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ABSTRACT

The main results of this thesis are the following. We show that for
each a > 0 every sufficiently large oriented graph G with 6" (G),d (G) >
3|G|/8 + a|G| contains a Hamilton cycle. This gives an approximate solu-
tion to a problem of Thomassen [52]. In fact, we prove the stronger result
that G is still Hamiltonian if §(G) 4+ 6%(G) + 6~ (G) > 3|G|/2 + o|G|. Up
to the term «|G| this confirms a conjecture of Haggkvist [30]. This result
is then used to derive a corresponding Ore type result and a new result on
pancyclicity in oriented graphs.
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CHAPTER 1

INTRODUCTION AND NOTATION

1.1. Introduction

Hamiltonicity is one of the most important, and most studied, areas of
graph theory. There are many papers published every year secking more
sufficient conditions for a graph to contain a Hamilton cycle, looking at
the behaviour of Hamilton cycles in various models of random graphs and
examining refinements of the idea of Hamiltonicity. This thesis consists of
an introduction to the topic of Hamiltonicity within digraphs and a result
recently proved with Deryk Osthus and Daniela Kiihn [37] which provides an
analogue of Dirac’s famous theorem on Hamilton cycles in graphs for oriented
graph. Extensions of this result, to an Ore type result and a pancyclicity
result, are also discussed.

A simple graph G = (V(G), E(G)) is a set of vertices, V(G) (or V if
this is unambiguous), often taken to be [n] := {1,...,n}, with a set of edges
E(G) € V® (or E). The number of vertices in a graph is called its order
and is often denoted |G|. The number of edges in a graph is denoted by e(G).
A multigraph is a graph in which edges are given a multiplicity. A Hamilton
cycle is an ordering x4, ..., x, of the vertices of a graph such that z;z;,;, €
E(G) for all i (counting modulo n). The degree d(x) of a vertex x € V(G) is
the number of vertices sharing an edge with x. The minimum degree 6(G) of
a graph is the minimum of the degrees of the vertices of G. A fundamental
result of Dirac states that a minimum degree of |G|/2 guarantees a Hamilton
cycle in an undirected graph G on at least 3 vertices. Ore in 1960 gave a
stronger sufficient condition: if the sum of the degrees of every pair of non-
adjacent vertices is at least |G|, then the graph is Hamiltonian [48].

A digraph or directed graph is a multigraph in which all the edges are
assigned a direction and there are no multiple edges of the same direction. L.e.
we allow an edge in each direction between two vertices, but no other multiple
edges are allowed. An oriented graph is a (simple) graph in which every edge
is assigned a direction. Equivalently, an oriented graph is a digraph with no
multiple edges.

There is an obvious analogue of a Hamilton cycle for digraphs. That is,
an ordering x1,...,x, of the vertices of a digraph D such that z;r;,; is a
directed edge for all i. When discussing cycles and paths in digraphs we
always mean that they are directed without mentioning this explicitly. The
minimum semi-degree 5°(G) of an oriented graph G (or of a digraph) is the
minimum of its minimum outdegree 7 (G) and its minimum indegree § (G).
There are corresponding versions of the famous theorems of Dirac and Ore
for digraphs. Ghouila-Houri [28] proved in 1960 that every digraph D with
minimum semi-degree at least |D|/2 contains a Hamilton cycle. Meyniel
[44] showed that an analogue of Ore’s theorem holds for digraphs, that is
a digraph on at least 4 vertices is either Hamiltonian or the sum of the



degrees of a pair of non-adjacent vertices is less than 2|D| — 1. All these
bounds are best possible. See Theorems 2.1 and 2.2 for proofs of the results
of Ghouila-Houri and Meyniel.

It is natural to ask for the (smallest) minimum semi-degree which guar-
antees a Hamilton cycle in an oriented graph G. This question was first
raised by Thomassen [51], who [53] showed that a minimum semi-degree of
|G|/2 — +/|G|/1000 suffices (see also [52]). Note that this degree require-
ment means that G is not far from being complete. Héggkvist [30] improved
the bound further to |G|/2 — 27'5|G| and conjectured that the actual value
lies close to 3|G|/8. The best previously known bound is due to Haggkvist
and Thomason [31], who showed that for each o > 0 every sufficiently large
oriented graph G with minimum semi-degree at least (5/12 4+ «)|G| has a
Hamilton cycle. Our first result implies that the actual value is indeed close

to 3|G|/8.

THEOREM 1.1. For every a > 0 there exists an integer N = N(«) such
that every oriented graph G of order |G| > N with §°(G) > (3/8 + «)|G]
contains a Hamilton cycle.

A construction of Haggkvist [30] shows that the bound in Theorem 1.1
is essentially best possible (see Proposition 5.1).

In fact, Haggkvist [30] formulated the following stronger conjecture.
Given an oriented graph G, let 6(G) denote the minimum degree of G
(i.e. the minimum number of edges incident to a vertex) and set 6*(G) :=

3(G) + 0+(G) + 67 (G).

CONJECTURE 1.2 (Héggkvist [30]). Every oriented graph G with 6*(G) >
(3n — 3)/2 has a Hamilton cycle.

Our next result provides an approximate confirmation of this conjecture
for large oriented graphs.

THEOREM 1.3. For every a > 0 there exists an integer N = N(«) such
that every oriented graph G of order |G| > N with §*(G) > (3/2 + a)|G]|
contains a Hamilton cycle.

Note that Theorem 1.1 is an immediate consequence of this. Once one
has a Dirac-type result it is natural to ask if there is a corresponding Ore
type result and indeed in this case there is. The proof for this is similar to
that of Theorem 1.3 so we do not give the entire proof.

