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Preface

Tournaments constitute perhaps the most well-studied class of directed graphs.
One of the reasons for the interest in the theory of tournaments is the monograph
Topics on Tournaments [58] by Moon published in 1968, covering all results on
tournaments known up to this time. In particular, three results deserve special
mention: in 1934 Rédei [60] proved that every tournament has a directed Hamilto-
nian path, in 1959 Camion [27] showed that every strongly connected tournament
has a directed Hamiltonian cycle and in 1966 Moon [57] published his famous the-
orem which says that every strongly connected tournament on n vertices is vertex
pancyclic, i.e. every vertex is contained in a directed cycle of length 3,4, ... n.
The latter result is a strong improvement of Camion’s theorem and can be con-
sidered a milestone in the investigation of the cycle structure of tournaments. In
the following years survey articles dealing with tournaments were contributed by
Beineke and Wilson [20] in 1975, Reid and Beineke [63] in 1978, Beineke [19] and
Bermond and Thomassen [21] in 1981, Bang-Jensen and Gutin [10] and Reid [62]
in 1996. All these articles kept the interest of mathematicians working in this field
growing.

There are various generalizations of tournaments: local tournaments and locally
semicomplete digraphs, in-tournaments and locally in-semicomplete digraphs, mul-
tipartite tournaments and semicomplete multipartite digraphs, quasi-transitive di-
graphs and several others. For a comprehensive overview of multipartite tourna-
ments and semicomplete multipartite digraphs the reader may be referred to the
survey articles of Gutin [40] and Volkmann [75, 78|, and for a summary of the
remaining classes to the article of Bang-Jensen and Gutin [11]. It is a natural
question to ask which of the results for tournaments can be extended to one of its
generalized classes. In view of Rédei’s and Moon’s theorems, the path and cycle
structure are specifically of interest. In this thesis, two different generalizations of
tournaments are considered, namely the class of local tournaments and the class
of in-tournaments. For the sake of simplicity, directed paths and directed cycles
are called paths and cycles throughout this thesis.
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A digraph without loops, multiple arcs and cycles of length two is called a local
tournament if the set of in-neighbors as well as the set of out-neighbors of every
vertex induces a tournament. This class, or more generally the class of locally
semicomplete digraphs whose members might have cycles of length two, was in-
troduced by Bang-Jensen [3] in 1990. Three years later, Bang-Jensen, Huang and
Prisner [16] introduced a further generalization of local tournaments, the class
of in-tournaments, in claiming adjacency only for vertices that have a common
out-neighbor. Hence local tournaments and in-tournaments are generalizations of
tournaments in such a way that the general adjacency of vertices is transferred to
only those pairs of vertices that share a local property. Other such classes are, for
example, quasi-transitive digraphs (cf. [14]) and arc-locally semicomplete digraphs

(cf. [7]).
Ever since Bang-Jensen introduced the class of local tournaments, a lot of research

has been done in this field. In particular the Ph.D. theses of Huang [45] and
Guo [33] handled this subject in detail.

Concerning in-tournaments and, in particular, the path and cycle structure of
in-tournaments, some initial fundamental results were presented by Bang-Jensen,
Huang and Prisner [16]. Further work on pancyclicity and the cycle structure of
in-tournaments has been done by Tewes and Volkmann [68, 69], Tewes [66, 67]
and Peters and Volkmann [59]. The reader may be referred to the Ph.D. thesis of
Tewes [65] for an overview of this subject.

In this thesis we study the path and cycle structure of local tournaments and in-
tournaments and the related topic of vertex deletion. The required terminology
and notation as well as the basic structural properties of local tournaments and
in-tournaments are established in Chapter 1. The remaining part of this thesis is
subdivided in three parts.

In the first part consisting of Chapters 2 to 4 we investigate the path structure of lo-
cal tournaments and in-tournaments. The first problem we deal with in Chapter 2
is to develop the structure necessary for a local tournament to be not arc-traceable,
i.e. to contain an arc that does not belong to a Hamiltonian path. Using this struc-
ture we give various sufficient criteria for a local tournament to be arc-traceable
and we present examples that show the sharpness of our conditions. Our results
extend those of Busch [25] and Busch, Jacobson and Reid [26] for tournaments.
In the next two chapters — Chapters 3 and 4 — we focus on shorter paths in
local tournaments and in-tournaments. We show that a strongly connected in-
tournament on at least 2m — 2 vertices, where m > 4, with the property that each
arc lies on a path of order at least m, contains at most one m-path arc, i.e. an arc
such that the longest path through it is of order m. This confirms a conjecture
of Volkmann [74]. Subsequently we study two variations of the above problem.
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Firstly we lower the requirement on the order of the in-tournament in question to
n > 2m — 3 (Chapter 3) and secondly we consider local tournaments instead of
in-tournaments, allowing the local tournament to be of order as low as n > %
though (Chapter 4). Finally we present examples that show the sharpness of our
results in terms of order n.

The second part of this thesis consists of two chapters in which we investigate the
following problem: How many non-separating vertices does a strongly connected
local tournament or in-tournament have in terms of minimum vertex degree? In
Chapter 5 we prove that every strongly connected in-tournament D on n vertices
with minimum degree 6(D) > p > 2 has at least K = min{n, 4p—2} non-separating
vertices. If n > 4p or if n > 4p + 1 and p > 3, this proposition can be improved
to k = 4p — 1 and k = 4p, respectively, unless D is a member of a well-described
exceptional family. The results in this chapter generalize those of Kotani [50] for
tournaments and of Meierling and Volkmann [55] for local tournaments. The topic
of Chapter 6 is the problem of vertex deletion, where we ask for the existence of two
distinct vertices in a strongly connected local tournament whose removal preserves
the strong connectivity of the digraph. We characterize all local tournaments with
exactly two such vertices thereby generalizing a result of Las Vergnas [51] for
tournaments.

The third part of this thesis is devoted to the cycle structure of local tourna-
ments and in-tournaments. A reformulation of the results of Chapter 6 shows
that we characterized all local tournaments on n vertices with exactly two cycles
of length n — 1. Using the parameter g(D), called quasi-girth of a local tourna-
ment D, Bang-Jensen, Guo, Gutin and Volkmann [8] proved that every strongly
connected local tournament is vertex (g(D) + 1)-pancyclic. In Chapter 7 we in-
vestigate how many cycles of length r, where g(D) +1 < r < n — 1, a strongly
connected local tournament has at the least. This problem has already been stud-
ied and solved completely by Moon [57] and Las Vergnas [51] for tournaments and
our results generalize those of Las Vergnas. The interesting problem of complemen-
tary cycles in strongly connected local tournaments is investigated in Chapter 8.
In 1996 Guo and Volkmann [37] solved the question whether a 2-connected local
tournament has complementary cycles in characterizing the exceptional digraphs.
This result was generalized and extended in various forms. For example, Volk-
mann and the author [54] characterized all 2-connected in-tournaments that are
not cycle complementary and Gould and Guo [32] showed that every k-connected
local tournament D on at least 5k + 1 vertices has k vertex disjoint cycles that
span the vertex set of D. In this chapter we investigate the structure of strongly
connected, but not 2-connected, local tournaments that are not cycle complemen-
tary. As applications we present sufficient criteria for a strongly connected local
tournament D to have k vertex disjoint cycles that span the vertex set of D. Our
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results extend and generalize those of Li and Shu [52, 53] for tournaments. In the
last chapter we consider extendable cycles in strongly connected in-tournaments.
In 1989 this property was introduced by Hendry [44] in the context of general di-
graphs and subsequently studied by Tewes and Volkmann [69] for in-tournaments.
We prove that every strongly connected in-tournament on n vertices with minimal
degree 3 < § < 81T i fully (n — |42 ])-extendable which solves a conjecture of

31
Tewes and Volkmann [69] in the affirmative.

Aachen, December 2007 Dirk Meierling
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Chapter 1

Introduction

In this chapter we present the terminology and notation used throughout this
thesis. Special notations and definitions will be presented where needed. The
results covered in this chapter constitute a collection of basic properties of local
tournaments and in-tournaments.

We assume that the reader has a basic knowledge of graph theory and we refer to
the books of Volkmann [72, 77] or Bang-Jensen and Gutin [12] for information not
given here.

In Section 1.1 we repeat some definitions that are important for this thesis and give
specific terminology and notation. Basic structural properties of local tournaments
and in-tournaments are introduced in Sections 1.2 and 1.3. The last section covers
some simple observations on the order of digraphs.

In the following, any result which is cited from an article or a book is equipped
with a heading containing this reference.

1.1 Terminology and notation

All digraphs mentioned in this thesis are finite and simple if not noted otherwise.
A digraph D is an orientation of a graph. For a digraph D, we denote by V(D)
and E(D) the vertex set and arc set of D. The numbers n = n(D) = |[V(D)| and
m = m(D) = |E(D)| are the order and size of the digraph D.

If D is a digraph, a digraph H is called a subdigraph of D, if V(H) C V(D) and
E(H) C E(D). In this case we also say that D is a superdigraph of H and write
HCD. If V(H) =V(D), we say that H is a spanning subdigraph (or a factor)

1



2 Chapter 1: Introduction

of D. The subdigraph induced by a subset A of V(D) is denoted by D[A]. By
D — A we denote the digraph D[V (D) — A]. If A = {z} is a single vertex, we
write D — x instead of D — {x}. Let Hy, Hs, ..., H, be arbitrary digraphs. Then
D[Hy, H,, ..., H,] denotes the digraph which is obtained by replacing every vertex
x; of D by H;. Furthermore, the arcs between H; and H; are defined as follows:
H;, — H; in D[Hy, H,, ..., H,] if and only if ; — z; in D and if there is no arc
between z; and x; in D, there is no arc between H; and H; in D[Hy, Ho, ..., H,].

If zy € F(D) is an arc of D, the vertex y is a positive neighbor or out-neighbor of
x and x is a negative neighbor or in-neighbor of y. We say that x dominates y and
y 1s domainated by x, denoted by x — y. The vertices x and y are the end-vertices
of the arc xy. Furthermore, we say that two vertices x and y are adjacent vertices
and that x (or y) and zy are incident.

Let A and B be two disjoint subdigraphs of a digraph D. If every vertex of A
dominates every vertex of B, we say that A dominates B and that B is dominated
by A, denoted by A — B. If there is at least one arc leading from A to B and no
arc leading from B to A, then A weakly dominates B and B is weakly dominated
by A, denoted by A ~~ B.

By reversing the arc xy we mean that we replace the arc xy by the arc yx. The
converse of a directed graph D is the directed graph D~!' which we obtain by
reversing all arcs of D.

The positive or out-neighborhood N (x) of a vertex x is the set of positive neigh-
bors of x. More generally, for arbitrary subdigraphs A and B of D, the out-
neighborhood N*(A, B) is the set of vertices in B to which there is an arc from
a vertex in A. The negative or in-neighborhood N~(x) of a vertex z and the
in-neighborhood N~ (A, B) are defined analogously.

The numbers d*(z) = |[N*(z)| and d~(z) = |N~(z)| are called out-degree and
in-degree of the vertex x, respectively. The minimum out-degree 67 (D) and
the minimum in-degree §~ (D) of D are given by min{d*(x) | x € V(D)} and
min{d~(z) | x € V(D)}, respectively. Analogously, we define the mazimum out-
degree At (D) of D by A*(D) = max{d*(z) | z € V(D)} and the mazimum in-
degree A~ (D) by A=(D) = max{d~(z) | z € V(D)} of D. In addition, let (D) =
min {07(D),d~ (D)} be the minimum degree and A(D) = max{A*(D),A™(D)}
be the maximum degree of D. We say that a digraph D is regular or, more precisely,
d(D)-regular if 6(D) = A(D).

A directed path, or short a path, of length ¢, where ¢ > 0 is an integer, is a
subdigraph P of D with ¢+ 1 distinct vertices {vg,v1,...,v,} and ¢ distinct arcs
{e1,€ea,...,e} such that e; = v;_qv; for every 1 < i < {. For such a path P of
length ¢ we will use the notation P = vgv; ...v,. We say that the vertex vy is the
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initial vertex of P, that the vertex v, is the terminal vertex of P and that the
vertices vy and v, are end-vertices of P. Furthermore, we call P a path from vy to
vg or short a vg-vg-path. More generally, if A and B are two disjoint subdigraphs
of V(D) and P is a path such that the initial vertex of P is in A and the terminal
vertex of P is in B, we say that P is an A-B-path. A directed cycle, or short a
cycle, of length ¢, where ¢ > 3 is an integer, is a subdigraph C' of D with ¢ distinct
vertices {vq, vy, ..., v,} and ¢ distinct arcs {ej, eg, ..., e,} such that e; = v;v;4; for
every 1 <i < {—1 and e, = vpv;. For such a cycle C' of length ¢ we will use the
notation C' = vyvs...vpv1. If P is a path and z is a vertex of P, we say that P
is a path through x. Analogously, if C' is a cycle and z is a vertex of C, we say
that C'is a cycle through x. The number of vertices of a path or cycle is also called
the order of the path or cycle. A cycle or path of order m is an m-cycle or an
m-path, respectively. If X is a cycle or path of a digraph D with order |V (D)|, the
subdigraph X is called a Hamiltonian cycle or Hamiltonian path, respectively. In
the first case we call the corresponding digraph D a Hamiltonian digraph and in
the latter case a traceable digraph. An arc xy is called an m-path arc if the longest
path through xy is of order m. In the special case m = n the arc is traceable. If
every arc of a digraph D is traceable, we call D arc-traceable. A digraph D is called
pancyclic if it contains cycles of length ¢ for all £ € {3,4,...,n(D)} and a vertex
is called pancyclic if it belongs to a cycle of length ¢ for every ¢ € {3,4,...,n(D)}.
Furthermore, a digraph D is vertex pancyclic if every vertex of D is pancyclic. The
pancyclicity for arcs is defined analogously. A cycle C' is called extendable if there
is a cycle C” such that V(C) C V(C") and V(C) # V(C"). We call a digraph D
cycle complementary if there exist two vertex disjoint cycles Cy and Cy in D such
that V(D) =V (Cy) UV(Cy). A k-cycle factor of a digraph D is a factor D’ of D
that consists of k£ vertex disjoint cycles. Let P = vjvy ... v, be a path of D. Then
Plv;,v;], where 1 < 4,5 < /£, denotes the subpath v;v;41...v; of P with initial
vertex v; and terminal vertex v;. The subpaths C[v;,v;] of a cycle C are defined
analogously. If z € V(X)) for a cycle or path X, we denote the successor of x on
X by z% and the predecessor of x on X by xy. We also write ™ and 2~ if no
confusion arises.

A digraph D is path-mergeable if for any choice x, y of vertices and any pair P;, P,
of internally disjoint z-y-paths, there exists an z-y-path @) in D such that V(Q) =
V(P) UV(P). We call D in-path-mergeable if for every vertex y and any pair
Py, P, of internally disjoint paths ending in y, there is a path ) with the following
three properties; the path () consists of all vertices of P; and Ps, it starts at a
vertex which is the initial vertex of either P, or P, and it terminates at y. Note
that, in this definition, the initial vertices of P, and P, may coincide. Hence,
every in-path-mergeable digraph is path-mergeable, whereas the converse is not
necessarily true.
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A digraph is acyclic if it has no cycles. Let D be a digraph and let x1, s, ..., 7,
be an ordering of its vertices. We call this ordering an acyclic ordering if for every
arc x;x; in D, we have i < j.

We speak of a connected digraph if the underlying graph is connected. A digraph D
is said to be strongly connected or just strong, if for every pair x, y of vertices of D,

there is a path from z to y. A strong component of D is a maximal induced strong
subdigraph of D.

The condensation or strong component digraph SC(D) of a digraph D is ob-
tained by contracting the strong components of D into vertices and deleting any
parallel arcs obtained in this process. In other words, if Dy, D, ..., D,, where
p > 1, are the strong components of D, the vertex set of SC(D) is V(SC(D)) =
{v1,v2,...,v,} and the arc set of SC(D) is E(SC(D)) = {vv; | N*(D;, D;) # 0}.
Note that SC(D) is acyclic and thus has an acyclic ordering, that is the strong
components of D can be labeled Dy, D,, ..., D, such that there is no arc from D;
to D; unless j < i. We call this ordering the acyclic ordering of the strong com-
ponents of D. The strong components corresponding to vertices with in-degree
(out-degree) zero in SC(D) are called initial (terminal) strong components of D.

We say that a digraph D is k-strongly connected or just k-strong if D has at least
k+1 vertices and for any set S of vertices such that |S| < k, the subdigraph D — S
is strong. A set S of vertices is called a separating set if D — S is not strong. We
speak of a minimal separating set (minimum separating set) S of a digraph D if
D — S is not strong and there exists no separating set S’ C S with |5'| < |S] (no
separating set S” with |S”| < |S|). If S = {x} for a separating set S, we call x a
separating vertex or cut-vertex. Analogously, a vertex x is called a mon-separating
verter of a strong digraph D if D — z is strong.

An in-branching of a digraph D is a spanning tree of D rooted at some vertex v
and oriented in such a way that every vertex other than v has an arc out of it. An
out-branching is defined analogously.

A digraph is semicomplete if for any two different vertices x and y, there is at least
one arc between them. A tournament is a semicomplete digraph without 2-cycles.
We speak of a transitive tournament 7' if there exists no cycle in 7. Note that in
this case a tournament 7" has a unique Hamiltonian path.

Throughout this thesis we only consider connected digraphs and all subscripts are
taken modulo the corresponding number.

The topic of this thesis is the investigation of two classes of digraphs that are
generalizations of tournaments: local tournaments and in-tournaments. In 1990,
Bang-Jensen [3] defined local tournaments to be the family of oriented graphs
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Figure 1.1: Local tournaments.

where the in-neighborhood as well as the out-neighborhood of every vertex induces
a tournament.

Definition 1.1. A local tournament is a digraph such that the in-neighborhood as
well as the out-neighborhood of every vertex induces a tournament.

In transferring the general adjacency only to vertices that have a common positive
or a common negative neighbor, local tournaments are an interesting generalization
of tournaments. We note that every induced subdigraph of D is still a local
tournament and, in addition, the converse D~' of D is also a local tournament.
The digraphs in Figure 1.1 show that the class of local tournaments is more general
than the class of tournaments. Here T; is a strongly connected tournament such
that T; dominates T;,; for i =1,2,...,6.

Ever since the initial article of Bang-Jensen [3] was published, a lot of research
has been done concerning local tournaments, or the more general class of locally
semicomplete digraphs, where there might be cycles of length two. In particular,
the Ph.D. theses of Guo [33] and Huang [45] handled this subject in detail. For
more information concerning different generalizations of tournaments, the reader
may be referred to the survey article of Bang-Jensen and Gutin [11].

In 1993, Bang-Jensen, Huang and Prisner [16] introduced a further generalization
of local tournaments, the class of in-tournaments, in claiming adjacency only for
vertices that have a common positive neighbor.

Definition 1.2. An in-tournament is a digraph such that the in-neighborhood of
every vertex induces a tournament.

It is clear that every local tournament is also an in-tournament. In addition, every
induced subdigraph of an in-tournament is also an in-tournament. The digraphs
in Figure 1.2 show that the class of in-tournaments is more general than the class
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Figure 1.2: In-tournaments.

of local tournaments. Here D; is a strongly connected in-tournament such that D;
weakly dominates D, for i =1,2,...,6.

Initially, some problems concerning in-tournaments were studied by Bang-Jensen,
Huang and Prisner [16]. Later on, Tewes and Volkmann [68, 69], Volkmann [74]
and Tewes [66, 67| focused on the cycle and path structure of this class of digraphs.

To make our presentation more complete, we will briefly introduce two other in-
teresting generalizations of tournaments.

A multipartite tournament is an orientation of a complete multipartite graph.
Hence a multipartite tournament is a tournament if and only if every partite set
has size one. For information on multipartite tournaments we refer the reader to
the comprehensive survey articles of Gutin [40] and Volkmann [75, 78].

In a quasi-transitive digraph D every vertex that belongs to the negative neighbor-
hood of an arbitrary vertex x € V(D) is adjacent to every vertex of the positive
neighborhood of x. As in the definitions of local tournaments and in-tournaments
the general adjacency of vertices in tournaments is transferred only to vertices
which share a local property. Results on quasi-transitive digraphs can be found in
6, 14, 15, 17, 30].

In the next sections we shall introduce the basic properties of local tournaments
and in-tournaments. These results play an important role in this thesis.

1.2 Basic properties of local tournaments

In this section we introduce the basic properties of local tournaments.
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1.2.1 Non-strong local tournaments

The following class of digraphs plays an important role in the study of local tour-
naments.

Definition 1.3. A digraph on n vertices is called a round digraph if its ver-

tices v1, vy, ..., vy can be labelled such that N*(v;) = {Vig1, Vigo, - - -, Vigat )} and
N7 (v;) = {vi—1, Vi—2, . . ., Vieg—(vy) } for every i, where the subscripts are taken mod-
ulo n. We refer to vi,vs,...,v, as a round labeling of D.

Definition 1.4. A local tournament D is round-decomposable if there exists a
round local tournament R on r > 2 wertices and strong local subtournaments
Hy,H,,...,H, of D such that D = R[Hy, Hs,...,H,|]. We call R[Hy, Hs, ..., H,]
a round decomposition of D.

From these definitions it is easy to see that every strongly connected, round-
decomposable local tournament has a Hamiltonian cycle. For example, the first
digraph in Figure 1.1 is round-decomposable and it has the round decomposition
R[T\, Ty, ...,Ts], where R is a cycle of length six. A special class of round local
tournaments is introduced in the next definition.

Definition 1.5. Let R? be the set of all round local tournaments that are 2-regular.

The next theorem shows that every connected, but not strongly connected local
tournament is round-decomposable.

Theorem 1.6 (Bang-Jensen [3] 1990). Let D be a connected local tournament.

(a) If A and B are two strong components of D, then either there is no arc between
them or A dominates B or B dominates A;

(b) If A and B are two strong components of D such that A dominates B, then
D[A] and D|B] are tournaments;
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(¢) The strong components of D can be ordered in a unique way Dy, Ds, ..., D,,
where p > 1, such that there are no arcs from D; to D, for j > i, and D;
dominates D;y1 fori=1,2,...,p—1.

According to Theorem 1.6, we give the following definition.

Definition 1.7. Let D be a connected local tournament. Then the unique sequence
Dy, D, ..., D, as defined in Theorem 1.6 is called the strong decomposition of D.
Furthermore, we call Dy the initial strong component and D,, the terminal strong
component of D.

As immediate corollaries from Theorem 1.6 we get the following results.

Corollary 1.8. Every connected, but not strongly connected, local tournament D
has a unique round decomposition R[Dy, Ds, ..., D,|, where Dy, Do, ..., D, is the
strong decomposition of D and R is a round acyclic local tournament.

Corollary 1.9. If D is a connected local tournament, then D has a Hamiltonian
path.

From the fact that every connected non-strong local tournament has a unique
strong decomposition, Guo and Volkmann [36] found a further useful decomposi-
tion, which is formulated in the next theorem (cf. Figure 1.4).

Theorem 1.10 (Guo & Volkmann [36] 1994). Let D be a connected local tour-
nament that is not strong. Then D can be decomposed in r > 2 subdigraphs
Dy, D), ..., D such that every D, is a tournament and the following holds.

a) D’ is the terminal component of D and D) consists of some strong components
1 7
of D fori>2;

' dominates the initial strong component of D} and there exists no arc from
b) D.,, dominates the initial st t of D! and th st
D; to D, fori=1,2,...,r=1;

(c) éfr > 3, then there is no arc between D; and D fori and j satisfying |j—i| >

According to Theorem 1.10, we give the following definition.

Definition 1.11. Let D be a connected local tournament that is not strong. Then
the unique sequence Dy, D), ..., D! as defined in Theorem 1.10 is called the semi-
complete decomposition of D.
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D. D, D D,

Figure 1.4: The semicomplete decomposition of a local tournament.

1.2.2 Strong local tournaments

In this subsection the structure of strong local tournaments is established. The
first result is a useful observation about the interaction of a cycle and an external
vertex.

Lemma 1.12 (Bang-Jensen [3] 1990). Let D be a local tournament containing
a cycle C = uyuy ... upuy. If there exists a vertex v € V(D) — V(C) such that
Nt (w,C) # 0 (or N~(C,v) # 0), then either v — C (C — v, respectively) or
u; — v — u;yq for some integer 1 < i < k, i.e. there exists a cycle C' in D such

that V(C") = V(C) U {v}.

As a consequence we can generalize the well-known result of Camion [27] that a
tournament is Hamiltonian if and only if it is strong to local tournaments.
Theorem 1.13 (Bang-Jensen [3] 1990). A local tournament is strong if and only
if it has a Hamiltonian cycle.

The following observation is the first step to the classification of connected local
tournaments (cf. Theorem 1.18).

Lemma 1.14 (Bang-Jensen [3] 1990). If D is a strong local tournament and S is

a minimal separating set of D, then D — S is connected.

The next result is a characterization of local tournaments that are both strongly
connected and round-decomposable.
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Theorem 1.15 (Bang-Jensen, Guo, Gutin & Volkmann [8] 1997). Let D be a
strong local tournament and let S be a minimal separating set of D. Then D is
round-decomposable if and only if D = R[Dy, Dy, ..., D,4], where R is a round
local tournament, D; is a strong tournament for every i, Dy, D, ..., D, is the
strong decomposition of D — S, where p > 2, and Dpy1, Dpio, ..., Dpyq is the
strong decomposition of D[S], where ¢ > 1.

Together with Corollary 1.8 the above theorem yields the following result.

Corollary 1.16 (Bang-Jensen, Guo, Gutin & Volkmann [8] 1997). Let D be a
round-decomposable local tournament. Then D has a unique round decomposition
D = R[Dy, Ds,...,D,|, where D; is a strong tournament for everyi=1,2,..., .

Now we give a characterization of strong local tournaments that are neither tour-
naments nor round-decomposable.

Theorem 1.17 (Bang-Jensen, Guo, Gutin & Volkmann [8] 1997). Let D be a
connected local tournament which is not a tournament. Then D is not round-de-
composable if and only if the following conditions are satisfied:

(a) There is a minimal separating set S of D such that D — S is not a tournament
and for each such S the digraph DI[S] is a tournament and the semicomplete
decomposition of D — S has exactly three components Dy, D} and Dj;

(b) There are integers o, B, p and v with A < a < f<p—1landp+1<pu<
v < p—+q such that

N~ (Do, D,) #0 and N*(Da, D,) # 0
or N™(D,, Do) # 0 and N*(D,, Dg) # 0,

where Dy, Dy, ..., D, and Dyi1, Dpio, ..., Dy, are the strong decompositions
of D — S and D[S], respectively, and Dy is the initial component of D).

As the final result in this subsection we give the following theorem which shows that
every connected local tournament belongs to one of three well-described classes.

Theorem 1.18 (Bang-Jensen, Guo, Gutin & Volkmann [8] 1997). Let D be a
connected local tournament. Then exactly one of the following possibilities holds.

(a) D is round-decomposable and there is a local tournament R on o > 3 vertices
such that R[Dy, Dy, ..., D,] is the unique round decomposition of D, where D;
s a strong tournament fori=1,2,..., a;
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(b) D is not round-decomposable and not a tournament and it has the structure
as described in Theorem 1.17;

(¢) D is a tournament that is not round-decomposable.

1.3 Basic properties of in-tournaments

In this section we introduce the basic properties of in-tournaments.

1.3.1 Non-strong in-tournaments

The first results deal with very useful properties of in-tournaments.

Theorem 1.19 (Bang-Jensen [5] 1995). If D is an in-tournament, then D is
in-path-mergeable.

Corollary 1.20 (Bang-Jensen [5] 1995). If D is an in-tournament, then D is
path-mergeable.

Corollary 1.21. Every local tournament is in-path-mergeable and path-mergeable.

In Section 1.2 it was shown that the structure of local tournaments is very similar
to the structure of tournaments: any strong component is a tournament, if two
strong components are adjacent, then one completely dominates the other and
finally the condensation SC(D) has a unique Hamiltonian path. In-tournaments
and (local) tournaments do not have all of these structural properties in common
as we shall see in the following. The first result is an analog to Theorem 1.6.

Theorem 1.22 (Bang-Jensen, Huang & Prisner [16] 1993). Let D be an in-tour-
nament.

(a) If A and B are two distinct strong components of D, either there is no arc be-
tween them or A weakly dominates B or B weakly dominates A. Furthermore,
if A weakly dominates B, the set N~ (B, A) dominates B.

(b) If A and B are two distinct strong components of D such that A weakly dom-
inates B, the set N~ (b, A) induces a tournament for every b € B.

(c) If D is connected, then D has an out-branching SC(D). If R is the root of
SC(D) and A is an arbitrary other strong component of D, there is a path
from R to A containing all components that can reach A.
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Since in-tournaments are in-path-mergeable, we obtain a characterization for in-
tournaments that have a Hamiltonian path.

Theorem 1.23 (Bang-Jensen, Huang & Prisner [16] 1993). A connected in-tour-
nament has a Hamiltonian path if and only if it has an in-branching.

In addition we note the following.

Remark 1.24. Let D be a connected in-tournament and let SC(D) be the conden-
sation of D. The strong components of D can be ordered in a way Dy, D, ..., D,
such that there are no arcs from D; to D; for j > i. In particular N~ (D;) —

V(Dy) = NT(D,) —V(D,) = 0.

1.3.2 Strong in-tournaments

The first result is a useful observation about the interaction of a cycle and a vertex
which lies outside.

Theorem 1.25 (Bang-Jensen, Huang & Prisner [16] 1993). Let D be an in-tour-
nament and let C' = ujus ... uguy be a cycle in D. If [INT(x,C)| > 1 for a vertex
x & V(C), then either x — C or u; — x — u;yq for an integer 1 < i < s.

In 1993, Bang-Jensen, Huang and Prisner [16] generalized the well known result
that a tournament is strong if and only if it is Hamiltonian to in-tournaments. We
can also deduce this result from the above theorem.

Theorem 1.26 (Bang-Jensen, Huang & Prisner [16] 1993). An in-tournament is
strong if and only if it has a Hamiltonian cycle.

More of the structure of local tournaments is preserved in strongly connected in-
tournaments as we see in the next theorem.

Theorem 1.27 (Bang-Jensen, Huang & Prisner [16] 1993). Let D be a strong
in-tournament and let S be a minimal separating set of D. The strong components
of D — S can be ordered in a unique way Dy, Dy, ..., D, such that there are no
arcs from Dj to D; for j > 1, and D; has an arc to D;yq fori=1,2,...,p—1.

According to Theorem 1.27 we give the following definition.

Definition 1.28. The unique labeling Dy, D, ..., D, of the strong components of
D — S as described in Theorem 1.27 is called the strong decomposition of D — §.
We call D, the initial and D, the terminal component.
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As a consequence of Theorem 1.27, Bang-Jensen, Huang and Prisner obtained the
following structural result.

Corollary 1.29 (Bang-Jensen, Huang & Prisner [16] 1993). Let D be a strong in-
tournament and let S be a minimal separating set of D. The strong decomposition
Dy, Ds,...,D,, where p > 2, of D — S has the following properties.

(a) If x; — xy, for z; € V(D;) and x, € V(Dy) with 1 <i# k <p, then z; — D;
foreveryi+1<j<k.

(b) The digraph D — S has a Hamiltonian path.

(¢) For every s € S we have d*(s,Dy) > 0 and d~ (s, D,) > 0.

At the end of this section we show how strong in-tournaments can be decomposed
in larger components similarly to Theorem 1.10.

Theorem 1.30 (Meierling & Volkmann [54]). Let D be a strong in-tournament
and let S be a minimal separating set of D. There is a unique order Dy, D, ..., D,
with r > 2 of the strong components of D — S such that

T

(a) D} is the terminal component of D — S and D) consists of some strong com-
ponents of D for 1 > 2;

(b) there exists a vertex x in the initial component of D)., and a vertex y in the
terminal component of D; | such that {x,y} dominates the initial component
of D fori=1,2,...,r—1;

(¢) there are no arcs between D; and D) for i, j satisfying |i — j| > 2;

(d) if r > 3, there exist no arcs from D; to S fori >3, S — D; and S induces a
tournament i D.

Proof. Let Dy, Do, ..., D, be the strong decomposition of D — S. We define (cf.
Figure 1.5)
Dl - Dpa )\1 =D,

Mg = min{j | N*(D;, D)) # 0}

and
D;+1 =D [V(DMJA) U V(DMJA-H) u...u V(DAi_l)} :

So we have a new decomposition D}, D, ..., D. of D, where 2 < r < p, that
satisfies (a).
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D,

D,

Dy, -1

Figure 1.5: The decomposition of a strong in-tournament.

By the definition of D}, there exists a strong component D; of D; such that
Nt (D, De) # 0. Therefore we conclude from Theorem 1.27 and Corollary 1.29
that there exists a vertex z € V(D,,,,) such that z — D; for every index j €
{Nit1, Aix1 + 1, ..., ¢}. From Corollary 1.29 it follows that there exists a vertex
y € V(Dy,-1) such that y — D,,. So (b) has been proved.

Note that if » = 2, there is nothing to prove in (c). If » > 3 and i,j are two
integers with ¢ > j + 2, there is no arc from D] to D’ by the definition of A; ;. In
addition, D contains no arc from D} to D; by Theorem 1.27.

Assume to the contrary that there is an arc zs from x € V(D)) to s € S, where
i > 3. Note that Corollary 1.29.(c) states that s has a negative neighbor 2’ in D,
Since D is an in-tournament, it follows that = and 2" are adjacent, a contradiction
to (c).

Now we shall prove that S — D;. Note that we have d* (s, D;) > 0 for every vertex
s € S by Corollary 1.29.(c). Now let s € S be an arbitrary vertex. If D; consists
of a single vertex, there is nothing to prove. Otherwise D; has a Hamiltonian
cycle by Theorem 1.26. Using Theorem 1.25, we deduce that either s — D; or
that s has a negative neighbor in D;. Thus, if s 4 D;, the vertex s has negative
neighbors both in D; and D,, a contradiction to (c). This completes the proof of
this theorem. O
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1.4 Observations on the order of digraphs
In this section we present some simple lower bounds for the order of digraphs which
will be frequently used in this thesis.

Lemma 1.31. Let D be a digraph of order n without cycles of length two and let
r > 1 be an integer.

(a) If d~(x) +d* (y) > r for every arc xy of D, thenn > r +1;
(b) If 6T (D) >r or 6= (D) >r, thenn > 2r + 1;

(c) If 57 (D) > r and AT(D) >r+1 orif 6= (D) >r and A= (D) > r+ 1, then
n > 2r + 2.

Proof. (a) Observe that

n(n—1) _ } :
TT < (d™(x) + d+ E d( d+
xy€eE(D) zyeE(D) :cyEE(D
=2 E d(
zeV (D)
—1
<2 2,
< 2n(" =)
So ( D )
n(n — n—
S A 2
r—— < 2n( 5 )

which finally implies that n > r 4+ 1.
(b) Suppose, without loss of generality, that 67(D) > r. Tt follows that
> Z d*(z) > nr
ze€V(D)
which finally implies that n > 2r + 1.

(¢) Suppose, without loss of generality, that 07(D) > r and that there exists a
vertex x € V(D) such that d*(z) > r + 1. Tt follows that

n(n—1)

+ _
2 Y df@) zr+l4(n-Dr=nr+l.

z€V (D)

Since n is an integer, it follows that n > 2r 4 2. O
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Chapter 2

Arc-traceable local tournaments

A digraph D is arc-traceable if for every arc zy of D, the arc xy belongs to a
Hamiltonian path of D. The first result concerning Hamiltonian paths in digraphs
is due to Rédei [60] who showed already in 1934 that every tournament contains
a Hamiltonian path.

Theorem 2.1 (Rédei [60] 1934). Every tournament contains a Hamiltonian path.

