>7T>
K
forj=1,--- k. O

4.10 Energy of some other Graphs

4.10.1 Complete Graph

Let G be the complete graph K, on n vertices, and with % edges. The eigen-
values of the complete graph K, on n vertices are A = 1 (with multiplicity (n—1) ),
and A — (n — 1) with multiplicity 1(See Jessop [57] and section 3.5.1). So the energy

of the complete graph is:
E(K,) =2(n-1) (4.136)
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4.10.2 Complete Split-Bipartite Graph Kz »

Let GG be the complete split-bipartite graph K 2,z on vertices, and with % edges. The
eigenvalues of the complete split-bipartite graph Kz » are A =0 (with multiplicity
n —2) and A = £7 (each with multiplicity 1), (See jessop2014matrices). So the
energy of the complete split-bipartite graph is:

E(Kyz)=n (4.137)

4.10.3 Star Graph, With Rays of Length 1

Let G be the star graph S,,_; ; on n vertices, and with n — 1 rays of length 1, n > 2
. The eigenvalues of the star graph S,_;; are A = 0 (with multiplicity n — 2 ) and
A =+v/n — 1 (each with multiplicity 1) (See jessop2014matrices).

So the energy of the star graph S,_; ; is:

E(Sp-11) =2vVn—1 (4.138)

4.10.4 Star Graph, With Rays of Length 2

Let G be the star graph SnT—172 on n vertices, and with "T_l rays of length 2, n > 3.
The eigenvalues of the star graph S no1, are A = 0 (with multiplicity 1 ), A = £1
(each with multiplicity 5 —1 ) and A = +,/25% + 1 (each with multiplicity 1)(see
[59]).

So the energy of the star graph S,_; ; is:

E(Saa,)=n-3+v2/n+1 (4.139)

4.11 Hyperenergenic Graphs

A graph G having energy greater than the complete graph on the same number of
vertices is called hyperenergetic i.e.

E(G) > 2(n—1) (4.140)

(see Koolen Moulton [65]. Most of the classes of graphs all have the same energy of
47" for large values of n confirming their hypoenergetic nature.

4.12 Conclusion

In this chapter, we analyzed the energy of the path graph on n vertices, the energy
of the cycle graph on n vertices, and the energy of the wheel graph on n vertices. We
then used the relationship between the eigenvalues of the line graph of the caterpillar
graph and the Laplacian eigenvalues of the caterpillar graph, in order to calculate
the energy of the line graph of the caterpillar graph. We expressed the energy of
cycles, paths and wheels in terms of simplified expressions using the cotangent or
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the cosecant, and showed that these classes of graphs all have the same energy of
4?" for large values of n confirming their hypoenergetic nature.

The expressions for the energy of some other types of graphs were then stated, based
on the known eigenvalues of these graphs; namely the complete graph, the complete
bi-partite graph, the star graph with rays of length 1, the star graph with rays of
length 2, the lollipop graph, the dual star graph.

We also presented the energy of strongly regular graphs and the line graph of the
complete graph.

The energies of the various types of graphs was calculated and we concluded, that,
except for strongly regular graphs and the line graph of the complete graph, the
graphs analyzed are hyperenergetic (see Koolen Moulton Gutman[63]). Thus the
complete graph does not have the greatest energy on n vertices for the types of
graphs analyzed.

However, the complete graph is significant in that it is mostly used when determining
graph theoretical properties involving a definition such as diameter, radius etc. We
address the relevance of this issue in the next chapter.



Chapter 5

The Eigen-Complete Difference
Ratio Of Classes Of Graphs-
Domination, Asymptotes And
Area

5.1 Introduction

As discussed in the previous chapter the energy of a graph is the sum of the absolute
values of the eigenvalues of the adjacency matrix of the graph in consideration. This
quantity is studied in the context of spectral graph theory. In short, for an n -vertex
graph G with adjacency matrix A having eigenvalues A\;y > Ao > A3 > --- > ), , the
energy F(G) is defined as:

BE(G) = Z: I\ (5.1)

It is related to the sum of 7 -electron energy in a [? | molecule represented by
a molecular graph- i.e. a graph where the vertices represent atoms and the edges
bonds between atoms. If we know some chemistry, then we might fully appreciate the
origin of graph energy. In a private communication, Gutman (see [12]) claimed that
the HMO (Huckel molecular orbital) theory is nowadays superseded by new theories
that provide better explanations and which do not make unnecessary assumptions.
Graph energy became a very popular topic of mathematical research; this is evident
in the reviews and recent papers. In the paper Energy of Graphs by Brualdi [13] the
difference of the energy of two graphs G and H on the same number n of vertices
was presented- we adopt this idea by making one of the graphs the complete graph.
Although the complete graph K, does not have the maximum energy of all graphs
(see [51]), it is a very important and well-studied class of graphs — for example it has
a high degree of connectivity and robustness. Given that the complete graph does
not have the largest energy of all graphs it is customary (see hypoenergetic graphs),
i.e. graphs with energy less than the complete graph, in (Winter and Sarvate [102])
to see how the energy of other classes of graphs compare to that of the energy of
the complete graph.