THEOREM 1.4. For every a > 0 there exists an integer N = N(«) such
that if G is an oriented graph onn > N wvertices with d*(u)+d~(v) > 3n/4+
an for all non-adjacent vertices u,v € V(G) then G contains a Hamilton
cycle.

We do though give a proof of the one important lemma which is different,
along with a brief discussion, in Chapter 5.

Moreover, note that Theorem 1.1 immediately implies a partial result to-
wards a classical conjecture of Kelly (see e.g. [4]), which states that every reg-
ular tournament on n vertices can be partitioned into (n—1)/2 edge-disjoint
Hamilton cycles, with a tournament being a complete oriented graph 7' in
which all vertices have indegree and outdegree (|T'| —1)/2.
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COROLLARY 1.5. For every a > 0 there exists an integer N = N(«) such
that every regular tournament of order n > N contains at least (1/8 — a)n
edge-disjoint Hamilton cycles.

Indeed, Corollary 1.5 follows from Theorem 1.1 by successively removing
Hamilton cycles until the oriented graph G obtained from the tournament
in this way has minimum semi-degree less than (3/8 + «)|G|. The best pre-
viously known bound on the number of edge-disjoint Hamilton cycles in a
regular tournament is the one which follows from the result of Haggkvist
and Thomason [31] mentioned above. A related result of Frieze and Kriv-
elevich [27] implies that almost every tournament contains a collection of
edge-disjoint Hamilton cycles which covers almost all of its edges and that
the same holds for almost all regular tournaments. There is a more detailed
discussion of result on packing Hamilton cycles in digraphs in the survey in
Chapter 2.

An oriented graph on n vertices is called pancyclic if it contains a cycle
of length ¢ for every 3 < ¢ < n. With some extra work, the minimum semi-
degree condition in Theorem 1.3 also gives the following pancyclicity result.
Since our main result was proved, Keevash, Kiithn and Osthus [36] have ex-
tended the methods to give an exact minimum semi-degree result, by proving
the (best-possible) bound of 6°(G) > (3n — 4)/8 for containing a Hamilton
cycle. We extend this further to give the following exact pancyclicity result.

THEOREM 1.6. There exists a number ng so that any oriented graph G on
n > ng vertices with minimum semi-degree 8°(G) > [(3n —4)/8] contains
an C-cycle through w for any vertex u € V(G) and 4 < { < n.

This improves upon the previous work of Darbinyan [22], who proved
that a minimum semi-degree of [n/2| — 1 > 4 implies pancyclicity.

This thesis is organised as follows. In the rest of this chapter we introduce
further notation. In Chapter 2 we give a survey of some of the main results
on Hamilton cycles in digraphs. In Chapters 3 and 4 we give an overview
of results on Hamiltonian decompositions of digraphs and pancyclicity in
digraphs as well as some results of our own on short cycles in oriented graphs.
In Chapter 5 we prove our main result, Theorem 1.3, and discuss how to
prove an Ore type result for oriented graphs. Finally in Chapter 6 we prove
the pancyclicity result discussed above.

1.2. Further Notation and Terminology

Given two vertices z and y of an oriented graph G, we write zy for the
edge directed from x to y. We will sometimes say that z and y are adjacent
to mean xy € E(G). Given A C V(G) we say that © € V(G)\ A dominates A
if zy € E(G) for all y € A, and similarly we say that x is dominated by A if
yr € E(G) for all y € A. We write N (z) := {y € V(G) : ay € E(G)} for
the outneighbourhood of a vertex x and df(z) := |NZ ()] for its outdegree.
Similarly, we write N (x) for the inneighbourhood of x and d(z) := |Ng ()]
for its indegree. We write Ng(z) := NJ (z) U Ng (x) for the neighbourhood
of x and use N*(z) etc. whenever this is unambiguous.

We write A(G) for the maximum of |N(x)| over all vertices z € G.
We write §(G), 07(G) and 6~ (G) respectively for the minimum of |N(z)],
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|NT(x)] and [N~ (z)| over all vertices z € G. We will sometimes write 4, §*
and 0~ where the meaning is clear.

Given a set A of vertices of G, we write N (A) for the set of all out-
neighbours of vertices in A. So N/ (A) is the union of N/ (a) over all a € A.
N (A) is defined similarly. The oriented subgraph of G(V, E) induced by A
is G[A] := (A, EN A®). We say that A is independent if G[A] contains no
edges. Given two vertices =,y of G, an x-y path is a directed path which
joins x to y. Given two disjoint subsets A and B of vertices of G, an A-B
edge is an edge ab where a € A and b € B, the number of these edges is
denoted by eq(A, B).

Recall that when referring to paths and cycles in oriented graphs we
always mean that they are directed without mentioning this explicitly. Given
two vertices x and y on a directed cycle C, we write xC'y for the subpath of C
from x to y. Similarly, given two vertices  and y on a directed path P such
that x precedes y, we write x Py for the subpath of P from z to y. A walk
in an oriented graph G is a sequence of (not necessarily distinct) vertices
vy, Vg, . ..,V Where v;v;,1 is an edge for all 1 < ¢ < £. The walk is closed
if v1 = v, We define things similarly for graphs and for directed graphs.
The underlying graph of an oriented graph G is the graph obtained from G
by ignoring the directions of its edges. By a strongly connected or strong
oriented graph we mean one in which between every 2 vertices there exists
a directed path, which is the obvious oriented graph version of a connected
(undirected) graph. The distance dg(z,y) between 2 vertices z,y € V(G) is
the length of the shortest path from = to y in G.