In 1990, Bang-Jensen [3] showed the same result for connected local tournaments
(cf. Corollary 1.9). A first sufficient condition for a digraph to contain a Hamilto-
nian cycle (and thus, in particular a Hamiltonian path) was given in 1960.

Theorem 2.2 (Ghouila-Houri [31] 1960). If D is a digraph such that §(D) >
|V(D)|/2, then D contains a Hamiltonian cycle.

Moon [57] proved that in a strongly connected tournament every vertex belongs
to cycles of arbitrary lengths.

Theorem 2.3 (Moon [57] 1966). A tournament T is strong if and only if T is
vertex pancyclic.

Weaker results were shown by Camion [27] in 1959 and by Harary and Moser [42]
in 1966.

Theorem 2.4 (Camion [27] 1959). A tournament T is strong if and only if T' is
Hamiltonian.

Theorem 2.5 (Harary & Moser [42] 1966). A tournament T is strong if and only
if T is pancyclic.

19
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Since tournaments are known to have a Hamiltonian path and strongly connected
tournaments have Hamiltonian cycles, it is a natural question to ask under which
conditions every arc of a given tournament is part of a Hamiltonian path or cycle.
In fact, the condition that every arc of a tournament belongs to a cycle of length
k for every integer 3 < k < n was introduced as arc-pancyclicity and the following
results were given.

Theorem 2.6 (Alspach [1] 1967). Every regular tournament is arc-pancyclic.

Theorem 2.7 (Jakobsen [48] 1972). Every arc of an almost-regular n-tournament,
where n > 8, is contained in a cycle of length k for every 4 <k <n.

Theorem 2.8 (Thomassen [70] 1980). If T' is an n-tournament such that A(T') —

n—3 . . .
0(T) < 2=, then every arc of T is contained in a cycle of length k for every

4<k<n.

In contrast to arc-pancyclicity the question of arc-traceability was not addressed.
In 2006, inspired by Volkmann’s article [76], Busch, Jacobson and Reid [26] studied
the structure of tournaments that are not arc-traceable and consequently gave
various sufficient conditions for tournaments to be arc-traceable. Inspired by the
article of Busch, Jacobson and Reid, we develop in this chapter the structure
necessary for a local tournament to be not arc-traceable. Using this structure, we
give sufficient conditions for a local tournament to be arc-traceable and we present
examples showing that these conditions are best possible. Busch, Jacobson and
Reid proved the following result (cf. Figure 2.1).

Theorem 2.9 (Busch, Jacobson & Reid [26] 2006). If T' is a strong tournament
with an arc xy € E(T) that is not on a Hamiltonian path, then

(a) there exists a vertex z such that T — z is not strong;
(b) T — z has p > 4 strong components;

(¢) x is in the initial strong component of T — z and y is in the terminal strong
component of T — z;

(d) z is dominated by the 2™ strong component of T — z and z dominates the
(p — 1) strong component of T — z.
Using the structural result above, they proved the following theorems.

Theorem 2.10 (Busch, Jacobson & Reid [26] 2006). If T is a strong n-tourna-
ment with 6 > 2 such that d™(x) +d*(y) > § — 2 for every arc xy € E(T), then
T is arc-traceable.
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Figure 2.1: The structure of a tournament with the non-traceable arc xy.

Theorem 2.11 (Busch, Jacobson & Reid [26] 2006). Let T be a strong tournament
and let xy € E(T) be an arc of T such that there exist at least two (internally)
vertex disjoint paths from y to x in T. Then there exists a Hamiltonian path of T
which includes the arc xy.

For strongly connected, but not 2-connected local tournaments, Volkmann [74]
showed the following.

Theorem 2.12 (Volkmann [74] 2000). Let u be a vertex of a strong local tourna-
ment such that D — w is not strong. If Dy, Do, ..., D, is the strong decomposition
of D — u, then the arcs from D; to D;yq for 1 <i < p—1 and the arcs in D; for
2 <1i<p-—1 are contained in a Hamiltonian path of D.

In this chapter, we transfer Theorems 2.9, 2.10 and 2.11 to the class of local
tournaments.

2.1 Sufficient criteria for arc-traceability

In this section we give various criteria for a strong local tournament to be arc-
traceable.

2.1.1 Sufficient criteria for arc-traceability in terms of (lo-
cal) connectivity
We begin with local tournaments that are not strongly connected.

Observation 2.13. Let D be a connected, but not strongly connected local tour-
nament with the strong decomposition Dy, Dy, ..., D,, where p > 2. Then D s
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arc-traceable if and only if each of the strong components is arc-traceable and there
exists no arc leading from D; to D; for j > i+ 2.

As a consequence of this observation, we can now focus on strongly connected local
tournaments. For in-tournaments (and thus, in particular for local tournaments
and tournaments) we can show the following result.

Observation 2.14 (Volkmann [74] 2000). Let uv be an arbitrary arc of a strong
in-tournament D. If D —wu or D — v s strong, then D contains a Hamiltonian
path starting with the arc uv or ending with the arc uv, respectively.

Proof. Let D be a strong in-tournament and let x € V(D) be a vertex such
that D — z is strong. According to Theorem 1.26, the digraph D — = has a
Hamiltonian cycle C' = vjvy...v,_1v;. Hence each arc zv; is on the Hamilto-
nian path zClv;,v;_;1] as well as each arc v;z belongs to the Hamiltonian path
Clvjt1, vi]z. O

As immediate consequences we obtain the following corollaries.
Corollary 2.15. If D is a 2-connected in-tournament, then D s arc-traceable.

Corollary 2.16 (Busch, Jacobson & Reid [26] 2006). If T' is a strong tournament
and u is not a separating vertex of T', then every arc incident with u belongs to a
Hamiltonian path of T'.

Corollary 2.17 (Busch, Jacobson & Reid [26] 2006). If T is a 2-connected tour-
nament, then T is arc-traceable.

Using Theorem 1.27, we can show the following proposition.

Theorem 2.18. If D is a strong in-tournament with the property that there exist
at least two internally vertex disjoint paths from y to x for every arc xy, then D
15 arc-traceable.

Proof. Let x be an arbitrary vertex of D. By Observation 2.14 it suffices to show
that x is not a separating vertex of D. So assume that D — x is not strong and let
Dy, D, ..., D, be the strong decomposition of D — x, where p > 2. Let uwv be an
arc of D such that u € V(D;) and v € V(D3). Then all paths from v to u include
the vertex x, a contradiction to our assumption. ]

In particular we derive the following result.
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Figure 2.2: A class of local tournaments with two internally vertex disjoint paths from
y to = such that there is no Hamiltonian path through xy.

Corollary 2.19 (Busch [25] 2005). If T' is a tournament with the property that
there exist at least two internally vertex disjoint paths from y to x for every arc xy,
then T' s arc-traceable.

Busch, Jacobson and Reid [26] showed that for tournaments this property applies
locally as well.

Theorem 2.20 (Busch, Jacobson & Reid [26] 2006). Let T be a strong tournament
and let xy € E(T') be an arc of T such that there exist two internally vertex disjoint
paths from y to x inT". Then there exists a Hamiltonian path through xy in T.

However, the following example shows that Theorem 2.20 is no longer valid for
local tournaments (cf. Figure 2.2).

Example 2.21. Let T' be an arbitrary tournament and let T' be a tournament on
at least two vertices. We define the local tournament D by the vertex set

V(D) =V(T) uV(T") U{z,y}
and the edge set

E(D)=E(T)UE(T")U{zy} U{zv |ve V(T)}U{vy | ve V(T)}u
{wz | we V(TH}U{yw | we V(T")}.

Then there exist two internally vertex disjoint paths from y to x in D, but there is
no Hamiltonian path through xy in D.

Note that every local tournament D as defined in Example 2.21 has the following
two properties. Firstly, the vertices x and y are the only separating vertices of D
and, secondly, there is no arc between the internal vertices of every longest path P
from y to x and D — P. The next results show that these properties are indeed
necessary for an arc xzy to be not traceable.
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Theorem 2.22. Let D be a strong local tournament with at least three separating
vertices and let xy be an arc of D such that there exist at least two (internally)
vertex disjoint paths from y to x in D. Then there exists a Hamiltonian path of D
that includes the arc xy.

Proof. Let z ¢ {z,y} be a separating vertex of D. Since there are at least two
(internally) vertex disjoint paths from y to = in D, the vertices x and y are in the
same strong component of D —z. Let Dy, D,, ..., D, be the strong decomposition
of D—z, where p > 2. According to Theorem 2.12, every arc in D, for 2 <i < p—1
belongs to a Hamiltonian path of D. Hence we may assume that xy € E(D;) for
an index ¢ € {1, p}. By symmetry we may assume, without loss of generality, that
i=1.

Case 1: Suppose that there exists only one (internally) vertex disjoint path from
y to z in Dy. Then every pair P;, P, of (internally) vertex disjoint paths from y
to x in D has the property that z € V(P;) and V(P,) C V(D) or that z € V(F2)
and V(P;) C V(D) . We may assume, without loss of generality, that the latter
assumption holds. Assume now that we have chosen a pair Pj, P, of (internally)
vertex disjoint path from y to x in D under the following conditions:

A. the successor of y on P, is not in Dy,

B. under condition A: |V (Py)| + |V (P,)| is maximal.

It follows by condition B that V(D) —V(D,) C V(P,). Let R=V(D)— (V(P)U
V(P,)) be the set of the remaining vertices. Since R induces a tournament in
D, there exists a Hamiltonian path @) of D[R] (cf. Theorem 2.1). Therefore D
contains the Hamiltonian path

QPy", 2| Pily, 27

through xy.

Case 2: Suppose that there exist two (internally) vertex disjoint paths from y to x
in Dy. Let P, = yujus ... usx and Py, = ywiws . .. wixr be two such paths such that

V(PO + V()| =2 [V(P)] + [V(Py)]
for any pair P/, P, of (internally) vertex disjoint paths from y to z in D;. Let
U= {u17u27 B ,US}, W= {wb w2, . .- ,U)t} and let R = V(D1> - (V(Pl) U V<P2))
be the set of the remaining vertices in D;. If R = (), the path

Pyluy, ) Poly, wy
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is a Hamiltonian path of D; through zy and thus, xy is also on a Hamiltonian
path of D. So assume that R # () and let Q = q1¢>...q, be a Hamiltonian path
of D[R]. If ¢, — u; or ¢, — wy, the arc xy is on the Hamiltonian path

QP [uy, z|Ply,w] or QPlwy, x| Pily, usl

of D; and thus, xy is also on a Hamiltonian path of D. So {u;,wi} — ¢,.. Let
i=min{j | N~ (¢;, UUW) # 0} be the minimal index such that ¢; has a negative
neighbor in U U W and let j; = max{j | u; — ¢;} and j, = max{j | w; — ¢} be
the maximal indices such that {u;,,w;,} — ¢;. If j1 < s, the path

Py [ulv Ujl]qz‘Pl [Uj1+1, Us]

together with P, yields a contradiction to the choice of P, and P, and if j, < t,
the path
BPalwr, w,]¢5 Po[wi, 1, w]

together with P yields a contradiction to the choice of P, and P,. So assume that
j1 = s and jp = t. It follows that

Q[CIh Qi—l]Pl[ula SL’]Pz[y, wt]@[% QT]

is a Hamiltonian path of D; through xy and thus, zy is also on a Hamiltonian
path of D. 0

Theorem 2.23. Let D be a strong local tournament and let xy be an arc of D
such that there exist at least two (internally) vertex disjoint paths from y to x in D.
If there is a longest path P from y to x in D such that D has an arc between an
internal vertex of P and D — P, then there exists a Hamiltonian path of D that
includes the arc xy.

Proof. Suppose that the arc zy is not traceable. Then both x and y are separating
vertices of D by Observation 2.14. By Theorem 2.22 we may assume, that D — z is
strong for every vertex z ¢ {z,y}. Let Dy, Do, ..., D, be the strong decomposition
of D — x, where p > 2. Since zy is not traceable, we conclude that y ¢ V(D).
Note that if y belongs to D;, all paths from y to x are subdigraphs of D[V (D;) U
V(Dit1)U...UV(D,)U{z}]. Let P be a longest path from y to x in D that fulfills
the assumption of this theorem.

If 2 <44 < p-—1, then P contains all vertices of D;, Dii1,...,D,. It follows
that either there is an arc between a component D, and a component D,, where
1<r<i<s<p,or|V(D;)| > 3 and there is an arc between a component D,
and D; — {y}, where r < i. Both possibilities contradict the assumption that y is
a separating vertex of D.
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So assume that ¢ = p. Let P, and P, be two (internally) vertex disjoint paths
from y to x such that |V (P)| + |V(Py)| > |[V(P))| + |V (P3)| for every pair P{, P,
of (internally) vertex disjoint paths from y to x. Let P, = yujusy ... usx, Py =
ywiws ... wr and let R = V(D,) — (V(P1) UV (F,)) be the set of the remaining
vertices of D,,. If R = {), the path

D1D2 e Dp—lpl [ul, .CL’]PQ[y, wt]

contradicts the assumption that xy is not traceable. So assume that R # () and
let Ay, As, ..., A, be the strong decomposition of D[R], where ¢ > 1. If there is
an arc uzv from ug to Aq, let @@ be a Hamiltonian path of D[R] that begins in v.
Then

D1D2 e Dp_ng[wl, .CL’]PQ[y, US]Q

is a Hamiltonian path of D through xy, again a contradiction. Hence A; — wus.
Let y = ug. If there is a vertex v € V(A;) that has an in-neighbor on P;[y, us|,
let ¢ = max{j | u; — v} be the maximal index with u; — v. But then

P [y7 Uz‘]Upl [“z‘+17 :c]

and P, are two (internally) vertex disjoint paths from y to x that contradict the
choice of P; and P,. Therefore A; — Pi[y,us]. Analogously we can show that
Ay — By, wy. So all in all we obtain Ay — (D, — A;), a contradiction to the
assumption that D, is strong. This final contradiction completes the proof of the
theorem. O

In combining Theorems 2.22 and 2.23 we derive Theorem 2.20 as an immediate
corollary.

2.1.2 Sufficient criteria for arc-traceability in terms of ver-
tex degree

In this subsection we formulate a first sufficient criterion in terms of minimum
degree for a strong in-tournament to be arc-traceable.

Theorem 2.24. If D is an in-tournament with §(D) > ™ then D is arc-
traceable.

Proof. We prove that the degree condition guarantees that D is 2-connected. The
latter together with Corollary 2.15 implies that D is arc-traceable. Assume to the
contrary that there exists a separating vertex v of D. Let Dy, D,,..., D, be the
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strong decomposition of D —v. Then D; contains a vertex with in-degree at most
(IV(Dy)|+1)/2 and D, contains a vertex with out-degree at most (|V(D,)|+1)/2.
It follows that

26(D) <67 (D) +67(D)
V(D) +1 |V(Dy)|+1

<
- 2 * 2
n+1
- 2
which finally implies that
1
5(D) < "I
4
a contradiction. O

By the above theorem we obtain the following two results.

Corollary 2.25. If D is a local tournament with §(D) > “t', then D is arc-
traceable.

Corollary 2.26 (Busch [25] 2005). If D is a tournament with §(D) > " then D
is arc-traceable.

In Section 2.2 we will further improve the lower bound presented in Theorem 2.24.

2.1.3 Sufficient criteria for arc-traceability in terms of cy-
cle lengths

In this subsection we show that the property that an arc of a strong local tourna-
ment D belongs to a cycle of length more than (|V(D)|+ 1)/2 is sufficient for this
arc to be traceable under an additional assumption. We begin with a preparatory
result.

Lemma 2.27. Let D be a strong local tournament and let xy be an arc of D. If P

is a longest path from y to x in D, then P can be extended to a Hamiltonian cycle
of D.

Proof. Let P be a longest path from y to x and let
C = uiuy ... uvgvy . .. 0 U7,

where s > 1 and r > 0, be a longest cycle that includes P, i.e. u1 =y, us = x and
P = ujuy ... us. Now assume that V(C) # V(D) and let v ¢ V(C) be a vertex
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Figure 2.3: A class of local tournaments with an arc that is on a cycle of length n — 1,
but not on a Hamiltonian path.

that does not belong to C. If v has both an out- and an in-neighbor on C, it can
be inserted in C' by Lemma 1.12, a contradiction to either the choice of P or C. It
follows that the vertex set V(D) — V(C) can be partitioned in X*U X~ U X such
that X~ — C — X% and the vertices of X have neither out- nor in-neighbors
on C'. Since D is strong, we conclude that X+ # () and X~ # (). Now let w € X
be a vertex that dominates C' and let ) = wow; ... w; be a shortest path from C'
to w = wy, where t > 2. Let wy and w, be the successor and predecessor of wy

on C. If wy € V(P) — {x}, the path
Ply,wy]QPwy , w]

is a longer path from y to w than P, a contradiction. So assume that w, €
V(C) — V(P) or wy = w. In replacing the arc wowgy by the path @ we can
construct a cycle that includes P and is longer than C, the final contradiction. [

Using Lemma 2.27 for tournaments, Busch, Jacobson and Reid [26] showed the
following theorem.

Theorem 2.28 (Busch, Jacobson & Reid [26] 2006). Let T be a strong tournament
on n vertices and let xy be an arc of T that is on some cycle of length more than
"TH. Then xy is on a Hamiltonian path of T'.

This theorem is no longer valid for local tournaments (cf. Figure 2.3).

Example 2.29. Let D be the local tournament on n > 4 wvertices that consists
of a cycle C' = vyvy...v,v1 and the arc vivs. Then vivs belongs to a cycle of
length n — 1 > (n+1)/2, but not to a Hamiltonian path of D.

In order to transfer Theorem 2.28 to the class of local tournaments we tighten the
assumption as one can see in the next result.

Theorem 2.30. Let D be a strong local tournament and let xy be an arc of D
that belongs to a longest cycle C of length € > "TH If there exists an arc between
V(C)—A{z,y} and V(D) —V(C), then the arc xy is on a Hamiltonian path of D.
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Proof. Let C' = xyujus ... upxr be a longest cycle containing the arc xy. Using
Lemma 2.27, we can extend the path C' — xy to a Hamiltonian cycle C’ of D. Let

C' = yuity . . URT Wy W1 - . . WY,
where k + 2 > "Tﬂ,mz 1 and n =m+ k + 2. Since C has length £+ 2 > "T“,it

follows that k > m. Let U = {uy, us, ..., ux} and W = {wy, wo, ..., wy,}.

Case 1: Suppose that there exists an arc leading from W to U. Let
j = min{r | N*(w,,U) # 0}

be the smallest integer such that the vertex w; has at least one positive neighbor
in U and let
i =max{s | w; — u;}

be the greatest integer such that w; dominates u;.

If j =1, the path
WmnWm—1 - - - W1U;Ujg1 - - - URZYULUD . . Uj—1

is a Hamiltonian path through zy.

So assume that j > 2. Note that if u, — ws, — wu,; for two indices 1 <r <k —1
and 1 < s < m, the path

YuiUuz . . . UpWslUp1Upy2 . . . UL

is a longer path from y to x than P, a contradiction. Therefore, using the local
tournament property of D, we conclude that w; — u, for every index 1 < r <.
Since w; — w;_; and D is a local tournament, it follows that w;_; and u, are
adjacent for every index 1 < r <. Due to the choice of j we have u, — w;_; for
every index 1 < r <.

If 2+ > 2, the path
WmnWm—1 « - WjUiUi41 - - - UpgZYUIU - - Ui W W—2 . . . W

is a Hamiltonian path through zy.

So assume that ¢ = 1. Then kK > m > 2, since m > j > 2. In addition note that
we have already shown that u; — w;_;. Due to the choice of P this implies that
up — wj_1 and, since ¢ = 1 was chosen maximal, it follows that us — w;. Now let

p=max{q > 0 | Ui+g = Wj_14q, Ustq = Wj—14q, U2tq — Wjtq}
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be the greatest integer such that u;,, dominates w;_14, and us4, dominates w;_4,
and wjp.

If p =m — 7, the path
U34+pUgyp - - - URTYULUD .« . . U4 p W Wip—1 - . - W1

is a Hamiltonian path through zy.

So assume that p < m — j. Note that 2 + p < k, since £k > m. Due to the choice
of P we obtain uz;, — w;4, and thus, since p was chosen maximal, we conclude
that wjipi1 — us4p,. But now

WmWm—1 -+« - Wjpp+1U34pU44p - - - UTYU1Ug . . . U24pWj4pWj—14p - - - W1
is a Hamiltonian path through zy.

Case 2: Suppose that U ~» W. Let u, — w,, where 1 <r < kand 1 <s <m, be
an arc from U to W. Using the local tournament property of D and the assumption
that U ~» W, it follows that u, — w,,. But then

Upy1Upy2 . o ULZYULUZ .« .« - Up Wy Wiy —1 - - - W

is a Hamiltonian path through zy which completes the proof of this theorem. [

The following results are immediate consequences of Theorem 2.30.

Corollary 2.31 (Busch, Jacobson & Reid [26] 2006). Let T' be a strong tournament
and let xy € E(T) be an arc of T that belongs to a cycle of length { > 3. Then
the arc xy is on a Hamiltonian path of T

Corollary 2.32. If D is a strong local tournament and every arc xy of D is on a
longest cycle C of length £ > ”T“ such that there exists an arc between V (C)—{x,y}
and V(D) — V(C), then D is arc-traceable.

Corollary 2.33 (Busch, Jacobson & Reid [26] 2006). If T' is a strong tournament
and every arc of T is on some cycle of length ¢ > "L then T is arc-traceable.

8
2.2 Structure of local tournaments with a non-
traceable arc

In this section we prove some important necessary conditions for local tournaments
to have a non-traceable arc. These conditions are used in Section 2.3 to obtain
various sufficient conditions for arc-traceability.
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Theorem 2.34. Let D be a strong local tournament and let xy be an arc of D
that does not belong to a Hamiltonian path. Then D satisfies one of the following
conditions.

(a) (1) D is a round-decomposable local tournament with the round decompo-
sition R[Hy, Hs, ..., H,|, where v > 4, such that V(H;) = {z} and
V(H;) = {y}, where [i —j| = 2;

(i) D —{z,y} is not connected.

(b) (i) there exists a vertex z such that D — z is not strong;
(i) D — z has p > 4 strong components;

(iii) x is in the initial strong component of D — z and y is in the terminal
strong component of D — z;

(iv) z has no out-neighbor in the 2" strong component of D — z and z has
no in-neighbor in the (p — 1)% strong component of D — z.

Proof. Let zy be an arc of D that is not traceable. According to Observation 2.14,
both x and y are separating vertices of D.

Case 1: Suppose that D has a separating vertex v ¢ {z,y}. Then, in view of
Theorem 2.22, there is at most a single vertex disjoint path leading from y to =
in D. Now, by Menger’s Theorem [56], there is a y-z-separating set of size one. Let
z ¢ {x,y} be a separating vertex of D such that there exists no path leading from
ytoxin D — zand let Dy, Dy, ..., D, be the strong composition of D — z, where
p > 2. According to Theorem 2.12, the vertices y and x are not in consecutive
strong components of D — z which immediately implies that p > 3. Furthermore,
in view of Theorem 1.6, the vertex z has at least one positive neighbor in D; and
at least one negative neighbor in D,. Let x € V(D,) and y € V(Dp).

If @ > 1, we conclude that V(D,) = {z}, since z is a separating vertex of D.
Analogously we obtain V(Dg) = {y} if 5 < p.

If there is an arc leading from D; to D; such that i« < o < j or @ < 8 < j, the
vertex x or y, respectively, is not a separating vertex of D, a contradiction. If
a > 1 and there is an arc leading from z to D; such that a < j, the digraph D —«
is strong, a contradiction. If § < p and there is an arc leading from D; to z such
that ¢ < 3, the digraph D — y is strong, again a contradiction. So assume the
contrary.

Subcase 1.1: Suppose that & > 1 and § < p. Then the round decomposition
R[Hy, Hs, ..., H,] of D can be constructed as follows.
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[Construction of the round decomposition of D.]

Let H; = D; fori =1,2,...,p, Hyy1 = {s}, where s is the considered
separating vertex of D, and r = p+ 1. Let R be the local tournament
with vertex set {Hi, Ha, ..., H,} and arc set {H,H;|N*(H;, H;) # 0}.
Then R[H,, Hs, ..., H,] is the desired round decomposition of D.

Subcase 1.2: Suppose that o > 1 and = p or a =1 and 8 < p. Without loss
of generality, we may assume the latter. By the observations above we conclude
that 2 — D;. Since x is a separating vertex of D, it follows that V(D;) = {z}. In
addition, if there is an arc from z to D; for j < 3, we obtain z — Dy. In this case

ZL'yDﬁ_,_lDﬁ_,_g ce DpZDng e Dﬁ_l

is a Hamiltonian path of D through zy, a contradiction. So there is no arc between
z and D; for 1 < j < (3 and the round decomposition R[H;, Hs, ..., H,] of D can
be constructed as above.

Subcase 1.3: Suppose that a = 1 and § = p. Since x and y are both separating
vertices of D, we conclude that z /4 D if |V(D,)| > 3 and D, /~ z if |V(D,)| > 3.
In addition, z has no positive neighbor in Dy and no negative neighbor in D,,_;. If
p > 4, the local tournament D has the desired structure (b). So assume that p = 3.
Then z has neither an out- nor an in-neighbor in Dy. It follows that D3 — 2z — D;.
By the observations above we conclude that [V (D;)| = |V(Ds)| = 1 and the round
decomposition R[H;, Hy, Hs, Hy] of D can be constructed as above.

Case 2: Suppose that D —wv is strong for every vertex v # z,y. Let Dy, Dy, ..., D,
be the strong decomposition of D — z, where p > 2, and let y € V(Dg). Since xy
is not traceable, we obtain § > 1.

Subcase 2.1: Suppose that 5 < p. If |V(Dg)| > 3, let Cs be a Hamiltonian cycle
of Dg. Then the path

D1D2 ce Dg_lC’ﬁ[er, y_]Dﬁ+1D5+2 ce Dp$y

is a Hamiltonian path through zy, a contradiction. So assume that |V (Dg)| = 1.
Since y is a separating vertex of D, we conclude that D has no arc leading from D;
to D; for i < B < j. If x has a negative neighbor in D; for an index i < 8 —1, the
vertex x has negative neighbors both in D; and D,,. It follows that Dg_; — Dgyy,
a contradiction to the assumption that y is a separating vertex of D. So x — D;
for every index ¢ < 3. We can analogously show that x has no negative neighbors
in D; for every index j > . The latter particularly implies that D, — z. So the
round decomposition R[H;, Hs, ..., H,] of D can be constructed as above.
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Subcase 2.2: Suppose that 3 = p. Then |V(D,)| > 3, since = has a negative
neighbor in D,. Now, by Menger’s Theorem [56] there are two (internally) vertex
disjoint paths from y to x. Observe that all internal vertices of these paths are
in D, and that D,y — D,. Hence zy is traceable by Theorem 2.23, the final
contradiction. O

We make the following observations.

Remark 2.35. Every strong round-decomposable local tournament that satisfies
condition (a) of Theorem 2.34 is not a tournament. Furthermore, every strong
tournament that satisfies condition (b) of Theorem 2.3/ is not round-decomposable.
In other words: if D is a strong round-decomposable tournament, then D is arc-
traceable.

As an immediate consequence of the above theorem and remark we obtain Theo-
rem 2.9 as a corollary.

Corollary 2.36 (Busch, Jacobson & Reid [26] 2006). If T is a strong tournament
with an arc xy that is not on a Hamiltonian path, then

(a) there exists a vertex z such that T — z is not strong;
(b) T — z has p > 4 strong components;

(c) x is in the initial strong component of T — z and y is in the terminal strong
component of T — z;

(d) z is dominated by the 2"¢ strong component of T — z and z dominates the
(p— 1) strong component of T — z.

A deeper analysis of the structure of strongly connected local tournaments that
have a non-traceable arc and are not round-decomposable yields the following
result.

Theorem 2.37. Let D be a strong local tournament and let xy be a non-traceable
arc of D. Let z ¢ {x,y} be a separating vertex of D and let Dy, Ds, ..., D, be the
strong decomposition of D — z, where p > 4. If D is not round-decomposable, then
D has the following properties.

(a) If 6(D) > 2, then the components Dy and D, both have at least 25(D) + 1

vertices;
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(b) If Dy — x induces a strong tournament in D, then x is the only out-neighbor
of z in Dq;

(c) If x is a separating vertex of Dy, then all out-neighbors of z in Dy — x are in
the terminal strong component of Dy — x;

(d) If D, —y induces a strong tournament in D, then y is the only in-neighbor
of zin D,;

e) If y is a separating vertex of D,, then all in-neighbors of z in D, —y are in
p p
the initial strong component of D, —y.

Proof. Assume that Dy — z is strong. If z has an out-neighbor w in D; —z, let C,
be a Hamiltonian cycle of D, let v be an in-neighbor of z in D, and let C; be a
Hamiltonian cycle of D; — z. Then the path

xCP[?J? U]ch [wu w_]D2D3 ce Dp—lcp[v+, y_]

shows that xy is traceable, a contradiction. Hence z has no out-neighbors in D; —x.
So (b) is valid and by symmetry (d) is also valid.

To prove (c) assume that z is a separating vertex of Dy. Let Ay, As, ..., A, be the
strong decomposition of D; — x, where ¢ > 2. If z has an out-neighbor w in A;,
where 7 < ¢, let C}, be a Hamiltonian cycle of D, let v be an in-neighbor of z
in D,, let C; be a Hamiltonian cycle of A; and let () be a Hamiltonian path of
D; — (V(A;) U {z}) that begins in A; and ends in an in-neighbor u of z in A,.
Then the path

Q.Z’Cp[y, U]ZCZ'[U), w_]D2D3 cee Dp—lcp[v+, y_]

shows that xy is traceable, again a contradiction. Hence z has no out-neighbors
in A; for every index i < ¢q. So (c) is proved and by symmetry we derive the
validity of (e).

Now let §(D) > 2. Then |V(D;)| > 3. If Dy — x is strong, we deduce from (b)
and Lemma 1.31.(c) that |V(D;) — {z}| > 20(D) and hence |V (D)| > 2§(D) + 1.
If x is a separating vertex of D, we obtain |V(Ay)| > 20(D) — 1 by (c) and
Lemma 1.31.(b). It follows that [V(D1)| > |V (A1)| + |V (A2)| + |[{z}| > 20(D)+ 1.
By symmetry we also obtain |V/(D,)| > 26(D)+1 which completes the proof of (a)
and of this theorem. O



2.3 Applications of the structural results 35

2.3 Applications of the structural results

In this section we shall apply the structural results of Section 2.2 to present
several sufficient conditions for the arc-traceability of strongly connected local
tournaments. Firstly we consider round-decomposable local tournaments. Using
Lemma 1.31.(a), we can show the following result.

Theorem 2.38. Let D be a strong round-decomposable local tournament that is
not arc-traceable and let k be the number of separating vertices of D. If §(D) > 2
and d~(u) + d*(v) > s for every arc uv in D, then ks < |V(D)|.

Proof. If s = 1, the proposition is immediate. So assume that s > 2. Let
R[Hy, Hs,...,H,] be the round decomposition of D, where r > 4. Note that
an arbitrary Hamiltonian cycle of D has no consecutive separating vertices, since
d(D) > 2. Let xy be a non-traceable arc of D. Since D is round-decomposable,
it has the structure as described in Theorem 2.34.(a). So let, without loss of
generality, V(H,) = {2} and V(H;) = {y}, where 3 < i <r — 1. Then H, con-
tains a vertex v and H;_; contains a vertex v such that d~(u) < (|V(Hs)| 4+ 1)/2,
dt(v) < (|V(H;—1)|+1)/2 and u — v. Tt follows that

() + dt () < YR+ 1 V)] + 1

2 2
_ VHE) + VH
2
< VODIZk- k2o

The last inequality is true because of Lemma 1.31.(a). Since s < d~(u) + d*(v),
we conclude from the last inequality that ks < [V(D)|. O

Similarly we can show the following result with the help of Lemma 1.31.(b).

Theorem 2.39. Let D be a strong round-decomposable local tournament that is
not arc-traceable and let k be the number of separating vertices of D. If §(D) > 2,
then 2k6(D) < |V (D).

Proof. By Observation 2.14, we assume that & > 2. Let R[Hy, Ho, ..., H,] be the
round decomposition of D, where r > 4. Note that an arbitrary Hamiltonian
cycle of D has no consecutive separating vertices, since §(D) > 2. Since D is
round-decomposable, it has the structure as described in Theorem 2.34.(a). So
let, without loss of generality, x and y be two separating vertices of D such that
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V(H,) = {z} and V(H;) = {y}, where 3 <i < r—1. Then H, contains a vertex u
such that (D) < d~(u) < (|[V(Hs)| 4+ 1)/2. It follows that

5(D) < V() +1 _ V(D) — (k1) — (k~1)(20(D) — 1)
= 2 = 2

The last inequality is true because of Lemma 1.31.(b). We conclude from the last
inequality that 2k6(D) < |[V(D)]. O

As immediate corollaries we state the following sufficient conditions for a strong

round-decomposable local tournament to be arc-traceable.

Corollary 2.40. Let D be a strong round-decomposable local tournament on n ver-
tices with k separating vertices. If 6(D) > 2 and d~(z) + d*(y) > “ for every
arc xy of D, then D 1is arc-traceable.

Proof. If D is not arc-traceable, it follows by Theorem 2.38 that

1
n2n+

k=n+1,

a contradiction. O

Corollary 2.41. Let D be a strong round-decomposable local tournament on n ver-
tices with k separating vertices. If §(D) > 2 and 6(D) > "2—;1, then D is arc-
traceable.

Proof. If D is not arc-traceable, it follows by Theorem 2.39 that

n+1

n > ka:n—l—l,

a contradiction. O

We now consider local tournament that are not round-decomposable.

Theorem 2.42. Let D be a strong local tournament on n vertices that is not
round-decomposable with 6(D) > 2. If d~(x) + d*(y) > & — 2 for every arc xy
of D, then D 1is arc-traceable.

Proof. We show that if D is not traceable, it has an arc zy with d~(z) +d*(y) <
5 — 2. So suppose that zy is an arc of D that is not traceable. Then D has the
structure as described in Theorem 2.34.(b). Note that n > |V/(Dy)| + |V(D,)| + 3
and that D; — D, since x — y. Let u be a vertex in D; with minimal in-degree
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and let v be a vertex in D, with minimal out-degree. Since D; — D,, the arc uv
exists in D. As 6(D) > 2 we obtain |V(D,)| > 3 and |V(D,)| > 3.

If D, is regular or almost-regular, the vertex x is not a separating vertex of D;.
It follows by Theorem 2.37.(b) that (D; — ) ~» z. Analogously, if D, is regular
or almost-regular, it follows by Theorem 2.37.(d) that z ~» (D, — y). Hence
d~(u) < ([V(Dy)] = 1)/2 and d*(v) < (|[V(Dp)| = 1)/2.

If Dy is neither regular nor almost-regular, it is immediate that d~(u) < (|V(D1)|—
1)/2. Analogously we see that d*(v) < (|V(D,)| — 1)/2 if D, is neither regular
nor almost-regular.

So all in all we conclude that d~(u) < (|V(D;)|—1)/2 and d*(v) < (|[V(D,)|—1)/2.
It follows that

) (o) < VPO VD)~

2 2
_ VD) + VI(Dy)| -2
2

n—>=o
<
- 2

n
<==2

2 Y

the desired contradiction that completes the proof of this theorem. O

Since every strongly connected round-decomposable tournament is arc-traceable
by Remark 2.35, the next results follow directly from Theorem 2.42.

Corollary 2.43 (Busch, Jacobson & Reid [26] 2006). Let T' be a strong tournament
on n vertices with 6(T) > 2. If d™(x) +d*(y) > § — 2 for every arc xy of T', then
T is arc-traceable.

Corollary 2.44. Let D be a strong local tournament on n vertices that is not
round-decomposable. If 6(D) > % — 1> 1, then D is arc-traceable.