101
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Thus, one would like to compare its energy with the energy of any other graph G
in terms of how close their energies are, and how the energy of G compares with
the energy of K, where a large number of vertices are involved. This provided the
motivation for the eigen-complete difference ratio of a graph (see Winter and Ojako
[112]) which we present in this chapter, which is original in its entire.

This energy idea can be translated to that of molecules made up of atoms with
bonds, where we map the atoms to vertices and bonds to edges, and allow one
to investigate how other molecular energies compare with that of a molecule with
all possible bonds between atoms —i.e. a strongly bonded molecule. The eigen-
complete difference ratio thus allows for the investigation of the domination effect
of the energy of graphs on the energy of the complete graph when a large number of
vertices are involved. We found that this domination effect is the greatest negatively
(positively) for a strongly regular graph (star graphs with rays of length one), and
is zero for the lollipop graph. For paths, cycles and wheel graphs, the domination
effect is ”7_2, which provides a mathematical link to the idea of m-electron energy
associated with such molecules.

5.2 Ratios and graphs

Ratios have been an important aspect of graph theoretical definitions. Examples
of ratios are: expanders, (see Alon and Spencer [3], the central ratio of a graph
[14], eigen-pair ratio of classes of graphs [111], Independence and Hall ratios [90],
tree-cover ratio of graphs [110], eigen-energy formation ratio [102] and t-compete
sequence ratio [101], the chromatic-cover ratio [108], the tree-3-cover ratio [110],
the chromatic-complete difference ratio [107], graph theory and calculus: ratios of
classes of graphs [? ],the eigen-cover ratio [113] and the eigen-3-cover ratio [? ]. We
now introduce the idea of ratio, asymptotes and areas involving energy difference
between the complete graph and G.

5.2.1 Eigen-Complete Difference Ratio- Asymptotes, Dom-
ination Effect And Area

Let K, be the complete graph on n vertices.

Definition 5.2.1. The difference between the energy of K, and a connected graph
G on the same number of vertices n is given by:

(D = E(K,) - E(G) (5.2)

This is called the eigen-complete difference associated with G. If the graph G in
consideration belongs to a class & of graphs of order n, then the complete-energy
difference associated with & is defined as:

(DY = E(K,) — E(G);G €. (5.3)

n

Now, dividing the eigen complete difference by the energy of K,, will give an average
of the eigen-complete difference with respect to G. This provides motivation for the
following definition.
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Definition 5.2.2. The eigen-complete difference ratio with respect to G(S), is de-
fined as

K,) - B(G)
E(Ky)

E(Kn) — E(G)
E(Kxy)

Rat(D¢ = B( : Rat(D? = GES (5.4)
This ratio allows for the definition of the eigen-complete difference asymptote and
the eigen-complete difference area, similar to that of : the eigen-pair ratio of classes
of graphs [111], the tree-cover ratio of graphs [110], the eigen-enerqy formation ratio
[102]), the t-compete sequence ratio [101], the chromatic-cover ratio [108], the tree-
3-cover ratio [110], the chromatic-complete difference ratio [108], graph theory and
calculus: ratios of classes of graphs ([T ],the eigen-cover ratio ([113] and the eigen-

3-cover ratio (see [T ].

Definition 5.2.3. If the eigen-complete difference ratio is a function f(n) of the
order of G € S, then its horizontal asymptote results in the eigen-complete difference
asymptote:

Asymrat(D} = lim

n—oo

[E(Kn) — E(G)

E(G) ];GG% (5.5)

This asymptote allows for the investigation of the effect of the energy of a graph G
on the complete graph when a large number of vertices are involved, referred to as
the eigen-complete difference domination effect.

Definition 5.2.4. Attaching the average degree of graph G with m’ edges, to the

Riemann integral of:

E(K.) — E(G)
E(Ky)

RatD? = GES (5.6)

we obtain the eigen-complete difference area:

255 e

g 2m
Arat(D,} = m

- (5.7)

; with Arat(D; = 0.
The average degree is referred to as the "length of the area’, while the integral part
is the "height of the area".

Lemma 5.2.1. The eigen-complete difference ratio can take on one of the following:

B(G) < B(K,) = Rat(D® = & (Kg)(;j @ _y_ ]_f(f:) S0GEeS  (58)
B(G) < B(K,) = Rat(D® = £ (Kg)([;j @ lf(fj) <0:GeS  (59)
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If G, = is a polyhedral graph, then from Theorem 4.7.1

2n—2—\/6n (n—1)
2(n+2) < ) <y/6n(n—1) (5.11)

2n — 2
o 2n—2-—4/2(n+1 2 -4/6 -
Rat(D,] < 5 2( ) = 2\/— < Asymrat(D,] <1 (5.12)
n J—