Given disjoint vertex sets A and B in a graph G, we write (A, B)g for
the induced bipartite subgraph of G whose vertex classes are A and B. We
write (A, B) where this is unambiguous. We call an orientation of a com-
plete graph a tournament and an orientation of a complete bipartite graph
a bipartite tournament. A digraph D is d-reqular if all vertices have in- and
outdegree d. D is regular if it is d-regular for some d. It is easy to see (e.g. by
induction) that for every odd n there exists a regular tournament on n ver-
tices. A I-factor of a digraph is a l-regular spanning subdigraph, i.e. a
covering of the digraph by pairwise-disjoint cycles. Note that a Hamilton
cycle is a connected 1-factor.

Note that all these definitions apply equally well for digraphs and oriented
graphs.

For two functions f,g : N — R we write f(n) = o(g(n)) to mean
f(z)/g(x) — 0 as x — oo.



CHAPTER 2

SURVEY

2.1. Classical Results And Degree Conditions

In this section we give several, mainly classical, degree conditions forcing
a digraph to be Hamiltonian. We start with digraph analogues of the famous
theorems of Dirac and Ore.

THEOREM 2.1 (Ghouila-Houri, 1960 [28]). If D is a digraph on n vertices
with minimum semi-degree 6°(D) > n/2 then D is Hamiltonian.

Proof. Suppose not. Let D be a counterexample and let C' be a cycle of
maximum length in D (C is not necessarily unique), and write ¢ for the length
of the cycle C'. Tt is easy to see that £ > max(6"(D),0™ (D)) > n/2. Indeed,
consider a maximal path in D. By the minimum semi-degree condition, this
path has length at least max(6*(D),d (D)). Since the endvertex has no
edges to vertices outside this path it is adjacent to at least 67(D) vertices
inside the path. Hence the end vertex must be adjacent to a vertex in the
path at a distance (along the path) of at least 67(D) from itself. Similarly
considering the first vertex in this maximal path gives us a cycle of length
at least 0~ (D).

Now let P = ugujus ...u; be a maximal path in D — V(C). Since ¢ +
k+1 < nand £ > n/2 we have k < n/2. Define S := N~ (ug) N C,
T := NT(ux)NC. By the maximality of P, N~ (ug) € CUP, N*(u;) C CUP.
Hence

1S|,|T| > 6%D) —k>n/2—k>0.

Also, the maximality of C' implies that for all s € S and t € T', distc(s,t) >
k 4+ 1. Otherwise we could replace the path from s to ¢ inside C' with P
to create a longer cycle. Hence there exists a vertex s € S followed by at
least k + 1 vertices not in S. These are forbidden from 7T, along with all
vertices in C' which succeed a vertex in S. Thus at least |S|—1+k+1>n/2
vertices of C' are not in T'. Hence |C| > n—k, but this contradicts our earlier
observation that 1 +/¢+ k < n.

OJ

Next we give Meyniel’s theorem, originally proved in 1973, which provides
an analogue of Ore’s theorem for directed graphs. The proof we give is due to
Bondy and Thomassen [11]. It proceeds by proving a more technical looking
result for which Meyniel’s theorem is an immediate corollary.

THEOREM 2.2 (Meyniel, 1973 [44]). A strong digraph D on n vertices
contains a Hamilton cycle if d(u)+d(v) > 2n—1 for every pair u,v € V(D)
of non-adjacent vertices.

THEOREM 2.3 (Bondy and Thomassen, 1976 [11]). Let D be a strong
digraph on n vertices containing no Hamilton cycle and let S := x1xy ... 3
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F1GURE 1. The setup for the case g = 1 of the proof of The-
orem 2.3

be a mazximal cycle in D. Then D contains a vertex v not in S and there
exist numbers o, (1 < a <k, 1 <[ < k) such that

o z,v € E(D),

e v is adjacent to no xay; with 1 < i < 3,

o d(v)+d(xatp) <2n—1-p.

Proof. Suppose first that there is no path in D having only its start and
finish in S. Then since D is strong and V(S) is a proper subset of V (D),
D contains a cycle S" having precisely one vertex, say x,, in common with
S. Let v denote the successor of z, on S’. If D contains a path of the form
Tar1YV OF VYTai1, where y € V\V(S) then we contradict the assumption
that D has no path having only its start and finish in S. So no such path
exists and e(y, {Tqy1,v}) < 2 for all such y. Further, we can assume that v
is adjacent to no vertex of S other than x,. Hence we obtain

d(v) + d(war1) <2+2(k =)+ Y (e, {Tas1,v}) + e({zatn, v}, y))
yeVAV(S)

<2%+2n—k—1)=2n—-2,

and the theorem is proved with g = 1.

Therefore we may assume that D contains a path having only its start
and finish in S. Let P := 2,y1¥2 . . . YsTat be chosen such that v is minimal.
Note that since S is maximal, v > 1. Put v = y;.

(1) By the maximality of S we can’t insert v into the path Zq4yTairt1 - .- Ta-

If there were more than k—vy+2 edges between v and this path then
there would be an index i (a + v < i < «) such that z;v, vz, €
E(D), which would be a contradiction. Hence there are at most
k — v + 2 edges connecting this path to v.

(2) Furthermore, by the minimality of v, v is not adjacent to any z,;
with 1 < ¢ < v, and D contains no path of the form z,;yv or
VYTat; With y € VAV(S) and 1 <i < 7.

Now let 3 be defined as the largest integer i (1 < i < +), such that D con-
tains an ,4,%, path with vertex set {Za4~, Tatr+1,-- - Tar Tati, - - - Tatp—1}-
Let P’ be an z,4,%, path with this vertex set. Note that it is possible that
(= 1. Since PUP' is a cycle, it follows from the maximality of S that § < ~.
We cannot integrate x,44 into this path so by the pigeonhole principle they
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FIGURE 2. Extremal example for Theorem 2.2. In Theorem
2.3 we would have = 1 and S as a Hamilton path in the
K} _; together with z, and z,4;.

are joined by at most kK — v+ 3+ 1 edges. Combining this with (1) and (2)
we get

d(0)+d(2ars) < (k=7 +2) + (k=7 +B+1) +2(y - f— 1)+
Y (e {rarn o) + el{zasn, v} 1)

yeVA\V(S)
<2k—f+1+2n—k—-1)=2n—-1—-0.
This completes the proof. 0

Taking the disjoint union of two complete digraphs of equal size shows
that Theorem 2.1 is best possible. Figure 2.1 shows that Theorem 2.2 is also
best possible.