Corollary 2.45 (Busch, Jacobson & Reid [26] 2006). Let T' be a strong tournament
on n vertices. If 6(T) > % —1> 1, then T is arc-traceable.

The next example (cf. Figure 2.4) shows that the bounds presented in Corollar-
ies 2.40 and 2.41 are best possible.

Example 2.46. Let 11,15, ..., Ty be o-regular tournaments, where o > 1, and let
Uy, Us, . . ., U be k additional vertices. We define D as the local tournament with
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()

Figure 2.4: A strong round-decomposable local tournament with the non-traceable arc uv
which shows that Corollaries 2.40 and 2.41 are sharp.

vertex set V(D) = i, V(T}) UUL {w;} and arc set

k

) U J{uiw | v e V(T3)U

=1

k
D=y
U{UUZ+1 |veV(T;)}u U{u,uﬂrl}

Then D is a strong round-decomposable local tournament with 6(D) > o + 1 such
that wy,us, ..., ux are the separating vertices of D. Note that d=(z) —i— d*t(y) =
204+2=17 for all vertices x,y € V(T;), that d~(u;) +d* (y) = d~(z) + dT (uip1) =
3043 > ¢ for every vertexx € V(T;) andy € V(Tiy1) and that d~(u;)+d* (uip1) =
4o +4 > 7 for every index 1 < i < k. But D is not arc-traceable, since none of
the arcs u;u; 1 belongs to a Hamiltonian path of D.

Now the following question arises: if D is a strong local tournament with minimal
degree less than n(D)/4, what is the minimal length of a longest path through any
given arc of D? The next result answers this question.

Theorem 2.47. Let D be a strong local tournament on n vertices with minimum
degree 1 < (D) < 7.

(a) If D is round-decomposable, then every arc of D is on a path of length at
least 26(D);

(b) If D is not round-decomposable, then every arc of D is on a path of length at
least [*H1] 4 26(D).
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Proof. If D is arc-traceable, every arc of D is on a Hamiltonian path and the
result is immediate. So assume that D has a non-traceable arc xy. Then both x
and y are separating vertices of D by Observation 2.14. Furthermore, D has the
structure required by Theorem 2.34. We consider two cases.

Case 1: Suppose that D is round-decomposable. Let R[Hi, Hs, ..., H,] be the
round decomposition of D, where » > 4, such that, without loss of general-
ity, V(Hy) = {2} and V(H;) = {y} for an index 3 < i < r —1. Let D' =
D[V(Hi+1) UV (H;s2)U...UV(H,_1)] be the local tournament that is induced by
Hii1,Hito,...,H,—1. Note that N*(D') — V(D') C {z} and N~ (D) — V(D') C
{y}. It follows by Lemma 1.31.(b) that [V (D’)| > 26(D) — 1. Therefore the arc zy
is on a path with at least 26(D) + 1 vertices and hence has length at least 26(D).

Case 2: Suppose that D is not round-decomposable. We shall show first that z
has an out-neighbor outside of D;. If |V(D;)| = 1, the proposition is immediate,
since 6(D) > 2. So assume that |V(D;)| > 3. If z — Dy, the vertex x is not a
separating vertex of D, a contradiction. Therefore z has an in-neighbor v in D;.
Since v — D; for every index ¢ > 1, it follows by the local tournament property
of D that z is adjacent to every vertex w € V(D;) for i > 1. Recall that z has no
in-neighbor in D,_;. Hence we obtain z — D,_;. Analogously we can show that
z has an in-neighbor outside of D,,.

Let r = max{i < p | N~ (z,D;) # 0} be the greatest index less than p such that
z has an in-neighbor in D;. Dually, let s = min{l < j | N*(z, D;) # 0} be the
smallest index greater than 1 such that z has an out-neighbor in D;. Observe that
r>2ands <r+1. Let v, € V(D,) and vy € V(D,) be two vertices that dominate
z and let wy € V(D;) and we € V(Dy) be two vertices that are dominated by z.
Furthermore, let C; be a Hamiltonian cycle of D; for every index 1 < i < p. Then

P = Cl [I’+, l’]Cp[y, UZ]ZCS [w27 w2_]DS+1DS+2 tee Dp—lcp[v;v y_]

and
Q = Cila",w]|DaDs ... D1 C v}, v1]2C1 [wy, 2] Cply, y~|

are two paths through zy of order 1+ |V(Dy)| + > 7_ |V(D;)| and 1+ |V(D,)| +
S IV(D;y)|, respectively. Hence

V(P)+[V(Q)] = [V(D)] + |[V(Dy)] + 2+ Z V(D)|
=n+1+|V(Dy)|+|V(D,)]
>n+3+46(D)

by Theorem 2.37.(a). It follows that either P or Q contains at least [%£27]426(D)
vertices and thus has length at least [2] + 25(D). O
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Since every strongly connected round-decomposable tournament is arc-traceable
by Remark 2.35, the following corollary is immediate by the above theorem.

Corollary 2.48 (Busch, Jacobson & Reid [26] 2006). Let T be a strong local

tournament on n wvertices with minimum degree 1 < §(T) < %. Then every arc

1

of T is on a path of length at least [“] + 26(D).

In the next result we investigate the diameter of local tournaments with a non-

traceable arc.

Theorem 2.49. Let D be a strong local tournament with n vertices and let xy be

an arc of D that is not traceable. Then the following conditions are satisfied.

(a) If D is round-decomposable and C' is a Hamiltonian cycle of D, then d(y,x%) >
3 and d(y—,x) > 3;

(b) If D is not round-decomposable, then d(y,v) > 3 and d(w,z) > 3 for all
vertices v € V(D3) and w € V(D,_1).

Proof. Note that D has the structure required by Theorem 2.34. If D is round-
decomposable, it is easy to check that d(y,z") > 3 and d(y~,z) > 3. Hence (a)
follows. If D is not round-decomposable, observe that p > 4 and that there is no
arc from z to Dy and no arc from D, to z. So proposition (b) is valid. O

We call a vertex = a king if all other vertices are in distance at most two of x.
Then the following corollaries are immediate by Theorem 2.49.

Corollary 2.50. Let D be a strong local tournament on n vertices. If D hasn or
n — 1 kings, then D 1is arc-traceable.

Corollary 2.51 (Busch [25] 2005). If T is a strong n-tournament with n orn —1
kings, then T is arc-traceable.

2.4 The number of non-traceable arcs

In 2005 Busch [25] characterized the class of strongly connected tournaments whose
number of non-traceable arcs is maximal to be the following.

Definition 2.52. Let T, be the tournament that is obtained from the transitive
tournament with vertex set

V = {UQ,Ul, P ,’Un_l},
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Figure 2.5: Two members of 7, j,ggx with 6 and 8 vertices, respectively.

o——r—0

where d*(v;) =1 fori=0,1,...,n—1, by reversing the arcs v;v; o for every even
index i <n—1.

Theorem 2.53 (Busch [25] 2005). If T' is a strong tournament on n vertices,

2 . . . . .
then T has at most % non-traceable arcs, with equality if and only if T is
isomorphic to Thaz.

The theorem above leads to the following question. If D is a local tournament,
how many non-traceable arcs can possibly exist in D? For local tournaments that
fulfill condition (b) of Theorem 2.34 this question was already answered by Busch.
Therefore we consider only strong round-decomposable local tournaments in the
following.

Definition 2.54. Let T'¢  be the local tournament that is defined as follows. For

max
an even integer n > 6 let

V = {’Ul,’UQ, .. .,Un}
be the vertex set of D. The arc set of D s defined as

E={vyui} U{vvina | i=1,2,...,n = 1} U{vpva}
, n
U{U2jv2j+2 |.] = 172775_1}

Remark 2.55. Let T be a local tournament on n vertices as defined in Def-

inition 2.54. Then xy is a non-traceable arc of T\, if and only if x = vo; and
Y = Vgjio for an index j € {1,2,..., 5 — 1} or x = v, and y = vy. Therefore T,l,fgx

has exactly 5 non-traceable arcs.

In the next theorem we characterize the class of strong round-decomposable local
tournaments with maximal number of non-traceable arcs.

Theorem 2.56. If D is a strong round-decomposable local tournament, then D
has at most 5 non-traceable arcs, with equality if and only if D is isomorphic
to Tloc

max*
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Proof. Recall that, according to Observation 2.14, if uv is a non-traceable arc of D,
both u and v are separating vertices of D.

Let C be an arbitrary Hamiltonian cycle of D. Let A = {ay, as,...,a,} be the set
of separating vertices of D and let, without loss of generality, a1, as, ..., a, be the
order in which the vertices of A appear on C. Assume that there exists a non-
traceable arc a;a; such that V(Cla;11,a;-1])NA # (. Let ar, € V(Clai+1,aj-1])NA
be such a vertex. Then a; and a; are in the same strong component of D — ay,
a contradiction to Theorem 2.22. It follows that for every index 1 < i < r there
exists at most one non-traceable arc a;w. In addition, if v and v are consecutive
vertices on C, then clearly there exists a Hamiltonian path through uv. Therefore
there exist at most 5 non-traceable arcs in D.

Now we characterize the equality. As we have already noted in Remark 2.55, if D
is isomorphic to T7%¢ . it has exactly ¥ non-traceable arcs. So suppose now that
D has exactly § non-traceable arcs. We have shown above that there are no non-
traceable arcs of D between vertices that are consecutive on a Hamiltonian cycle
of D and, in addition, for each separating vertex a; of D there exists at most one
non-traceable arc a;w. Furthermore we have seen that if a;a; is a non-traceable
arc of D and C is a Hamiltonian cycle of D, there are no separating vertices of
D on Clajt1,aj-1]. Now let C' = vjvs...v, be a Hamiltonian cycle of D. We
conclude that, without loss of generality, D — v; is not strong for every even index
¢ with 1 <4 < n and that vy;v9;49 and v, vy are the non-traceable arcs of D, where
J=1,2,...,5 — 1. It remains to show that there are no other arcs in D. If zy is
another arc of D, either v = v;, y = v; and |[i — j| > 3 or |i — j| = 2 and both ¢
and j are odd integers. We consider the following cases.

Case 1: Suppose that x = v;, y = v; and |i — j| > 3. In this case let z €
V(Clvit1,vj-1]) be a separating vertex of D. Note that there exists at least one
separating vertex 2’ € V(C[v;,v;]) of D. The vertices on C[v;, v;] belong to the
same strong component of the strong decomposition D — z, a contradiction to
Theorem 2.22.

Case 2: Suppose that |i — j| = 2 and both ¢ and j are odd integers. Then v;
is not a separating vertex of D, a contradiction to our assumption. The latter
contradiction completes the proof. O



Chapter 3

Longest paths through an arc in
in-tournaments

In Chapter 2 we studied the structure of local tournaments with a non-traceable arc
and provided various sufficient criteria for a strongly connected local tournament
to be arc-traceable. In this chapter we shall investigate ‘shorter’ paths through
prescribed arcs in in-tournaments. The first result concerning longest paths in
tournament-like digraphs is due to Rédei [60] (cf. Theorem 2.1) who showed in
1934 that every tournament has a Hamiltonian path. In 1990, Bang-Jensen [3]
showed the same for connected local tournaments (cf. Corollary 1.9). Note that
neither Theorem 2.1 nor Corollary 1.9 provide any information about the order
of a longest path through a given arc of a (local) tournament. For tournament-
like digraphs this problem has been investigated by Volkmann [73, 74, 76] and
Gutin and Yeo [41]. In 2002, Volkmann [76] proved that every arc of a strongly
connected tournament of order n (even every arc of a strongly connected n-partite
tournament) is contained in a path of order [(n + 3)/2].

Theorem 3.1 (Volkmann [76] 2002). Every arc of a strong n-partite tournament
belongs to a path of order ["F2].
The following example shows that this proposition is no longer valid for strongly

connected in-tournaments.

Example 3.2 (Volkmann [74] 2000). Let D be the in-tournament that consists of
the cycle x1xs . .. w11 together with the arcs xix; for 3 <1 < n—1 (c¢f. Figure 3.1).
Then D 1is strong, has order n and the longest path through the arc xix; is only of
order n — i+ 2.

Let m € {4,5} be an integer and let D be a strongly connected in-tournament

43
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N

X

Figure 3.1: An in-tournament that shows that Theorem 3.1 is not valid for strongly
connected in-tournaments.

of order n > 2m — 2 such that every arc belongs to a path of order at least m.
In 2000, Volkmann [74] showed that if D contains an arc e such that the longest
path through e consists of exactly m vertices, then e is the only arc of D with that

property.

Theorem 3.3 (Volkmann [74] 2000). Let m € {4,5} be an integer and let D be a
strong in-tournament of order n > 2m — 2. If D has an m-path arc but no k-path
arc for 3 < k <m —1, then D has exactly one m-path arc.

In addition, Volkmann formulated the following conjecture.

Conjecture 3.4 (Volkmann [74] 2000). Let m > 4 be an integer and let D be a
strong in-tournament of order n > 2m — 2. If D has an m-path arc but no k-path
arc for 3 <k <m —1, then D has exactly one m-path arc.

The next example shows that the condition n > 2m — 2 in Conjecture 3.4 is best
possible.

Example 3.5 (Volkmann [74] 2000). Let m > 4 be an integer and let the strong
in-tournament D consist of the cycle C = x1x9 ... Tpm_1Y1Y2 - . . Ym_2x1 Such that
r1 — Clxe, Tpmo1] and 1 — Cly1, Ym—2] (¢f. Figure 3.2). Then D is of order
2m — 3 and has the two m-path arcs x1x,_1 and Ty 1Ym-_2-

In this chapter we shall validate the conjecture of Volkmann. In addition, we will
prove that if we ease the restrictions on the the order of D to n > 2m — 3, the
in-tournament D has at most two arcs as described in Conjecture 3.4. In doing so,
we will also give a characterization of the in-tournaments with exactly two such
arcs.

The next observation is a first result on the order of a longest path through a given
arc of an in-tournament. It was already mentioned in Chapter 2.
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Figure 3.2: A strongly connected in-tournament on 2m — 3 vertices with two m-path
arcs.

Observation 2.14 (Volkmann [74] 2000). Let uv be an arbitrary arc of a strong
in-tournament D. If D —wu or D — v s strong, then D contains a Hamiltonian
path starting with the arc uv or ending with the arc uv, respectively.

We reformulate Corollary 2.15 in the following way.

Corollary 3.6. If uv is an arc of a strong in-tournament D that does not belong
to a Hamiltonian path, then both u and v are separating vertices of D.

As an abbreviation we give the following notation.

Notation 3.7. Let D be a strong in-tournament with a separating vertexr u and
let D1, D, ..., D, be the strong decomposition of D — w. Furthermore, for every
index i € {1,2,...,p} with |V(D;)| > 3 let C; be a Hamiltonian cycle of D;, for
every index 1 <i <p—1 let w; € V(D;) be a vertex that dominates D;y1 and let
w, € V(D,) be a negative neighbor of u. Then

P = Ci[wf, wy]Colwy , wy] . .. Cplwy , wplu
is a Hamaltonian path of D. For 1 <1 < j <p let P, ; denote the subpath
P j = Cilw/, wi]Cia[wy, wia] . .. Cj[w], wj]

of P with initial vertex w; and terminal vertex w;.

3.1 Structure of in-tournaments with an m-path
arc

Let m > 4 be an integer. In this section we investigate strongly connected in-
tournaments of order n > 2m — 3 that contain no k-path arc for 3 < k <m — 1,
but at least one m-path arc. Example 3.5 describes a class of in-tournaments with
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the above properties that contain two m-path arcs. Let D be a strongly connected
in-tournament of order n > 2m — 3 that contains no k-path arc for 3 < k <m—1,
but at least one m-path arc. In the following we will show that D has at most
two m-path arcs. Taking a deeper look at the structure of D we shall show that
if n > 2m — 2, the in-tournament D has only one m-path arc and we shall give
a characterization of all strongly connected in-tournaments of order n = 2m — 3
that contain exactly two m-path arcs.

We begin with a first structural result.

Lemma 3.8. Let m > 4 be an integer and let D be a strong in-tournament of
order n such that D has no k-path arc for 3 <k <m —1. Let Dy,Ds,...,D, be
the strong decomposition of D — u, where p > 2. If uv is an m-path arc of D such
that v € V(D,), then n < 2m — 3.

Proof. Let uv be an m-path arc of D such that v € V(D,). Suppose that n >
2m—2. According to Corollary 1.29, the vertex u has a negative neighbor w, in D,
which implies that |V(D,)| > 3. Let vzyzs...20 be a Hamiltonian cycle of D,,
where ¢ > 2. If t > m — 1, the path wvxizy ... 2 is an (m + 1)-path through uv,
a contradiction. So ¢t < m — 2. It follows that

V(D) = (V(Dp) U{up)| =n—(t+1)=1>n—m2>m-=2

and thus,
Py ,_qwyuv
p—1Wp

is a path through uv of order at least m + 1, a contradiction. O

It remains to consider the case that v belongs to the terminal strong component
of D —wu and D has order n = 2m — 3.

Lemma 3.9. Let m > 4 be an integer and let D be a strong in-tournament of order
n = 2m — 3 such that D has no k-path arc for 3 <k <m—1. Let D, D,,...,D,
be the strong decomposition of D — u, where p > 2. If v € V(D,) and w = w, is
an in-neighbor of u in D,, then uv is the unique m-path arc of D and D has the
following structural properties.

(a) V(D) UV (D) U...UV(Dpy)| =m —3;
(b) [V(Dp)| =m —1;

(¢c) (Dp —wp) ~> v — wy ~ (D —v);

(d) u— V(D) = {u, wp}.
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Proof. Let uv be an m-path arc of D such that v € V(D,).

(a) Since uCplv,v~] is a path through uv and uv is an m-path arc of D, it follows
that |[V(D,)| < m —1. Hence |V(Dy) UV (Do) U...UV(D,_1)| > m —3. But
if |V(D1) UV (Dg)U...UV(D,—1)| > m — 3, the path

Py p—qwpuv

is a path through wv of order at least m + 1, a contradiction. Hence, D has
property (a).

(b) Property (a) immediately implies (b).

(c) Since D, is strong and |V(D,)| > 3, it follows that v has at least one positive
neighbor in D, and w, has at least one negative neighbor in D,,. If v dominates
a vertex = # w, in D,, the path

Py p_qwpuvw

is a path of order m + 1 through uv, a contradiction. So v — w, and (D, —
wy) ~» v. If w, is dominated by a vertex x # v in w,, the path

Py p_1zwyuv

is an (m + 1)-path through wv, a contradiction. So w, ~» (D, — v) and the
proof of (c) is complete.

(d) If IN“(u,D,)| > 2, let © ¢ {v,w,} be a negative neighbor of w in D,,. Then
Py p_1zuvw,

is an (m + 1)-path through uv, a contradiction. So u has exactly one negative
neighbor in D,, the vertex w,. Note that property (c) implies particularly
that w, is the successor of v on C,. Using Theorem 1.25, it follows that
u — (D, —w,). Note that

P = Plvp = Cl[wf_awl]OQ[w;?w?] s Cp[wg_awp]

is a Hamiltonian path of D — u such that v — Plw,;,w,]. Using the in-

tournament property of D, either u — Ds,Ds,...,D,_; or there exists a
vertex z on P such that  — u — z. But in the latter case

zuCylv, v~

is an (m -+ 1)-path through uv, a contradiction. This means that D fulfills (d).
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It remains to show that uv is the unique m-path arc of D. Every arc xy, where
reV(D;) and y € V(D;) for i+ 1 < j < p—1, belongs to the path
2Cjly, wil P p

of order at least

[z g} + Y VD) > 2+ V(D) = m+1.

I=j+1

If zy is an arc from D; to D, for an integer 7 < p — 1, the path

uzCply, y~]
through uv has order
{u, 2} +[V(Dy)] = m + L.
In the case that xy is an arc of D such that x,y € V(D;), where i < p — 1, we see
that
Cy [w; , wpluzy
is a path of order
[V(Dp)| + {u, 2y} = m +2
through xy. Every arc xy in D, belongs to the path
UP1,p—1$yy+

of order
p—1

{2,557+ Y V(D) =m+ 1.
=1
If uy is an arc from u to D; for 1 <1 < p — 1, the path

uCily, wil Py
through uy has order at least

[{u, g+ > VD) > 2+ [V(Dy)] = m +1.

I=i+1
In the case that uy is an arc from u to D, such that y # v, the path
Pl,p—lwpuyy+

is a path of order

p—1

{wp, w9,y H+ D V(D) =m+1

1=1
through uy. Finally the arc w,u belongs to the Hamiltonian path P, ,u of D. Since
we have discussed all possible arcs, the proof is complete. O
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The next result shows that the class of in-tournaments treated in this section can
be divided in two subclasses.

Lemma 3.10. Let m > 4 be an integer and let D be a strong in-tournament of
order n = 2m — 3+ ¢, where ¢ > 0, that contains no k-path arc for 3 <k <m-—1,
but an m-path arc wv. Let Dy, Ds, ..., D, be the strong decomposition of D — u,
where p > 2. Ifv € V(Dy) for 1 < s <p—1, then N~ (D;, Ds) C {v} for every
index s+ 1 <1 < p and, in addition, D has one of the following properties.

I V(D) UV(Dyr)U...UV(D,)| =m—1 and

((Z) u_)DlaDQV"aDS;.
(b) N=(D;,D;) =0 for every s+1<i<pandl1<j<s—1;
(c) [V(D)UV(Dy)U...UV(Ds_1)| >m—3+c.
II. V(D) UV (Dgyq) U...UV(D,)| =m — k, where 2 < k < m — 2, and there
exists an index 1 <r < s—1 and a vertex w, € V(D,) such that
((Z) U — DT+1>DT’+2a .. '7DS;.
(b) Wy — DS+1;
(c) |[V(D1))UV(D)U...UV(D,)| =k —1;
(d) V(D) UV(D,0)U...UV(Ds_1)| >m—3+c.
Proof. The path
Py puCslv, v7]

contains the arc uv and has order > *__[V(D;)|+ 1. Since uv is an m-path arc, it
follows that »7_ [V/(D;)| <m — 1. So we consider the following two cases.

Case I. Suppose that > " [V(D;)| = m — 1 which immediately implies (c).

Assume that there exists a vertex v # z € V(D;) that dominates u or w;, where
s+1<j<p. Then 2 — D,y and hence

Pl,s—lcs[v+7 Z]Ps—l—l,puv

is a path through uv of order at least

[y

V(D) + V(D)) + {z,u,v} > (m—=34+¢)+4>m+1,

=1

a contradiction. So N~ (D;, Dy) C {v} for every index s +1 < i < p and u — D,.
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Assume that there exists a vertex z € V/(D;) that dominates u or w;, where
1<i<s—1lands+1<j<p. It follows that 2 — D,,; and thus,

2P puCiylv, v ]

is a path of order
p
S VD) + {zu = (m—1)+2=m+1
l=s

through wv, a contradiction. Hence D fulfills (a) and (b) which completes the
proof of Case I.

Case 1. Suppose that > 7 |V(D;)| = m — k, where 2 < k < m — 2. If D has
no arc leading from (J;_, V(D) to {u} UUU._,,, V(D;), it is easy to check that a
longest path through wv has order m — 1, a contradiction. So there exists a vertex
v # z € V(D,), where r < s, that dominates w,,;. If 7 = s, the path

Pl,s—1ZPs+1,pUU
through uv contains at least
2m—34+c¢c)—(m—k)+2=m+k+c—1>m+1

vertices, a contradiction. It follows that N~ (D;, Dy) C {v} for every index s+ 1 <
i < p, that w — Dy and that r # s. Under the condition that N~ (Dy1p,) #
() we choose the maximal index r. This choice immediately implies that u —
Dyy1,Dyyo, ..., Ds_q1 and that, without loss of generality, w, — Ds.1. So (a) and
(b) are true. But then

Py Py yuCilv,v]

is a path through uv of order > 7", [V/(D;)| 4+ (m — k) + 1. Since uv is an m-path
arc in D, this implies that > ", [V/(D;)| < k — 1. Note that actually

S V(D) =k-1,
j=1

since otherwise a longest path through uv contains less than m vertices, a contra-
diction. So (c) is proved. But (c) immediately implies that

s—1
Y VD) =m-3+c

j=r+1

which shows (d) and completes the proof of Case II. O
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3.2 Applications of the structural results

Differentiating by the properties I and II elaborated in Section 3.1, we shall now
show that if a strongly connected in-tournament D of order at least 2m —3 contains
an m-path arc uv, but no k-path arc for 3 < k < m — 1, the digraph D has at
most two m-path arcs. We start with in-tournament that belong to class I.

Lemma 3.11. Let m > 4 be an integer and let D be a strong in-tournament of
order n = 2m—3+4c, where ¢ > 0, such that D has no k-path arc for3 < k <m-—1.
Let uv be an m-path arc of D and let Dy, Ds, ..., D, be the strong decomposition
of D —wu, where p > 2. If v € V(Dy), where 1 < s <p—1, and D has property 1
as described in Lemma 3.10, then D contains at most two m-path arcs.

Proof. We shall show that every arc xy # uv of D is contained in a path of order
at least m + 1 with two exceptions (cf. Case 2 and Case 5).

Case 1. Suppose that x € V(D;) and y € V(D;41). If i < s, the arc 2y belongs to
the Hamiltonian path

Pl,i—loi [117+> x]ci+1 [y, wi+1]Pi+2,pUCi+1[w;r1, y_].
If © > s, the arc xy belongs to the path
Pl,i—lci [fr, x]ci+1 [y, wi—l—l]Pi—i-Z,pu-

Assume that this path has order less or equal m. In this case we conclude that
SIVD) =m =3, i=s,|V(D;)] = |V(Diz1)| = 1 and p = s + 1. But the
latter two observations imply that

p
m—1=> |V(Dj)|=2m=3,
j=s

a contradiction.

Case 2. Suppose that x € V(D;) and y € V(D;), where i +2 < j. If i < s, the
arc xy belongs to the Hamiltonian path

P11 Cilx™, 2]Chly, wi] Piy puPigy 1 Cilw], y~].

70
If © > s, the arc xy belongs to the path
PriaGila™, 2]C5ly, wy] Py pu.

Assume that this path has order less or equal m. In this case we conclude that
Z;_:ll |\V(D;)| = m — 3. So ¢ = 0 which implies that n = 2m — 3. Furthermore,
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we observe that V(D,) = V(D;) = {z} and V(D,) = V(D;) = {y} which means
that © = v and y = w,. If D has an arc uz such that z € V(D;) for an index
s+1<i<p-—1, the path

P s 1xyuz
is a path through zy and if D has an arc zu such that z € V(D;) for an index
s+1<i<p-—1, the path

zuPLs_lxy

is a path through xy. Both paths have order

[y

V(D) + {z,y,u, 2} > (m =3 +c)+4>m+1.

=1

So assume that no such arc exists in D. Then zy = vw, is an m-path arc in D.

Case 3. Suppose that z,y € V(D;). If i > s, the arc zy belongs to
uPy; i, xly,

a path of order at least

—_

VD) +{z™ 2 u,yi = (m=3+¢)+4=m+ 1

=1

If 7 < s, the arc xy belongs to
P, yuzy,

a path of order
p
S V(D) + {u, 2y} = m+2.
l=s

Case 4. Suppose that x = v and y € V(D;). Due to Lemma 3.10 we may assume
that j <p—1. If j > s and y # wj, the arc xy belongs to

P11 Cily™, wi] Py puy,

a path of order at least

1
V(D) + |V (D,)| + {wj,u,y} > (m—=3+¢)+4>m+ 1.
1

.

l

If j < s, the arc zy belongs to
Pj+17puy7
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a path of order at least

STV + Kuy} = (m—=1)+2=m+1.

I=j+1
It remains to check the case that j > s and y = w; is the only vertex in D; that

dominates D;,,. If D has no arc leading from [ J/_] V/(D;) to {u}UUL_, 1 V(Dy), a

longest path through uv has order m — 1, a contradiction. So there exists a vertex
w € V(D;), where ¢ < j — 1, that dominates D, ;. If i < s, note that w — Dy
and thus,

wPs 11 pyuCslv, v7]

is a path of order
p
S VD) + {u,wh = (m—1)+2=m+1
l=s

through uv, a contradiction. If i > s, the arc uy belongs to
Py Cilw™ , w] Py puClly, 7],

a path of order at least

—_

y V(D) + V(D) + [V(Dp)l + Hu, y} = (m =3+ ¢)+4=m+ 1.

=1

Case 5. Suppose that x € V(D;) and y = w. Since u — Dy, Do, ..., Dy, we
conclude that ¢ > s 4 1. But then the arc xu belongs to

Pl,i_lCi [I‘+, x]u,

a path of order at least

N

y V(D) + |V(Di—)| + V(D) + {u}| > (m—=34+¢)+3>m.

=1

Assume that this path has order less or equal m. In this case we conclude that
Z;;} |V(D;)| = m —3. So ¢ = 0 which implies that n = 2m — 3. Furthermore, we
observe that V(D) = {v} and V(Ds,1) = V(D;) = {x}. If D has an arc uz such
that z € V(D;) for an index i > s + 2, the path

Py s_1vzuz
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is a path of order

—_

V(D) + {v,z,u,z}{>(m—-3+c)+4>m+1

=1

through zxu. So assume that no such arc exists in D. Then xy = wgju is an
m-path arc in D.

It remains to show that the two exceptions in Case 2 and Case 5 cannot occur si-
multaneously. So assume that D is an in-tournament with |V (Dy)| = |V (Dsy1)| =
|V(D,)| = 1 and the three m-path arcs uws, wsw, and wyiiu. This is a contra-
diction to the structure of D as elaborated in Case 5. Since we have discussed all
possible arcs, the proof is complete. O

We now turn our attention to in-tournaments belonging to class II.

Lemma 3.12. Let m > 4 be an integer and let D be a strong in-tournament of
ordern = 2m—3+-c, where ¢ > 0, such that D has no k-path arc for3 < k < m—1.
Let uv be an m-path arc of D and let Dy, Ds, ..., D, be the strong decomposition
of D —wu, where p > 2. Ifv € V(Dy), where 1 < s <p—1, and D has property 11
as described in Lemma 3.10, then uv s the unique m-path arc in D.

Proof. We shall show that every arc xy # uv belongs to a path of order at least
m + 1.

Case 1. Suppose that zy is an arc of D such that x € V(D;) and y € V(D;,4). If
i <rorifi>s, the arc xy belongs to

Py 1 C; [117+> 7|Ciy1ly, wi+1]Pi+2,pU>
a path of order at least
p
S VD) + {z,yul > 2m—3+¢)— (k—1)—1+3

I=i+2
=2m—-k+c>m+2

and

~
|
—_

VD) + V(D) + {u,p} = (m =3+ )+ (k=1)+3=2m+1,

=1

respectively. If r <7 < s—1, we can extend the path above by

Cita [w;—_i-b v
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to a Hamiltonian path through xy.

Case 2. Suppose that x € V(D;) and y € V(D;) for j > i+2. If i > s, the arc xy
belongs to
Py Cilz™, 2] Cyly, wy] Py pu,

a path of order at least

—_

" V(D) + VD)) + sy} > (m—3+0)+ (k—1)+3> m+ 1.

=1

If : <r and j < r, the arc zy belongs to
2Cily, wil P,

a path of order at least

p
SV + {u, 2,y = @m—=3+¢)— (k—1)+2>2m—k>m+2.
I=j+1
If i <r and j > r, the arc xy belongs to

20y, wi] Pyy1puPryr 1 C5[w),y7],

a path of order at least

p
STV + Hzul > @m=3+c)— (k—1)+1>2m—k—-1>m+1.
l=r+1

Finally, if r +1 < i < s — 1, the path
Py 1 Cila™, 2]Cyly, wi] Py puPiy1 105wy, 7]

is a Hamiltonian path through zy.
Case 3. Suppose that x = v and y € V(D;). If j <r, the arc uy belongs to

uCjly, w;] Py,

a path of order at least

p
STV + {u g} = @m—=3+c) = (k—1)+1>2m—k—1>m+1

I=j+1
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If r < j < s, the arc uy belongs to
P11 Poy1 puCily, wi] Pyyy s,
a path of order at least

ZWDl )|+ Z V(D) +Hu,y} > (k=1)+(m—k)+2=m+1.

If 7 = s, it follows that y # v and thus, the arc xy belongs to
Pl,s—lcs[y+7 ws]Ps+1,puy7

a path of order at least

—_

S—

V(D) + {ws,u,y}| > (m—3+c)+(k—1)+3>m+k—1>m+1.

=1

Finally, if 7 > s, either y # w; or y = w; and w, is the only vertex in D; that
dominates D;;. In the first case

Py 1 Cily™, wy] Py puy

is a path through uy of order at least

-2

.

V(D) + V(D) + Kwj, w9} = (m =3+ ¢) + (k= 1) +4

=1

>m+k>m+ 2.

In the the second case we observe the following. If D has no arc leading from
Ut i1 VI(Di) to {u} UL, VI(Ds), a longest path through uv has order m — 1,
a contradiction. So there exists a vertex z € V(D;), where r +1 < i < j — 1, that
dominates D; ;. It follows that z — D,y and thus,

Py 1Cyi2", 2] Peya puCslv, v7]

is a path through uv of order at least
i—1 p
STV + VD) + D VD) + {u} = (k=1) + (m—k)+2=m+1,
=1 =

a contradiction.



3.2 Applications of the structural results 57

Case 4. Suppose that z,y € V(D;). If i > s+ 1, the arc zy belongs to
Py iy,

a path of order at least

[

y VD) + V(D) + {3 = (m =3+ ¢)+(k—1) +3

=1

>m+k—1>m+1.
If r+1 <i < s, the arc xy belongs to
Pl,rPs,pUPr—l—l,i—l'rya

a path of order at least
r p
S VD) + Y VD) + {u, 2,93 > (k= 1)+ (m—k) +3=m+2.
=1 l=s

If © = s, the arc zy belongs to
Pl,rPs—I—l,pUPr—l—l,s—lxy?
a path of order
2m —34+c—|V(Dg)|+2>2m—-1—(m —2) =m+ 1.

Finally, if 1 < ¢ < r, we observe the following. Firstly, any path from y to any
vertex z € V(D;) that dominates D, ; uses the vertex x and secondly, any path
from u to x uses the vertex y, since otherwise it is easy to check that zy belongs
to a path of order at least m + 1. It follows that every vertex of a longest path
through zy belongs to V(D) UV (Dy) U... U V(D;). But this implies that the
longest path through xy is of order at most k — 1 < m — 1, a contradiction.

Case 5. Suppose that y = v and « € V(D;). It follows that either i < r or ¢ > s.
In the first case the arc xy belongs to

Pl,i—lci[x—i—a I]upr-l-l,;n

a path of order at least

Xp: V(D) +H{z,up| =2 (m=3+¢c)+(m—k)+2=m+1

l=r+1
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and in the second case xy belongs to
P, 1,i—1TU,

a path of order at least

N

) VD) + V(D) + Hz,up = (m =3+ c)+ (k1) +3=m+ 1.

l

Since we have discussed all possible arcs, the proof is complete. O

3.3 Conclusions and solution of a conjecture of
Volkmann

Combining the lemmas of the previous section, we get the following characteriza-
tion of strongly connected in-tournaments that contain an m-path arc.

Theorem 3.13. Let m > 4 be an integer and let D be a strong in-tournament of
order n > 2m — 3 such that D has no k-path arc for 3 <k <m — 1.

(a) If n > 2m — 2, then D has at most one m-path arc.

(b) If n = 2m — 3, then D has at most two m-path arcs. In addition, D has

exactly two m-path arcs uwv and xy if and only if D has property 1 as described
in Lemma 3.10 and V(Ds) = {v} and either

(i) v=ua, V(D,) = {y} and there exists no arc between u and D; for every
imders+1<j<p—1or

(i) y = u, V(Dst1) = {x} and there exists no arc from D; or w to D; for
every index 1 <i<sands+2<j<p.