5.3 Examples

5.3.1 The complete split-bipartite graph Kz »

The energy of this graph is n (see section 4.10.2) and it has n edges while that of
the complete graph is 2n — 2 (see section 4.10.1) so that:

s [E(K,) — E(Kz») 2n—2)—n n-—2
D3 = 23| - 1
Rat(D, [ o — 2 o — 2 on — 2 (5.13)
~ —2 1
Asymrat(Dy = lm B; — 2} =5 (5.14)

o n— 2 n—2 n
Arat(D® = /{ ] _ / ~In(n—1 1
rat(D, 53 dn = 1) 1 (n—In(n—1)+c¢)  (5.15)

with smallest order 2 we have: ¢ = —2

5.3.2 The Star Graph K;,_; with n —1 Rays of Length 1
The energy of this star graph is 2y/n — 1 (see section 4.10.3) so that:

Rat(D}) = [E<K”)2; _E(QKL"“] - & _22&__21")” —ol-— (19)
Asymrat(D;} = lim [1 I ] =1 (5.17)

S
AratD;‘\‘:Q(nn_l)/[l—\/ﬁl dan(nn_l){n—Q\/n—l—i—c} (5.18)

. With smallest star graph on 2 vertices we have: ¢ =0
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5.3.3 Star Graphs S, With r Rays Of Length 2

105

The energy of this star graph with » = n — 1 edges is (see section 4.10.4): n — 3 +

V2v/n + 1 so that:
Rat(D? E(K,)—E(Kip1] (2n=2)—(n—-3+v2y/n+1) n+1-+v2y/n+1
" 2n — 2 B 2n — 2 - 2n — 2
(5.19)
s . [n+1-V2V/n+1] 1
Asymrat(D,] = lim [ T ] =3 (5.20)
Arat(D3 = 2(n—1)/ln+1—\/§vn+1]d (5.21)
n 2n — 2
2(n—1 —1 2 1
_2n—1) / n n ntl (5.22)
n 2n—1)  2(n—1) V2vn—-1
A=l oy Lt (5.23)
o 2 V2 '
A= / 5.24
VA dn (524)
let n = u? + 1 = dn == 2udu
)
— A :/ 4 +22udu
u
put u = v/2tant so that
= 4/sec3tdt _4 [sectt(mt + z;l(sect + tant] (5.25)
Thus:
JVATTVAFT  (VaFl Va1
A= +in (5.26)
V2 V2 V2 V2
1 —1
:\/n2—1+2in<\/\/—2_i_ 5 ) (5.27)
The smallest such star graph is on 3 vertices so that
4 2
A=+8+2In <M> = VB+2n(V2+1) (5.28)

V2
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Thus;

c:2+\/§ln(1+\/§)—‘;’—zn2 (5.29)

And eigen-complete difference area is:

=2 DTy - o (Vi T (YL )] g

2 V2 V2 V2

{+2 +V2In(1+ V2 — 2 — an] (5.31)

5.3.4 The Line Graph Of K,

The line graph L(K,,) of K,, has p = @ vertices and energy 2n? —6n (see section

4.5). The number g of edges is the sum of the square of the degrees minus the
number of edges of K, (see brualdi2006energy). Hence,

(n—1% nn-1 nn-1) n(n—1)(n—2)
g=n" . -1 ) (532
—1
:2n2—6n:4n(n2>—4n:4p—4n (5.33)
nZ—n—Qp:O:nzli 21+8p:1+ 21+8p (5.34)
Thus:
—1
E(L(Kn)):2n2—6n:4n(n2 —dn=4p—-2-2/118p (5.35)

Rat(D? = [E”(p) - E(L(KW] - 2—dpt24 JTFE 2+ IS
p —

E(K, 2p — 2 N 2 — 2 |
(5.36
Cx _2 -\ ]_ 8
Asymrat(D,; = lim P Oy (5.37)
g 2 -2 V1 2 —2 \/1
Arat(D q|/ prv1tep, | q/ p+ 5, (5.38)
2p — 2
2q 2p—2 —2+1+8p udu u?—1
=1 = —— =
/l w_2 2p_2 ]d =148y =dp=—ip="yg

(5.39)
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2q (—2+u) udu
= [(_p) +/ (e ] (5.40)

[ +/ 32—1—9u udu] _ 2 [ +/u —2 ] (5.41)
2 au] =22~

2; [p ~V1+8— Z} (in(vVT+8p-3)) + Z}zn(\ﬂ T3p+ 3)} +e (5.43)

du‘ (5.42)

p = 3 yields

c= 315+ gln(Q) - gln(S) _o4 gln(Q) - gln(S) (5.44)

Thus, the eigen-complete area of the line graph of K,, on p vertices is:

2q

N fln(\/1—|—78 3) + Zzansp L3424 Zln(Z) - gm(S)
(5.45)

5.3.5 Strongly Regular Graphs

Koolen and Moulton [65] have proved that the energy of a graph on n vertices is at

most W , and that equality holds if and only if the graph is strongly regular
with parameters ”(H‘/ﬁ), (”Jrj\/ﬁ7 (n+42\/ﬁ (

(+\f

see section 4.4).