The following important theorem of Moon states that for a tournament
being strong is equivalent to having a Hamilton cycle.

THEOREM 2.4 (Moon, 1966 [45]). Let T be a strong tournament onn > 3
vertices. For every x € V(T) and every integer k € {3,4,...,n}, there
exists a cycle of length k through x in T. In particular, a tournament is
Hamiltonian if and only if it is strong.

Proof. Let z € V(T) and observe that since T is strong both N*(x)
and N~ (x) are non-empty. Moreover the bipartite subdigraph (Nt (z), N~ (z))
of T with vertex classes N*(z) and N~ (x), is non-empty, so let yz be an
edge of (N*(z), N~(z)). Then xyz is a 3-cycle through x as required. We
now proceed by induction on k. Let C' = x125 ... 2 be a cycle in T' with
z1:=x and 3 < k <n— 1. We show that 7" has a (k 4+ 1)-cycle through x.
If there is a vertex y € V(T)\V(C) with an outneighbour and an in-
neighbour in C then it is easy to see that there exists an index ¢ such that
iy, yxris1 € E(T). Thus the cycle C" = x1Cx;yz;11Cxy completes the
proof, where we write x1Cz; for the subpath of C' from z; to z;. So we may
assume that for all y € V(T)\V(C) either V(C) € N*(y) or V(C) € N~ (y).
Denote by R the subset of V(T)\V(C) containing all vertices with inedges
to all vertices in C. Similarly let S contain all vertices in V(T")\V (C) with
outedges to all vertices in C. Then since T is strong, R, S # () and (R, S) is

7



not empty. Hence there exists r € R, s € S with rs € E(T). Then the cycle
C" = zyrsaxsCay, is a (k + 1)-cycle through x. O

This has the following corollary.

COROLLARY 2.5. Every tournamentl" on n vertices with minimum semi-
degree 0°(T) > n/4 is Hamiltonian.

Proof. All we need to show is that a minimum semi-degree of n/4 implies
that T is strong. Given a non-empty set X C V(T), if every vertex z € X
has [NT(z)NX| > (|X|—1)/2 then e(X) > (I);\)’ contradicting the fact that
T is a tournament. Hence there exists a vertex x € X with |[NT(x)\X| >
n/4—|X|/2+1/2 and so |[INT(X)| > n/4+|X|/2+1/2. Similarly for outedges
we get that for all non-empty Y C V(T), IN"(Y)| > n/4+|Y|/2+1/2 -
just reverse every edge in T' to see this.

Then for any distinct vertices u,v € V(T) define X; := N*(u), V7 =
N~ (v) and X;11 := NT(X;), Yis1 := N~ (Y;). By the minimum semi-degree
condition |Xi|,|Y1] > n/4 and induction gives that for i > 2, | X;|,|Y;| >
n/2 — 27" In +1/2. Indeed, for i = 2 we have

X0 > n/d+ | X4|/2+ 1/2 > n/2 — n/S+1/2.

Now suppose that it holds for ¢ — 1. Then by the above averaging argument
we have that:

1Xi| >n/4+|Xia|/24+1/2>n/d4+n/4—27CDp /0 1 1/241/2
=n/2-2"1n+1.

Hence there exists ¢ with |X;| 4+ |Y;| > n + 1 and so their intersection is
non-empty. This gives us a uv path as desired. O]

Taking the disjoint union of two regular tournaments 77 and 75 and
adding all the edges from T to Ty shows that Corollary 2.5 is best possible.

Bollobés and Haggkvist showed that a slight increase in minimum semi-
degree gives us not just a Hamilton cycle, but all small powers of a Hamilton
cycle. Given a digraph D define the kth power of D, denoted D®) to be
the digraph with vertex set V(D) and in which uv € E(D™) if and only if
distp(u,v) < k.

THEOREM 2.6 (Bollobas and Haggkvist, 1990 [10]). For every e > 0 and
every natural number k there exists No = Ny(e, k) such that the following
holds. If T is a tournament on n > Ny vertices with 6°(T) > (1/4 + ¢)n,
then T' contains the kth power of a Hamilton cycle.

There is a conjecture of Jackson (see e.g. [4]) which says that this mini-
mum semi-degree condition implies the existence of a Hamilton cycle in any
regular oriented graph.

CONJECTURE 2.7. Every k-regular oriented graph of order at most 4k+1,
where k # 2, contains a Hamilton cycle.

Taking the disjoint union of two regular tournaments shows that this is
best possible.

For undirected graphs there are many degree conditions other than Ore’s
theorem on only some pairs of non-adjacent vertices that force a graph to
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be Hamiltonian. One of the best known examples of this is Fan’s theorem
[23] which says that if max{d(x),d(y)} > n/2 for all pairs of vertices x,y at
distance 2 from each other in a graph G on n vertices, then G is Hamilton-
ian. Similar theorems which impose degree conditions only on some pairs of
vertices are rare for directed graphs. One such result that does exist is the
following result of Bang-Jensen, Gutin and Li [6]. Recall that given a digraph
D we say that a pair of vertices {x,y} C V(D) is dominated if there exists
a vertex z € V(D) such that zz, zy € E(D). We say that {z,y} C V(D) is
dominating if there exists a vertex z € V(D) such that zz,yz € E(D).