(Here Dy, Ds, ..., D, is the strong decomposition of D — u, where p > 2.)

As a corollary of Theorem 3.13.(a) Volkmann’s Conjecture 3.4 is solved in positive.

Corollary 3.14. Let m > 4 be an integer and let D be a strong in-tournament of
order n > 2m — 2. If D has an m-path arc but no k-path arc for 3 <k <m —1,
then D has exactly one m-path arc.



Chapter 4

Longest paths through an arc in
local tournaments

Since the path structure of in-tournaments with at least 2m — 2 vertices, where
m > 4, was already investigated in Chapter 3, we concentrate in this chapter
on the structure of local tournaments with less than 2m — 2 vertices. In 2002,
Volkmann [76] proved that every arc of a strongly connected tournament of order n
(even every arc of a strongly connected n-partite tournament) is contained in a
path of order [(n+3)/2] (cf. Theorem 3.1). In Theorem 2.47 we showed that every
arc of a strongly connected local tournament D that is not round-decomposable is
on a path of length at least [21] + 26(D) if §(D) > 1. Observe that this result
is an improvement of Volkmann’s result for local tournaments that are not round-
decomposable and have minimal degree at least two. The following example shows
that Volkmann’s result is no longer valid for strongly connected local tournaments
with minimal degree one (cf. Figure 4.1).

Example 4.1. Let T be a tournament and let x,y, z be three distinct vertices that
do not belong to T'. Let D be the local tournament with vertex set

V=V(T)u{z,y,z}
and arc set
E=ET)U{zy,yz,ze}U{zv |ve E(T)}U{vy | ve E(T)}.
Then the longest path through xy is of order three.
In [74] Volkmann investigated longest paths through given arcs in strongly con-

nected in-tournaments and formulated the following conjecture which was vali-
dated by Volkmann [74] for m = 4,5 and Meierling for m > 4 (cf. Chapter 3).

59
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Ny

Figure 4.1: A local tournament with minimum degree 6 = 1 and the 3-path arc zy.

Corollary 3.14. Let m > 4 be an integer and let D be a strong in-tournament of
order n > 2m — 2. If D has an m-path arc but no k-path arc for 3 < k <m —1,
then D has exactly one m-path arc.

Example 3.5 shows that the condition n > 2m —2 in Corollary 3.14 is best possible
(cf. Figure 3.2). Now let m > 4 be an integer. In the following we describe the
structure of strongly connected local tournaments on n < 2m — 3 vertices contain-
ing an m-path arc but no k-path arc for 3 < k < m —1. Recall that if uv is an arc
of a strongly connected local tournament D that does not belong to a Hamiltonian
path, then both u and v are separating vertices of D (cf. Corollary 3.6).

The next result addresses some of the arcs of a strongly connected local tourna-
ments and was already mentioned in Chapter 2.

Theorem 2.12 (Volkmann [74] 2000). Let u be a vertex of a strong local tourna-
ment such that D — w is not strong. If Dy, Ds, ..., D, is the strong decomposition
of D — u, then the arcs from D; to D,y for 1 <i <p—1 and the arcs in D; for
2 <i<p-—1 are contained in a Hamiltonian path of D.

We would like to add the following remark.

Remark 4.2. In the situation of Theorem 2.12 the arcs from u to Dy and the arcs
from D, to u are also on a Hamiltonian path of D.

Observe that the structural Theorem 2.34 provides additional information about

arcs that are not traceable.

4.1 Structure of local tournaments with an m-
path arc

In this section let D be a strongly connected local tournament on n = 2m — s
vertices, where 3 < s < m, such that uv is an m-path arc of D, but D contains
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no k-path arc for every k with 3 <k <m — 1. Let Dy, Ds,..., D, be the strong
decomposition of D — u. By Observation 4.2 we may assume that v is not in D;.
In the following we will consider the two cases v € V(D,) and v € V(D,) with
2<a<p—1.

The case v € V(D,).

Lemma 4.3. Let m > 4 be an integer and let D be a strong local tournament on
n = 2m — s vertices, where 3 < s < m, such that uv is an m-path arc of D, but D
contains no k-path arc for every k with 3 <k <m —1. Let Dy, Ds, ..., D, be the
strong decomposition of D —u. If v € V(D,), then

(a) D; — D; for every pairi < j of indices;

(b) there is an arc between u and every vertex w ¢ V(D,);

(¢) [V(Dy)| =m—1—1and 32 |[V(D;)| =m —s+1, where 0 <1 < 5 — 3;

(d) every in-neighbor of u in D, is a separating vertex of D,;

(e) v is a separating vertex of D,;

(f) u dominates every component of the strong decomposition of D, —v except the
initial strong component.

Proof. Note that, since uv is not traceable, both u and v are separating vertices

of D by Corollary 3.1.

Since u has positive neighbors both in D; and D,, it follows gradually that D; —
D; for every pair i < j of indices. So (a) has been proved which immediately
implies (b).

Let C, be a Hamiltonian cycle of D,. Then uC,[v,v"] is a path through wuw.
Since uwv is an m-path arc, it follows that

V(Dp)|=m—1-1,
where [ > 0 is an integer. This implies that

DIVID) =@m—s)=(m—=1-1)=1=m—s+L.

=1

If I > s —3, let w be an in-neighbor of w in D,. Then DD, ... D, jwuv is a path
through uv of order at least m + 1, a contradiction. Hence 0 <[ < s — 3 and (c)
1S true.
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Assume that u has a negative neighbor w in D, such that D, — w is strong.
Then DD, ...D, jwuv can be extended to a Hamiltonian path of D, again a
contradiction. Therefore (d) is valid.

To prove (e) assume that D, — v is strong. It follows that D — v is strong and
thus, the arc uv is traceable by Observation 2.14, a contradiction.

Let Ay, Ao, ..., A, be the strong decomposition of D, — v, where ¢ > 2. Observe
that v has an out-neighbor in A; and an in-neighbor in A, and that A, — A;
for every pair @ < j of indices. The former implies that u has a neighbor in A,
and the latter implies that none of the vertices in U;’:_Zl A; is a separating vertex
of D,. If u has an in-neighbor 2 in A,, there exists a Hamiltonian path @) of D, —v
that begins in A; and ends in z. Hence DD, ... D,_1Quv is a Hamiltonian path
of D through wv, a contradiction. So assume that u has no negative neighbor
in A, which implies that u dominates A,. Since A; dominates A, for every index
i < g, it follows that u is adjacent to all vertices of D,. By (d) we conclude that u
dominates A; for every index ¢ < ¢. So (f) is valid and the proof is complete. ]

The case v € V(D,), where 2 <a <p-—1.

Lemma 4.4. Let m > 4 be an integer and let D be a strong local tournament on
n = 2m — s vertices, where 3 < s < m, such that uwv is an m-path arc of D, but D
contains no k-path arc for every k with 3 <k <m —1. Let Dy, Ds, ..., D, be the
strong decomposition of D —wu. Ifv € V(D,) such that 2 < a < p—1, then

(a) D, consists of the single vertex v;
(b) there are no arcs leading from D; to D; for every pairi < o < j of indices;
(c) w dominates D; for every index i < a;

(d) there are no arcs leading from D; to u for every indexi > « and u is dominated
by Dy;

(¢) i) V(Di)| = m —s;

(f) D is round-decomposable and R[Dy, Ds, ..., Dy, u| is the round decomposition
of D.

Proof. Note that if |D;| > 1 for an index 2 < ¢ < p—1, the component D; contains
no separating vertex of D. Since v is a separating vertex of D by Corollary 3.1, it
follows that D, = {v} and (a) is true.
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If D has an arc leading from D; to D; for a pair 7, of indices with ¢« < o < 7,
we conclude by Theorem 1.6 that D, 1 — D,y1. But then D — v is strong, a
contradiction. Hence (b) is valid.

To prove (c) assume that v has an in-neighbor in D; for an index i < a. Since u
also has an in-neighbor in D,, it follows that there is an arc between D; and D,,
a contradiction to (b). Since u dominates v and D is a local tournament, we
conclude that v dominates D; for each ¢+ = 1,2,..., . With the same arguments
we obtain the validity of (d).

If 2071 |V(D;)| < m—s, we obtain 327__|V(D;)| > m. Hence wvDyy1Doss - .. D,
is a path of order at least m+1 through uv, a contradiction. So (e) has been proved.

Finally it is easy to check that D is round-decomposable and R[Dy, Do, ..., D,, u]
is the round decomposition of D. O

4.2 Applications of the structural results

In this section we apply the structural results of Section 4.1 to show that each
strongly connected local tournament D on n vertices, where 3";_2 <n<2m — 3,
that contains no k-path arc for every k with 3 < £ < m — 1 has at most two
m-path arcs (cf. Theorem 4.7). As in the previous section we consider two cases.

The case v € V(D,).

Lemma 4.5. Let m > 4 be an integer and let D be a strong local tournament on
n = 2m — s vertices, where 3 < s < mTJF?’, such that wv is an m-path arc of D,
but D contains no k-path arc for every k with 3 <k <m —1. Let Dy, Ds,...,D,
be the strong decomposition of D — u, where p > 2. Ifv € V(D,), then the local

tournament D has at most one m-path arcs besides uv.

Proof. Let Ay, As, ..., A, be the strong decomposition of D, — v, where ¢ > 2.
Note that D has the properties as described in Lemma 4.3. Furthermore, we
observe that by Theorem 2.12 every arc zy with x € V(D;) and y € V(D;41),
where 1 <i < p—1, and every arc zy with =,y € V(D;), where 2 <i <p—1, and
avery arc uy, where y € V(D;), and every arc zu, where € V(D,), is traceable.
In addition, note that every separating vertex z ¢ {z,y} of D is in Dy, A; or A,
and thus, every arc incident with another vertex is traceable. In distinguishing the
following cases, we consider the remaining arcs of D.

Case 1: Suppose that uy is an arc of D such that y € V(A;). Let Q be a
Hamiltonian path of D, — A; — y that ends in an in-neighbor of v and let w be an
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in-neighbor of u in A;. Then
P =DyD,...D, qwuyQu
is a path through uy. If P has order less or equal m, we conclude that
V(A > 2m—s)—m+2=m—s+2.
Let C; be a Hamiltonian path of A;. Then
DDy ...D, 1Cy[w*, wluv
is a path through uv of order greater or equal than
m—s+0)+(m—s+2)+2=2m—2s+1+4>m,

a contradiction. Hence no arc uy with y € V/(4;) is an m-path arc of D.

Case 2: Suppose that uy is an arc of D such that y € V(A4,). Let Cy be a
Hamiltonian path of A;, let C; be a Hamiltonian cycle of A, and let w be an
in-neighbor of u in A;. Then

P=DDy...Cilw" wuC,y,y]
is a path through uy. If P has order less or equal m, we conclude that
V(A + V(A <m—(m—-s+1)—-1=s—-1-1
and i

SIVA) = @2m—s)—m—1=m—s—1.

i=2
If v has an out-neighbor z # w in Ay, the path
DD, ...D, jwuvzAsAs ... A,
contains wv and has order at least
(m—s+l)+(m—-—s—1)+5=2m—2s+1+4>m,

a contradiction. So A; has the following structure: there exists a vertex w in A;
such that (4; —w) - v — w — u.

If v has an in-neighbor z # y in A,, the path

D1D2 . Dp_lAgAg c. Aq_lszuy
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contains uy and has order at least
(m—s+0l)+(m—s—1)+5=2m—2s+1+4>m,
again a contradiction. So assume that y is the only negative neighbor of v in A,.

It follows that v — y — v — (A4, — y).

We shall show now that each arc uz, where z € V(A,) — {y}, belongs to a path of
order at least m 4+ 1 in D. So let z # y be a vertex of A, that is dominated by u
and let () be a Hamiltonian path of A; — w. Then uz is on the path

D1D2 C. Dp_lQAQ N Aq_lyU'LUUZ,
a path of order at least
(m—s+l)+(m—s—1)+5=2m—2s+1+4>m.

Therefore D has at most one arc uy with y € V(4,) that is an m-path arc of D.

Case 8: Suppose that xu is an arc of D such that z € V(D;). By symmetry, this
case can be solved analogously to Case 1 and 2.

Case 4: Suppose that zy is an arc of D;. According to Theorem 3.1, the arc zy
is on a path @ of order [(|V(Dy)| +3)/2] in D;. Let C, be a Hamiltonian cycle
of D, and let w be an in-neighbor of u in D,. We observe that

P=QDyD;...D, 1Cylw™, wu

is a path through zy. If P has order less or equal m, we conclude that

< |\V(Dy)| > 2m —2s+3 > m,

D) —
m:2m—s—7|v( 12)| 5

a contradiction to Lemma 4.3.(c). So no arc zy of D, is an m-path arc of D.

Case 5: Suppose that xy is an arc of D,. By Theorem 3.1 the arc zy is on a
path @ of order at least [(|V(D,)| + 3)/2] in D,. It follows that

UDlDQ c. Dp—lQ
is a path through xy of order greater or equal than

(m—I1-1)+3 3m—2s+1+4
2 B 2

[+1
Zm—l——_g > m.

I+ (m—s+1)+
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Therefore no arc xy of D, is an m-path arc of D.

Case 6: Suppose that zy is an arc of D such that x € V(D;) and y € V(D,).
Let r < p be the maximal index such that N~ (u, D,) # () and let s > 1 be the
minimal index such that N*(u, Ds) # (). Furthermore, let C; be a Hamiltonian
path of Dy, let C, be a Hamiltonian cycle of D, and let w be an in-neighbor of u
in D,. We consider two subcases.

Subcase 6.1: Suppose that u has an out-neighbor z # x in D; (or u has an in-
neighbor 2’ # y in D,). By symmetry we assume the former. Then

P = 20y, wluzDyDs ... D, 1Cplw™, y7]
is a path through xy. If P has order less or equal m, we conclude that
2m —s—|V(D))|+2<m < |V(Dy)| >m —s+2.
Now we consider the paths
Py = Cy[z7, 2|Cyly, wluDsDyyy . .. Dy 1 Cylw™, y]

and
Py = Cy[zt,v7]DyDs ... D,uChv, x|Cyly, y~|
through xy. Then

V(P + [V(P2)| = 2([V(Do)] + [V(Dp)| +1) + i V(D).

1=2

It follows that there is an index j € {1,2} such that

VP2 VD) + VD] +1+5 3 V(D)

>(m—s5+2)+(m—-1-10)+1
>2m—2s+5

>m.

Subcase 6.2: Suppose that x is the only out-neighbor of u in D; and y is the only
in-neighbor of w in D,. We consider the paths

P1 = Cl [IL’+, .CL’_]DQDg NP DTUICp[y, y_]

and
Py = Ci[z", 2|lyuDsDgyy ... Dy 1Coly™, y7]
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through xy. If P, and P, have order less or equal m, we conclude that
V(R |—Z\v N+ +1 < m

and

P2|—Z|V D+ V(D) +1 < m.

It follows that

Z\V D >m—s

i=r+1
and
s—1
S V(D) = m - s.
i=2
Hence
p—1
V(P + [V(P2)] = 2(V(D)| + V(D) + 1) + > V(D)
i=2

and thus, there is an index j € {1,2} such that
1%
VP = V(D) + V(D) + 1+ 3 Z V(D

>(m—1—1)+2+ (m Z\v
>2m —2s+4

>m.

Therefore no arc xy with € V(D;) and y € V(D,) is an m-path arc of D.

So far we have shown that D has at most four m-path arcs. We shall show now
that D has in fact at most two such arcs. Assume that D has at least three m-path
arcs. Then D has an m-path arc v'u such that v' € V(D;). We consider the path

Cy [, v uCylv, v7]
through uwv. Since uv is an m-path arc of D, it follows that

\V(Dy)|+ 14 |V(D,)] < m.
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Therefore, either |[V(Dy)] < 2= or [V(D,)] < 5! and we may assume, without
loss of generality, that the latter inequality holds. This implies that

p—1

—1
Z\V(Dmz(zm—s)—1—mT
=1

3m—1
= — 5
2
>3m—1_m—|—3
- 2 2
=m— 2.

But then
D1D2 e Dp_lwuv

is a path of order at least m + 1 through uwv, a contradiction. So D has at most
two m-path arcs and the proof is complete. O

The case v € V(D,), where 2 < a <p—1.

Lemma 4.6. Let m > 4 be an integer and let D be a strong local tournament on
n = 2m — s vertices, where 3 < s < mT“, such that uv is an m-path arc of D, but
D contains no k-path arc for every k with 3 <k <m —1. Let Dy, D,,...,D, be
the strong decomposition of D — u. If v € V(D,,), where 2 < a < p — 1, the local

tournament D has at most one m-path arcs besides uv.

Proof. Observe that D has the structure as described in Lemma 4.4. Furthermore,
note that, according to Theorem 3.1, all arcs zy with x € V(D;) and y € V(D;41),
where 1 <7 <p—1, and all arcs zy with x,y € V(D;), where 2 <i <p— 1, and
all arcs uy, where y € V(Dy), and all arcs zu, where x € V(D,), are traceable.
Moreover, all separating vertices of D are in a component D; with o < j < p.
Hence all arcs incident with another vertex are traceable. By Lemma 4.4.(f) the
local tournament D is round-decomposable and R[Dy, Do, ..., D,,u| is the round
decomposition of D.

Let xzy be an arbitrary m-path arc of D and let C' be an arbitrary Hamiltonian
cycle of D. In view of Lemma 4.4.(e) and (f) we conclude that {z} = V(D;)
and {y} = V(D,), where |i — j| > 2, and that there are at least m — s vertices
between x and y on C. In addition, there are no arcs in D between each pair
D,, Dy of components with i < r < j and j < s < i according to Lemma 4.4.(b).
Now assume that D has two m-path arcs besides uv. It follows that

2m—3:|V(D)|23(m—s)+3<:>52m;—3,
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D, 1

A Ay A A

Figure 4.2: A local tournament on 2m — s vertices with the m-path arcs uv and uy
(cf. Case v € V(Dp)).

a contradiction. Therefore, the local tournament D has at most one m-path arc
besides uv and the proof of this lemma is complete. O

In combining Lemmas 4.5 and 4.6 we derive the following result.

Theorem 4.7. Let m > 4 be an integer and let D be a strong local tournament on
n = 2m — s vertices, where 3 < s < mTJrz, such that uv is an m-path arc of D, but
D contains no k-path arc for every k with 3 < k < m — 1. Then D has at most
two m-path arcs.

4.3 Concluding remarks

The structure obtained in Section 4.1 can be used to construct examples that
demonstrate the sharpness of the results in Section 4.2. The next two examples
show that the results presented in Lemma 4.5 and 4.6 are best possible.

Example 4.8. Let m > 4 and 3 < s < m7+4 be two integers such that s is even.
Let D be a strong local tournament on n = 2m—s vertices as depicted in Figure 4.2
with

p—1
Y VD) =m—s,
i=1
q—1
YV =m—s,
=2

V(A = V(A =222
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u
Figure 4.3: A local tournament on 2m — s vertices with the m-path arcs uv and zu

(cf. Case v € V(D,), where 2 < a <p—1).

If s < mT+37 the arcs uv and uy are the only m-path arcs of D and if s = mTH, the
arcs uv, uy and wy are m-path arcs of D.

Example 4.9. Let m > 4 and 3 < s < mTJF?’ be two integers. Let D be a strong
local tournament on n = 2m — s vertices as depicted in Figure 4.3 with

a—1

D V(D) =m—s,
i=1
B—1

V(Di)| = s -3,
i=a+1
p
> V(D) =m—s.
i=B+1

If s < mT*Z, the arcs uwv and xu are the only m-path arcs of D and if s = mT*?’, the
arcs uv, xu and vx are m-path arcs of D.
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Chapter 5

Non-separating vertices in
in-tournaments with high degree

From the well-known result of Moon [57] that a tournament 7" is strongly connected
if and only if it is vertex pancyclic (cf. Theorem 2.3) it follows immediately that
a strongly connected tournament 7' of order greater or equal four contains at
least two non-separating vertices. This was formulated and proved by Korvin [49]
in 1967.

Corollary 5.1 (Korvin [49] 1967). If T is a strong tournament with |V (T')| > 4,
then T' contains at least two non-separating vertices.

In 1975, Las Vergnas [51] determined all strongly connected tournaments with
exactly two non-separating vertices.

Theorem 5.2 (Las Vergnas [51] 1975). A strong tournament T' on n vertices has
at least three non-separating vertices, unless T is isomorphic to Q,, where ), s
the tournament of order n consisting of a path x1xy...x, and all arcs x;x; for
>3+ 1.

In 1990, Bang-Jensen [3] proved that every strongly connected locally semicomplete
digraph that is not a cycle has at least one non-separating vertex.

Theorem 5.3 (Bang-Jensen [3] 1990). Let D be a strong locally semicomplete
digraph that is not a cycle. Then D has a non-separating vertex.

Four years later Guo and Volkmann showed that every strongly connected locally
semicomplete digraph on n > 4 vertices has at least two non-separating vertices if
it has at least n + 2 arcs and determined the digraph in Figure 5.1 to be the only
locally semicomplete digraph with exactly one non-separating vertex.

73
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———Q
—

N

Figure 5.1: The locally semicomplete digraph with exactly one non-separating vertex.

Theorem 5.4 (Guo & Volkmann [36] 1994). Let D be a strong locally semicomplete
digraph.

(a) If D has at least |V (D)| + 2 arcs, then D has at least two non-separating
vertices;

(b) The digraph D has exactly one non-separating vertez if and only if D is iso-
morphic to the digraph depicted in Figure 5.1;

(¢) Every vertex of D is a separating vertex if and only if D is a cycle.

Concerning in-tournaments little is known about the number of non-separating
vertices. In their initial article [16] Bang-Jensen, Huang and Prisner proved the
existence of a non-separating vertex if the in-tournament in question is strongly
connected and not a cycle. It is the analog of Theorem 5.3 for in-tournaments.

Theorem 5.5 (Bang-Jensen, Huang and Prisner [16] 1993). Let D be a strong
in-tournament that is not a cycle. Then D has a non-separating vertez.

Tewes [65] gave a sufficient criterion for strongly connected in-tournaments to have
at least two non-separating vertices.

Theorem 5.6 (Tewes [65] 1999). Let D be a strong in-tournament of order n > 4
with max{d*(D),0~ (D)} > 2. Then D contains distinct vertices x1,xo such that
D — x; is strong fori=1,2.

In 2006, Kotani [50] proved the following variants of Corollary 5.1 for strongly
connected tournaments with minimum degree at least two.

Theorem 5.7 (Kotani [50] 2006). Let T' be a strong tournament and let p > 2
be an integer. If 6(T) > p, then T has at least k = min {|V (T)|, 4p — 2} vertices
1, %9, ..., T such that T — x; is strong fori=1,2,..., k.
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Theorem 5.8 (Kotani [50] 2006). Let T' be a strong tournament and let p > 2 be
an integer. If 6(T) > p and |V (T')| > 4p, then T has at least k = 4p — 1 vertices
X1, To, ..., T such that T — x; is strong fori=1,2,... k.

Theorem 5.9 (Kotani [50] 2006). Let T' be a strong tournament and let p > 3 be
an integer. If 6(T) > p and |V (T)| > 4p+ 1, then T has at least k = 4p vertices
T1,%9,...,T, such that T — x; is strong fori=1,2,..., k.

In this chapter we will show that Theorem 5.7 is true for the class of in-tourna-
ments and characterize the class of in-tournaments that do not fulfill Theorems 5.8
and 5.9, thereby generalizing Kotani’s results.

The next lemmas will be frequently used in our proof.

Lemma 5.10. Let D be a strong digraph of order n and let q be an integer such
that 1 < ¢ < n — 1. Suppose that for every subset X C V(D) with 1 < |X| < ¢
there exists a cycle C of ordern—1 in D such that X C V(C'). Then D contains at
least g+ 1 vertices x1, 2, . .., Tqr1 Such that D —x; is strong fori=1,2,..., ¢+ 1.

Proof. Let X = {x € V(D) | D — x is strong} be the set of non-separating vertices
of D. Suppose to the contrary that |X| < ¢. By the assumption of this lemma,
there exists an (n—1)-cycle C'in D such that X C V(C). Let {v} = V(D)-V(C).
On the one hand this implies that v ¢ X, but on the other hand C'is a Hamiltonian
cycle of D —v and thus, D —wv is strong. It follows that v € X, a contradiction. [

Lemma 5.11. Let p > 3 and let D be an in-tournament on 2p + 1 vertices with
vertex set W U {u}, where W = {wy, wa, ..., wa,}, such that

p—1<8(DIW)), A(DIW]) < p.

If d*(w, D[W]) = p — 1 implies that w — u for every vertex w € W, then D[W]
1S a 2-connected tournament.

Proof. Firstly we will show that D[W] is a tournament. Suppose, without loss
of generality, that w; and wy are not adjacent. It follows that d*(wy, D[W]) =
d*(we, DIW]) = p — 1 and thus, {w;,ws} — w by our assumption. Using the
in-tournament property of D, we conclude that w; and w, are adjacent, a contra-
diction. So D[W] is a tournament.

Secondly we will show that D[WW] is 2-connected. Suppose, without loss of gener-
ality, that w; is a separating vertex of D[W] and let Dy, Ds, ..., D, be the strong
decomposition of D[W] —wy, where ¢ > 2. Then there exists a vertex w € V(D)
and a vertex w’ € V(D,) such that

d*(w, D[W]) > % + V(D) + ...+ |V(D,)|
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and
V(D) — 1

2

Since p — 1 < §(D[W]), A(D[W]) < p, it follows that ¢ < 3 and |V(D;)| = 1 for
1 <i < g, a contradiction to the assumption that p > 3. So D[W] — w is strong
for every vertex w € W which means that D[] is 2-connected. O

d*(w', D[W]) < +1.

5.1 The exceptional cases

In this section we introduce the classes of local tournaments and in-tournaments
that satisfy the preconditions of Theorem 5.8 and Theorem 5.9, but not the con-
clusions.

Definition 5.12. Let p > 2 be an integer and let Ty and Ty be two (p — 1)-reqular
tournaments. Furthermore, let u,v be two vertices such that u,v ¢ V(T;) for
i=1,2.

We define 1,

1. as the set of all local tournaments D with vertex set

V(D) =V(T1) UV(T3) U {u,v}
and arc set

E(D)=E(T))UE(Ty))U{uvw | we V(T1)} U{wv | w e V(11)}U
{vw | w e V(Ty)} U{wu | we V(Ty)} U A,

where A € {{uv}, {vu},0}.

Let p > 3 be an integer. Let T be defined as above and let Ty be a tournament
on 2p wvertices such that p — 1 < §(Tp), A(To) < p. Moreover, let u,v be two
vertices such that w,v ¢ V(1;) for i = 0,1. We define 7,5 as the set of all local
tournaments D with vertex set

V(D) =V (To) UV(Ty) U {u,v}
and arc set

E(D)=E(To) UE(Ty) U{uw | w e V(T1)} U{wv | w e V(T1)}U
{vw | w e V(Ty)} U{wu | w e V(Ty)} U A,

where A € {{uv}, {vu},0}.
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Definition 5.13. Let p > 3 be an integer, let T} be a (p — 1)-regular tournament
and let Ty be a tournament on 2p vertices such that p — 1 < 6(Ty), A(Ty) < p.
Furthermore, let u,v be two vertices such that u,v & V(T;) fori=1,2.

We define 1.} as the set of all in-tournaments D with vertex set
V(D) = V(1) UV(13) U{u, v}
and arc set
E(D)=E(T))UE(Ty))U{uvw | we V(T})} U{vw | w € V(T3)}U
{wv | we V(TY)}U{wu | we V(Ty) and d*(w, Ty) =p— 1}U
AU By,

where

A € {{uv}, {vu}, 0} and
B; CH{wu | w e V(Ty) and d*(w, Ty) = p}.

In addition, we define T.)* as the set of all in-tournaments D with vertex set
V(D) =V(T7) UV(Ty) U{u,v}
and arc set
E(D)=E(TN)UE(L)U{uw |weV(T)}U{vw | we V([)}U
{wv | we V(T)}U{wu | we V(Ty) and d(w, Ty) =p — 1}U
AU By U By,

where

A € {{uv}, {vu}},
By C{wu | w € V(Ty) and d*(w, Ty) = p} and
0 # By C{uw | we V(Ty) and d*(w, Ty) = p}.

It is easy to check that the classes defined in the examples above do not fulfill
Theorems 5.8 and 5.9, respectively.

Remark 5.14. Let D € T U1 U1 UT>* be a digraph. Then u and v are the

loc loc

only separating vertices of D. In addition the following holds.

(a) If D € T}, then |V(D)| = 4p and 6(D) = p. Hence D does not fulfill
Theorem 5.8.
(b) If D € T} UT UTr, then |V(D)| = 4p + 1 and 6(D) = p. Hence D does

loc in

not fulfill Theorem 5.9.
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\.I
(%

Figure 5.2: The classes 7,". / 7,%*, T.* and 7.

loc?

5.2 Structure of in-tournaments with high min-
imum degree

In this section we investigate the structure of in-tournaments that fulfill the as-
sumptions of Theorems 5.8 and 5.9. Throughout this section, let p > 2 be an
integer and let D be a strongly connected in-tournament such that (D) > p.
Let X be a subset of V(D) such that ) # X # V(D). Obviously D contains a
strongly connected induced subdigraph D’ such that V(D) — V(D') — X # () (any
vertex © € X satisfies this condition). Assume now that we have chosen a strongly
connected subdigraph D’ of D under the following conditions:

A. V(D)= V(D) — X #0,

B. under condition A: |V(D') N X| is maximal and

C. under condition B: |V(D’)| is maximal.

Note that, since D’ is a strongly connected in-tournament the digraph D’ has a
Hamiltonian cycle C' = vyv, ... 0401 according to Theorem 1.26 (if £ = 1, then,
for the sake of simplicity, the single vertex v; will in the following be called a
Hamiltonian cycle). Let

Y =V(D)-V(C)- X
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and define
Xt={veX-V(C)|C~vand N (v,C) #0},
X ={veX-V(O)|v—C},
X=X-V({C)-X*-—X",
Yt={veY-V()|C~vand N (v,C) #0},
Y ={veY-V(C)|v—C} and
Y=Y-YT-VY".

Note that, according to these definitions,

NH(X*,C)= N~ (X~,C) = N*(Y*+,0) = N~(Y~,C) = 0. (5.1)

Using this notation, we prove the following claims.

Claim 1. X ={z € X - V(C) | N*(2,C) = N~ (z,C) = 0}.

Proof. Suppose that there exists a vertex € X such that N t(x,C) # 0. Then,
according to Lemma 1.25, either x — C' or there exists a cycle C’ in D such that
V(C") =V (C)U{z}. But the first possibility is a contradiction to the definition
of X and the latter possibility contradicts condition B of the choice of C. So
N*(X,0) = 0.

Suppose that there exists a vertex x € X such that N— (x,C) # (. Note that
N7 (x,C) = () by the observations above. It follows that x € X, a contradiction,
So N=(X,C) = 0. O

Analogously to Claim 1, we can prove the following claim.
Claim 2. If |Y| > 2, then N*(Y,C) = N~ (Y,C) = 0.
Claim 3. N*(X, X*) = Nt(X,Y*) =0.

Proof. Suppose that there exists an arc zv such that z € X and v € XT U Y.
Then v has negative neighbors both in C' and X. Since D is an in-tournament, this

is a contradiction to Claim 1. It follows that N*(X, X*) = N*(X,Y*)=0. O
Using Claim 2, we can prove the following claim analogously to Claim 3.

Claim 4. If|Y| > 2, then N*(Y, XT) = NT(Y,Y+) = 0.

Claim 5. NT(XT, X7) =0.
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Proof. Suppose that there exists an arc x;x, such that ;1 € X+ and 7, € X .
Since 1 € X1, we may assume, without loss of generality, that v, — x;. But
then the cycle

Cloy, vg]z1720;
yields a contradiction to condition B of the choice of C. So NT(X*, X7)=0. O

Claim 6. Let u,w € V(D) be two vertices of D such that w — C and N~ (u,C) #
0. If P is a path with initial vertez u and terminal vertex w, then' Y C V(P).

Proof. We may assume, without loss of generality, that vy, — u. Suppose that
Y ¢ V(P). Then the cycle

v PCvy, vg]
yields a contradiction to condition C of the choice of C. So Y C V(P). O

Claim 7. [V, |V 7| < 1.

Proof. Suppose that |[YT| > 2. Let P = zpz1 ...z be a shortest path in D such
that zo € Y and N (2,,C) # (. Then V(P)NY* = {z} and 2z, € X~ UY ",
but V(P) € Y, a contradiction to Claim 6. O

Claim 8. If [Y*| = |Y~| = 1, then N*(X*+,Y~) = N*(Y*+,X~) = 0.

Proof. Suppose that there exists an arc uw such that v € X* and w € Y~ or
u €Y and w € X~. We may assume, without loss of generality, that v, — wu.
Then

Clvy, vgJuwwv,

contradicts condition B of the choice of C. So NT(XT,Y~) = N*(Y*, X")
0.

< O

Claim 9. Let D be a strong in-tournament and let C, X, X, X, X, YT, Y, Y,
be defined as above. Let X — V(C) # 0. If |Y] > 2, then XTUY ™ £ 0 an
X-UY ™ #0.

SH

Proof. Assume to the contrary that X ~UY ~ = (). Note that, according to Claim 7,
[Y*],]Y~| < 1 and, according to Claim 1, N*(X,C) = §. Since |Y| > 2 and
Y~ =0, we conclude that Y # 0. Since D is strong, it follows that N+t (Y, C) # 0,
a contradiction to Claim 2. So X~ UY ™ # (). We can analogously show that
XTUY™*t #£0. O
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5.3 Applications of the structural results

In this section we characterize 7}, and 7,)* as the classes of local tournaments
that are exceptions for Theorem 5.8 and Theorem 5.9, respectively. Furthermore
we characterize 7.} and 7.'* as the classes of in-tournaments that are exceptions
for Theorem 5.9. Using the preparatory structural results of Section 5.2, we show

the following lemmas.

Lemma 5.15. Let D be a strong in-tournament and let C' X+, X, X, X, Y+,
Y=, Y, Y be defined as above. Let §(D) > p > 2 and let X — V(C) # 0. If
| X|=|V(D)| -1, then | X| > 4p — 2.

Proof. Note that V(C') C X by condition A of the choice of C. Let V(D) — X =
Y ={y}.
Case 1: Suppose that X # () and X~ # (). We define the sets

A= {v e V(D) | there exists a path leading from X* to v in D —y}
and

B = {v e V(D) | there exists a path leading from v to X~ in D —y}.

Note that A C X+ U X and B C X~ U X. Furthermore, AN B = () by Claim 6.
In addition, N*(A) — A C {y} and N~ (B) — B C {y}. Using Lemma 1.31.(b), it
follows that |Al,|B| > 2p — 1 and thus,

X| > A+ B > 4p - 2.

Case 2: Suppose that X™ = (). In order to show that [V (C')| > 2p — 1 we consider
the three subcases Y =Y, Y =Y T and Y =Y.

Subcase 2.1: Suppose that Y =Y. By (5.1) and Claim 1, it follows that N*(C') —
V(C) C {y}. Using Lemma 1.31.(b), we conclude that |V (C)| > 2p — 1.

Subcase 2.2: Suppose that Y = Y. By Claim 1, it follows that N*(C, X) = () and
thus, N*(C) — V(C) C {y}. Using Lemma 1.31.(b), we conclude that [V (C)| >
2p — 1.

Subcase 2.3: Suppose that Y =Y. We derive N*(C) C V(C), a contradiction
to the assumption that D is strong.