Its energy is and to find the number of edges m’ we use:

> d(v) =2m' = n(n—g\/ﬁ) =2m' = m' = W (5.46)
1
Thus,
Rat(D? — E(K, — E(SR(G)] _ (2n—2) — n(lty/n) _3n-—nyn—4 (5.47)
" 2n — 2 2n — 2 dn — 4

o — -4
Asymrat(D,] = dim o 4:!:1 = —00 (5.48)

o 2m/ 3n — —4
Arat(D, :: [ 1 4;:!; 1 dn (5.49)
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(n++/n) 3n —ny/n —4
=5 | dn (5.50)
n—i-\/_/ <4n— )_ 1+nyn dn:(n+\/ﬁ'§n_ 1+n\/ﬁdn
4n —4 dn — 4 2 4 dn — 4
(5.51)
Now,
1=nyn 1
STV g — S n(n — 1) / .
P dn = 4nn 4 n—l (5.52)
Setting n = u?, we have
Zln n—1) 4 / o 12udu (5.53)
But
2“ u?
d / d 5.54
2/u2—1“2 ot ™ (5.54)
u?—1
d .
2/u2—1 1“ (5.55)
1, 1 1 u—1 1 V-1
S R - L .
U +2u—|—2nu+1 6n + = \/_—I— n\/_ (5.56)

So the eigen-complete area (without absolute sign) is

(n—;\/ﬁ[in—iln(n—l)—éng—;\/ﬁ—l (ﬁ:) ] (5.57)

The term n2 dominates for large n, so introducing absolute sign:

R A N R

5.3.6 Lollipop Graph

The energy of the lollipop graph with base the complete graph on n — 1 vertices is
(see section 4.2):

(n—3)+vn?—4n+38 (5.59)
To find Y dv for this graph we have:

dv=n-2)n=2)+(n—1)+1=mn-2)(n—2)+n=n"—3n+4=2m
(5.60)
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Thus,
RatDS — E(K,) - E(LP(G))| (2n —2) — {(n—B)—i— V”2_4n+8} n+1—+vn?2—4n+38
= o — 2 - o — 2 - o —2
(5.61)
I n+1—\/n2—4n+8
symrat(D,, lim l T ] (5.62)
Multiply top and bottom of by n + 1 + v/n? — 4n + 8 to obtain
1)2 — (n? —dn +8
(n+1)°—(n" —4n +38) (5.63)

(2n —2)(n+1+4/n? —4n+8)

For large n, the numerator is of order 6n and the denominator is of order 4n? so
that:

n—so0 | 4n2

Asymrat(D;} = lim [6”] =0 (5.64)

s 2m/ n+1—+vn?2—4n+38 m rn+1—+vn?2—4n-+38
Arat(D, = / d ——/ dn
2n — 2 n—1
(5.65)
_m,/ ”—1+2—vn2—4n+ d /2-«/71—2 +4
n n—1 n—1 n— n—1
(5.66)

5.3.7 The Line Graph Of The L-Regular Caterpillar Graph
The energy of L(CT(k,1)) is (see section 4.9):

BE(L(CT(k, 1)) = k(l — 1) + ij ; (1—1+40;— \Jo? +2(1+ 1)o; + (12 + 61 + 1))‘ +

(5.67)

k
1
213

Jj=2

Q—1+a,+¢ﬁ+za+nq+wp+m+1»‘ (5.68)

Where

(k+1—7g)m
o; = 2cos (k) (5.69)
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for j=1,2,--- k
if we take [ = 2 then n = 3k
so that:

51 ,
E(L(CT(Q,l))):g(Q—l)—i—Z2(2—1+03—\/02+2(2+1)aj+(4+12+1>’
=2
(5.70)
501 ‘
+Z2(2—1+o—ﬂ+\/02+2(2+1)o—j+(4+12+1)‘ (5.71)
=2
where,
s+1—g)m
o; = 2cos (W) forj=1---k (5.72)
3
for large n = n’ and
s+1—g)m
o; = 2cos <(3nj)> <2 (5.73)
3
The energy behaves like:
L
n L =
E(L(CT(3,1)>)z3+Z (140, —/0?) (5.74)
=2
L
o1
+3 |5 (1 + o+ /a3 (5.75)
=2
nt 1 (nt 1 (nt 2nt
U U DR SR 5.76
3+2<3 >+2<3+> 3 (5.76)
Thus for n large and & = L(C’T(%, ))) we have
- [B(K,) - E(L(cT (2,1 oy — 9) _ 20
Rat(DS = (Ka) = E(L(CT (5.1)))] _ (2n—=2) =% (5.77)
2n — 2 2n — 2
_%"— _4n—-6_ 2n-—3 (5.78)
S 2n—2 6n—-6 3n-3 '
o in — 6 2
Asymrat(D, = lim {62 — 6} =3 (5.79)
g 2n—1) r1[2n-3
Arat(DS = /[ } .
rat(D,, " 3171 dn (5.80)
2(n—1) r{2(n—1) 1 2(n—1) [2 1 4
= = - dn = —n—=ln(n—1 c=——
n /l?)n—l) 3(n—1) " n 3" 3n(n JFefie 3

(5.81)
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5.3.8 Dual Star Graphs
The energy of the dual star graph on n vertices is (Theorem 4.2):

E(Dusn):2\/(”_1)2””_3+2\/("_1>_2V2”_3 (5.82)