THEOREM 2.8 (Bang-Jensen, Gutin and Li, 1995 [6]). Let D be a strong
digraph on n vertices. Suppose that

min{d" (z) +d"(y),d"(z) + d*(y)} = n

for every pair of dominating or dominated non-adjacent vertices {x,y}. Then
D contains a Hamilton cycle.

Note that this result neither implies nor is implied by Meyniel’s theorem
(Theorem 2.2).

2.2. Random Graphs

The study of random graphs has been an extremely productive area of
research ever since Erdos and Rényi laid the foundations for the subject in
1959. Naturally random digraphs have also been extensively studied, and
in particular many people have asked questions about Hamilton cycles in
random digraphs.

We are interested not in whether some property definitely holds, but with
the behaviour of ‘typical’ graphs, that is, in the probability that a property
holds in a given probability space. In particular, many results try and show
that the probability that some property P holds tends to 1 as the number
of vertices of a graph given by a particular model tends to infinity. If this
happens we say that P occurs with high probability (w.h.p.) or almost surely.
In an arbitrary digraph on n vertices we can have n edges and a Hamilton
cycle, or (n — 1)? edges and no Hamilton cycle. Surprisingly, at least for
those not accustomed to the study of random graphs, requiring only that we
have a Hamilton cycle w.h.p. almost completely removes this huge window
of uncertainty as we shall see in the rest of this section.

The following result provides an answer to perhaps the most obvious
question one could ask about Hamilton cycles in random digraphs. That
is, what happens in D(n,p), the model of random digraphs consisting of
digraphs with n vertices in which the edges are chosen independently and
randomly with probability p. The answer was given through a rather sur-
prising method using percolation by McDiarmid [43]. He showed that the
probability that a random digraph D € D(n,p) is Hamiltonian is not smaller
than the probability that G(n, p) is Hamiltonian, where G(n, p) is the model
of random graphs consisting of graphs with n vertices in which the edges are
chosen independently and randomly with probability p. This can then be
combined with the following important theorem of Pdsa to obtain a result
for D(n,p).



THEOREM 2.9 (Pésa, 1976 [8]). For a random graph G € G(n,p) with
p = (logn + loglogn + w(n))/n for some function w(n) — oo, G almost
surely contains a Hamilton cycle.

THEOREM 2.10 (McDiarmid, 1981 [43]). Let ¢ be constant and let p :=
(1+¢)(logn)/n. Then

. . , , 1 >0
nlglgo P(D € D(n,p) is Hamiltonian) = {O c2 0"

Frieze [26] later improved this result in two ways. Firstly he gave a much
sharper threshold. Secondly he gave an explicit algorithm DHAM for finding
Hamilton cycles in random digraphs.

THEOREM 2.11 (Frieze, 1986 [26]). Let e, e, ..., exm-1) be a random
permutation of the edges of the complete digraph on n wvertices. Let E,, :=
{e1,€9,...,en} and let D, be the digraph on n vertices with edgeset E,,.
Define m* := min{m : 6°(D,,) > 1}. Then

lim P(DHAM find a Hamilton cycle in D,,~) = 1.

n—oo

There are many other families of random digraphs we might be interested
in. When studying random graphs one finds, perhaps surprisingly, that there
is commonly a sharp threshold below which a particular property does not
hold w.h.p. and above which the property holds w.h.p. The result above
shows that the very edge which increases the minimum semi-degree to 1 also
makes the digraph Hamiltonian with high probability. With this behaviour
in mind the following space of random digraphs is a natural one to study.

The random digraph Dy _ins—ouwt has vertex set [n] = {1,2,...,n} and
each vertex v € [n] chooses a set in(v) of k& random edges directed to v
and a set out(v) of ¢ random edges directed from v. It is not normally
important if we choose edges with replacement, i.e. if we forbid multiple
edges, and the result we give below holds with or without it. Thus Dj_in ¢—out
usually has around (k + ¢)n edges. This model of random digraphs was
originally introduced by Fenner and Frieze and subsequently the question of
the Hamiltonicity of such digraphs was studied by Cooper and Frieze (see
[17] and [18]). In particular they proved, in the course of several papers, the
following result.

THEOREM 2.12 (Cooper and Frieze, 1999 [17]). The digraph D € Da_in o out
1s Hamaltonian with high probability.

Note that this result is best possible as w.h.p. Dj_j,2-out contains 2
vertices of indegree 1 sharing a common inneighbour. The proof of this
theorem is long and hard so we will not give the proof here. Instead we will
note two of the main tools used in the proof, which are commonly used in
other work in this area and which we use in the proof of our main result
(Theorem 1.3) later.

Recall that a 1-factor is a spanning collection of disjoint cycles. It turns
out that the study of 1-factors in digraphs proves very helpful when looking
for Hamilton cycles. It is often easier to find a 1-factor of a digraph, and
then connect the cycles of the 1-factor up to form a Hamilton cycle, than
it is to try and find a Hamilton cycle directly. This is an idea used in the
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proof of Theorem 2.12, another important result in this section (Theorem
2.15) and one of the results in the chapter on Hamiltonian decompositions
(Chapter 3), as well as in the proof of our main result, Theorem 1.3.

The normal trick used when finding a 1-factor in an arbitrary digraph
is to look for a perfect matching in a suitable (undirected) bipartite graph.
Given a digraph D = (V| E) define G to be the bipartite graph with vertex
classes V = {1,2,...,n} and V' = {1',2/,...,n'} where ij’ € E(G) if and
only if ij € F(D). Then crucially a perfect matching in G' corresponds to a
1-factor of D. To find a perfect matching in G we need only check that Hall’s
condition holds, that is, for every subset X C V(D), |Ng(X)| = [N} (X)| >
| X|.