Note that N~ (X~,C) = @ by definition and N=(X,C) = @ by Claim 1. Hence
N~ (X~UX)—(X"UX) C {y}. Using Lemma 1.31.(b), it follows that | X~ UX| >
2p — 1 and thus,

X| > [V(O)| + Xt UX|>4p—2.
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The case X~ = () can be solved analogously to Case 2 which completes the proof
of this lemma. O

Lemma 5.16. Let D be a strong local tournament and let C, X+, X~ X, X, YT,
Y=, Y,Y be defined as above. Let X — V(C) # 0 and let | X| < |V(D)| — 2.

(a) If (D) >p>2, then | X|>4p—1 or|X|=4p—2 and D € T}

loc*

(b) If 6(D) > p >3, then |X|>4p or | X|=4p—1 and D € T, UT* UT or
| X|=4p—2 and D € T}

loc*

Proof. Recall that |Y| > 1. If |[Y| = 1, we conclude |V(C) — X| > 1, since
|X| < |V(D)| —2. If |Y| > 2, we derive by Claim 9 that Xt UY™" # () and
X~ UY™ # (. We will now consider the cases XTUY™ T £ and X" UY ™ # 0
(Case 1), XTUYT =0 (Case 2) and X~ UY~ = (Case 3).

Case 1: Suppose that XTUY T £ and X~ UY ™ # (.
Subcase 1.1: Suppose that Y = (). Then YUY~ £ 0.

Subcase 1.1.1: Suppose that X # @ and YT £ 0. Let Y = {y}. We define the
sets

A= {v e V(D) | there exists a path leading from X* tovin D —y}
and

B = {v € V(D) | there exists a path leading from v to X" UY ™ in D —y}.

Note that A C X+UX and B—Y~ C X~ UX. Furthermore, ANB = () by Claim 6.
Let Ay, Ao, ..., A, be an out-branching of D[A], where ¢ > 1, and let By, By, ..., B,
be an out-branching of D[B], where r > 1. Then N*(4,)—V(A,) C {y} and thus,
[V(A,)] > 2p — 1 by Lemma 1.31.(b). Analogously, N~(B;) — V(B;) C {y} and
thus, |V(B;)| > 2p — 1 by Lemma 1.31.(b). Let C, be a Hamiltonian cycle of A,,.
Then V(D) — V(C,) — X # 0 and thus, |V(C)NX| > |V(C,) N X| > 3 by choice
of C. It follows that

(X[ = [V(C)n X]+ [V(A)[ + [V(B1) = Y| = 4p.

Subcase 1.1.2: Suppose that X~ # () and Y~ # (. This case can be solved
analogously to Subcase 1.1.1.

We consider three remaining cases.

Subcase 1.1.3: Suppose that Y+ #£ () and Y~ # (). By Subcases 1.1.1 and 1.1.2
it follows that X+ = X~ = () and thus, X # 0. Let Y™ = {y;} and Y~ = {y»}.
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~

Let Dy, Dy, ..., D, be an out-branching of D[X], where ¢ > 1. Then N*(D,) —
V(D,) C {y2} and thus, |V(D,)| > 2p — 1 by Lemma 1.31.(b) and |V(D,)| > 2p
if D, # y2 by Lemma 1.31.(c). Let C, be a Hamiltonian cycle of D,. Then
V(D) —-V(C,) — X # 0 and thus, |V(C)N X| > |V(C,) N X| by choice of C. If
[V(Dy)| > 2porifqg>3orifq=2and|V(D;)| > 3, it follows that | X| > 4p.
So it remains to check the cases ¢ = 2, |[V(Ds)| = 2p — 1 and |V(Dy)| = 1
(Subcase 1.1.3.1) and ¢ = 1 and |V(D;)| = 2p — 1 (Subcase 1.1.3.2). Note that
D, — vy, since |V(D,)| =2p — 1.

Subcase 1.1.53.1: Suppose that ¢ = 2, |V(Dq)| = 2p — 1 and |V(D;)| = 1. Let
V(D) = {z}. Note that N*(X,C) = N*(X,Y") = § by Claims 1 and 3. It
follows that N*(z, Dy) # 0 and hence & — D,. Since N~ (X,C) = 0 by Claim 1
and §(D) > 2, it follows that {y;,y2} — =. Let

Cl = l‘CQyQI.

Then V(D) —V(C") — X # () and thus, |V(C)NX| > |V(C")N X| > 2p by choice
of C. Hence
| X| = [V(C)NX|+ |V(C)NX]| > 4p.

Subcase 1.1.8.2: Suppose that ¢ = 1 and |V (D;)| = 2p—1. Note that N~ (X, ) =
) by Claim 1. The latter together with Lemma 1.31.(b) implies that y; — Dj.

Subcase 1.1.3.2.1: Suppose that [N~ (y1,C)| > 2. We may assume, without loss
of generality, that {v;, v} — y1, where 1 < i < k —1. If V(C[vy,v;]) — X # 0
and V(Clvir1,ve]) — X # 0, we may assume, without loss of generality, that
[V(Clvy,v)) N X| > 2. Let
C" = y1C1ysClur, viyr.

Then V(D) — V(C") — X # () and thus, |[V(C)NX| > [V(C")N X| by choice of C.
Hence

[ X| > [V(C)NX]+ [V(Dy)| = [V(C) N X |+ [V(Dy)| = 2[V(D1)| +2 = 4p.
So assume that V(C[vy,v;]) C X.
If V(C) € X, we consider

C" = y1Cry2Clor, vi]yr.
Then V(D) — V(C*) — X # 0 and thus, |[V(C)N X| > |V(C*)NX| > |[V(Dy)| +
|V (C[v1,v;])| by choice of C. Hence
[ X = [V(C)n X[+ [V(Dy)|
> 2|V(Dy)| + [V(Clox, vi])|
=4p — 24 |V(Cluy, v4])|.



84 Chapter 5: Non-separating vertices in in-tournaments

So it remains to consider the case that p > 3 and i = 1. If v, € X, let

~

C = y1C1y201 0,y -

Then V(D) —V(C)— X # 0 and thus, |V(C)NX| > [V(C)NX| > |V(Dy)]|+2 =
2p + 1 by choice of C. Hence

[ X| = [V(C)n X]+ [V(D1)| = 4p.

So assume that v, ¢ X. Since 6(D) > 3, there exists an arc v;v; in D, where j # k.
Then either |V(Clvy,v;])NX| > 2 and V(C[vj41, v]) = X # 0 or |[V(Clvjs1, ve]) N
X| > 2and V(C|vy,v4]) — X # 0. We may assume, without loss of generality, that
the former holds. Let

C = 11Cry2Clr, vjlys.

Then V(D) —V(C) — X # () and thus, |[V(C)NX| > [V(C)NX| > [V(Dy)|+2 =
2p + 1 by choice of C. Hence

[ X| = [V(C)n X]+ [V(D1)| = 4p.

If V(C) C X, note that D; induces a (p — 1)-regular tournament in D. Further-
more, note that N*(C') — V(C) C {y1}. So |[V(C)| > 2p — 1 by Lemma 1.31.(b)
and |V(C)| > 2pif C' 4 y; by Lemma 1.31.(c). If |[V(C)| = 2p — 1, it follows that
C — y;. Since §(D) > p, the cycle C induces a (p — 1)-regular tournament in D
and thus, D is a member of 7;}.. If |V(C)| = 2p, the cycle C' induces a tourna-
ment 7" in D such that p — 1 < §(T), A(T) < p. So if C — y;, the digraph D is a
local tournament and a member of 7,7%. If C' /4 y;, the digraph D is not a local
tournament and with the help of Lemma 5.11 we conclude that D is a member

of Tr.

Subcase 1.1.5.2.2: Suppose that [N~ (y1,C)| = 1. We conclude that y» — y; and
p=2 If|V(C)NX|>2p=4, it follows that |X| > 4p — 1 = 7. So assume that
IV(C)nX| = |V(Dy)| =2p—1=3. Let, without loss of generality, v be the
negative neighbor of y; on C. If there exists a vertex v; € V(C') N X such that
V(Clvr,v21]) — X # 0, we consider the cycle

C' = y101y20[vi, Uk]?h-

Then V(D)—V(C")—X # 0 and thus, |V(C)NX| > |[V(C')NX| > |V(Dy)|+1=4
by choice of C, a contradiction. So V(C) N X = {vy,ve,v3} and v; ¢ X for every
index 4 < i < k. Note that £ > 4. If D has an arc v;v;, where 1 <7 < 3 and
5 < j <k, we consider the cycle

C* = y101y2'UiC[Uja Uk]yl-
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Then V(D)—V(C*)—X # () and thus, |V(C)NX| > |V(C*)NX| > |V(Dy)|+1 =4
by choice of C, a contradiction. So N*({vy,vs,v3}) — {v1,v2,v3} C {v4} and thus,
{v1,v123} — vy and v3 — wvy. The latter implies that vy, — wv3 and hence k > 4.
Since {v1,v9,v3} — vy, it follows that there is an arc vqv;, where 5 < j < k. Let

N

C= y101y20[v1, U4]C[ijvk]y1-

Then V(D) —V(C)—X # 0 and thus, |[V(C)NX| > |[V(C)NX| > |V(Dy)|+3 =6
by choice of C', the final contradiction.

Subcase 1.1.4. Suppose that YT £ @) and Y~ = (. In this case XT = () and
X~ # (0 by Subcase 1.1.1. Let Y+ = {y}. Note that N~ (X~ UX) — (X~ UX) C
{y}. Let Dy, Dy, ..., D, be an out-branching of D[X~ U X], where ¢ > 1. Then
N=(Dy) — V(Dy) C {y} and thus, |V(D;)| > 2p — 1 by Lemma 1.31.(b) and
\V(Dy)| > 2pif y 4 D; by Lemma 1.31.(c). Let Cy be a Hamiltonian cycle of
D;. Then V(D) —V(Cy) — X # () and thus, |[V(C)N X| > |V(Cy) N X| by choice
of C. If |V(Dy)] > 2porif ¢ >3orif ¢g=2and|V(Dy)| > 3, it follows that
|X'| > 4p. So it remains to check the cases ¢ = 2, |V(D;)| = 2p—1and |V (Dy)| =1
(Subcase 1.1.4.1) and ¢ = 1 and |V(D;)| = 2p — 1 (Subcase 1.1.4.2). Note that
y — Dy, since |V (Dy)| =2p — 1.

Subcase 1.1.4.1: Suppose that ¢ = 2, |V(D;y)| = 2p — 1 and |V (Ds)| = 1. Let
V(Dy) = {x2}. Since d*(x9) > 2, it follows that D has an arc leading from
to C. So x5 € X~ and hence, o — C. Since d™(z2) > 2, it follows that D has an
arc leading from D; to xs, say x1xe. If 9 — v, let

C' = yCilz7, z1]xay.

Then V(D) — V(C") — X # () and thus, |V(C)NX| > |V(C") N X| = 2p by choice
of C'. Hence
| X| > [V(C)NX|+ V(D) +1 > 4p.

If x5 / y, the vertex y has at least two negative neighbors on C. We may
assume, without loss of generality, that {v;, vy} — vy, where 1 <i < k — 1. Since
[V(C)NX| >3 and V(C) — X # (0, we may assume, without loss of generality,
that |V (Clvit1,ve]) N X| > 1 and V(Clvy,v;]) — X # 0. Let

C* = yC’l [$i|—, $1]$20[’Ui+1, ’Uk]y.

Then V(D) — V(C*) — X # () and thus, [V(C)NX| > |[V(C*)NX| >2p+1 by
choice of C. Hence

(X[ = [V(C)NX|+ V(D) +1=4p+1.
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Subcase 1.1.4.2: Suppose that ¢ = 1 and |V(D;)| = 2p — 1. The latter together
with Lemma 1.31.(b) implies that every vertex of D; has at least one positive
neighbor on C. So D; — C. Recall that y has at least p > 2 negative neighbors
on C.

Subcase 1.1.4.2.1: Suppose that p = 2. Let, without loss of generality, {v;, vz} —
y, where 1 < i < k—1. Since V(C) — X # 0 and |[V(C)NX| > 2p—1 = 3,
we may assume, without loss of generality, that |V (Clvii1,vk]) N X| > 1 and
V(C[Ul,UiD — X % @ Let

C' = yCIC[Ui—l—la Uk]y-

Then V(D) — V(C') — X #  and thus, [V(C)NX| > |[V(C)NX|>2p =4 by
choice of C. Hence

(X[ =V(D)[+[V(C)NX|=4p-1=T.

Subcase 1.1.4.2.2: Suppose that p > 3. We may assume, without loss of generality,
that {v;,v;, v} — vy, where 1 <7 < j <k —1. Since |V(C)NX| >3 and V(C) —
X # (), we may assume, without loss of generality, that |V (Clvi1,v]) N X| > 2
and V(Clvy,v;]) — X # 0. Let

C" = yC1Cviq1, vly.

Then V(D) — V(C*) — X # () and thus, [V(C)NX| > |V(C*)NX| > 2p+1 by
choice of C. Hence
| X[ =[V(D)] +[V(C)N X[ > 4p.

Subcase 1.1.5: Suppose that Y* = () and Y~ # (). In this case X~ = () and
X+ # (0 by Subcase 1.1.2. Let Y~ = {y}. Note that N*(X+* UX) — (Xt UX) C
{y}. Let Dy, Dy, ..., D, be an out-branching of D[X U X], where ¢ > 1. Then
N*(D,) — V(D,) C {y} and thus, |V(D,)| > 2p — 1 by Lemma 1.31.(b) and
\V(D,)| > 2p if D, # y by Lemma 1.31.(c). Let C, be a Hamiltonian cycle of
D,. Then V(D) — V(C,) — X # 0 and thus, |[V(C) N X| > |V(C,) N X| by choice
of C. It |V(D,)| > 2porif ¢ >3orifqg=2and |V(D,)| > 3, it follows that
|X| > 4p. So it remains to check the cases ¢ = 2, |V (Ds)| = 2p—1and |V(D;)| =1
(Subcase 1.1.5.1) and ¢ = 1 and |V(D;)| = 2p — 1 (Subcase 1.1.5.2). Note that
D, — y, since |V(D,)| = 2p — 1.

Subcase 1.1.5.1: Suppose that ¢ = 2, |V(Dq)| = 2p — 1 and |V(D;)| = 1. Let
V(Dy) = {x}. Since d*(z) > 2, it follows that D has an arc leading from x to Ds.
Hence x — Ds.
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Ify— x, let
C" = yzCyy.

Then V(D) — V(C") — X # 0 and thus, |[V(C)N X| > |[V(C") N X| = 2p. Hence
| X| = [V(C)NX]|+ |V(D2)| + 1 > 4p.

If y /4 x, the vertex x has at least two negative neighbors on C'. Let, without loss of
generality, {v;, vx} — x, where 1 <4 < k—1. Since |V(C)NX| > 3and V(C)—X #
(0, we may assume, without loss of generality, that |V (Clviy1,vk]) N X| > 1 and
V(Cluy,v]) — X # 0. Let

C* = yClvigr, v xCay.

Then V(D) — V(C*) — X # 0 and thus, [V(C)NX| > |[V(C*)NX]| >2p+1 by
choice of C. Hence

(X[ = [V(C)NX|+ V(D) +1=4p+1.

Subcase 1.1.5.2: Suppose that ¢ = 1 and |V (Dy)| = 2p — 1. The latter together
with Lemma 1.31.(b) yields that every vertex of D; has at least one negative
neighbor on C. Note that N=(D;,C) — D;. Let, without loss of generality,
V. — Dl-

Assume that there exists a vertex v; € V(C')—X such that |V (Clvigq, v]) N X| > 2.
Let
Cl = yC’[viH, ’Uk]Cly.

Then V(D) — V(C') — X # () and thus, [V(C)NX| > |[V(C')NX| =2p+ 1 by
choice of C. Hence
| X[ =[V(C)N X[+ |V(Ds)| > 4p.

So assume the contrary. That means that C' has the following structure. Let
i =min{j | v; ¢ X} be the minimal index such that v; is not in X. Then there is
at most one vertex on C|v;41, vg] that belongs to X, that is |V(Clvi 1, ve])NX]| < 1.

Subcase 1.1.5.2.1: Suppose that i = k. Then V(C) — X = {v;}.
If N=(Dy,C) # {v1, v}, let v; € {vy, v} be a vertex that dominates D; and let

C" = yClvy,v;]Chy.

Then V(D) -V (C")— X # () and thus, |[V(C)NX| > |[V(C"YNX| > |V(Dy)|+2 =
2p + 1 by choice of C. Hence

(X[ =V (C)NnX]|+ |[V(D1)| = 4p.
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If N=(Dy,C) ={v1,vx}, let
C* = yuChy.
Then V(D) -V (C*)— X # () and thus, |V(C)NX| > |V(C*)NX| > |V(Dy)|+1 =
2p by choice of C. Hence
(X[ =WV (C)NX|+ V(D) =z 4p—1

and it remains to consider the case that p > 3. In this case v; has a negative
neighbor v, # v, on C. Let

~

C = yv,vChy.
Then V(D) = V(C) = X # @ and thus, |[V(C)NX| > [V(C)NX| > [V(Dy)|+2 =
2p + 1 by choice of C. Hence

[ X =V(C)NX|+|[V(D1)| = 4p.

So N=(Dy,C) = {v}. Since NT(V(C)NX) — X C {vx} and v, — vy € X, it
follows that |V(C) N X| > 2p by Lemma 1.31.(c). So if |X| = 4p — 1 we conclude
by Lemma 5.11 that D is a member of 7;;*.

Subcase 1.1.5.2.2: Suppose that i # k and V(C[vi41,v6]) N X = (. We conclude
that |[V(C) — X| > 2.

If D has an arc vjvi, where j # k — 1, let
C' = yCloy, v;]upCy.

Then V(D) — V(C") — X # 0 and thus, [V(C)NX| > |[V(C")NX| > 2p+1 by
choice of C. Hence
| X[ = |V(C)N X[+ |V(Dy)| = 4p.

So N~ (vg, C) = {v_1} which implies that p = 2. It suffices to show that |V (C) N
X| > 4. So assume to the contrary that V(C) N X = {v1,ve,v3} and i = 4. Note
that N+({’U1, V2, ’U3}, C) - {Ul, Vg, ’U3} - {U4}.

If v; — Dy for an index j € {1,2,3}, let

C* = yClvy,v]Chy.
Then V(D) — V(C*) — X # () and thus, |V(C)N X| > |V(C") N X| > 4 by choice
of C', a contradiction.

So Nt ({vy, ve,v3}) —{v1,v9,v3} C {v4}. It follows that v3 — v1 and {vy, va, v3} —
vy. Then v, has a positive neighbor v; on C, where j > 6. Let

~

C = yClvy, v4)Cloj, vi| Cry.
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Then V(D) — V(C) — X # 0 and thus, [V(C)N X| > |[V(C) N X| > 6, again a
contradiction.

Subcase 1.1.5.2.3: Suppose that i # k and V(Clv;1,ve]) N X = {z}.

Assume that x # v,. If N7(Dy,C) # {w}, let v; — Dy, where j # k. If
1<j<i—1,let

C" = yClz,v;]Cry
and if 1 < j <k —1, let

C' = yClvy, v;]Chy.
Then V(D) — V(C') — X # () and thus, [V(C)NX| > [V(C" )N X| >2p+ 1 by
choice of C'. Hence

[ X| = [V(C)n X[+ [V(D1)| = 4p.

So N~ (D1, C) = {vx}. We show that p = 2. If vy_; = x, assume that v;_; has a
negative neighbor v; # vx_9 on C. Let

C* = yClvy, vjvp_1v:Chy.

Then V(D) — V(C*) — X # 0 and thus, [V(C)NX| > |[V(C*)NX| >2p+1 by
choice of C. Hence

[ X| = [V(C)n X[+ [V(D1)| = 4p.

So [N~ (vk_1,C)| = 1 and thus, p = 2. If vy_; # x, assume that v; has a negative
neighbor v; # v on C. Let

C = yClvy, v Chy.
Then V(D) — V(C) — X # 0 and thus, [V(C)NX| > [V(C)NX| > 2p+1 by
choice of C'. Hence

[ X| = [V(C)n X[+ [V(D1)| = 4p.

So [N~ (v, C)| = 1 and thus, p = 2. Therefore it remains to show that | X| >
4p—1=17. Let A=V (C[v1,v;_1]). Note that A C X and |V(C)NX| = |A| + 1.
If there is a vertex v; € A that has a positive neighbor v, € V(C') — A besides v,
let

C = yClvy,v|Cloy, v ] Chy.
Then V(D) — V(C) — X # 0 and thus, [V(C)N X| > [V(C)NX| > 2p = 4 by

choice of C. Hence

(X[ = [V(O)NX|+ V(D) =4p—-1=T.
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So N*t(A) — A C {v;} and thus, |A| > 2p — 1 = 3 by Lemma 1.31.(b). It follows
that
1X| > |A|+1+ V(D) >4p—1=T.

Assume that © = vi. Let A = V(C[vy,v;-1]). Note that A C X and |[V(C)NX| =
|A| 4+ 1. If there is a vertex v; € A that has a positive neighbor v, € V(C) — A

besides v;, let
C" = yCloy, v;]Cvy, vi|Cry.

Then V(D) — V(C") — X # () and thus, [V(C)NX| > |[V(C)NX| >2p+1 by
choice of C. Hence

[ X = [V(C)n X[+ [V(D1)] = 4p.
If there is a vertex v; € A that dominates Dy, let
C* = yClug, v;]Chy.

Then V(D) — V(C*) — X # () and thus, [V(C)NX| > |V(C*)NX| > 2p+1 by
choice of C. Hence

(X = V(C)N X[+ [V(D1)| = 4p.
So Nt(A) — A C {v;} and thus, |A| > 2p — 1 by Lemma 1.31.(b). Hence
X] > A+ 1+ V(D)) > 4p— 1.

It remains to check the case p > 3. In this case D has an arc v;v;, where j # k—1.
Let

~

C = yClvy,vjvpCry.

Then V(D) — V(C) — X #  and thus, [V(C)NX| > [V(C)NX| > 2p+1 by
choice of C'. Hence

(X = [V(C)n X+ [V(D1)| = 4p.

Subcase 1.2. Suppose that |Y| = 1. Let Y = {y}. Similar to the case Y = (), we
define

A ={v € V(D) | there exists a path leading from X" UY™" to v in D — y}
and

B ={v € V(D) | there exists a path leading from v to X" UY ™ in D — y}.
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Note that A C X+UY+UX, BCX - UY UXand ANB = by Claim 6. Let
Ay, Ay, ..., A, be an out-branching of D[A], where ¢ > 1. Then N*(A,)—V(A,) C
{y} and thus, |[V(A4,)| > 2p — 1 by Lemma 1.31.(b) and |V (4,)| > 2pif A, /Ay
by Lemma 1.31.(c). Analogously, let By, Bs, ..., B, be an out-branching of D[B],
where » > 1. Then N~ (By) — V(B;) C {y} and thus, |V(B;)| > 2p — 1 by
Lemma 1.31.(b) and |V(By)| > 2p if y /» B; by Lemma 1.31.(c). Since |[V(4,) N
X|=|V(A) =Y >2p—2and |V(B)NX|=|V(B)— Y| > 2p—2, it follows
that |V(C)NX| > max{|V(A,) NX]|, |V(B1)NX|} > 2p—2 by choice of C. Hence

| X| > |V(IC)NX|+|V(A) N X|+ |V(By) N X| > 6p— 6.

Since
6p—6=>4p < p >3,

it remains to check the case p = 2. In this case we have to show that |X| >
dp—-1=T.

So assume to the contrary that | X| < 4p —2 = 6. Then |V(4,) N X|=|V(By) N
X|=VC)nX| =2 V(4,) =A V(B)=B,X—-A-B-V(C) =0 and
A — y — B. Furthermore, V(C) — X # (). Let C4 = x129y121 be a Hamiltonian
cycle of A, where {y;} =Y, and let Cp = w324y223 be a Hamiltonian cycle of B,
where {yo} = Y. If D has an arc uv from B to A, let

C' = yuTu wvv vy,

Then V(D) — V(C") — X # () and thus, |[V(C) N X| > [V(C") N X| = 4 by choice
of C, a contradiction. So D has no arc leading from B to A. Since §(D) > 2, it
follows that N*(u,C) # () and N~ (v,C) # () for every vertex u € B and v € A.
Hence B — C' by Claim 1. Let w € V(C') be a negative neighbor of x; and let

C" = yw324YowT172Y.

Then V(D) — V(C*) — X # () and thus, |[V(C)N X| > |V(C*) N X| > 4 by choice
of C, again a contradiction.

Subcase 1.3. Suppose that [Y| > 2. Note that NT(Y,C) = N=(Y,C) = 0 by
Claim 2. Let P = 221 ...z, be a shortest (XTUY™)-(X~UY~)-path in D. Then
20 € XTUYT 2z, € XTUY ™ and {z1,29,...,2._1} C X UY. Furthermore,
Y C V(P) by Claim 6 and thus, r > 3. Let i = min{s | z; € Y} be the smallest
integer such that z; € Y and let j = max{s | z, € Y} be the greatest integer such
that z; € Y. We consider the positive and negative neighborhood of z, € V(P),
where 1 < s < r — 1. In view of Claims 1 and 2, we have N~ (z,,C) = ) and in
view of Claims 1-4 we have N*(z,) C X~ UY~ U X UY. Because of the choice of
P, it follows that N~ (z,) CXUY UX - UY ™ for s > 2 and N*(z,) C X UY for
s<r—2.
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If z; has a positive neighbor z; € V(P) besides z,.1, we conclude t < s — 2
because of the choice of P. Using the in-tournament property of D and the choice
of P, it follows that z, — 29 € XT UY ™, a contradiction to Claim 3 or 4. So
N*(z, P) = {2541}

If z; has a negative neighbor z; € V(P) besides z;,_1, we conclude t > s + 2
because of the choice of P. Due to the observations above, it follows that t = r.
So N~ (zs, P) C {zs_1, 2}

Now we consider D — z; and D — z; and define the sets

A ={v e V(D) | there exists a path leading from z;_; to v in D — z;}
and

B = {v € V(D) | there exists a path leading from v to z;1; in D — 2;} .

Note that A € X+ U Y+ U V(P[z,2.4]) U (X —V(P), BC X" UY~ U
V(Pzj11,2]) U (X = V(P)) and AN B = () by Claim 6. Let A;, Ay, ..., A, be an
out-branching of D[A], where ¢ > 1, and let By, Bs, ..., Bs be an out-branching
of D[B], where s > 1. Then N*(A,) — V(A,) C {2} and thus, |[V(4,)] > 2p—1
by Lemma 1.31.(b) and |V(A4;)| > 2p if A, /4 2 by Lemma 1.31.(c). Analogously,
N=(B;1) = V(By) C {z} and thus, |V(B;)| > 2p — 1 by Lemma 1.31.(b) and
|V (B1)| > 2pif z; / By by Lemma 1.31.(c). Since |[V(A,)NX|=|V(4,)-Y"| >
2p —2 and |V(By) N X| = |V(By) =Y~ | > 2p— 2, it follows that |[V(C) N X| >
max{|V(A4,) N X|,|V(B1) N X|} > 2p — 2 by choice of C. Hence

| X| > |V(C)NX|+|V(A) N X|+ |V(By) N X| > 6p— 6.

Since
6p—6>4p<p >3,

it remains to check the case p = 2. In this case we have to show that |X| >
dp—1=1717.

So assume to the contrary that | X| <4p —2 =6. Then |V(4,) N X|=|[V(B1)N
X|=lVC)nX|=2,V(A,) =A,V(B)=B,X-A-B-V((C)=0, A— z
and z; — B. Furthermore, V(C) — X # (. Hence Y, Y~ # 0, XTUY* C A and
X~ UY~ C B. Since z; — B and P has minimal length, it follows that j = s — 1.
Analogously, since A — z; and P has minimal length, it follows that ¢ = 1. Let
A = {z1,29,y}, where {z;,22} € X and Y = {y}. Since A induces a 3-cycle in
D, we may assume, without loss of generality, that D[A] = x;x9yx;. So x4 ¢ X
by Claim 3. Hence x5 € X*. Let v be a negative neighbor of 2, on C' and let

C' = 29 P|z;, 2,]ClvT, v]zo.
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Then V(D) —V(C") — X # () and |V(C") N X| > |[V(C)N X| + 1, a contradiction
to the choice of C.

Case 2. Suppose that XTUY™" #£ () and X ~UY ™~ = (). In this case N~ (C)-V(C) C
Y, since N*(X, C) = 0 by Claim 1. Since D is strong, it follows that D has an
arc from Y to C' and thus, |[Y| =1 and Y™ = @ by Claim 2. Let Y = {y}. Since
y ¢ Y, it follows that N~ (y,C) # 0.

If X # 0, note that N*(X,C) = 0 by Claim 1 and N*(X,X*) = 0 by Claim 3.
Since N~ (y,C) # 0, it follows that N*(X,y) = 0 and thus, D is not strong, a
contradiction. So X = (.

Let Dy, Do, ..., D, be an out-branching of D[X*], where ¢ > 1. Then N*(D,) —
V(D,) € {y} and thus, |V(D,)| > 2p — 1 by Lemma 1.31.(b) and |V(D,)| > 2p
if D, / y by Lemma 1.31.(c). Let C, be a Hamiltonian cycle of D,. Then
V(D) —-V(C,) — X # 0 and thus, |V(C) N X| > |V(C,)| by choice of C. So if
[V(Dy)| > 2p or if ¢ > 3 orif [V(Dy-1)| > 3, it follows that [X| > 4p. It remains
to check the case that ¢ = 2, |V(Dy)| =2p—1 and |V(D;)| =1 (Subcase 2.1) and
the case that ¢ = 1 and |V(D;)| = 2p — 1 (Subcase 2.2). Note that in both cases
D, — y, since |V(D,)| =2p — 1.

Subcase 2.1. Suppose that ¢ = 2, |V(Ds2)| = 2p — 1 and |V(D;)| = 1. Let
V(D) = {x}. Since d*(x) > 2 and N*(z,C) =0, it follows that = has a positive
neighbor in Dy. Hence © — Dy. Since d™(x) > 2, either y — x or y has at least
two positive neighbors on C.

>

Subcase 2.1.1. Suppose that y — z. Let
C" = yxCyy.

Then V(D) — V(C") — X # () and thus, |V(C)NX| > |V(C") N X| = 2p by choice
of C'. Hence
X =|V(C)N X[+ |XT| > 4p.

Subcase 2.1.2. Suppose that y 4 x. Then |[NT(y,C)| > 2 and [N~ (z,C)| > 2.
We may assume, without loss of generality, that vy — y — v;. Since D is an
in-tournament, it follows subsequently that vy — Dy and v, — z. Let v; be a
second negative neighbor of x on C, where 2 <i < k — 1.

If V(C[Uﬂ_l, Uk]) - X 7é @, let
C" = yClvy, v;]xCay.

Then V(D) —V(C') — X # 0 and thus, |V(C)NX| > |[V(C")N X| > 2p by choice
of C. Hence
X =|V(C)NX|+|XT| > 4p.
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So V(Clvis1,v,]) € X and thus, V(C) — X C V(C[v1,v]). Let v; be a second
positive neighbor of y on C, where 2 < j <k — 1.
fi+1<j<k,let
C* = yClvj, vz Cay.
Then V(D) - V(C*) — X # () and thus, [V(C)NX| > |V(C*)N X]| > 2p by choice
of C. Hence
1 X| = |V(C)NX|+ | XT| > 4p.

Sol<j <.
If V(C[Ul,’(]j_l]> - X % @, let

~

C = yClvj, v]xCay.
Then V(D) — V(C) — X # 0 and thus, [V(C)N X| > [V(C)N X| > 2p+1 by

choice of C. Hence
| X| = [V(C)N X[+ |XT] > 4p.

So V(Clv1,vj4]) € X. Let r = min{s | vy ¢ X}. Then r < i. Let A =
{Ul, Vo, ... 7Ur—1}-

If there is a vertex vs € A that has a positive neighbor v; on C' outside of AU{wv,},
let

C = yCloy, v Cluy, vg|zCay,

if there is a vertex v, € A that dominates z, let

C = yCluy, vs|xCay

and if there is a vertex v, € A that has a positive neighbor in Ds, let

C' = yCluy, v5]Cay.
Then V(D) — V(C) — X # 0 and thus, |V(C)N X| > |[V(C) N X| > 2p by choice
of C. Hence
[ X|=[V(C)NnX]+|X"| = 4p.

So Nt(A) — A = {v,} and thus, |A| > 2p — 1 by Lemma 1.31.(b). Since v, ¢ A
and v, € X, it follows that |V (C) N X| > 2p and thus,

X =|V(C)N X[+ |XT| > 4p.
Subcase 2.2. Suppose that ¢ = 1 and |V (Dy)| = 2p—1. In this case [N (y, C)| > 2.

We consider two subcases depending on the structure of the negative neighborhood
of y on C.
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Subcase 2.2.1. Suppose that there exist two vertices v # w on C such that
{v,w} — y — {vT,wt}. Let, without loss of generality, v = v, and w = wv;,
where i # k. Then {v;, v} — D;. We may assume, without loss of generality,
that V(Cluy,v]) N X # 0 and V(Clvi,vx]) — X # 0.

I |V (Cloy, vi]) A X| > 2, Tet
C" = yCluy, v;]Cry.

Then V(D) — V(C') — X # () and thus, [V(C)NX| > [V(C" )N X| >2p+ 1 by
choice of C. Hence
| X| = [V(O)NX|+ |XTH| > 4p.

So |V(Clvy,v;]) N X| = 1. Since |V(C) N X| > 3, it follows that |V (C[v;s1,vk]) N
X| > 2. It V(Cloy,v;]) = X # 0, let

" = ?JC[%’H, Uk]CﬂJ-

Then V(D) — V(C*) — X # 0 and thus, [V(C)NX| > |[V(C*)NX| >2p+1 by
choice of C. Hence
| X| = |V(C)N X[+ | X[ > 4p.

So V(Clvy,v;]) € X and thus, v; = v; € X, again a contradiction.

Subcase 2.2.2. Suppose that there do not exist two vertices v # w on C' such that
{v,w} — y — {vT,w"}. Then we may assume, without loss of generality, that
v — y — {v1,v2}. It follows that vy — Dy. If v1 ¢ X let

Cl = yC[’UQ, ’Uk]Cly.

Then V(D) — V(C") — X # () and thus, [V(C)NX| > [V(C")NX| > 2p+ 2 by
choice of C. Hence

X|=V(C)NX|+|XT|>4p+1.

So v; € X. Analogously we can show that v, € X if p > 3.

Subcase 2.2.2.1. Suppose that N~ (Dy,C) # {v}. Let i be the minimal index
such that v; — D;.

Subcase 2.2.2.1.1: Suppose that p = 2. Then it suffices to show that | X| > 4p—1 =
7.

If V(Clvit,v]) — X # 0, let

C* = yClvy, vi]Cry.



96 Chapter 5: Non-separating vertices in in-tournaments

Then V(D) — V(C*) — X # () and thus, |[V(C)NX| > |V(C*)NX| > 2p =4 by
choice of C. Hence

X|=|V(O)NX|+|XT|>4p—-1=T.

So assume that V(C[v;41,v,]) € X. Let j be the minimal index such that v; ¢ X.
Then j < i. Let A = {v1,vq,...,vj_1}. If there is a vertex v, € A that has a
positive neighbor vs on C' outside of AU {v,}, let

C = yClvy, v, ]Clug, v ] Cry.
Then V(D) —V(C)— X # 0 and thus, |[V(C)NX| > |[V(C)NX| > 2p = 4. Hence
IX|=V(IC)NX|+|XT|>4p—-1=T.

So N*(A)—A = {v;} and thus, |A| > 2p—1 = 3 by Lemma 1.31.(b). Since v, ¢ A
and v, € X, it follows that |V (C) N X| > 2p = 4 and thus,

IX|=VIC)NX|+|XT|>4p—-1=T.