Thus the eigen-complete difference ratio, asymptote and area are:

R t<D§* E(K,) — E(DuS,) (2n —2 \/W—FQ\/W
¢ " 2n — 2 9 — 9
(5.83)
(n—1)+v2n—3 (n=1)—2n=3
A tDS = i @n—2)- {2\/ A ] 1 (5.84
symra n_ngnoo — _ ( )
ArappS — 201 1 (2”—2)—{2\/(”_1”/m+2\/w—1>—2¢m} d
= /5 2n — 2 n
(5.85)

5.3.9 Paths, Cycles And Wheels On An Even Number Of
Vertices

We illustrate how one can determine the eigen-complete difference ratio, and its
associated aspects, of paths, cycles and wheels on an even number of vertices using
the results found in chapter 4.

1. for n even,

zij 2(;03( +'1>‘ 9 [Cosec (2(7111 - 1) _ 1] (5.86)

see section 4.8.3
2. for n even, n=2t, and ¢ even,

n—1 2
B(C) =Y |2c0s (”)‘ — dcot < - 1) (5.87)
= n n
see section 4.8.5
3. for n even, n = 2t then
E(W,) = 2y/n — 2 + 2cosec (2(71711) (5.88)

see section 4.8.7
The lemma 4.8.3, will simplify the eigen-complete difference ratio when a large
number of vertices are involved.
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The path graph

N E(K,) — E(P,) (2n—2)—2 {cosec (2(7;;1)) — 1}
DS _ _ 5.89
rar(pg = |0~ — (559)
n—1)—|cosec|(s—~=)—1
n—1
n—1)— |cosec (5~ ) —1
Asymrat(D?} = lim ( ) { (2(n+1)) } (5.91)
n— 00 n—1

o =1 -2 g2

Asymrat(D; = lim T~ (5.92)

From Lemma (4.8.3)

n n—1

Arat(p3 = 2= / [(n ~ b = feosee () 1], (5.93)

The cycle graph

Rat(D? — [E<KZL:§(Cn)] _ (n- 22)n—_42cot (z) (5.94)

(- 131—_21(;015 (%) (5.95)

Asyrat(DY = lim_ - 1)71__216“ (%) (5.96)

Asyrat(D® = lim (n 1) — 200t () G () =2 (5.97)

n—>00 n—1 n—1 T

by lemma 4.8.3.

Arat(D3 =2 / [(n ~ 1)71__416075 (ZZ)] dn (5.98)
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The wheel graph

R} E(Kn) — E(Wn)
tD, = .
Rat (D, [ 575 (5.99)
npd 2mj
(2n—2) - {2\/5 +24 8,7, cos (n_”l)] 1
_ —— (5.100)
(n—1)— [\/ﬁ—I— 1 +4Z;§1 cos (5”1)}
(5.101)
n—1
n—4 )
(n—1)— [\/ﬁ+ 1+4Y,% cos (jiﬂl)]
Asymrat(D} = lim (5.102)
v—>00 n—1
n—1-—2(2 -9
~ ( (W) _ I bylemma4.8.3 (5.103)
n—1 s
N o — 9 (n—l)—[\/ﬁ+1+42;ﬁ_1003(ﬁ)]
Arat(DS = 2( ) )/ - dn (5.104)

. The same eigen-complete difference ratio will be obtained for cycles, paths and
wheels on an odd number of vertices.

Thus for paths, cycles, and wheels, we have shown that their eigen-complete differ-
ence ratio converges to: “7_2 =1- %

We show, in the theorem below, that this value is equivalent to the solution y = f(7)
of a separable differential equation.

Theorem 5.3.1. If y = f(z) is a solution of the separable variable differential
equation.:

1\ dy 1 1

+<):; 3) — - 5.105

v+ l-) 5 = 5ve) (5.105)
then the asymptotic convergence, of the eigen-complete difference ratio of paths and
cycles on an even number of vertices, is given by:
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Proof.
N dy 1 1
Ndy _ 1 a1 5.106
v+ (5) L= =5 (5.106)
1 d 1
IF:efzdI:x;sdx[y,x]:x<x> (5.107)
e L m s g mat ey =1+ Sy3) = 2 o o= (5.108)
e yr=x+c,=y= SyB) =g =c= :
ya)=1- sy =1— > (5.109)
y(x) = — =) = - :
O

We have also proved the following theorem:

Theorem 5.3.2.

Rat(D?; (5.110)
Asymrat(D;} (5.111)

and
Arat(D? (5.112)

for the following classes of graphs are, respectively:

n—2 14
S=Knn:o— " “[n—In(n—1)—2 11
R n n 2n—2’2’n[n In(n—1) — 2] (5.113)

1 2n—1)

[n—2vn —1] (5.114)

n+1-—v2y/n+1 1

2n — 2 "2

S = K2,r .