Using this idea Cooper and Frieze proved that w.h.p. Dy_i, 2—ou contains
a 1-factor. After this they give an algorithm which with high probability joins
together the cycles of the 1-factor to create a Hamilton cycle. In showing
that their algorithm succeeds w.h.p. they make heavy use of the following
tail estimate of Chernoff (see e.g. [3, Cor. A.14]).

THEOREM 2.13. Let B(n,p) denote the binomial random variable with
parameters n and p. Then for any € > 0 we have

P(|B(n,p) — np| > en) < 2exp(—2¢n).
Compared to Chebychev’s bound, which gives
P(|B(n,p) — np| > en) < p?/e?

for a binomial random variable, this is much stronger. Crucially it allows us
to show that in a random graph a property that for a single vertex behaves
like a binomial variable holds with high probability for every vertex. For
example, the property of having almost expected vertex degree, holds w.h.p.
for all vertices.

In a similar vein to the result on Dj_j, 2 out, Cooper, Frieze and Mol-
loy [19] recently proved the following result on Hamilton cycles in random
regular digraphs.

THEOREM 2.14 (Cooper, Frieze and Molloy, 2005 [19]). Let r > 2 be a
fized constant and let Q,,, denote the set of digraphs with vertez set [n] such
that each vertex has indegree and outdegree r. Let D be chosen uniformly at
random from €, ,. Then

. . . . 0 r=2
T}LII()IO P(D is Hamiltonian) = {1 P> 3

As with almost every topic in graph theory, the use of probabilistic tools
is vitally important in the study of Hamilton cycles. This is the case not just
when looking at random digraphs. Probabilistic methods are an incredibly
powerful tool when studying Hamilton cycles in any context. The following
result of Alon [3] uses the probabilistic method to bound the number of
Hamilton paths in a tournament, a problem, like many others, which it is
not clear how to approach otherwise.

11



First we need some definitions. The permanent of an n X n matrix A =
(a; ;) is defined as

per(A) := Z Hai,o(i%

eSSy =1

where the sum is taken over every permutation of {1,2,...,n}, i.e. over
S,. The definition is similar to that of the determinant of a matrix, the
difference being that the signatures of the permutations are not taken into
account when calculating the permanent. Unlike the determinant there is no
pleasant geometric interpretation, crucially for us though it does have one
very nice combinatorial interpretation. Given a digraph D denote by Ap the
adjacency matriz of D. That is, let Ap = (a;;) be the matrix with rows and
columns indexed by the vertices of D with a;; =1ifij € E(D) and @, ; =0
otherwise. A little thought shows that the permanent of Ap is precisely the
number of 1-factors of D.

THEOREM 2.15 (Alon, 1990 [3]). Let P(n) denote the mazimum possible
number of Hamilton paths in a tournament on n vertices. Then there exists
a positive constant ¢ such that for every n,

| |
QZQ < P(n) < cnm%.

Before we can prove this result we will need some extra notation and
some other results. Let T be a tournament on n vertices and let Ap be its
adjacency matrix. We will denote the number of 1-factors of 7" by F(T') and
the number of Hamilton cycles by C(T'). Clearly C(T') < F(T'). We will also,
in a slight abuse of notation, write P(7") for the number of Hamilton paths in
a given tournament 7" and C(n) for the maximum number of Hamilton cycles
in any tournament on n vertices. (F(n) is defined in the obvious way.) We
will use the following solution of the Minc conjecture by Brégman to bound
the permanent.

THEOREM 2.16 (Brégman, 1973 [12]). Let A = (a;;) be an n x n matriz
with all a; ; € {0,1}. Then the permanent of A satisfies

per(A) < H (rNY,
1<i<n

where r; is the number of non-zero entries in the ith row.
We will also need the following technical lemma (see e.g. [3]).

LEMMA 2.17. Define g(z) = (2))V/*. For every integer S > n, the maz-
imum of the function []}_, g(x;) subject to the constraints y ;. , x; =S and
x; > 1 are integers, is obtained if and only if the variables x; are as equal as

possible, i.e. iff each x; is either |S/n] or [S/n].

Proof. [of Theorem 2.15] Observe that the numbers 7; defined in the the-
orem above are precisely the outdegrees of the vertices of T'. If at least one
of these is 0, then clearly C(T') = F(T) = 0. Otherwise, by Theorem 2.16
and the technical lemma above, F(T') is at most the value of the function
[Ti,(ri)'/"i, where the integer values r; satisfy >, r; = (}) and are as equal
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as possible. Applying Stirling’s formula gives, after some tedious calculation,
that for every tournament 7" on n vertices

(1) C(T)< F(T)<(1+ 0(1))ﬁ(n + 1)3/2u.

V2e 2n

Thus we have C(n) < (1 + o(1))(n + 1)3/2C 1

Next we derive an upper bound on the number of Hamilton paths in a
tournament in terms of the number of Hamilton cycles in a larger tourna-
ment. Given a tournament 7' let S be the tournament obtained from 7' by
adding a new vertex y and by adding the edge zy to E(S) with probability
1/2 and the edge yz otherwise for every x € V(7). For every Hamilton
path in 7', the probability that it can be extended to a Hamilton cycle in
S is precisely 1/4. Thus the expected number of Hamilton cycles in S is
P(T)/4, and hence there exists S for which C(S) > P(T)/4. Hence we have
P(n) <4C(n+1).

Combining this with (1) we have

VT gl 3/2_ M
P(n) <4C(n+1) < (1 +0(1))\/§en =t O (n 2n_1) )

The lower bound comes from a simple application of the linearity of
expectation. For a permutation o of V(T') let X, be the indicator random
variable for o giving a Hamilton path, where we pick ¢ uniformly at random
from all possible permutations of V(T'). Then the number of Hamilton paths

in T is precisely X := > X,, where we sum over all possible permutations
of V(T), and

E(X) =) E(X,)=n2-"Y,
Thus some tournament has at least E(X) Hamilton paths and we are done.