Subcase 2.2.2.1.2: Suppose that p > 3. We have to show that |X| > 4p. Due to
our assumption we conclude that y — {vy, vo,v3} and {vy,v9} C X

Assume that ¢ # 1. If V(Clvi,v]) — X # 0, let
Cr = yC[Ul, Ui]Cly-

Then V(D) — V(C*) — X # () and thus, [V(C)NX| > |V(C*)NX| > 2p+1 by
choice of C. Hence
| X| = [V(C)N X[+ [XT] > 4p.

So V(Clvit1,vk]) € X. Let j be the minimal integer such that v; ¢ X. Then
Jj <. Let A ={vy,v9,...,vj_1}. If there is a vertex v, € A that has a positive
neighbor v, on C outside of AU {v;}, let

C = yClvy, v, ]Clus, v | Cry.

Then V(D) — V(C) — X # § and thus, [V(C)NX| > [V(C)NX| > 2p+1 by
choice of C. Hence
| X|=V(C)NX]|+|XT| > 4p.
So N*(A) — A = {v;} and thus, |A| > 2p —1 by Lemma 1.31.(b). If i # s — 1, we
conclude that
[ X| = [ X+ Al + {ok—1, v} = 4p.
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Soi=s—1. If V(Clvj,v;]) N X # 0, it follows that
X = (X7 + [Al+ {oe}| + 1 = 4p.

So assume that V(C[v;,v;]) N X = 0. Since d~(vy) > p > 3, the vertex vy has a
negative neighbor v; # v,_1 on C. Let

~

C = yCluy, v]urChy.

Then V(D) — V(C) — X # 0 and thus, [V(C)NX| > [V(C)NX| > 2p+1 by
choice of C'. Hence
(X[ =V(C)NX|+|XT| = 4p.

Assume that ¢ = 1. If v, ¢ X, let vy # v be a negative neighbor of v; on C'. Let
C* = yClvg, vi]v1 Chy.

Then V(D) — V(C*) — X # 0 and thus, [V(C)NX| > |[V(C*)NX| >2p+1 by
choice of C. Hence
| X|=|V(C)NX|+|XT| > 4p.

So vy € X. Let j be the minimal integer such that v; ¢ X and let A =
{v1,v9,...,v;_1}. If there is a vertex v, € A that has a positive neighbor v
on C outside of AU {v,}, let

C = yCluy, v, ]Clus, v Chy.
Then V(D) —V(C) — X # () and thus, |V (C)NX| > 2p+1 by choice of C. Hence
X =|V(C)NX|+ |XT| > 4p.

So NT(A)—A = {v;} and thus, |A| > 2p—1 by Lemma 1.31.(b). If V(C[v;, vg—2])N
X # (), we conclude that

| X > | XH] + Al + [{vr}| + 1 > 4p.

So V(Clvj,vk—2]) N X = 0. Since d~(vy) > p > 3, the vertex v has a negative
neighbor v; # v,_1 on C. Let

~

C = yCluy, v]vrCy.

Then V(D) — V(C) — X #  and thus, [V(C)NX| > [V(C)NX| > 2p+1 by
choice of C. Hence
| X| = [V(O)NX|+ |XT| > 4p.



98 Chapter 5: Non-separating vertices in in-tournaments

Subcase 2.2.2.2: Suppose that N=(Dy,C) = {v;}. Let j be the smallest index
such that v; ¢ X.

Subcase 2.2.2.2.1: Suppose that v, € X. Let A = {vy,vq,...,v;_1}. If there is a
vertex v, € A that has a positive neighbor v, on C outside of A U {v;}, let

C* = yCloy, v, ]Clus, vy

Then V(D) — V(C*) — X # 0 and thus, |[V(C)NX| > |[V(C*)NX| > 2p+ 1 by
choice of C'. Hence
X|=V(C)NX]|+|XT| > 4p.
So Nt(A) — A = {v;} and thus, |A| > 2p—1 by Lemma 1.31.(b). If v,_; € X, we
conclude that
[ X| = [A]+ [ X7+ {vp—1, va}] = 4p.

So vg_1 ¢ X. Since d~(vy) > p > 3, there is a negative neighbor v; # v_1 of vy
on C. Let

C = yCluy, v]urChy.

Then V(D) — V(C) — X # § and thus, [V(C)N X| > [V(C)N X| > 2p+1 by
choice of C'. Hence
| X|=|V(C)NX|+|XT| > 4p.

Subcase 2.2.2.2.2: Suppose that v, ¢ X.

If j < k, we consider vg_1. If v ¢ X, let v; # vi_1 be a negative neighbor of vy
on C. Let
C* = yCluy, v ury.
Then V(D) — V(C*) — X # () and thus, [V(C)NX| > |V(C*)NX| >2p+1 by
choice of C'. Hence
| X|=|V(C)NX|+|XT| > 4p.

Sovg—y € X and j <k —2. Let A= {vy,vs,...,v;1}. If there is a vertex v, € A
that has a positive neighbor vs on C' outside of AU {v;}, let
C = yCluy, v, |Clus, vg]Chy.
Then V(D) —V(C) — X # 0 and thus, |[V(C)NX| > 2p+1 by choice of C'. Hence
[ X|=V(C)N X[+ |XT| > 4p.

So Nt(A)—A = {v;} and thus, |4] > 2p—1 by Lemma 1.31.(b). If |V(C[v;, vg]) N
X| > 2, we conclude that

[ X| = [A]+ [XT| +2 =4p.
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So assume that V (Clv;, vg])NX = {vp_1}. Ifvi_1 has a negative neighbor vy # vi_o
on C, let )
C = yClvy, v]vg_1vsChy.

Then V(D) — V(C) — X # 0 and thus, |V(C)NX| > [V(C)NX| > 2p+1 by
choice of C'. Hence
(X[ =V(C)NX|+|XT| = 4p.

So N~ (vg—1,C) = {vg_2} and thus, p = 2. Since
X|=|XT+|A|+1=4p—-1=T1,
there is nothing left to show.

If j = s, it follows that |A| = |V(C)NX| > 2p by Lemma 1.31.(c). Soif | X| = 4p—1
we conclude by Lemma 5.11 that D is a member of 7.

Case 3. Suppose that X~UY~ # () and X"UY™ = (). Recall that N*(C, X)=0hby
Claim 1. Since D is strong, it follows that Y # ) and N*(C,Y) # 0. By Claim 2 we
conclude that |Y| =1 and Y~ = 0. The latter implies that X~ # 0. Let Y = {y}.
Then N*(y,C) # 0 and N~ (y,C) # 0. Since D is an in-tournament, the vertex y
is adjacent to every vertex of X~. Let Dy,D,,...,D, be an out-branching of
D[X~UX], where ¢ > 1. Then N~ (D;)—V(D;) C {y} and thus, |V (D;)| > 2p—1
by Lemma 1.31.(b) and |V(Dy)| > 2p if y / D; by Lemma 1.31.(c). Let C4
be a Hamiltonian cycle of D;. Since V(D) — V(C}) — X # (), it follows that
V(C)NX| > |V(Cy)NX| = |V(D;)| by choice of C. If |V(D;)| > 2porif ¢ >3
or if ¢ = 2 and |V(Dy)| > 3, we conclude that |X| > 4p. It remains to check
the case ¢ = 2, |V(D1)| = 2p — 1 and |V(D3)| = 1 (Subcase 3.1) and the case
g=1and |V(D;)| =2p—1 (Subcase 3.2). Note that in both cases y — Dy, since
V(DY) =2 1.

Subcase 3.1. Suppose that ¢ = 2, |V(Dy)| = 2p — 1 and |V(Dy)| = 1. Let
V(D,) = {x,}. Since 25 € X~ U X, it follows that N~ (z5,C) = 0. The latter
together with d~(z5) > p > 2 yields that there is a vertex x; € V(D;) that
dominates zs.

Subcase 3.1.1. Suppose that zo — y. Let
C" = yCla7, z1]22y.

Then V(D) —V(C") — X # () and thus, |[V(C)NX| > |V(C')N X| = 2p by choice
of C. Hence
I X| > |V(C)NX|+ |V(D1)| + 1> 4p.

Subcase 3.1.2. Suppose that xo /4 y. Then [N~ (y,C)| > 2. In addition, note that
Nt (x9,C) # 0 and thus, x5 — C. Let, without loss of generality, {v;, v} — v,
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where ¢ < k—1. We may assume, without loss of generality, that V (C[vy, v;])—X #
(Z) and V(C[Uﬂ_l, Uk]) nx §£ @ Let

C/ = yC’l [SL’T, 1’1]1’20[’02'4_1, Uk]y.

Then V(D) — V(C") — X # 0 and thus, [V(C)NX| > |[V(C")NX]| > 2p+1 by
choice of C. Hence

I X|=|V(C)NX|+|V(D)|+1>4p+1.

Subcase 3.2: Suppose that ¢ = 1 and |V(D;)| = 2p — 1. Then D; — C and
[N~ (y, C)| = p.

Subcase 3.2.1: Suppose that [N~ (y,C)| > 3. Let, without loss of generality,
{vi,vj,vp} — y, where 1 < i < j < k—1. We may assume, without loss of
generality, that V(C[vy,v;]) — X # 0 and |V(Clviy1,v]) N X| > 2. Let

C" = yC1Clviz1, vgly.

Then V(D) — V(C") — X # () and thus, [V(C)NX| > |[V(C")NX| >2p+1 by
choice of C. Hence
| X[ =[V(C)Nn X[+ |V(D1)| > 4p.

Subcase 3.2.2: Suppose that [N~ (y,C)| = p = 2. We have to show that |X| >
4p — 1 = 7. Let, without loss of generality, {v;, vz} — y, where i < k — 1. We may
assume, without loss of generality, that V(C[vy, v]) — X # 0 and V(C[v;11, ve]) N
X # 0. Let

C" = yCiCluiyr, vily.
Then V(D) — V(C") = X # 0 and thus, |[V(C)N X| > |V(C")NX| > 2p =4 by
choice of C. Hence

(X[ =V(C)NX|+|V(Dy)| = 4p—1
which completes the proof of this lemma. O

Lemma 5.17. If X C V(C), then V(D) = V(C) =Y and |Y| = 1.

Proof. We consider five cases depending on Y.

Case 1. Suppose that [Y*| = |Y~| =1 and Y # (). Since D is strong, there exists
an Yt-Y "-path in D. Let P = ygy; ...y be a shortest such path. It follows that
V(P) =Y by Claim 6. But then, since yo € Y+ and because of the choice of P,
it follows that N*(yo) = {y1} which contradicts 67 (D) > 2.
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Case 2. Suppose that |[Y | = [V | =1and Y = 0. Let Y+ = {5} and Y~ = {1}
Then d*(y1),d (y2) < 1, a contradiction.

Case 3. Suppose that [Y*] =1, Y~ = and Y £Qor |Y-| =1, Y+ =0 and
Y # 0. By Claim 4 N*(Y,C) = N~ (Y,C) = 0 and thus, D is not strong, a
contradiction.

Case 4. Suppose that Y| =1land Y~ =Y =Qor [V |and Y* =Y = 0. It
follows that D is not strong, again a contradiction.

Case 5. Suppose that YT =Y~ =@ and Y # 0. Since D is strong, we conclude

that N*(Y,C) # 0 and N~ (Y, C) # 0. By Claim 4 it follows that |Y| = 1 which
completes the proof of this lemma. O

5.4 Generalizations of Kotani’s Theorems

In this section we use the results of Section 5.3 to generalize Theorems 5.7, 5.8
and 5.9 to local tournaments and in-tournaments. The following three results
summarize our present achievements.

Theorem 5.18. Let p > 2 be an integer and let D be a strong in-tournament with
(D) > p. If X C V(D) with | X| < 4p — 3 and X # V(D), then there exists a
cycle C in D such that X C V(C) and |V(C)| = |V(D)| — 1.

Proof. Let X be a subset of V(D) such that |X| < 4p —3 and X # V(D). Let C,
Xt X7, X, X, YT, Y™, Y and Y be defined as above.

Assume that X — V(C) # 0. If | X| = |V(D)| — 1, then we get a contradiction by
Lemma 5.15. If | X| < |V(D)| — 2, then we get a contradiction by Lemma 5.16.

Hence, we obtain X C V(C') and |V(C)| = |V(D)| — 1 by Lemma 5.17. O
Theorem 5.19. Let p > 2 be an integer and let D be a strong in-tournament with
[V(D)| > 4p and 6(D) > p. If X C V(D) with | X| < 4p — 2, then either

(a) there exists a cycle C' in D such that X C V(C) and |V(C)| =|V(D)| -1 or
(b) D €T,

Proof. Let X be a subset of V(D) such that |X| < 4p—2and let C, X*, X7, X,
X, YT, Y™, Y and Y be defined as above. In addition, let D ¢ 7,* .

Assume that X — V/(C) # 0. Since D ¢ 7}, Lemma 5.16.(a) implies that |X| >
4p — 1, a contradiction to our assumption. Hence, by Lemma 5.17, it follows that
X CV(C)and |V(C)| = |V(D)| - 1. O
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Theorem 5.20. Let p > 3 be an integer. Let D be a strong in-tournament with
V(D) >4p+1 and 6(D) > p. If X C V(D) with | X| < 4p — 1, then either

(a) there exists a cycle C in D such that X C V(C) and |V(C)|=|V(D)| -1 or

(b) D€ T; T UT:

loc*

Proof. Let X be a subset of V(D) such that [X| < 4p—1 and let C', X, X7, X,
X, YT, Y7, Y and Y be defined as above. In addition, let D ¢ 7% U T.5* U T2

loc*
Assume that X — V(C') # 0. Note that D ¢ 7%, since |V(D)| > 4p + 1. Addi-

tionally D ¢ 7T.* U 7> U 7> and thus, Lemma 5.16.(b) implies that | X| > 4p, a

contradiction to our assumption. Hence, by Lemma 5.17, it follows that X C V (C)
and |V (C)| = |V(D)| - 1. O

The combination of Lemma 5.10 and the theorems above yields the following
results.

Theorem 5.21. Let D be a strong in-tournament and let p > 2 be an integer.
If (D) > p, then D has at least k = min {|V(D)|,4p — 2} wvertices x1, o, ..., x}
such that D — x; s strong fori=1,2,... k.

Theorem 5.22. Let D be a strong in-tournament such that D ¢ T, and let p > 2
be an integer. If §(D) > p and |V (D)| > 4p, then D has at least k = 4p—1 vertices
X1, To, ..., Tk Such that D — x; is strong fori=1,2,... k.

Theorem 5.23. Let D be a strong in-tournament such that D ¢ T, U T U T%*
and let p > 3 be an integer. If 6(D) > p and |V(D)| > 4p+ 1, then D has at least
k = 4p vertices x1, o, ..., x) such that D — x; is strong fort=1,2,...,k.

For local tournaments we can state these results as follows.

Corollary 5.24 (Meierling & Volkmann [55] 2007). Let D be a strong local tour-
nament and let p > 2 be an integer. If 6(D) > p, then D has at least k =
min {|V(D)|,4p — 2} wvertices xy,xs,...,x such that D — x; is strong for i =
1,2,.. .. k.

Corollary 5.25 (Meierling & Volkmann [55] 2007). Let D be a strong local tourna-
ment such that D ¢ T,}, and let p > 2 be an integer. If (D) > p and |V (D)| > 4p,

then D has at least k = 4p — 1 vertices x1, o, ..., x) such that D — x; is strong for
i=1,2,... k.
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Corollary 5.26 (Meierling & Volkmann [55] 2007). Let D be a strong local tour-
nament such that D ¢ 71,2 and let p > 3 be an integer. If 6(D) > p and

[V(D)| > 4p + 1, then D has at least k = 4p wvertices x1,xs, ..., 2 such that
D — x; 1s strong fort=1,2,...,k.

Since the exceptional classes of in-tournaments and local tournaments do not con-
tain any tournaments, Theorems 5.7, 5.8 and 5.9 by Kotani [50] are direct conse-
quences of our results.
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Chapter 6

Non-separating vertices in local
tournaments with low degree

In Chapter 5 we considered the following problem: how many non-separating
vertices does a strongly connected in-tournament have at the least if the mini-
mum degree 0 is greater or equal than p > 2?7 We showed that the answer is
k = min{|V(T)|,4p — 2} (cf. Theorem 5.21). In this chapter we discuss the
same question for strongly connected local tournaments with no restrictions on
the minimum degree.

In 1990, Bang-Jensen [3] proved that every strongly connected locally semicomplete
digraph that is not a cycle has at least one non-separating vertex (cf. Theorem 5.3).
Four years later, Guo and Volkmann [36] improved this result in showing that every
strongly connected locally semicomplete digraph on n > 4 vertices has at least two
non-separating vertices if it has at least n + 2 arcs and determined the digraph
in Figure 5.1 to be the only locally semicomplete digraph with exactly one non-
separating vertex (cf. Theorem 5.4). We reformulate Theorem 5.4.(a) in terms of
vertex degree.

Theorem 6.1 (Guo & Volkmann [36] 1994). Let D be a strong locally semicomplete
digraph. If D has two vertices yy, ys such that d*(y;) > 2 fori=1,2 ord (y;) > 2
fori=1,2, then D has at least two non-separating vertices.

Using Moon’s Theorem [57] (cf. Theorem 2.3), Korvin [49] showed already in 1967
that every strongly connected tournament has at least two non-separating vertices
(cf. Corollary 5.1). In 1975, Las Vergnas [51] characterized all strongly connected
tournaments with exactly two non-separating vertices to be isomorphic to the
tournament @, (cf. Theorem 5.2). In this chapter we characterize all strongly
connected local tournaments that have exactly two non-separating vertices thereby
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Figure 6.1: Local tournaments CJ with exactly two non-separating vertices.

generalizing Theorem 5.2 for tournaments. Firstly we would like to remark the
following.

Remark 6.2. The tournament Q,, has only two non-separating vertices, the ver-
tices x1 and x,. So every local tournament D on n vertices that is a subdigraph
of @, has at most two non-separating vertices.

6.1 The exceptional cases

In this section we present two classes of examples that demonstrate the sharpness
of Theorem 6.1 (cf. Figure 6.1).

Definition 6.3. Let C = x125 ... 2,21 be a cycle on n vertices. Let

(a) CY be the strong local tournament that consists of the cycle C' and the additional
arcs r1x3 and x;xj1o, where j € {2,3,...,n} ;

(b) C} be the strong local tournament that consists of the cycle C' and the additional
arcs r1xs, T1Ty and ToTy .

It is easy to see that the only non-separating vertices of CY (for j = 2,3,...,n)
are Ty and x;;; and the only non-separating vertices of C}} are x5 and x3. The
local tournaments CY show that Theorem 6.1 is sharp in terms of number of arcs
and the local tournament C! shows that Theorem 6.1 is sharp in terms of vertex
degree.

In the next example we present a local tournament that is not a tournament
and has exactly two non-separating vertices, but is not isomorphic to CY for j =
1,2,...,n (cf. Figure 6.2).

Definition 6.4. Let Q% be the local tournament Q5 — x4x2, where Q5 is defined as
in Theorem 5.2.
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%

Figure 6.2: The local tournament @5 with exactly two non-separating vertices.

6.2 Local tournaments with exactly two non-se-
parating vertices

In this section we characterize all local tournaments that have exactly two non-
separating vertices to be the exceptional cases of Section 6.1. In view of Theo-
rem 5.4.(a) we focus on local tournaments D with at least |V (D)| + 2 arcs.

Theorem 6.5. Let D be a strong local tournament on n vertices with at least
n + 2 arcs. Then D has ezxactly two non-separating vertices if and only if D is
isomorphic to Q%, Q, or CY for an integer 1 < j < n.

Proof. Tt is easy to check that the local tournaments @,, Qi and CY for j =
1,2,...,n have only two non-separating vertices.

So let D be a strong local tournament on n vertices with at least n + 2 arcs that
is neither isomorphic to @,, nor to Qi nor to CY for j =1,2,...,n. We shall show
by induction on n that D has at least three non-separating vertices. Note that
n > 4, since D has at least n + 2 arcs.

Induction basis. The only strong local tournament on n = 4 vertices is isomor-
phic to Q4. So the proposition is valid for n = 4.

Inductive step. Let n > 5 be an integer. Let D be a strong local tournament
on n vertices with at least n 4+ 2 arcs that is neither isomorphic to (), nor to Q%
nor to CJ for j = 1,2,...,n. Observe that D has at least n + 3 arcs, since D is
not isomorphic to CY for j = 2,3,...,n. In addition, since D is not isomorphic
to C, it follows that D has at least three vertices with out-degree at least two.

If D is 2-connected, the local tournament D does not have any separating vertices.
So assume that D has a separating vertex s and let Dy, Do, ..., D, be the strong
decomposition of D — s, where p > 2. Note that, according to Theorem 1.6, the
vertex s has an out-neighbor in D; and an in-neighbor in D,. By Lemma 1.12
it follows that either s — D; or that s has positive as well as negative neighbors
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in D;. Analogously, either D, — s or s has negative as well as positive neighbors
in D,. We distinguish the following cases.

Case 1: Suppose that D, — s — D;.

If D — s has a strong component D; with at least three vertices, we conclude that
D —wv is strong for every vertex v of D;. Hence D has at least three non-separating
vertices.

So assume that every strong component of D — s consists of exactly one vertex.
Let V(D;) = {x;} fori=1,2,...,p=n—1. If d"(x;) > 2 for an index i < n — 1,
we conclude by Theorem 1.6 that z; — z;40 (or ,_o — s if i = n — 2). Hence
D — x;,, is strong. Since D has at least three vertices with out-degree at least
two, we obtain that at least two vertices of {3, x3...,2, 1} are non-separating
vertices of D. Now we consider the vertex s.

If d*(s) = 1, there exist three vertices x;, x;, ) with out-degree at least two. Due
to our observations above x;;1, ;41 and x4 are non-separating vertices of D.

So assume that d*(s) > 2. Then either s — x5 or there exists an index 2 < i <
n — 3 such that x; — s — x;41. In the first case D — x; is strong and we are done.
In the second case we distinguish the cases n =5 and n > 6.

If n =5, we conclude that ¢ = 2 and the local tournament D is either isomorphic
to @5 or to (), a contradiction.

So assume that n > 6. If ¢+ = 2, we conclude that v1 — x3 and that z, —

{zy,25,...,2,_1}. The latter implies particularly that 3 — x5 and thus, xs, x3
and x4 are non-separating vertices of D. So assume that ¢ > 3. In this case z; —
{x3,24,..., 2541} and z; — {12, %13, ..., Ty_1}. The former implies particularly

that zo — x4 and therefore x5, x3 and x;,; are non-separating vertices of D. This
completes the proof of Case 1.

Case 2: Suppose that s 4~ D; or D, / s. So s has in-neighbors in Dy and D,
or out-neighbors in D; and D,. It follows by Theorem 1.6 that D; — D; for all
indices ¢ < 7. Hence D — v is strong for every vertex v in D; with 2 <i<p—1.

If [V(Dy)] > 3, let C} be a Hamiltonian cycle of D; and let ] be an out-neighbor
of s in Dy. Then Ci[z{,x7] is a Hamiltonian path of D; — x; and, since D; —
Do, it is easy to see that D — x; is strong. It follows that the number of non-
separating vertices of D in D is at least |[N*(s, D1)|. Analogously we can show

that if [V(D,)| > 3, the number of non-separating vertices of D in D, is at least
[N™ (s, Dp)|.

If [V(Dy)| > 3 and z # y are two vertices of Dy such that z is an out-neighbor of s
and D — y is strong, the vertex y is a non-separating vertex of D. Analogously if
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|[V(D,)| > 3 and v # w are two vertices of D, such that v is an in-neighbor of s
and D, — w is strong, the vertex w is a non-separating vertex of D.

Since s 4 D; or D, /4 s, we may assume, without loss of generality, that
|V (Dy)| > 3. Recall that there is at least one non-separating vertex of D in D,
and that every vertex v in D; with 2 < ¢ < p—1 is a non-separating vertex. So we
assume that p < 3 and Zf:_zl |[V(D;)| < 1. It remains to consider the cases p = 3
and |V (Ds)| = |V(D3)| = 1 (Subcase 2.1), p = 2 and |V (D5)| > 3 (Subcase 2.2)
and p =2 and |V (Ds)| = 1 (Subcase 2.3).

Subcase 2.1: Suppose that p = 3 and |V(Ds)| = |V (Ds)| = 1. Let V(D3) = {v}
and V(D3) = {w}. Observe that D — v is strong, since Dy — w.

Hence, if [Nt (s, D1)| > 2, two vertices of D; and v are non-separating vertices
of D. So assume that N* (s, D) = {u}.

If v — s, the vertices v, w and at least one vertex of D; are non-separating vertices
of D. Hence s — v. Since D; — Dy and s — v, it follows that (D; — u) — s.

If [V(Dy)| = 3, it is easy to check that D is isomorphic to (g, a contradiction.
Therefore |V (Dy)| > 4.

Note that D; is a strong subtournament of D on at least four vertices. By Corol-
lary 5.1 the component D; has at least two non-separating vertices x and y. If
u ¢ {x,y}, the vertices x, y and v are non-separating vertices of D. So assume
that D; has exactly two non-separating vertices and u is one of them.

Let wqus ... u,_su; be a Hamiltonian cycle of D;. By the induction hypothesis
we conclude that D; is isomorphic to @,_3 and u € {uy,u,_3}. If u = u,_3, the
vertices ui, u,_4 and v are non-separating vertices of . Hence u = u;. But
then D is isomorphic to @), as defined in Theorem 5.2 with v = z1, w = 29, s = 23
and x;,3 = u; for i =1,2,...,n — 3, a contradiction.

Subcase 2.2: Suppose that p = 2 and |V(Dg)] > 3. If [NT(s,Dq)| > 2 (or
[N~ (s, Ds)| > 2), two vertices of Dy (of Ds) and a vertex of Dy (of D) are non-
separating vertices of D. So assume that N*(s, D) = {u} and N~ (s, Dy) = {v}.
Since N* (s, Dy) # 00 # N~ (s, Dy), it follows that (D; —u) — s — (Dy — v). Let
Ul . . . uuq; be a Hamiltonian cycle of Dy and let vyvs ... vv; be a Hamiltonian
cycle of Ds.

If r = 3, note that D; is isomorphic to @)35. We may assume, without loss of
generality, that {us,us} — s — wuy. Analogously, if ¢ = 3, the component D, is
isomorphic to ()3 and we may assume, without loss of generality, that v3 — s —

{1)1,’(]2}.

Assume that » > 4. Then the component D; has at least two non-separating
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vertices {x,y} by Corollary 5.1. If u ¢ {z,y}, the vertices x, y and a vertex
of Dy are non-separating vertices of D. Hence D; has exactly two non-separating
vertices and wu is one of them. By the induction hypothesis we conclude that D,
is isomorphic to @, and y € {uy,u,}. If u = w,., the vertices u;, u,_1 and a vertex
of Dy are non-separating vertices of D. Therefore u = u;. Analogously, if ¢t > 4,
the component D is isomorphic to ; with vertices vy, vo,...,v; and v = v;.

But then D is isomorphic to @), as defined in Theorem 5.2 with x; = wv; for
1=1,2,...,t, x;y1 = s and z;,0 = u; for e =1,2,...,r, a contradiction.

Subcase 2.3: Suppose that p = 2 and |V (Ds)| = 1. Then the single vertex v of Dy
is a non-separating vertex of D.

If IN*(s,Dy)| > 2, two vertices of Dy and v are non-separating vertices of D. So
assume that N*(s, D;) = {u}. It follows that (D; — u) ~ s. Let ujus...u, su;
be a Hamiltonian cycle of D;.

If |V(Dy)| = 3, note that D, is isomorphic to Q3. Moreover, n = 5 and we may
assume, without loss of generality, that us — uy. If {us, us} — s — wq, the local
tournament D is isomorphic to ()5 and if us and s are not adjacent, the local
tournament D is isomorphic to ), both cases contradict our assumption.

So assume that |V (D;)| > 4. In view of Corollary 5.1, the component D; has at
least two non-separating vertices x,y. If u ¢ {z,y}, the vertices x, y and v are non-
separating vertices of D. Hence D; has exactly two non-separating vertices and
u is one of them. By the induction hypothesis we conclude that D; is isomorphic
to Qn_2 and u € {uy,up_o}. If u = u,_o, the vertices u;, u,_3 and v are non-
separating vertices of D. Therefore u = wu;. It follows that (D; — u) — s. But
then D is isomorphic to @),, as defined in Theorem 5.2 with z = z1, s = x5 and
Tigo =y; for i =1,2,... n — 2, a contradiction. This completes the proof of this
theorem. O

In view of Theorem 5.4, Theorem 5.1 is an immediate corollary of the above
theorem.
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Chapter 7

The number of cycles in local
tournaments

In Chapter 6 we investigated the number of non-separating vertices of local tour-
naments and characterized all local tournaments on n vertices with at least n + 2
arcs that have exactly two such vertices. In other words we characterized all local
tournaments on n vertices with at least n + 2 arcs that have exactly two cycles of
length n — 1. We reformulate Theorem 6.5 in these terms.

Theorem 7.1. Let D be a strong local tournament on n vertices with at least n+2
arcs. Then D has exactly two cycles of length n — 1 if and only if D is isomorphic
to Qn, Qi or C4 for an integer 1 < j < mn.

In this chapter we further investigate the following problem.

Problem 7.2. Given a strong local tournament D on n vertices and an integer r
with 3 < r < n. How many cycles of length r exist in D?

In this context Moon [57] proved the following result for tournaments in 1966.

Theorem 7.3 (Moon [57] 1966). Let T' be a strong tournament on n vertices and
let v be an integer such that 3 < r <n. Then T has at least n —r + 1 cycles of
length v for every 3 <r <n.

In 1975, Las Vergnas [51] characterized all strongly connected tournaments with
minimal number of cycles of a given length 4 <r <n — 1.

Theorem 7.4 (Las Vergnas [51] 1975). Let T' be a strong tournament on n > 5
vertices. Then T has at least n —r + 2 cycles of length r for every 4 <r <n —1
unless T is isomorphic to Q.

113
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The class of strongly connected tournaments with exactly one Hamiltonian cycle
was characterized by Douglas [29] in 1970 and the class of strongly connected
tournaments with exactly n — 2 cycles of length three was characterized by Burzio
and Demaria [24] in 1990.

Bang-Jensen, Guo, Gutin and Volkmann [8] investigated which local tournaments
are vertex pancyclic and proved the following result.

Theorem 7.5 (Bang-Jensen, Guo, Gutin & Volkmann [8] 1997). Let D be a
strongly connected local tournament on n > 4 vertices that is not a cycle.

(a) If D is round-decomposable, then D is vertex (g(D)+1)-pancyclic, where g(D)
1s the length of a shortest cycle in the round decomposition of D;

(b) If D is not round-decomposable, then D is vertex pancyclic.

In this chapter we investigate Problem 7.2 and transfer Theorems 7.3 and 7.4 to
the class of local tournaments.

7.1 Observations on the structure of local tour-
naments that are not round-decomposable

By refining the proof of Theorem 1.17 we can show that a strongly connected local
tournament that is not a tournament has the following structure.

Theorem 7.6. Let D be a strong local tournament which is not a tournament and
not round-decomposable. Let S be a minimal separating set of D that satisfies the
conditions of Theorem 1.17. Then one of the following possibilities holds.

(a) There is a vertex s € S and vertices x1,x9 € V(D)) with x1 — s — x5 and D
has a Hamiltonian cycle C' such that x1 is the predecessor of xo on C;

(b) There is a vertex x € V(D)) and vertices si, sy € S with s — x — so and D
has a Hamiltonian cycle C' such that sy is the predecessor of so on C'.

Proof. Let S be a minimal separating set of D such that D—S is not a tournament,
DIS] is a tournament and the semicomplete decomposition of D — S has exactly
three components D}, Dy and D). Let o, 3, p and v be integers with A < a <
f<p—1land p+1<pu<v<p+qsuch that

N~ (D, D,)) # 0 and N*(Dq, D,) # 0
or N™(D,,D,) #0 and N*(D,, Dg) # 0,
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where Dy, Dy, ..., D, and Dpi1, Dpio, ..., Dpyy are the strong decompositions of
D — S and DIS], respectively, and D, is the initial component of D). By sym-
metry we may assume, without loss of generality, that N~ (D,,D,) # 0 and
N*t(Dg, D,) # 0. Let ;1 and v be chosen such that v — u is minimal. Furthermore,
let 51 € V(D,), s2 € V(D,) and {z1,22} C V(D,) be vertices of D such that
s1 — x1 and zy — s9 (it is possible that s; = s or 1 = x3).

If s1 /A D, (Dy # s9), there exists a vertex x € V(D,) such that z — s — x™
(x — sg — a™), i.e. (a) holds. So assume that s; — D, — sa.

If D, / D,, there exists a vertex x € V(D,) and a vertex s € V(D,,) such that
s — x — s, ie. (b) holds. So assume that D, — D,,.

Analogously, if D,, /4 D, there exists a vertex z € V(D,,) and a vertex s € V(D,,)
such that * — s — x, i.e. (a) holds. So assume that D, — D,.

If o+ 1= v, note that s; — x; — sy for i = 1,2, i.e. (b) holds. So assume that
p+1 < v. But then N~ (D,41,D,) # 0 or N*(D,41, Do) # 0, both contradictions
to the choice of p and v. O

Using the structure obtained in Theorem 7.6, we can show the following lemma
which is a preparatory result for Theorem 7.9.

Lemma 7.7. Let D be a strong local tournament on n wvertices which is not a
tournament. If D is not round-decomposable, then D has n — 5 distinct vertices
V1, V2, ..., Un_5 Such that for everyi=1,2,...,n—>5 the digraph D —v; is a strong,
not round-decomposable local tournament which is not a tournament.

Proof. Let S be a minimal separating set of D that satisfies the conditions of
Theorem 1.17. By Theorem 7.6 there exist integers «, 3, p and v with A < a <
B<p—1land p+1<pu<v<p+qsuch that either

(a) there is a vertex s € S and vertices x1, o € V(D}) with x; — s — x5 and D
has a Hamiltonian cycle C such that x; is the predecessor of x5 on C' or

(b) there is a vertex x € V(D)) and vertices s1,s3 € S with s; — = — sy and D
has a Hamiltonian cycle C' such that sy is the predecessor of s, on C,

where Dy, Dy, ..., D, and D1, Dpia, ..., Dyy, are the strong decompositions of
D—S and D[S], respectively, and D, is the initial component of D). By symmetry
we may assume, without loss of generality, that (a) holds.

In this case for every vertex v € (V (D)) US) — {s,x1, 22} the digraph D — v is a
strong local tournament which is not a tournament and not round-decomposable.
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Figure 7.1: A class of local tournaments with n — 3 cycles of length three.

In addition, if [V (Dj})| > 3 for an index j € {1, 3}, then for every vertex v € V(D})
the digraph D — v is a strong local tournament which is not a tournament and not
round-decomposable. O

7.2 A generalization of Las Vergnas’ Theorem

In this section we transfer Theorem 7.3 to the class of local tournaments. Firstly we
consider strongly connected local tournaments that are not round-decomposable.
The next example shows that Theorem 7.9 is not correct for » = 3 if the local
tournament in question is not a tournament (cf. Figure 7.1).

Example 7.8. Let k > 1 be an integer and let D be the local tournament with
vertex set

V:{S}U{SL’Z ‘ Z:17277k}u{ylay2}u{z}
and arc set
Uf{aiy; |i=1,2,...k j=12} U{yz | i=1,2}
U{zs} U{y1s} U {sys}.

Then |V| =k + 4 and the number of cycles of length 3 in D isk+1=|V|—3.

However we can show the following result.

Theorem 7.9. Let D be a strong local tournament on n > 5 vertices that is not
round decomposable. Then D has at least n — r + 1 cycles of length r for every
4 <r<n.
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Proof. We shall prove the proposition by induction on n.

Induction basis. Let n = 5. Since D is strong, it has a Hamiltonian cycle by
Theorem 1.13. Furthermore, since D is not round-decomposable, it has at least
n + 2 arcs. Then D has at least two cycles of length four by Theorem 6.1.