(5.115)

20— 1) B Finl 1)~ [M+ ot (V@g L 1)H + (5.116)

[2 +V2In(1 +v2 - 2 — an] (5.117)
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—op+/TT8p
S = L(K,) : p;;_; P, (5.118)

7 7 7 7
—V1+8p+ éln(\/l +8p—3)+ gln(\/l +8p+3)+2+ gln(Q) - 6[71(8)
(5.119)

n(n—1)(n—2)

where q = 5

M[é 3 Bn—i-fln(n—l)—# \/_+ln\/ﬁ_1+] (5.120)

_n+1—\/n2—4n+8

2n — 2

.0 (5.121)

|- V214
Arat(D _2—/ l"Jr n ”+8] dn (5.122)

2n — 2

om—3 22n—1)72 1 4
= L(CT(k,2)) : ;= -n— =l —1)—=|; nl 5.123
(CT(h,2): 5 2= 2 = gin(n = 1) = 5| n large  (5.123)
(2n —2) — |:2\/(n1)+2x/2n3 +2\/(n1)2\/2n3:|
=D : 1 124
WS o — 2 ’ (5.124)
n—1)+v2n-3 (n—1)—v2n-3
Arap(DS = 2n=1) 11 (2n_2)_[2\/( 2 2/l } d
ratiDy === /§ on — 2 "
(5.125)
n—1)— |cosec | 5—7"= -9
%szant:( ) [ (2(n+1))};ﬂ (5.126)
n—1 m
o 2An—1 n —1) — |cosec 5
Arat(D; = (n >/[( ) [ <2( H)” dn (5.127)
n n—1
n—1)—2cot (T )
S=Cpin=2t=4q: ( ) (n>;7r (5.128)

n—1 T
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N (n—1) —4cot (%)
Arat(D3 =2 / dn (5.129)
n—1
n—4 o
(n—l)—{\/ﬁ—i-l—i—élzj:“lcos(n”l)}  n—9
S=Wyn=2t: ; Asymrat(D,] =
n—1 77
(5.130)
N 2n — 1) (n—1)— [\/_+1+4Zj 2, cos (37”1)]
Arat(D3 = 2 / dn  (5.131)
n n—1
Lemma 5.3.1.
o= "\/— 4 < Rat(D¥ <1
dn —
Proof. Since E(G) > 0 for any graph G we get the right hand inequality:
o [B(K) - E@)] _ E(K,)
D, = < =1 132
Rat(D, [ m—2 |~ 2n—2 (5.132)

And since

n(1l+ \/TT)
E(G) < E(SR(G)) = E(K,) — E(SR(G)) >2n—2 — — s (5.133)
we get the left hand inequality. O

Lemma 5.3.2. The domination eigen-complete effect is at most one and is greatest
negatively for the strongly reqular graph examined in the above example.

Proof. The strongly regular graph in the above example has the greatest energy of
all graphs so that:

Asymrat(D;} = lim

n—o0

=

The above lemmas can be used to verify the following theorem:

Theorem 5.3.3. Asymrat(D? € (—oo, 1] with end points attained for the strongly
regular graph and star graphs with rays of length 1, respectively. Moreover, Asymrat(D; =
0 for the lollipop graph.

corollary 5.3.1. The eigen-complete difference height of the strongly regular graph
above is the greatest of all eigen-complete heights.

Proof. Since E(SR(G)) > E(G') for any graph (G’ € 3, we have

|/l SR(G))]dn|:/lE(SR(g();(;)E(Kn) dnz/ E(G%(—Kf)([(n)]dn
(5.134)
O

Conjecture 1. Except for strongly regular graphs, the eigen-complete difference
asymptote lies on the interval [—1,1] .
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5.4 Eigen-Complete Different Ratios Of Comple-
ments of Classes of Graphs

5.4.1 The Complete-Split Bipartite Graph

The complement of Kz = consists of two disjoint copies of Kz. It energy is therefore:
2n — 4 so that:

s |E(K,) —E@G) 2n —2— (2n —4) 1

Ral{D, l M — 2 M — 2 n—1 (5.135)

& , 1
Asymrat(D,] = lim { J =0 (5.136)

n—~oo | n —

I n — 2 1 n — 2
Arat(R =3 [ | =] an = - !

rat(D, 5 p— dn - [In(n—1) 4+ (5.137)

Smallest such graph occurs for n — 4 so that: ¢ = —In(3)
The eigen-complete difference ratio for the complement of the complete-split bipar-
tite graph is:

1

n—1

f(n) =

The eigen-complete difference ratio of the original graph K» » is:

B s |EK,—-EG)| 2n—-2-n n-2  n 2
gln) = Rat(Dy = l 2n — 2 1 T -2 -2 2m—-2 2m-2
(5.138)
= %) — fo = 1) (5~ 1) = g = L0 4 PL iy — gy [ -] 4 S
(5.139)
/ Loy 29 4 _
A S el P el sy )l sy o R S
d(f(n)) , 1 _ 1
dn * n— 2f(n)  (n—2)(n—1)2 (5.142)

]F:(n—2):>(n—2)f(n):/[ ! ]dn (5.143)
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1 1
:>(n—2)f(n)——m+c:>f(n)——(n_2)(n_l)—i-(n_c) (5.144)
I 1 c B 1 c(n—1)
D Ry sy s Sl s g e R L S
=n—2=—-14c¢n—-1)=c=1 (5.146)
Thus,