0

This result has recently been improved by Friedgut and Kahn [24].

THEOREM 2.18 (Friedgut and Kahn, 2004 [24]). Let C(n) denote the
maximum number of Hamilton cycles in a tournament on n vertices. Then

C(n) <O (W“%) ,

where a = 0.2507 . . ..

Recently Busch [13] has given the following best possible lower bound on
the number of Hamilton paths in a strong tournament.

THEOREM 2.19 (Busch, 2005 [13]). The minimum number of distinct
Hamilton paths in a strong tournament on n vertices is 5~D/3.

2.3. Hamilton Cycles With Additional Con-
straints

In this section we discuss some results on Hamilton cycles where we im-
pose additional constraints. Primarily this will be requiring that the Hamil-
ton cycles either contain or avoid given edges or vertices.

13



FI1GURE 3. The exceptional tournament in Theorem 2.20.

We first give a classical result in this area. We say that a digraph D has
an [z, y|-Hamilton-path for distinct vertices z,y € V(D) if it has a Hamilton
path either from x to y or from y to x. The following theorem of Thomassen
[54] gives a rather technical classification of tournaments containing an [x, y]-
Hamilton path which has a nice corollary concerning such paths in strong
tournaments. First we need some definitions. A maximal strong induced
subgraph of a digraph D is called a strong component. We call a strong
component of D initial if no other strong component sends an edge to it.
Similarly a strong component is called terminal if it sends an end to no other
strong component. See [4] for a fuller discussion of strong components.

THEOREM 2.20 (Thomassen, 1978 [54]). Let T' be a tournament on n
vertices and let xy,x9 be distinct vertices of T. Then T has an [z, x5]-
Hamilton path if and only if none of the following holds.

(a) T is not strong and either neither x1 nor xy belong to the initial
strong component of T" or neither x1 nor x5 belong to the terminal
strong component.

(b) T is strong and for i = 1,2, T — x; is not strong and x3_; belongs
to neither the initial nor the terminal strong component of T — x;.

(¢c) T is isomorphic to Figure 2.3.

This gives the following corollary, which is used in induction step of the
proof of the theorem itself.

COROLLARY 2.21. LetT be a strong tournament and let x,y, z be distinct
vertices of T'. Then T has a Hamilton path connecting two of the vertices in
the set {x,y,z}.

Proof. Suppose z, y, z are distinct vertices of a strong tournament 7T’
and that 7" has no Hamilton path connecting = and y. Then either (b) or
(c) holds. The result is clear if 7" is isomorphic to Figure 2.3, so assume
not. Then we have that (b) holds. If z belongs to the initial or the terminal
strong component of T'— x, there is a Hamilton path connecting = and z.
If not, then T' — z is strong. Also as T is strong and T' — x is not strong
we must have that = has an outneighbour in the initial strong component of
T — x and an inneighbour in the terminal strong component of " — x. But
y belongs to neither the initial nor the terminal strong component of ' — x
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so we must have that T" — y is strong. But then T has a Hamilton path
connecting z and y by Theorem 2.20. U

The following result of Fraisse and Thomassen [25] provides a condition
for the existence of Hamilton cycles in tournaments which avoid a given set of
edges. We say that a digraph is k-strong if it is strong and if after removing
any set of k — 1 vertices it is still strong.

THEOREM 2.22 (Fraisse and Thomassen, 1986 [25]). For every k-strong
tournament T = (V, E) and every set E' C E such that |E'| < k — 1, there
is a Hamilton cycle in T — E'.

Thomassen also proved the following result on Hamilton cycles in tour-
naments with restrictions on both edges included and excluded.

THEOREM 2.23 (Thomassen, 1983 [56]). Let T be a tournament on n
vertices and let k be a positive constant. Then for all k there exists h(k)
such that if T is h(k)-strong and Ay C E(T) and Ay C E(T)\A; are sets of
at most k edges then T — Ay contains a Hamilton cycle containing all edges
m AQ.

Kiihn, Osthus and Young [42] recently gave a minimum degree condition
that forces a sufficiently large digraph to contain a Hamilton cycle in which
a number of vertices appear in a prescribed order. We say a digraph D
is k-ordered Hamiltonian if for every sequence of k distinct vertices in D,
vy, ..., U, there exists a Hamilton cycle encountering vy, . . ., vx in this order.

THEOREM 2.24 (Kiithn, Osthus and Young, 2007 [42]). For every k > 3
there is an integer ng = ng(k) such that every digraph D on n > ny vertices
with

0*(D) = [(n+k)/2] -1
s k-ordered Hamiltonian.

Note that the case k = 1,2 is the theorem of Ghouila-Houri (Theorem
2.1), so this theorem generalises that result. They also proved a similar
result on the existence of Hamilton cycles encountering given edges in the
prescribed order.

2.4. Regularity and Hamiltonicity

In this section we will introduce the concept of e-regularity and give a
recent result by Frieze and Krivelevich on packing Hamilton cycles into e-
regular random digraphs. Essentially, a graph is e-regular if it looks like a
‘typical’ random graph. More precisely, we define it as follows. The density
of a bipartite graph G = (A, B) with vertex classes A and B is defined to be

eG(A7 B)

[AllB]
We often write d(A, B) if this is unambiguous. Given € > 0, we say that G is
e-regular if for all subsets X C Aand Y C B with |X| > ¢ |A| and Y| > ¢ |B|
we have that |d(X,Y) —d(A,B)| < e. A graph G = (V, E) is e-regular if
this condition holds for all disjoint subsets; this is, |[d(X,Y) — d(A4, B)| < ¢
for all disjoint A, B C V' with |A|,|B| > ¢|V|.