Inductive step. Let n > 6 be an integer. If D is not a tournament, it has a ver-
tex x such that D —x is a strong local tournament that is not round-decomposable
by Lemma 7.7. If D is a tournament, it has a non-separating vertex x by Theo-
rem 7.3. By the induction hypothesis, the digraph D —x has at least (n—1) —r+1
cycles of length . Since D is either a tournament or a local tournament that is not
round-decomposable and not a tournament, it is vertex pancyclic by Theorem 7.3
or 7.5. It follows that there is a cycle of length r through = in D. Therefore D has
at least n — r 4+ 1 cycles of length r. O

In the next theorem we characterize all local tournaments for which the inequality
in Theorem 7.9 is sharp.

Theorem 7.10. Let D be a strong local tournament on n > 5 vertices that is not
round-decomposable. If D s neither isomorphic to Q,, nor to Q%, then D has at
least n —r + 2 cycles of length r for every 4 <r <n —1.

Proof. Note that D is vertex pancyclic by Theorem 7.5. We prove the proposition
by induction on n.

Induction basis. Let n = 5. We have to show that D has at least three cycles
of length four, in other words, that D has at least three non-separating vertices.
Note that D has at least n + 2 = 7 arcs, since it is not round-decomposable.
Furthermore, D is not isomorphic to C’g for j =1,2,...,5. Moreover, D is neither
isomorphic to ()5 nor to Q. It follows by Theorem 6.5 that D has at least three
non-separating vertices.

Inductive step. Let n > 6. If D is not a tournament, it has a vertex x such that
D —z is a strong local tournament that is not round-decomposable by Lemma 7.7.
If D is a tournament, it has a non-separating vertex x by Theorem 7.3. We consider
three cases.

Case 1: Suppose that D — x is neither isomorphic to ),,—; nor to Q:. Then, by
the induction hypothesis, D — z has (n —1) —r+2 =n —r + 1 cycles of length r.
Since D has a cycle of length r through x, the proof is complete in this case.

Case 2: Suppose that D —x = Q,—1 or D —x = @} and D has two cycles of
length r through x. Recall that Q),,—; and @)} have exactly n —r cycles of length r.
Then D has n —r 4+ 2 cycles of length » and the proof of this case is complete.
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Case 3: Suppose that D —x = ),,_; or D — z = )} and D has exactly one cycle
of length r through x. We consider two subcases.

Case 3.1: Suppose that n > 8. If D is a tournament, it has three vertices u, v, w
such that D —u, D — v and D — w are strong tournaments by Theorem 7.4. If D
is not a tournament, it has three vertices u, v, w such that D —u, D —v and D —w
are strong, not round-decomposable local tournaments that are not tournaments
by Lemma 7.7.

We assume that D — x = @,,_; for every vertex z € {u,v,w} and that there is
exactly one cycle of length r in D through each of the vertices u, v, w.

Let {y1,v2,...,yn—1} be the vertex set of D — u such that y; — y;4+1 and y — y;
and let {21, 22,...,2,-1} be the vertex set of D — v such that z; — z;1; and
2 — zjforl1 <ie<n—-2and1<j<k<n-1with j # k+ 1. Note that
the only vertices that belong to exactly one cycle of length r in D —u and D — v
are {y1,yn—1} and {21, z,_1}, respectively. It follows that {v,w} = {y1,yn-1}
and {u,w} = {z1,2,-1}. Let, without loss of generality, y; = v and y,_1 =
w. Since d”(w,D — u) = 1, it follows that d~(w, D — v) < 2. In addition,
since d~(z1,D —v) = n—3 > 2, it follows that z; = w and z, 1 = w. Since
d™(y2, D —u) = 1, it follows that d=(yo, D — v) < 2. The latter implies that
Yo € {Zg, 2’3}.

Case 3.1.1: Suppose that yo = z3. Note that v is dominated by V(D) — {u, y2}
and dominates y,. It follows that vzzzy...2,200 and vz32z4... 2, 121200 are two
cycles of length r through v, a contradiction.

Case 3.1.2: Suppose that y, = 25. Note again that v is dominated by V(D) —
{u,y2} and dominates yo. Since D is a local tournament, it follows that z; =
u and v are adjacent. If v is dominated by wu, the cycles vzg23... 2, 121v and
V2923 ...%2v are two cycles of length r through v, a contradiction. So assume
that v dominates u. But then vz125...2,_1v and vzy23... 20 are two cycles of
length r through v, again a contradiction.

Case 3.2: Suppose that n € {6,7}. We assume that D —2z = @, or D —x = Q;
and that there is exactly one cycle of length 7 in D through x. Let {y1,92,..., Y01}
be the vertex set of D — x such that y; — y;41 and yr, — y; for 1 <¢ <n —2 and
1<j<k<n—1withj#k+1(G D —a = Qf, there is no arc between y
and y4). Since D is strong, the vertex x has at least one out- and one in-neighbor
in D — z. It follows that there exists an index 1 <4 < n such that y; — x — y;41.
By Theorem 6.5 we may assume that » < n—2. Hence we consider three remaining
cases.

Case 3.2.1: Suppose that r = 4 and n = 6. We show that there exist two cycles
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of length four through x without using the arc y4y2. Note that the case i = 1 and
t =4 as well as the cases « = 2 and ¢ = 3 are symmetrical.

If i = 1, the cycle zysysy x is a 4-cycle through z. In addition, since {x,y5} — yo,
the vertices x and ys5 are adjacent. If x — ys, the cycle zysysy;x is a second 4-cycle
through x, a contradiction. So assume that y5 — x. Then, since y5 — {x,y3}, the
vertices x and ys are adjacent. If x — w3, the cycle xysy,ysx is a second 4-cycle
through x, a contradiction. So assume that y3 — x. Since y3 — {z,y4}, the
vertices x and y4 are adjacent. If y, — =z, the cycle xysysysx is a second 4-cycle
through = and if z — 4, the cycle zy ysy1x is a second 4-cycle through z, both
possibilities are contradictions.

If i = 2, the cycle zysy y2x is a 4-cycle through z. In addition, since {z,y5} — ys,
the vertices x and ys5 are adjacent. If x — y5, the cycle zysy,y2x is a second 4-cycle
through = and if y5 — x, the cycle xysysysx is a second 4-cycle through z, both
possibilities are contradictions.

If 7 = 5, there is an arc between x and each of the vertices y; for j = 2, 3, 4, since
{z,ys, 94} — y1 and y5 — {x, 2} U @ — {y2,y3,ya} or if {yo,y3, 94} — =, the
local tournament D is isomorphic to (g, a contradiction. If y4 — = — {ys,y3} or
if {ys,ys} — x — yo, the cycle zysysysx is a 4-cycle through z. A second cycle of
length four is given by xysysysx and xy,y2y3x, respectively, again a contradiction.
Since we have now considered all possible cases, the proof of Case 3.2.1 is complete.

Case 3.2.2: Suppose that r = 4 and n = 7. Note that the cases i =1 and i = 5
are symmetrical.

If 2 <1 <4, the cycles zy; 1y, 1y;x and xy;11Y;40y;x are two cycles of length four
through x, a contradiction.

If i = 1, the cycle xzysysyix is a 4-cycle through z. In addition, since {x,y4} — o,
the vertices x and y, are adjacent. If x — y4, the cycle zy4y5y1x is a second 4-cycle
through = and if y, — =z, the cycle zysysysx is a second 4-cycle through z, both
possibilities are contradictions.

If i = 6, there is an arc between x and each of the vertices y; for j = 2,3, 4,5, since
{z,ya,y5} — v and ys — {2, 92, y3}. I @ — {y2,ys, v, ys} or if {yo, y3,ya, y5} —
x, the digraph D is isomorphic to @7, a contradiction. If y5 — = — {ys, y3,ys},
the cycles xysysysx and xy,ysyexr are two cycles of length four through z; if
{ys,ys,Ys} — x — ya, the cycles xysysysxr and xy ysysx are two cycles of length
four through z; and if {y4,y5} — = — {y2,ys}, the cycles xysysysz and zysy,ysz
are two cycles of length four through x. Thus, all three possibilities yield a contra-
diction. Since we have now considered all possible cases, the proof of Case 3.2.2 is
complete.
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Case 3.2.3: Suppose that r =5 and n = 7. Note that the cases i =1 and i = 5
are symmetrical.

If i = 1, the cycle zysysysy1x is a 5-cycle through x. In addition, since {z, y5} — ya,
the vertices x and y5 are adjacent. If y5 — x, the cycle xysysysysx is a second 5-
cycle through x and if z — ys, the cycle zysys3ysy12 is a second 5-cycle through x.
Both possibilities yield a contradiction.

If ©+ = 2, the cycles zysy,y1y2x and xysy,ysy.x are two cycles of length five
through x, a contradiction.

If i € {3,4}, the cycles zy; 1y _2yi—1y;x and xy;11Yiroyi—1y:T are two cycles of
length five through x, a contradiction.

If i = 6, there is an arc between x and each of the vertices y; for j = 2, 3,4, 5, since

{x7y47 y5} — U and Yo — {LU, y27y3}‘ If z — {y27y37y47 y5} or if {y27y37y47 y5} -
x, the local tournament D is isomorphic to )7, a contradiction. If y5; — = —

{y2, Y3, yat or if {ya, ys} — = — {y2, 43}, the cycles xyoysyaysz and zysyaysyer are
two cycles of length five through =, a contradiction. If {ys3,vy4,y5} — * — o, the

cycles xyoysysysx and xyiyoysysx are two cycles of length five through z, again
a contradiction. Since we have now considered all possible cases, the proof of
Case 3.2.3 and therefore the proof of this theorem is complete. O

We make the following observation.

Remark 7.11. Let D be a strong local tournament that is not round-decomposable
and not a tournament. If D does not fulfill the conclusion of Theorem 7.10, then
D s isomorphic to Q%.

Now we consider round-decomposable local tournaments to complete our investi-
gation.

Theorem 7.12. Let D be a strongly connected and round-decomposable local tour-
nament with the round decomposition R[Dy, Da, ..., D,|, where p > 3. Let Cr be
a shortest cycle of length g(D) in R. Then

(a) D has at least n —r + 2 cycles of length r for every g(D)+2 <r <n—1;
(b) D has at least n — g(D) cycles of length g(D) + 1 with equality if and only if

(i) |V(D;)| =1 for every component D; € V(CRr);
(i1) if D; € V(CR), then D — x is not strong for every vertex x € V(D;);
(111) if D; ¢ V(Cg), then |V (D;)| < g(D).
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Proof. Let
Cr=D1Dy,Dq, ... Dy, D

be a cycle of length ¢ = ¢g(D) in R, where 1 < ay < a3 < ... < ay. The cycle Cg
induces a cycle
C' =100, %0y - - - Ta,T1

in D, where z; € V(D;). Note that every vertex v ¢ V(C') has a positive as well as
a negative neighbor on C'. Let S be an arbitrary set of vertices such that v ¢ V(C)
for every vertex v € S. Then all vertices of S can be inserted in C' to construct a
cycle of length g(D) + |S| in D by Lemma 1.12. It follows that there are at least
("_Q(D)) cycles of length g(D) + s in D, where 0 < s <n — g(D).

s

If2<s<n-—g(D)—1, wederive g(D)+2<g(D)+s=r<n-—1and

(n —9(D)

)Zn—g(D)Zn—r+2,
s

since g(D) +2 <r. So (a) is true.
If s =1, we deduce that D has at least

<n _f(D)) =n—g(D)

cycles of length g(D) 4+ s = g(D) + 1. Note that all these cycles include at least
one vertex of every component D; € V(Cg). To prove (b) assume that one of the
conditions (i), (ii) or (iii) is not satisfied.

Case 1. Suppose that |V (D;)| > 3 for a component D; of Cr. Then the cycle Cr
induces at least |V (D;)| cycles of length g(D) in D. Since |V (D;)| —1 < n—g(D)
and |V(D;)| > 3, it follows that there are at least

V(Dy)|(n — g(D) +1— |V(Dy)]) + (|V(2Dz-)|)

— n— g(D)+ 1+ (V(Dy)| = 1)(n — g(D) + 1) - 'V<Di>|22+ V(Dy)]
V(D)2 + |V(Dy)]
2

>n—g(D)+ 1+ V(D) = DIV(Di)] -

VD)V (Di)| = 3)
2

=n—g(D)+1+
>n—g(D)+1

cycles of length g(D) 4+ 1 in D.
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Case 2. Suppose that D — x is strong for a vertex = € V(D;), where D; is a
component of Cg. Then there exists a cycle of length g(D)+ 1 in D that includes
no vertex of D;. Therefore there are at least n— g(D)+1 cycles of length g(D)+1
in D.

Case 3. Suppose that |V(D;)| > g(D) + 1 for a component D; that is not on Chk.
Since D; induces a strong subtournament of D, the component D; is pancyclic by
Theorem 7.3. In particular there exists a cycle of length g(D) + 1 in D, and this
cycle includes no vertex of D; for every component D; of C'z. Therefore there are
at least n — g(D) + 1 cycles of length g(D)+ 1 in D.

Assume now that the conditions (i)-(iii) are satisfied. In this case the cycle Cr
induces a unique cycle C' of length g(D) in D. Due to the conditions (i)-(iii)
there does not exist another cycle of length g(D) in D. Therefore a cycle of
length g(D) 4+ 1 in D consists of all vertices of C' and another (arbitrary) vertex
of D. It follows that D has exactly n — g(D) cycles of length g(D) + 1 and the
proof of this theorem is complete. O

As a corollary of Theorem 7.10 and Theorem 7.12 we derive Theorem 7.4.

Corollary 7.13 (Las Vergnas [51] 1975). Let T be a strong tournament on n > 5
vertices. Then T has at least n —r + 2 cycles of length r for every 4 <r <n —1
unless T' is isomorphic to Q).

Proof. 1f T is not round-decomposable, the conclusion is valid by Theorem 7.10. So
assume that D is a round-decomposable tournament with the round decomposition
R[Dy, D, ...,D,]. Then g(D) = 3 and thus, D has n — r + 2 cycles of length r
for 5 < r < mn—1in view of Theorem 7.12.(a). Assume now that D has only
n — 3 cycles of length four. Since every vertex of R is on a 3-cycle, we conclude
that |V(D;)| = 1 for every component D; by Theorem 7.12.(b).(i). This means
that D = R. But now Theorem 7.12.(b).(ii) implies that every vertex of D is a
separating vertex, a contradiction to Corollary 5.1. U



Chapter 8

The partition of a strong local
tournament

In 1985, Reid [61] showed that every 2-connected tournament 7" on n > 6 vertices
can be partitioned into two complementary cycles of lengths 3 and n — 3 unless T’
is isomorphic to T3, where T3 is the tournament on seven vertices that contains
no transitive subtournament on four vertices (cf. Figure 8.1).

Theorem 8.1 (Reid [61] 1985). Let T' be a 2-connected tournament on n > 6
vertices. Then T contains two vertex disjoint cycles of lengths 3 and n—3, unless T
is isomorphic to T3 .

Using Reid’s result as the induction basis, Song [64] completed this result in 1993.

Theorem 8.2 (Song [64] 1993). Let T' be a 2-connected tournament on n > 6
vertices. Then T contains two vertex disjoint cycles of lengths s and n — s for

every s with 3 < s < 55 unless T is isomorphic to T71.

Recall that the class R? consists of all round local tournaments that are 2-regular
(cf. Definition 1.5). In 1994, Volkmann and Guo [37] characterized all 2-connected
local tournaments that are not cycle complementary (cf. Figure 8.1).

Theorem 8.3 (Guo & Volkmann [37] 1994). Let D be a 2-connected locally semi-
complete digraph on n > 6 vertices. Then D contains two vertex disjoint cycles,
unless D is isomorphic to a member of {Tg, T¢, T3, T+, T2} URZ.

Generalizing their own result Guo and Volkmann showed that the length of the
complementary cycles can be chosen somewhat arbitrary.

123
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Figure 8.1: The locally semicomplete digraphs that are exceptions for Theorems 8.1, 8.2,
8.3 and 8.4.

Theorem 8.4 (Guo & Volkmann [38] 1996). Let D be a 2-connected locally semi-
complete digraph onn > 6. Then D contains two vertex disjoint cycles of lengths s
and n — s for every s with g(D) < s < n — g(D), unless D is isomorphic to a
member of {Tg, Tg, Tg, Tr, T2, Ty} URZ.

Since g(D) = 3 if D is a tournament, the above theorem is a generalization of
Theorem 8.1.

In 2005, Li and Shu [53] studied the structure of strongly connected tournaments
that cannot be partitioned into two cycles.

Theorem 8.5 (Li & Shu [53] 2005). Let T' be a strong tournament on n > 6
vertices that is not isomorphic to T} and let ¢ be the number of separating vertices
of T. If T is not cycle complementary, then

(a) 0T(T) <2 and 6 (T) < 2;

(b) there exists a Hamiltonian cycle C' of T that can be partitioned into two con-
secutive segments ) and L such that Q) induces a transitive tournament, L
induces a tournament that is isomorphic to Qr,, all separating vertices of T
are consecutive on L and |L| =c,c+1 or ¢+ 2.

In particular, they showed that a strong tournament 7" with n > 6 vertices that is
not isomorphic to 75 and has minimal degree at least three is cycle complementary.
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Corollary 8.6 (Li & Shu [53] 2005). Let T' be a strong tournament on n > 6
vertices such that T is not isomorphic to Tr. If max{d—(T),0(T)} > 3, then T
15 cycle complementary.

Using Corollary 8.6 as the induction basis, Li and Shu [52] proved a sufficient
condition for a strong tournament to have a k-cycle factor.

Theorem 8.7 (Li & Shu [52] 2004). Let T' be a strong tournament on n vertices
that is mot isomorphic to T} and let k > 2 be a positive integer. If

5 (T) +67(T) > Z in b3kt

then T has a k-cycle factor.

This problem - whether a strongly connected tournament can be partitioned into k
cycles - was treated by Chen, Gould and Li [28] in 2001. They showed that every
k-connected tournament with at least 8k vertices has a k-cycle factor.

Theorem 8.8 (Chen, Gould & Li [28] 2001). Let T be a k-connected tournament
on n > 8k vertices. Then T has a k-cycle factor.

In 2004, Gould and Guo [32] discussed the same problem for the class of locally
semicomplete digraphs. Generalizing the work of Chen, Gould and Li, the authors
showed the following results.

Theorem 8.9 (Gould & Guo [32] 2004). Let D be a k-connected locally semicom-
plete digraph on n > 5k 4+ 1 vertices. Then D has a k-cycle factor such that one
of the cycle has length at most five.

Theorem 8.10 (Gould & Guo [32] 2004). Let D be a k-connected locally semi-
complete digraph that is round-decomposable. If D contains k + 1 vertex disjoint
cycles of length three, then D has a k-cycle factor such that at least k — 2 of the
cycles have length three.

Inspired by the articles of Li and Shu [52, 53] we develop in this chapter the
structure necessary for a strongly connected local tournament to be not cycle
complementary. Using this structure, we generalize Li’s and Shu’s conditions to
local tournaments. Firstly we would like to make the following remark.

Remark 8.11. Li and Shu stated that in the situation of Theorem 8.5.(b) the
Hamiltonian cycle C' can be chosen arbitrary. This is not true as the tournament
depicted in Figure 8.2 shows. The vertices u, v and w are the only separating
vertices of T', but T has a Hamiltonian cycle C' that starts with uxr and ends with
yu. So u, v and w are not consecutive on C.
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£ A

N 7
o——o >0 R R

Figure 8.2: A counterexample for Theorem 8.5.(b).

8.1 Structure of local tournaments that are not
cycle complementary

In this section we develop the structure necessary for a strongly connected local
tournament to be not cycle complementary. We start with a first lemma.

Lemma 8.12. Let D be a strong local tournament on n > 6 vertices that is not
cycle complementary. Let u be a separating vertex of D and let Dy, Dy, ..., D, be
the strong decomposition of D — u, where p > 2.

(a) |V (D;)| <3 for every index i with 2 <i<p—1;

(b) If [V(D;)| = 3 for an index i with 2 < i < p—1, then there is no arc from D,
to Dy for every pair r,s of indices with r < i < s.

(¢) If w— Dy, then |V(D1)| <3 and if D, — u, then |V (D,)| < 3;

(d) If |V(Dy)| > 3, then u has no out-neighbor in Dy and if |V (D,)| > 3, then u

has no in-netghbor in D,_;;

Proof. Assume that |V(D;)| > 4 for an index i with 2 < i < p — 1. Note that D,
is a strong subtournament of D. According to Theorem 2.3, the component D; is
pancyclic and thus, contains a cycle C; of length |V(D;)| — 1. Let x; € V(D;) be
the vertex that does not belong to C;. Then

UD1D2 e Di—ICiDi+1Di+2 e Dpu

and C; are complementary cycles of D, a contradiction. So |V (D;)| < 3 for every
index ¢ with 2 < i < p—1 and (a) has been proved.
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To prove (b) let |V(D;)| = 3 for an index ¢ with 2 < i < p — 1 and assume
that there is an arc from D, to D, for a pair r,s of indices with r < i < s. In
view of Theorem 1.6 we obtain D; | — D, and thus, D; and D — D, are strong
complementary subdigraphs of D, a contradiction.

Analogously to the proof of (a) we can show that if u — Dj, then |V(D;)| < 3
and if D, — u, then |V(D,)| < 3. So (c) is valid.

If |V(Dy)| > 3 and N*(u,Dy) # 0 (or if [V(D,)| > 3 and N~ (u, D,—1) # 0),
it is easy to see that Dy and D — Dy (D, and D — D, respectively) are strong
complementary subdigraphs of D, a contradiction. Hence (d) is true and the proof
is complete. O

So if D, — uw — Dy, the structure of D is clear. The next two lemmas cover the
remaining cases.

Lemma 8.13. Let D be a strong local tournament on n > 6 vertices that is not
cycle complementary. Let u be a separating vertex of D and let Dy, Do, ..., D,
be the strong decomposition of D — w, where p > 2. If D, /4 u, then D, — x is
not strong for every in-neighbor x of u in D,. Let Ay, Ay, ..., A, be the strong
decomposition of D, — x, where ¢ > 2. Then

(a) D; — D; for every pair of indices 1 <1i < j < p;

(b) |\V(D;)| =1 for every index i with 2 <i <p—1;

(c) V(A;) ={a;} for every index i < q;

(d) a; /> u for every index i with 2 <i < q—1;

(e) if © — ag, then a1 /> u;

(f) if ag—1 — z, then |V (4,)| = 1;

(g) if a; — x for an index i < g, then u has no in-neighbors in A,;

(h) IN~(u, A))| <1 and if [N~ (u, A,)| = 1, then N~ (x, A,) = N~ (u, 4,).

Proof. Since u has in-neighbors both in D; and D,, it follows by Theorem 1.6
that (a) is true and thus, (b) holds in view of Lemma 8.12.(b).

For the remaining part of this proof let P be a Hamiltonian path of D — (V(D,)U
{u}) starting in N*(u, D;) and ending in D,_;. Let x be an arbitrary in-neighbor
of win D,. If D, — x is strong, let C, be a Hamiltonian cycle of D, — z. Then
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uPxu and C), are complementary cycles of D, a contradiction. Hence D, —x is not
strong. Let Ay, Ao, ..., A, be the strong decomposition of D, — x, where ¢ > 2.

If |[V(A;)| > 3 for an index i < ¢, a Hamiltonian cycle of A; and
uPAAy . A1 A1 Aia - Ay
are complementary in D, again a contradiction. So (c) is valid.
If a; — u for an index ¢ with 2 <1 < ¢ — 1, the cycles
uPasas...a;u and za16;11Gi49 ... 041 A%
show that D is cycle complementary, a contradiction, and hence (d) holds.
If x — ay and a; — u, we obtain a contradiction by the complementary cycles
uPaju and zasas...aq—1Ax.

Therefore (e) is true.

If a,—1 — z and |V(4,)| > 3, let C, be a Hamiltonian cycle of A4,. Then C, and
uPajasy ... a_1zu
are complementary in D, a contradiction. So (f) has been proved.
If a; — « for an index 7 < ¢ and u has an in-neighbor in A,, the cycles
uPa;1a;49. . .01 Aw and zajas...a;x

show that D is cycle complementary, again a contradiction. Hence (g) holds.

Finally, let v be an in-neighbor of v in A,. If u has an in-neighbor w # v in A,
let Cy be a Hamiltonian cycle of A,. It follows that

uPC, " wlu and zajay...a, 1Cylw", vz

are complementary cycles in D. This final contradiction completes the proof of (h)
and of this lemma. O

Lemma 8.14. Let D be a strong local tournament on n > 6 vertices that is not
cycle complementary. Let u be a separating vertex of D and let Dy, Ds,...,D,
be the strong decomposition of D — u, where p > 2. If D, / u, then V(D,)
can be partitioned in Ut = N (u,D,) # 0, U~ = N (u,D,) # 0 and R =
V(D,) —U* — U~ such that

(a) Ut = R—U";
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(b) if R=10, then |[U~| <2 and

(1) if U~ = {x1, 22} such that x1 — x5, then x1 is the only in-neighbor of x5
in Dy, the vertices are consecutive on every Hamiltonian cycle of D,
and x1 1s a separating vertex of D, and D;

(11) if U~ = {1}, then xy is a separating vertex of D, and D;

(c) if R # 0, then D[U"] is transitive, {U~| = 1 and D[R] is transitive or a
3-cycle. Furthermore Dy consists of a single vertex.

Proof. We consider the following partition of V(D,). Let

Ut ={xeV(D,) | u— x},
U - ={zeV(D,) | x — u} and
R=V(D,) - U"—U".

Note that D, induces a strong tournament in D. If there exists an arc leading
from U~ to R or from R to UT, it follows that there exists an arc between u
and R, a contradiction to the definition of R. So Ut — R — U~ and (a) has been
proved. Let U™ = {x1,29,..., 2.}, U" ={y1,y2,...,ys} and R = {21, 20,..., 2},
where r,s > 1 and ¢t > 0.

For the remaining part of this proof let P be a Hamiltonian path of D — (V(D,) U
{u}) starting in N*(u, D) and ending in D,_;.

Note that D, — z, has the structure as described in Lemma 8.13. In considering
the cases R = () and R # () we shall show that (b) and (c) are valid.

Case 1: Suppose that R = (). Assume that |[U~| > 3. Note that a; /4 u by
Lemma 8.13.(d) and that v has at most one in-neighbor in A, by Lemma 8.13.(h).
Hence a; — uw and v — wu for a vertex v € V(A4,). Using Lemma 8.13.(g), it
follows that x — a9, a contradiction to Lemma 8.13.(e). So |[U~| < 2. Let C be a
Hamiltonian cycle of D,

If U= = {x1, 22} such that ;1 — x5 and x5 has an in-neighbor y # z; in D,, the
cycles
uD1D2 C Dp_lC'[y+, .171]u and C[l’g, y]l’g

show that D is cycle complementary, a contradiction. Therefore x; is the only
in-neighbor of x5 in D,,.

If |[U-] =1orif |V(D,)| = 3, the vertices of U~ are consecutive on C. So assume
that U~ = {x1, x2} such that ©1 — x5. Then x; is the only in-neighbor of z, in D,
and hence the predecessor of x5 on C. Hence the vertices of U~ are consecutive
on C.
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If U~ ={x1} or if U= = {z1,22} and 21 — x5, we show that z; is a separating
vertex of D), and D. Recall that D,,—x; is not strong by Lemma 8.13. If U~ = {x,},
it is immediate that D — x; is not strong. So assume that U~ = {x1, 25} such that

x1 — x2. Then z; is the only in-neighbor of x, in D, and thus, z; separates x;
and D, — {1,225} in D.

All in all (b) is valid.

Case 2. Suppose that R # (). Tt follows that v — D; and thus, |V(D;)| = 1
or |V(D;)| = 3 according to Lemma 8.12.(c). For the converse suppose that
|V(D1)| = 3. By Lemma 8.12.(d) the vertex u has no outneighbor in Ds. Since all
possible arcs between u and Dy exist in D, we conclude that Dy — u. But now
Dy — R and Dy — u which implies the existence of an arc between u and R, a
contradiction to the definition of R. Therefore the component D is just a single
vertex.

If D[UT] contains a cycle C, let Q1 be a Hamiltonian path of D[UT -V (C)], let Q2
be a Hamiltonian path of D[R] and let Q)3 be a Hamiltonian path of D[U~]. Then C'
and uPQ1Q2Qsu are complementary cycles of D, a contradiction. So UT induces
a transitive tournament in D. It follows that D[U"] has a unique Hamiltonian

path, say Q1 = y1y2. .. Us.

If U] > 2, let Q3 be a Hamiltonian path of D[R], let x be an arbitrary in-neighbor
of y; in U™ and let ()3 be a Hamiltonian path of D[U~ — z|. Then

Y1Yy2 ... YsQoxy1 and uPQsu

are complementary cycles of D, a contradiction. Hence |U~| = 1.

If |R| > 4 and D[R] is not transitive, let C' be a cycle of length less than |R| in
D[R] and let )2 be a Hamiltonian path of D[R — V(C')]. Then C and

uPQ1Qr11u

are complementary cycles of D, a contradiction. So |R| < 3 or D[R] is transitive
which proves the last part of (c). O

Additionally we make the following observation.

Lemma 8.15. Let D be a strong local tournament on n > 6 vertices that is not
2-connected and not cycle complementary. If D is not round-decomposable, then D
has a separating vertex u such that the terminal strong component D,, of the strong
decomposition Dy, Ds, ..., D, of D —u, where p > 2, contains no separating vertex
of D.
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Proof. Let u be a separating vertex of D such that the order of the terminal strong
component D, of the strong decomposition D1, Ds, ..., D,, where p > 2, of D —u
is minimal. Assume that D, contains a separating vertex v of D.

If |V(D,)| > 3, let Ay, As, ..., A, be the strong decomposition of D, — v, where
g > 1. Since D — v is strong, the vertex u has no in-neighbors in A,. In addition,
there is no arc leading from A, to D; for i < p — 1 and A; — A, for j < ¢.
Hence A, is the terminal strong component of D — v, a contradiction to the choice
of u.

So v is the only vertex of D,. Since v is a separating vertex of D, it follows
that « has no in-neighbor in D,_;. Since D is not round-decomposable, there is
an arc from D, to u for an index r < p — 2. Hence D; — D; for every pair 1, j
of indices with r < ¢ < j and uw — D,_;. By Lemma 8.12.(b) we conclude that
|V (Dp-1)| = 1. But then the terminal strong component of D — v is D,_; and the
sole vertex of D,_; is not a separating vertex of D. O

By symmetry the following propositions hold.

Lemma 8.16. Let D be a strong local tournament on n > 6 vertices that is not
cycle complementary. Let u be a separating vertex of D and let Dy, Do, ..., D,
be the strong decomposition of D — w, where p > 2. If u /4~ Dy, then D; — w is
not strong for every out-neighbor w of u in Dy. Let By, Bs, ..., B, be the strong
decomposition of D1 —w, where ¢ > 2. Then

(a) D; — D; for every pair of indices 1 <i < j <p;

(b) |V(D;)| =1 for every index i with2 <i<p—1;

(c) V(B;) = {b;} for every indexi > 1;

(d) w4 b; for every index i with 2 <1< q—1;

(e) if by—1 — w, then u 4 by;

(f) if © — by, then |V(By)| = 1;

(g9) if © — b; for an index i > 1, then u has no out-neighbors in By;

(h) IN*(u, B1)| <1 and if [N*(u, B,)| = 1, then N*(w, By) = N*(u, By).

Lemma 8.17. Let D be a strong local tournament on n > 6 vertices that is not
cycle complementary. Let u be a separating vertex of D and let Dy, Ds, ..., D,
be the strong decomposition of D — u, where p > 2. If u # Dy, then V(D)
can be partitioned in W = N*(u,Dy) # 0, W= = N~ (u,D;) # 0 and S =
V(Dy) = W+ — W~ such that
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(a) W= — 8§ — W+,
(b) if S =10, then |W*| <2 and

(i) if WT = {wy,wy} such that wy — wsy, then wy is the only out-neighbor
of wy in Dy, the vertices are consecutive on every Hamiltonian cycle
of D1 and wy 1s a separating vertex of Dy and D;

(11) if Wt = {ws}, then wy is a separating vertex of Dy and D;

(c) if S # O, then D[W™] is transitive, |W*| = 1 and DIS] is transitive or a
3-cycle. Furthermore D, consists of a single vertex.

Lemma 8.18. Let D be a strong local tournament on n > 6 vertices that is not
2-connected and not cycle complementary. If D is not round-decomposable, then D
has a separating vertex u such that the initial strong component Dy of the strong
decomposition Dy, Dy, ..., D, of D —u, where p > 2, contains no separating vertex
of D.

8.2 The number of separating vertices in local
tournaments that are not cycle complemen-
tary

In this section we use the structural results of Section 8.1 to answer the ques-
tion how many separating vertices can there possibly be in a local tournament
that is not cycle complementary. Firstly we consider round-decomposable local
tournaments.

Remark 8.19. Let n > 5 be an odd integer. If D is a member of RZ, it is a
2-connected local tournament that is not cycle complementary. Hence every sub-
digraph of D is not cycle complementary. It follows that for every integer ¢ with
1 < ¢ < n there exists a round local tournament D that is not cycle complemen-
tary with exactly ¢ separating vertices which are, in general, not consecutive on a
Hamiltonian cycle of D.

In the next result we address local tournaments that are not round-decomposable.

Theorem 8.20. Let D be a strong local tournament that is not cycle comple-
mentary and let ¢ be the number of separating vertices of D. If D is not round-
decomposable, then D has a Hamiltonian cycle C' such that all separating vertices
of D are consecutive on C. In addition, if ¢ > 4, then C can be partitioned into
two consecutive segments () and L such that
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(a) Q induces a transitive tournament;
(b) L induces a tournament that is isomorphic to Q||;
(¢) all separating vertices of D are consecutive on L;

(d) |L| =c,c+1 orc+2.

Proof. If D is 2-connected, it has ¢ = 0 separating vertices and there is nothing to
show. So assume that D is strong, but not 2-connected, and let u be a separating
vertex of D. Let Dy, D,,..., D, be the strong decomposition of D — u, where
p > 2, such that D; contains no separating vertex of D.

By Lemma 8.12.(c) it follows that |V(D;)| < 3. If |V(Dy)] = 1, we obtain
N*t(u,Ds) # 0 and if |V(D;)| = 3, we obtain u — Dy, since D; contains no
separating vertex of D. In the former case let L; = () and in the latter case let
Ly = {w}, where w is an arbitrary vertex of D;.

We consider two cases depending on the structure of D.

Case 1: Suppose that D, — u. Note that a vertex y of D, is a separating
vertex of D if and only if it is the only vertex of D, and w has no in-neighbor
in D,_;. Since D is not round-decomposable, there exist two indices 7 < s such
that N~ (u, D,) # 0 and N*(u, D) # (). Let r and s be chosen minimal and
maximal, respectively.

If r = s, it follows that 2 < r < p—1 and |V(D,)| > 3. By Lemma 8.12.(c)
we conclude that there is no arc between every pair D;, D; of components with
i <r <j. Hence D; — u — Dj for every index ¢ < r < j. Therefore D; — D; for
every pair ¢, j of indices with ¢« < j < r or r < i < j. Now it is easy to see that u
is the only separating vertex of D.

If r < s, it follows that 2 <r < s <p—1. Then D; — D; for every pair i, j of
indices with + < 7 < sor r < i < j. So D has no separating vertices in D; for
t=1,2,...,p— 1 which implies that ¢ < 2.

Case 2: Suppose that D, /4 u. Then D, has the structure as described in Lem-
mas 8.13 and 8.14.

Subcase 2.1: Suppose that R = (). We shall prove the proposition by induction
on |V (D).