(n—2)(n—1)+

(n—2)

Giving a different way of expressing: —-.
Thus with f(n) and g(n), we associate the quadratic expression:

h(n) =n® — 3n + 2
h(n+1)—h(n)=n*+2n+1-3n—-3+2-n*+3n—-2=2n—-2  (5.148)

h(n+2)—h(n+1)=n*+4n+4—-3n—-6+2—(n*+2n+1-3n—-3+2)=2n

(5.149)
h(n+3)—h(n+2)=n*+6n+9—3n—9+2— (5.150)
(n*4+4n+4—3n—6+2) =2n +2 (5.151)

The second difference involving (5.148), (5.149) and (5.150) is an arithmetic sequence
with common difference 2. Thus we have the following theorem:

Theorem 5.4.1. The eigen-difference ratio g(n) of the complete-split bipartite and
the eigen-difference ratio f(n) its complement are related by the following equation:

1 29'(n)

/ — 152
)+ g ) = 05 (515
Proof. The equation above results in the differential equation:

d(f(n)) 1 1
= 5.153
dn +n—2f(n) (n—2)(n—1)2 ( )

With general solution:
1 c

=— 5.154
= = =) T =) (5.154)
]

corollary 5.4.1. The equation in the above theorem yields the following quadratic
sequence: 0,2,6,--- ,n?>—3n+2,--- With second difference sequence with common
difference 2: 2,4,6,--- ,2n —2,---
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5.4.2 Star Graphs With Rays Of Length 1

The compliment of the star graph with rays of length one (on at least three vertices)
is a complete graph on n — 1 vertices together with an isolated vertex. Its energy is
therefore: 2n — 4 so that:

s [B(K,)—E(@)] 2n-2-2n+4 2 1
(D> = = = = 1
Rat(D, l o — 2 o — 2 o3 n-1 19
A t{D3¥ = 1i { ! } =0 (5.156)
symrat(Dy = lim |——— | = :
o ! 1 —1 —2
Arat(D; = %/ {n — J dn = (n 2)7(;1 )[ln(n —1)+ (5.157)
where, for n = 3, we get ¢ = —In(2).
The energy of the original star graph is:
« [E(K,) - E(K,,_ M —2) —20/n —1 1
Rat<D;Lr — ( ) ( 1, 1) _ ( n ) n — 1 _ (n)’
2n — 2 2(n—1) n—1
(5.158)
While that of its complement is:
& E(K,) — E(G) 1
D> = = = : 1
Rar(py = | PO 2O - Ly (5.150)
Also, differentiating f(n) yields
1
f'(n) = 5(n~ 1)72. (5.160)
Thus:
J(n) = 1= /g(n) = g(n) = [1 - ()] (5.161)
= f*(n) —2f(n) +1—g(n) = 0. (5.162)

5.4.3 The Lollipop Graph With Complete Graph On n — 1
Vertices As Base

The compliment of the lollipop graph consists of a star graphs on n — 1 vertices and
an isolated vertex. Its energy is therefore 2v/n — 2.

Kn)_m;)] m-2-2/n-2 _n-1-Vn-2

=g(n)
(5.163)

. [B(
D3 =
Rat(D, [ on — 2 on — 2 n—1

The ratio of the original graph is:

o [E(Kn) - E(LP(G))] _n+l— V7 —dn+3

Rat(D,; = S — = f(n) (5.164)

n



120CHAPTER 5. THE EIGEN-COMPLETE DIFFERENCE RATIO OF CLASSES OF GRAPHS- |

5.5 Conclusion

In this chapter we used the idea of energy difference between two graphs and the
significance of the complete graph to formulate the eigen-complete difference ratio.
This allowed for the investigation of the domination effect that the energy of graphs
have with respect to the complete graph when a large number of vertices are involved.
This idea can be applied to molecules with a large number of atoms, where one
desires to examine molecules whose energy may dominate the molecule that is very
well bonded. We found that a strongly regular graph dominated in the largest
negative way, while the star graph with rays of length one had a domination effect
of one- the largest possible positive domination effect. The lollipop graph with base
the complete graph had domination effect of zero. Cycles, paths and wheels are
shown to have the same eigen-complete domination effect of ”T’Z which is equivalent
to the solution y = f(7) of the separable differential equation:

INdy 1 1

v (L) L= =5 (5.165)
We attached the average degree to the Riemann integral of this eigen-complete dif-
ference ratio to determine eigen-complete difference areas associated with classes
of graphs and applied the above ideas to the complement of classes of graphs.
We showed that the eigen-complete difference ratios of the complete-split bipartite
graph and its complement are related by a differential equation with an associated
quadratic sequence with second difference being a sequence with common difference
of two.



Chapter 6

Summary and Conclusion

6.1 Summary

This dissertation brings together two important concepts in graph theory the en-
ergy of a graph and the complete graph. The energy of a graph is the sum of the
absolute values of its eigenvalues, and originated from the determination of the sum
of 7 -electron energy in a molecule represented by a molecular graph (i.e. a graph
where the vertices represent atoms and the edges bonds between atoms). Important
theorems, such as the Lovasz and the Lollipop theorems, are used to find eigenval-
ues of classes of graphs, while analytic methods are used to determine simplified
expressions for the energy of classes of graphs.

Considering a graph as a molecular graph, then the complete graph translates to
that of a molecule with all possible bonds between atoms; i.e. a strongly bonded
molecule. The eigen-complete difference ratio allowed for the investigation of the
domination effect of the energy of graphs on the energy of the complete graph, when
a large number of vertices are involved.

In chapter two, we defined some basic graph theorectical terms that were used during
the course for this research. We adopted the graph theoretical notation of Harris,
J. M., Hirst, J. L. and Mossinghoff, M.[45] with little addition from similar materials.

In Chapter three, we talked about the Linear algebra of graphs as the branch
of mathematics that studies graphs by using the linear algebraic properties of as-
sociated matrices, the theory of association schemes and coherent configurations
studies of the algebra generated by associated matrices. In this chapter, algebraic
methods were applied to problems about graphs. This is in contrast to geometric,
combinatoric, or algorithmic approaches. The relationship between a graph and
the eigenvalues of its adjacency and Laplacian matrix were explained in detail. We
applied the Lovasz theorem and the Lollipop theorems to the problem determining
the eigenvalues of some graphs whose energies were considered in the subsequent
chapters.

In chapter four, we discussed extensively the determination of the energies of classes
of graphs with an emphasis on analytical methods. We determined the energy of
different classes of graphs using the eigenvalues calculated in the previous chapters.
We expressed the energy of cycles, paths and wheels, on n vertices, in terms of

121
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simplified expressions involving the cotangent and the secant of either , = or
s

D) and showed that these classes of graphs have the same energy of 4?” for large
values of n.

In chapter five, the eigen-complete difference ratio of classes of graphs domination,
asymptotes and area was discussed.

Although the complete graph K, does not have the maximum energy of all
graphs (see [51], it is a very important and well-studied class of graphs, for example
it has a high degree of connectivity and robustness. Given that the complete graph
does not have the largest energy of all graphs it is customary (see hypoenergetic
graphs, i.e. graphs with energy less than the complete graph, to see how the energy
of other classes of graphs compare to that of the energy of the complete graph.

Thus one would like to compare its energy with the energy of any other graph
G in terms of how close their energies are, and how the energy of G compares with
the energy of K, where a large number of vertices are involved and this provided
the motivation for the eigen-complete difference ratio of a graph (see Winter and
Ojako[104]) which we present in chapter five, which is original in its entire.

6.2 Conclusion

This dissertation involved the merging of two important concepts in graph theory
the complete graph and the energy of graphs. The significance of the complete
graph in terms of its strong connectivity, and its practical usefulness in realizing
graph theoretical concepts is well documents. The connection between 7-electron
energy of a molecule and the energy of a molecular graph is well researched. These
two concepts were used to define a new ratio, the eigen-complete difference ratio of
a graph GG , belonging to a class of graphs 3

Rat(DE — [E (Kg)( ;{j (G)] ; (6.1)
Rat(D} = lE(Kg)([;j(G>] L GES (6.2)

By considering the asymptotic convergence of the eigen-complete difference ratio, we
were able to investigate the domination effect of the energy of graphs, on the energy
of the complete graph, when a large number of vertices are involved. We found that
this domination effect is the greatest negatively (positively) for a strongly regular
graph (star graphs with rays of length one), and is zero for the lollipop graph. For
paths, cycles and wheel graphs, the domination effect is f(7) = ’TT’Z We showed
that this value f(7) is a solution of the separable variable differential equation:

v+ () B =@ =5 (6:3)

x) dr x 3

We also claim that :Asymrat(D> € (—o0,1] with end points attained for the
strongly regular graph and star graphs with rays of length 1, respectively, and showed
that

Asymrat(D;} =0
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for the lollipop graph.
Attaching the average degree of graph G, with m’ edges, to the absolute value of
the Riemann integral of this ratio we obtain the eigen-complete difference area:

IS Gk

g 2m'
Arat(D,] = m

(6.4)

n

with Arat(D¥ =0

where k is the smallest order of G € 3.

The average degree is referred to as the length of the area, while the integral part
is the height of the area.

We determined the area, either exactly or in terms of an integral, of known classes of
graphs such as the complete-split bipartite graph, path and cycle graphs, star graphs
with rays of length one and two, dual star graphs, the wheel graph, lollipop graph
with the complete graph as its base, strongly regular graphs with the maximum
energy, the line graph of the complete graph and the regular caterpillar graph. Thse

area of strongly regular graphs with maximum energy behaves, for large n, like %
which appears to provide the largest eigen-complete difference area of all classes
of graphs, followed by the area of the complete-split bipartite graph with area, for
large n, behaving as %2. We also proved that the height of strongly regular graphs
with maximum energy is the greatest of heights associated with all other classes
of graphs. Future research will involve determining the eigen-complete difference
ratio of other classes of graphs as well as using a different means source, such as the

Laplacian energy.
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