Induction basis. Suppose that [V (D,)| = 3. Let C' = vyvov3v; be the Hamil-
tonian cycle of D,. Then either v; — u — {vo,v3} or {v1,v2} — u — v3. In
the former case v; and v are the separating vertices of D in D, and in the latter
case vy is the separating vertex of D in D,. So let L, = {vy,v2} and L, = {v},
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respectively. Then L, and @, = V(D,) — L, from a partition of D, such that @,
is a transitive tournament, L, is a tournament that is isomorphic to @z, all sep-
arating vertices of D in D, are consecutive on L,, |L,| = ¢ or ¢ + 1, where ¢ is
the number of separating vertices of D in D, the last vertex of L, dominates u

and if |L,| = ¢ + 1, the first vertex of L, is not a separating vertex of D. Hence
L=L,U{u}UL; and Q = V(D) — L fulfill the conditions (a)-(d).

Inductive step. Suppose that |V (D,)| > 4. Then z; is a separating vertex of D,
and D by Lemma 8.14.(b) and D, — x; has the structure given in Lemma 8.13.
Let a1, as,...,a,-1, A, be the strong decomposition of D, —x;, where ¢ > 2. Then
[V(A,)| < |V(D,)|. Since z is a separating vertex of D, it follows that u — A,.
In addition u — a; for every index i with 2 <7 < ¢ — 1 by Lemma 8.13.(d). Note
that D — a; is strong for every index i < q.

If [V(A,)| = 1, the only vertex a, of A, is a separating vertex of D if and only
if v — a,—1. If D — qa, is strong, let L, = {z;} and if D — q, is not strong, let
LP = {aq7 1’1}.

If [V(A,)| = 3 and A, contains no separating vertex of D, let L, = {x, v}, where v
is an arbitrary vertex of A,.

Otherwise, by the induction hypothesis, the component A, can be partitioned
in " and L’ such that ()’ is a transitive tournament, L’ is a tournament that
is isomorphic to @/, all separating vertices of D in A, are consecutive on L',
|L'| = ¢ or ¢ + 1, where ¢ is the number of separating vertices of D in A,, the
last vertex of L' dominates z; and if |L'| = ¢ + 1, the first vertex of L’ is not
a separating vertex of D. Let L, = L'’ U{x1}. Then L = L, U {u} UL, and
Q = V(D) — L fulfill the conditions (a)-(d).

Subcase 2.2: Suppose that R # (). It follows that v — D; for i < p. Hence D has
no separating vertices in D; for i < p. We observe that the only vertex z; of U™ is
a separating vertex of D. Moreover, a vertex z € R is a separating vertex of D if
and only if R = {z}. Furthermore, it is easy to see that D — y; is strong for every
vertex y; € UT. Therefore ¢ < 3 and the set of separating vertices of D induces a
path of order ¢ in D which is part of every Hamiltonian cycle of D. O

From the proof of the theorem above we make the following observations.

Remark 8.21. In the situation of Theorem 8.20 the following propositions hold.

(a) If |L| = ¢+ 2, all vertices of D[L] are separating vertices of D except the first
and last vertex and if |L| = ¢+ 1, all vertices of D[L] are separating vertices
of D except either the first or the last vertex;

(b) D has at most "TH separating vertices;
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(¢) The in-degree of the first vertex of D|Q] and the out-degree of the last vertex
of D]Q)] is at most two.

8.3 Partitioning a strong local tournament into
two cycles

Using the results of Section 8.1, we characterize all strongly connected local tour-
naments that are cycle complementary and have the following structure: D has
a separating vertex u such that u dominates the initial strong component and
is dominated by the terminal strong component of D — u. Note that this char-
acterization includes the class of strongly connected, round-decomposable local
tournaments that are not 2-connected.

Theorem 8.22. Let D be a strong local tournament on n > 6 vertices that is
not 2-connected. Let u be a separating vertex of D and let Dy, Do, ..., D, be the
strong decomposition of D — u, where p > 2. If D, — w — Dy, then D is cycle
complementary if and only if one of the following conditions is satisfied.

(a) |V (D;)| > 4 for an arbitrary index i;

(b) |V(Dy)| = 3 and u has an out-neighbor in Dy or |V (D,)| = 3 and u has an

in-neighbor in D,_;;

(c) |V(D;)| = 3 for an index i with 2 < i < p — 1 and there is an arc from D,
to Dy for a pair r,s of indices with r < i < s.

Proof. If D satisfies one of the conditions, it is cycle complementary by Theo-
rem 8.12. So assume that none of the conditions is satisfied. Then |V (D;)| < 3 for
all indices i and D — D; is not strong for every component D; with |V (D;)| = 3.
Hence, if C'is a cycle in D that contains vertices of more than one component, it
contains at least one vertex of every component D; with |V (D;)| = 3. Therefore
D — C is an acyclic local tournament and thus D is not cycle complementary. [

Now we can prove a necessary condition for a local tournament to be not cycle
complementary in terms of minimal degree.

Theorem 8.23. Let D be a strong local tournament on n > 6 vertices that is not
cycle complementary. Then §t(D) < 2 and 6~ (D) < 2 unless D is isomorphic
to T71.
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Proof. If D is a member of R?, it is 2-regular and hence §*(D) = §=(D) = 2.
So assume that D is not a member of R2. Then D has a separating vertex u by
Theorem 8.3. If D is round-decomposable, it follows that D, — u — D;. Hence
d*(v) <2 and d”(w) < 2 for every vertex v of D, and w of D; by Theorem 8.22.
If D is not round-decomposable, it has the structure as described in Theorem 8.20.
By Remark 8.21 we obtain d*(v) < 2 for the last vertex v of @ and d~(w) < 2 for
the first vertex v of Q. O

The following result as well as Corollary 8.6 are immediate by Theorem 8.23.

Corollary 8.24. Let D be a strong local tournament on n > 6 vertices that is not
isomorphic to T} . If max{d"(D),6~ (D)} > 3, then D is cycle complementary.

8.4 Partitioning a strong local tournament into
k cycles

In this section we use the structural results obtained in Sections 8.1 and 8.2 to
give a sufficient criterion for a local tournament to have a k-cycle factor. The main
result of Section 8.3 serves as our induction basis. Note that Theorem 8.7 is an
immediate corollary of Theorem 8.25.

Theorem 8.25. Let D be a strong local tournament on n vertices that is not
isomorphic to T} and let k > 2 be a positive integer. If

2
87 (D)+67(D) > : [t 3k —1,

then D has a k-cycle factor.
Proof. 1f k = 2, it follows that

2—2

which implies that max{o*(D),d~ (D)} > 3. By Theorem 8.23 we conclude that
D is cycle complementary, i.e. D has a 2-cycle factor.

Now let £ > 3 be the smallest integer such that D cannot be partitioned into k
cycles. Then D can be partitioned into k£ — 1 > 2 cycles. Let C1,C5, ..., Cy_1 be
a partition of D in k — 1 cycles such that

A. [V(C)] 2 V(Co)| = ... = [V(Cr1)l;
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B. |V(C})] is maximal.

n—1

Then none of the digraphs C; is cycle complementary. Since 6%(D) < “7= and
6~ (D) < %1, it follows that

kE—1

n—1>6"(D)+d6 (D) > n+3k—1

which implies that

n > 3k(k—1).
Since k > 3, it follows particularly that n > 9(k — 1) and thus, regarding condi-
tion A,

n
V(Cy)| >——>09.
Vel 2 37— 2
We partition Cy, Cs, ..., Ci_1 into two sets by defining

F={C;|i>2and |V(C;)| > 6 and C; ¥ T3} and
H={C;|i>2and |[V(C;)| <5or C; 2T/}

Firstly we prove the following claim.

Claim 1. Let C; be an arbitrary cycle, where ¢ > 2. If v is not a
separating vertex of C;, then either v — C4 or C| — v or there are no
arcs between v and Cf.

Proof of Claim. Let C; be an arbitrary cycle, where ¢ > 2, and let v
be a non-separating vertex of C;.

If there are no arcs between v and C', there is nothing to show.

So suppose that v has a positive neighbor on C;. By Lemma 1.12,
either v — (] or (1 can be extended by v. Since the latter yields a
contradiction to the choice of (', it follows that v — Cf.

By symmetry we conclude that C; — v if v has a negative neighbor
on (7 and the proof of this claim is complete. O

Let u and v be two vertices of C such that d~(u,Cy) and d* (v, Cy) are minimal.
By Theorem 8.23 we obtain d~(u, Cy) < 2 and d* (v, C;) < 2. We shall show now
that

for every i =2,3,...,k — 1.
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Case 1: Let C; € F be an arbitrary cycle and let S; be the set of separating
vertices of C;. Note that by Claim 1 every vertex x ¢ S; of C; contributes at most
one to the sum of d~(u, C;) and d* (v, C;). It follows that

d_(u, Cl) -+ d+(’U, Cl) S ‘V(CZ) — SZ‘ + d_(u, SZ) + d+(’U, Sz)

Thus, if d~(u, S;) < 3ord*(v,S;) < 3or S| <3, the desired inequality is trivially
true. So assume that |S;| > 4 and d~(u, S;)+d* (v, S;) > |S;|+4. Then S, induces a
sub-tournament of order at least four in D. Since every round-decomposable local
tournament has the property that every quadruple of separating vertices does
not induce a tournament, it follows that C; is not round-decomposable. Then
D[V (C;)] has the structure described in Theorem 8.20. Let P = zy25 ...z be the
Hamiltonian path of D[S;] such that z, — z, for ¢ > r+1 and P is a segment of C;.
Let xq be the predecessor of x; on C; and let x,,; be the successor of x, on C;.
Since C; is a local tournament that is not cycle complementary, we deduce that
{zy,25,..., 25} — w9 and x4 1 — {zo,x1,...,25_3}. Using the local tournament
property of D and the fact that d(u,S;) > 4 and d*(v,S;) > 4, we conclude
that v, x¢ and u, xs.1 are adjacent. By Claim 1 we deduce that either xg — C} or
Cl — X and that either Lsy1 — Cl or Cl — Lg41- Let Ci[.f(,’s+1,$0] =Y1Y2 - . - Y.

Subcase 1.1: Suppose that v — x,,1 and g — u. Then xqg — C; — x5. It follows
that
C = UCZ‘[S(,’S+1, LU()]Cl [’U+, ’U] and T1To...TsgT1

are complementary cycles in D[V (C;) U V(C;)] such that [V(C)| > |[V(CY)], a

contradiction.
Subcase 1.2: Suppose that z,,7 — v and zg — u. Then {zg, xs11} — C7 and
C = Ci[v,v]Cy[zs, xolvT and xy29... 74 171
are complementary cycles in D[V (Cy) UV(C;)] such that |V (C)| > |V (C})|, again
a contradiction.
By symmetry the case that v — x4, and u — xy can be solved analogously.

Subcase 1.3: Suppose that z,,1 — v and v — x5. Then z5 — C; — x5. We
consider two subcases.

Subcase 1.3.1: Suppose that there exists a pair ji, jo of indices with 1 < j; <
Jj2 —4 < s —4 such that z;, — u and v — z,,. Then the cycles

C = x5, Ci[u,v]Ci[z),, v;] and Cilzj 41, Tj1]5 11

are vertex disjoint in D[V (Cy) U V()]
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If v© = wu, these cycles are complementary in D[V (Cy) U V(C;)] and |V(C)| >
|V (Ch)], a contradiction. So assume that v # u and let Cy[v",u™| = wyws . .. w,,
where r > 1.

If C' can be extended by wy, ws, ..., w, to a cycle C’, the cycles
" and Ci[scjl-l-lvsz—l]le—l-l

are complementary cycles of D[V(Cy) UV (C;)] such that |V(C")| > |V (C})|, again
a contradiction.
Hence, there is an index ¢ with 1 < ¢ < r such that w, — C'in view of Lemma 1.12.
By Claim 1 it follows that C; — (C; — S;). But then

C* = 2, Ciu, u”|Cilwgia, 5] and Clag, 1, 25]wj 41
are complementary in D[V(Cy) U V(C;)] such that |V(C*)| > |[V(C})|, the final
contradiction.

Subcase 1.3.2: Suppose that there exists a pair jq, jo of indices with 7, + jo = s+4
such that N~ (u, S;) = {Zs—jy4+1, Ts—ji42,- - -, Ts} and NT(v,5;) = {z1, 22, ...,2j,}.
Since u — y;, it follows by Lemma 1.12 that there is an index r with 1 <r <p—1
such that v, — v — y,.1. Analogously, since y; — v, there is an index ¢ with
1 < ¢ < p—1such that y, — v — y,4+1. Note that ¢ <r by Claim 1.

If ¢ < r, the cycles

C = vC;[Ygt1, yr|Ci[vT, 0] and Ci[y,t1, Yglyria

are complementary in D[V (Cy) U V(C;)] such that |V (C)| > [V (C})|, a contradic-
tion.

Otherwise ¢ = r. Let x = x5, 4o. If x — y; for an index j with j <7, let
C' =vCia™, y;—1]Ci[vT,v] and zCily;, x].

These cycles are complementary in D[V (C,)UV(C;)] and |V (C")| > |V(CY)|, again
a contradiction. So assume that y; — « for all indices j with j < r. It follows that

C* =2~ Ciu,u”|Cilyrg1, 2] and Cilz,y,)z

are complementary cycles of D[V (C;) UV (C;)] such that |V (C*)| > |V(C})|, the
final contradiction.

Case 2. Let C; € H be an arbitrary cycle. Let R; = {w € V(C}) | v —» w — u}.
We will show that |R;| < 3.
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If |V(C;)| = 3, the proposition is immediate.

If |V(C;)| =4 or |V(C;)| =5, assume that |R;| > 4. Then d~(u, C;) +d*(v,C;) >
[V (C;)| + 4. It follows that v — C; or C; — w and C; induces a strong tourna-
ment T; in D. By Corollary 5.1 there exist two non-separating vertices in 7;. But
then at least one of these vertices has an in- as well as an out-neighbor on (', a
contradiction to Claim 1. Hence |R;| < 3.

If C; is isomorphic to T, the tournament D[V (C;)] is 2-connected and thus, R; = ().

By the cases above, it follows that d~(u, C;) + d*(v,C;) < |[V(C;)| + 3 for every
index 1 = 2,3,...,k — 1. Therefore

§T(D) + <4+§:nf )| +3)

:4+§]wgﬂ+zp

<44+ (n—ny)+3(k—2)
k—2

<

“ k-1

n+ 3k — 2,

a contradiction to our assumption. This contradiction completes the proof of this
theorem. ]
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Extendable cycles in
in-tournaments

In 1989, Hendry [44] defined a digraph D to be cycle extendable if D contains
a cycle and every non-Hamiltonian cycle of D is extendable. Furthermore, D is
fully cycle extendable if D is cycle extendable and every vertex of D belongs to
a cycle of length three. Tewes and Volkmann [69] extended these definitions in
considering only cycles whose length exceed a certain bound k.

Definition 9.1 (Tewes & Volkmann [69] 2001). Let D be a digraph of order n and
let 3 < k < n be an integer. Then D is k-extendable if every cycle of length t,
where k < t < n, is extendable. Moreover D is called fully k-extendable if D is
k-extendable and every vertex of D belongs to a cycle of length k.

Remark 9.2. The terms fully 3-extendable and fully cycle extendable describe the
same property. Obuviously, every fully k-extendable digraph is vertex k-pancyclic.

Concerning cycle-extendibility Volkmann and Tewes [69] proved the following re-
sult.

Theorem 9.3 (Tewes & Volkmann [68] 1998). Let D be a connected in-tournament
of order n such that §(D) > 1. Then D is (n — | 4L ])-extendable.

Using Theorem 9.3, Volkmann and Tewes [69] showed that the following two degree
conditions are sufficient for a strong in-tournament to be fully k-extendable for
large values of k.

Theorem 9.4 (Tewes & Volkmann [69] 2001). Let D be a strong in-tournament
of order n > 6 with §(D) > 2. Then every vertex of D is contained in a cycle of
length n — 3.

141
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Theorem 9.5 (Tewes & Volkmann [69] 2001). Let D be a strong in-tournament
of order n with max{d—(D),d" (D)} > 2. Then every vertex of D is contained in
a cycle of length n — 2.

Then the following results are immediate corollaries.

Corollary 9.6 (Tewes & Volkmann [69] 2001). Every strong in-tournament D of
order n with 6(D) > 2 is fully (n — 3)-extendable.

Corollary 9.7 (Tewes & Volkmann [69] 2001). Every strong in-tournament D of
order n with max{d~ (D), (D)} > 2 is fully (n — 2)-extendable.

Tewes and Volkmann proved that the following extension of Theorem 9.3 is valid
for special values of §.

Theorem 9.8 (Tewes & Volkmann [69] 2001). Every strong in-tournament D of

order n with §(D) = 2 or 6(D) > 21T s fully (n — |22 ])-extendable.

For 6(D) = 1 we have n — [#2H| = n — 1 and there are several examples, e.g.
the cycle on n vertices, which illustrate that not every strongly connected in-
tournament with minimum degree 1 is fully (n — 1)-extendable. But Tewes and
Volkmann stated the following conjecture.

Conjecture 9.9 (Tewes & Volkmann [69] 2001). Let D be a strongly connected
in-tournament of order n such that3 < 6(D) < 211 Then D is fully (n—[ 2% ])-
extendable.

In order to proof Conjecture 9.9, we shall show that every vertex of a strongly

connected in-tournament D with 3 < §(D) < #2217 belongs to a cycle of length
)

The following result plays an important role in our investigation.

Lemma 9.10 (Tewes & Volkmann [69] 2001). Let D be an in-tournament and
let C' = ujusg...usuy, where s > 4, be a cycle in D. If u; — us for an index
2 <i < s—2, then either D[V (C) — uy,] is strong for an index2 <m <s—1 or
Us—1 — u; for every index j with 1 < j <1.

9.1 Extending cycles and deleting vertices

In this section we investigate the cycle structure of strong in-tournaments. In
particular we analyze how cycles can be transformed into other cycles by adding,
deleting or exchanging vertices. The first lemma shows how we can transform a
given cycle into a longer cycle.
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Lemma 9.11. Let D be a strong in-tournament and let C' be a cycle of length
n—k—1in D, where 0 <k <5 —1. If [NT(2,C)| > 1 for a vertex x ¢ V(C),
then x belongs to a cycle of length n — k.

Proof. Let C' = ujusy...usuy be a cycle of length s = n —k —1in D and let
z ¢ V(C) be a vertex that has at least one positive neighbor on C. Then either
x — C or there exists an index ¢ such that 1 < ¢ < s and u; — * — wu;4q by
Theorem 1.25.

If uy —» x — u;yq for an index 1 < ¢ < s, the cycle C' can be extended by x and
thus, x belongs to a cycle of length n — k in D.

So assume that * — C. Since D is strong, there exists a path leading from C' to z.
Let P be a shortest path leading from C' to x and let, without loss of generality,
V(C)NV(P) ={us}. Note that r = |V(P)|<n—s+1=k+2<n/2+ 1. Then

Plug, z]Clu,_1, ug]

is a cycle of length r — 1 +s — (r —2) = s + 1 = n — k that includes x which
completes the proof of this lemma. O

The next result shows how we can transform a given cycle into a cycle of the same
length.

Lemma 9.12. Let D be a strong in-tournament and let C' be a cycle of length
n—=Fkin D, where 0 < k < %. If [IN*(2,C)| > 2 and d™(x) > 2 for a vertex
x ¢ V(C), then x belongs to a cycle of length n — k.

Proof. Let C = ujus...usu; be a cycle of length s =n — k in D.

If v — C, there exists a path leading from C' to z, since D is strong. Let P be a
shortest such path and let, without loss of generality, V(C) NV (P) = {us}. Since
d~(z) > 2, it follows that r = |V(P)| <n—s =k <n/2. Then

Plug, z]Cu,., us]
is a cycle of length r — 1+ s — (r — 1) = s = n — k that includes z.

So assume that = 4 C. In view of Theorem 1.25 there exists an index ¢ such
that u; —  — w41, say ¢ = s. Since |[NT(z,C)| > 2, the vertex x has a positive
neighbor on C besides u,. If © — wuo,

xClug, uslx

is a cycle of length n — k through z. Hence assume that x - wus. Using
Theorem 1.25, it follows that there exists an index 2 < j7 < s — 2 such that
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uj — & — Ujp1. Then ug and u; are adjacent, say u; — us. In view of Lemma 9.10,
it follows that D[V (C') — u,,] is strong for an index 2 < m < s and thus, according
to Theorem 1.26, Hamiltonian. Let C’ be a Hamiltonian cycle of D[V (C) — uy,]
and note that [N*(z,C")] > 1 and [N~ (z,C")] > 1. By applying Theorem 1.25
to x and C’, we find a cycle of length n — k through x which completes the proof
of this lemma. O

The final result in this section shows how we can transform a given cycle into a
shorter cycle.

Lemma 9.13. Let D be a strong in-tournament with minimal degree § = §(D)
such that 3 < § < 8"3_117 and let C' be a cycle of length n — k + 1 in D, where
1 <k <[22 IfINT(z,C)| = 1 for a vertez x ¢ V(C), then x belongs to a
cycle of length n — k.

Proof. Let C' = uqus ... usu; be a cycle of length s =n —k+1in D.

Firstly we shall show that C has a chord, i.e. u; — u; for some |i —j| > 2. Assume
to the contrary that C' does not have a chord. It follows that every external vertex
z has at most two in-neighbors on C. In addition, since § > 3, we conclude that
every vertex of C' dominates at least two external vertices. Hence

2ln—k+1)=2s<|{aye E|zeV(C),y¢ V(C)}| <2(n—s)=2(k—1)

which leads to

8n—17
46 +1 LS

n<2%k-2<2—5—|-2<2 2 —]-2<n,

a contradiction.

So assume that C' has a chord. Let, without loss of generality, u; — us for an
index ¢ with 2 <1 < s—2. Applying Lemma 9.10, we conclude that D[V (C') —uy,]
is strong for an index m with 2 < m < s. It follows that there exists a cycle C’ of
length n — k such that V(C") C V(C). Let C' = vjvy...v,v1 be a cycle of length
r =s—1=mn—k such that the distance d(x,C") from z to C” is minimal. Then
d(z,C") < 2. If INT(x,C")| > 2, the vertex x belongs to a cycle of length n — k in
view of Lemma 9.12.

Thus assume for the remaining part of the proof that |[N*(z, C")| < 1. We consider
two cases depending on the number of out-neighbors of x on C".

Case 1. Suppose that [Nt (z,C")| = 1. We may assume, without loss of generality,
that v, — = — vy and (C' — vy) ~ .
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If v; — v, for an index 2 < i < r — 2, the digraph D[V (C") — v] is strong for an
index t with 2 < t < r in view of Lemma 9.10. Since x — vy # v, it follows that D
has a cycle C* of length n — k — 1 such that N*(z,C*) # (). By Lemma 9.11 we

conclude that z belongs to a cycle of length n — k.

So assume that v,_; is the only negative neighbor of v, on C’. Then

Nt (x) = {v;} CV(D) - V(C") — {x} and
N_(Ur) - {'Ur—l} - V(D) - V(C,) - {[L’}

Furthermore, note that

46 +1

V(D) -=V(C") —{a} =k —-1<| ] -1
INT(z) — {v1}] > 6 —1 and
N ()~ {0} 20— 1

Since 0 > 3 implies that

IN* (@) = {vi}] + IN~(vr) = {or1}] > 26 — 2
> LL;lJ -1
> [V(D) = V(C') — {=}],

there exists a vertex z ¢ V(C") such that + — z — v,. In addition, it follows that

INT(z, ) 26— [(k=1) = (6 —1)]

=20 —k
4 1
225—L67+J
3
> 1.

We consider three subcases.

Subcase 1.1. Suppose that v,_; — x. Then
xC'vy, vp_1]T

is a cycle of length n — k through z.

Subcase 1.2. Suppose that v,_s — x. Then we consider the cycle

C* = 2C'[vy, v, o)
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of length r — 1. If v, — C*, the digraph D contains the cycle
220,C" [vg, vy o

of length n — k through x. So assume that v, has at least one positive and one
negative neighbor on C*. But then C* is extendable by v, which also leads to a
cycle of length n — k through .

Subcase 1.3. Suppose that v; — x for an index ¢ with 2 < i < r — 3. In this case
we consider the cycle
C* = zz2C' vy, v)z

of length ¢ + 3 < r through z. Note that none of the vertices v;, where 1 < j <
r, dominates C*, since, according to our assumption, v,_; is the only negative
neighbor of v, on €’ and v,_; 4 x. Using Theorem 1.25, it follows that we can
insert the vertices v,_1,v,_9,...,v;43 in C* resulting in a cycle of length n — k
through .

Case 2. Suppose that [Nt (z,C")| = 0. By choice of C" we obtain that d(z, C") = 2.
Let P = zyz be a path leading from z to C'. Then |[N*(y,C")| > 1 and following
Case 1 we conclude that there exists a cycle of length n — k in D that includes y,
a contradiction to the choice of C' which completes the proof of this lemma. [

9.2 Solution of a conjecture of Tewes and Volk-
mann regarding cycle extendibility

Using the results of Section 9.1, we show in this section that every vertex of a
strongly connected in-tournament of order n with minimal degree ¢ such that
3<i< 8"3_117 belongs to a cycle of length n — L‘MT“J. This result in combination
with Theorem 9.3 solves Conjecture 9.9 in positive.

Theorem 9.14. Let D be a strong in-tournament of order n with minimal degree
6 = 6(D) such that 3 < § < 21T Then every vertex of D belongs to a cycle of
length n — 224 |,

Proof. Firstly we shall show that there exists a cycle of length n — |_4‘ST+1J in D.
Note that, in view of Theorem 1.26, the in-tournament D has a Hamiltonian cycle,
since it is strong. Let C be a shortest cycle in D such that [V/(C)| > n — [22H ],
Since § > 3, the cycle C has length at most n — 1. Let |V(C)| = n — k + 1, where
k > 2, be the length of C. If k < |21 ] there exists a vertex z ¢ V(C) such that
INT(z,C)] > 1. In view of Lemma 9.13 this vertex belongs to a cycle of length
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n —k in D, a contradiction to the choice of C. Hence k = [#+] + 1, ie. D
contains a cycle of length n — [ 22|,

We shall show next that every vertex of D belongs to a cycle of length n — LA“SB—HJ
in D. Assume that D has a vertex x that does not belong to a cycle of length
n— 2] Let C = ujus...usu; be a cycle of length n — |42 | such that « has
minimal distance to C' and let P = z¢x; ...z, be a shortest path leading from

x =20 to C. Then z, 1 ¢ V(C) and N*(x,_1,C) # (.

If INT(z,_1,C)| > 2, we conclude by Lemma 9.12 that x,_; belongs to a cy-
cle of length n — [#£!] a contradiction to the choice of C. So assume that
INT(z,_1,C)| = 1. We may assume, without loss of generality, that v, — z,_1 —
u1. We consider two cases depending on the number of in-neighbors of u; on C.

Case 1. Suppose that [N~ (us,C)| > 2. Then, according to Lemma 9.10, there
exists a vertex u,, € V(C), where 2 < m < s, such that D[V (C)—u,,] is strong. Let
C’ be a Hamiltonian cycle of D[V (C)—u,,]. Note that C’ has length n— |22 | -1 >
. Furthermore, note that [N*(z,_1,C’)] > 1. Using Lemma 9.11, we conclude
that z,_; belongs to a cycle of length n — LMTHJ, a contradiction to the choice

of C.

Case 2. Suppose that [N~ (us, C)| = 1. Then |N~(us, D — C)| > 6 — 1. It follows
that

= - |2 50

and thus, u, has at least two positive neighbors on C. It follows that C' has a
chord which implies, in view of Lemma 9.10, that D[V (C) — u,,] is strong for an
index 1 <m <s.

[N (us, O) = 6 = [(L

If D[V(C) — uy,] is strong for an index m # 1, let C’ be a Hamiltonian cycle of
D[V (C) — uy,). Note that |[N*(z,_1,C")| > 1. In view of Lemma 9.11 it follows
that x,_; belongs to a cycle of length |V (C")|+ 1 = |V(C)|, a contradiction to the
choice of C.

So assume that m = 1 and that D[V (C) — w;] is not strong for every index i > 1.
Then the only in-neighbor of us on C'is u,_; and the only out-neighbor of z,_;
on C'is uy. Since § > 3 and |V(D) — V(C) — {z,_1}| = [22H ] — 1, it follows that

INT (1) = {zr | + N (vs) = {@r1} 2 26 — 2
S L463+ 1J 9
= [V(D) = V(C) — {1}

and thus, there exists a vertex z ¢ V(C') such that z,_; — z — v,. Moreover, we
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observe that

456+ 1 49+ 1
N (@, O 26— (1F5 =] =) =26 - [=—] > 1
Hence z,_; has a negative neighbor on C” besides v,. Let C' = wvyu3...v,v9 be a
Hamiltonian cycle of D[V (C') — u4] such that vy = us. We consider three subcases
depending on the negative neighborhood of z,_; on C".

Subcase 2.1. Suppose that v,_o — z,_1. Then
xr—lzcl [U87 Us—2]xr—1

is a cycle of length n — L%jlj through x,_1, a contradiction.

Subcase 2.2. Suppose that vs_s 4 x,_1 and that there exists a vertex v # v,_;
in C’ that dominates z,_;. Let 2 < t < s — 3 be the greatest index such that
vy — T,_1. We consider the cycle

C* = z,_12C"[vg, v w1

If vy_1 4 C*, the cycle C* can be extended by wv,_;. Since vy o # x,._1 and
because of the choice of ¢ none of the vertices vs_o,v5 3, ..., V0 dominates z,_;.
It follows that we can insert these vertices one after the other in C*, leading to a

cycle of length n — [42F ] that includes z,_;.

So assume that v,y — C*. Then vyvz...vs_1vy is a cycle in D and u; has a
positive neighbor on this cycle. If u; can be inserted in vqvs . .. v, 109, the digraph
D[V (C) — ug] is strong, a contradiction. Hence u; — {vs,vs3,...,vs_1}. But then

xr—lulcl[ﬂz, Us—l]ffr—l

is a cycle of length n — L‘MT“J through x,_, again a contradiction.

Subcase 2.3. Suppose that N~ (z,_1,C") = {vs_1,vs}. Note that u; has a positive
neighbor on ', say uy — v,, where 2 < ¢ < s— 1. We consider the cycle

* !
C* =z, C [Uquvs—l]xr—l-

If ¢ = 2, the cycle C* is a cycle of length n — L‘MT“J through x,_;. So assume that
g > 3. Due to our assumption none of the vertices v,_1,v4_2, ..., V2 dominates C*.
Therefore we can insert these vertices one after the other in C*, leading to a cycle
of length n — Lﬁ‘;lj that includes z,_;. This final contradiction completes the
proof of Subcase 2.3 and of this theorem. O
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Combining Theorems 9.3 and 9.14 we are now able to solve Conjecture 9.9 in
positive.

Corollary 9.15. Let D be a strong in-tournament of order n such that 3 < § <
81T Then D is fully (n — |42 ])-extendable.
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List of notations

A— B
C:U1’U2...’U@’U1

D—-A
Dl, DQ, -
D}, D5, ..
d™(x)
dt(xz, A)
d—(z)
d=(z,A)
d(D)
A(D)

0t =0%(D)
- =07(D)
AT = AT (D)
A~ =A"(D)

» Dp
., D]

A dominates B

cycle of length /¢

subpath from v; to v;

local tournament (cf. Figure 6.1)
local tournament (cf. Figure 6.1)
digraph

converse of a digraph D

induced subdigraph

subtraction of the vertex x
subtraction of the vertices A C V(D)
strong decomposition
semicomplete decomposition
out-degree of x

out-degree of x in A

in-degree of x

in-degree of z in A

min{6*(D),d (D)}
max{AT(D),A~(D)}

min {d*(z) | x € V(D)}
min{d~(z) | x € V(D)}

max {d*(z) | x € V(D)}

max {d(z) | x € V(D)}

arc set of D

H is subdigraph of D and D is a superdigraph of H
size of D

order of D

out-neighborhood of x
out-neighborhood of A
out-neighborhood of A in B
in-neighborhood of x
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158 List of notations
N=(A) in-neighborhood of A 2
N=(A, B) in-neighborhood of A in B 2
P =uvyv1...0 path of length /¢ 2
Plv;, vj] subpath from v; to v, 3

: Qs — x4 (cf. Figure 6.2) 106
Qn tournament (cf. Theorem 5.2) 73
R[Hy,H,, ..., H,] round decomposition (cf. Definition 1.4) 7
5 2-regular, round local tournaments (cf. Definition 1.5) 7
S separating set 4
SC(D) condensation or strong component digraph of D 4
T tournament 4
T} tournament (cf. Figure 8.1) 123
T? tournament (cf. Figure 8.1) 123
T3 tournament (cf. Figure 8.1) 123
T} tournament (cf. Figure 8.1) 123
T2 tournament (cf. Figure 8.1) 123
Ty tournament (cf. Figure 8.1) 123
Tra tournament (cf. Definition 2.53) 40
Tloc local tournament (cf. Figure 2.5) 41
T in-tournament (cf. Figure 5.2) 7
T in-tournament (cf. Figure 5.2) 7
1. local tournament (cf. Figure 5.2) 76
Ty local tournament (cf. Figure 5.2) 76
V(D) vertex set of D 1
Yy arc 2
ot =y successor of z on X 3
T =ay predecessor of x on X 3
r—Y 2 dominates y 2



Index

A-B-path, 3
Cl 106
C7.106

Q%, 106

Qn, 73

T}, 123

T2, 123

T3, 123

T}, 123

T2, 123

Ts, 123

Trnaz, 40
R2'7

Ty, 77

7;:07 76
T, 77
Tp5, 76
k-cycle factor, 3
k-strong, 4
k-strongly connected, 4
m-cycle, 3
m-path, 3
m-path arc, 3
vo-vg-path, 3

acyclic, 4

acyclic ordering, 4
adjacency, 2

arc set, 1

arc-reversal, 2
arc-traceable digraph, 3

condensation, 4

connected, 4

converse, 2

cut-vertex, 4

cycle, 3

cycle complementary, 3
cycle extendable, 141

decomposition of a strong in-tournament,
13

digraph, 1

directed cycle, 3

directed path, 2

domination, 2

end-vertices of a path, 3
end-vertices of an arc, 2
extendable cycle, 3

factor, 1
fully k-extendable, 141
fully cycle extendable, 141

graph, 1

Hamiltonian cycle, 3
Hamiltonian digraph, 3
Hamiltonian path, 3

in-branching, 4
in-degree, 2
in-neighbor, 2
in-neighborhood, 2
in-path-mergeable, 3
in-tournament, 5
incidence, 2
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Index

induced subdigraph, 2
initial strong component, 4
initial vertex of a path, 3

length of a cycle, 3
length of a path, 2
local tournament, 5

maximum degree, 2
maximum in-degree, 2
maximum out-degree, 2
minimal separating set, 4
minimum degree, 2
minimum in-degree, 2
minimum out-degree, 2
minimum separating set, 4
multipartite tournament, 6

negative neighbor, 2
negative neighborhood, 2
non-separating vertex, 4

order, 1
out-branching, 4
out-degree, 2
out-neighbor, 2
out-neighborhood, 2

pancyclic, 3

path, 2

path-mergeable, 3
positive neighbor, 2
positive neighborhood, 2
predecessor, 3

quasi-transitive digraph, 6

regular, 2

round decomposition, 7
round digraph, 7
round labeling, 7
round-decomposable, 7

semicomplete, 4

semicomplete decomposition, 8
separating set, 4

separating vertex, 4

size, 1

spanning subdigraph, 1
strong component, 4

strong component digraph, 4
strong decomposition, 8
strongly connected, strong, 4
subdigraph, 1

successor, 3

superdigraph, 1

terminal strong component, 4
terminal vertex of a path, 3
tournament, 4

traceable arc, 3

traceable digraph, 3
transitive, 4

vertex pancyclic, 3
vertex set, 1

weakly domination, 2
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