(2) da(A, B) =

15



So a bipartite graph is e-regular if all sufficiently large pairs of subsets
have almost the expected number of edges between them. This turns out to
be the right way to capture the notion of ‘looking random-like’. The following
theorem (see e.g. [3]) shows that this simple property is equivalent to almost
every property we would want from a ‘random-like’ graph. Equivalence here
means that for all ¢, j if we are given ¢; such that the statement relying on
¢; is true then there exists ¢; = ¢;(c;) such that ¢; — 0 as ¢; — 0 and the
statement relying on ¢; is true for that value of ¢;.

THEOREM 2.25. Let G be a graph on n vertices with edge density p. Then
the following properties are equivalent.

P1. For every graph H(s) on s vertices with t edges, the number of
labelled copies of H(s) in G is (1 + ¢1)n°p.

P2. G contains at most (p* + co)n* labelled 4-cycles.

P3. Za},a}’EV(G) |N(l’) N N(l',)|2 < (p4 + 02)n4'

P4. ||[N(2)NN(2')| —p®n| < czn for all but at most c3n® pairs of vertices
z, 2 € V(G).

P5. For any 2 disjoint sets A, B C V(QG), |e(A, B) — p|A||B|| < cyn?.

P6. For any set A C V(G), the number of edges inside A differs from
plA2/2 by at most csn?.

P7. If \y,..., \, are the ergenvalues of the adjacency matriz of G then
2N < (0 +e)nt

Furthermore, if G is reqular (of degree pn) then these are all equivalent to:

P8. The second largest absolute value of the eigenvalues of the adjacency
matriz of G is at most cgn.

Note that Properties 2, 3 and 7 all count the same thing.

The fact that Property 5, which we have taken as the definition of e-
regularity, is strong enough to force almost the expected number of labelled
copies of every subgraph is one of the interesting special cases of this result,
and one of the reasons why e-regularity is so interesting.

The full significance of the idea of e-regularity comes from the enormous
power of Szemerédi’s famous Regularity lemma. Roughly speaking, this tells
us that any large graph can be approximated by a union of e-regular bipartite
graphs. It has led to an astonishing variety of new results in the last twenty
years in almost every area of graph theory. Alon and Shapira [2] proved a
digraph version of the Regularity lemma, and we will use this heavily in our
result. See Section 5.2 for a statement of the Diregularity lemma and a much
longer discussion.

Clearly no digraph D contains more than §°(D) edge disjoint Hamilton
cycles. It is conjectured that for random digraphs we achieve this bound with
high probability. The corresponding problem for undirected graphs has been
the subject of intensive research and has been settled for relatively sparse
graphs [9] (at most nInn edges in a graph of order n). The question appears
to be very hard for the remaining cases. Erdés (see [57]) asked the following
similar question on Hamilton cycles in tournaments.

QUESTION 2.26. Do almost all tournaments contain §°(T) edge-disjoint
Hamilton cycles?
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We now give one result which says dense random digraphs can almost
be decomposed into edge-disjoint Hamilton cycles. Let D(n,a,¢) be the
collection of digraphs on n vertices which are e-regular and have minimum
semi-degree an, where an e-regular digraph is defined in the obvious way.
That is, given € > 0 and a bipartite digraph D with vertex classes A and
B, we say that D is e-regular if for all subsets X C A and Y C B with
|X| > e]A| and |Y| > ¢|B| we have that |d(X,Y)—d(A, B)| < € and
|[d(Y, X) —d(B,A)| < e. Le. we demand e-regularity in both directions. A
digraph D = (V, E) with density d := |E|/(n(n—1)) is e-reqular if all A, B C
V with |A],|B| > €|V| satisfy |d — d(A, B)| < e and |d — d(B,A)| < ¢

THEOREM 2.27 (Frieze and Krivelevich, 2003 [27]). For all o > 0 and
for all sufficiently large n € N there exists € satisfying

! 1/6
10 (ﬂ> <e<a«

n

such that if D € D(n,a, €) then D contains (a—4eY?)n edge-disjoint Hamil-
ton cycles with probability tending to 1 as n tends to infinity.

COROLLARY 2.28. Let 0 < p < 1 be constant. Then w.h.p. D(n,p)
contains (p — o(1))n edge-disjoint Hamilton cycles.

The corollary follows since using Chernoff type bounds it is relatively
straightforward to show that w.h.p. a graph in D(n, p) is e-regular, i.e. w.h.p.
D(n,p) € D(n,p,¢) for some constant .

Proof. [Sketch for Theorem 2.27] Let v := £'/2/2. First choose a random
subdigraph I" of D with edge density yn and define Dy := D — I'. Straight-
forward use of Chernoff type bounds (Theorem 2.13) shows that w.h.p. I’
is dense and that there are almost the expected number of edges between
any two disjoint subsets of V(D) of size at least en. We then extract a 2r-
regular subdigraph F' from D;, where r := (a— 67)n. This is a fairly simple
task, done by applying the max-flow min-cut theorem to a suitably defined
bipartite graph.

For essentially the same reasons as discussed in the proof of Theorem
2.15, the number of perfect matching in a bipartite graph is equal to the
permanent of its adjacency matrix. This fact and Brégman’s proof of the
Minc conjecture (Theorem 2.16) are used to show that any 2r-regular digraph
(with 7 not too small) contains many 1-factors, and hence one can show that
it contains a 1-factor containing at most 10e~!(n/Inn)'/2 cycles. Repeating

this gives t := r — |en] 1-factors Fy, ..., F} each not containing too many
cycles.
Then for ¢ = 1,2,...,t we convert F; into a Hamilton cycle H; using

the edges of the subgraph D\(H; U...U H;_; U F; U...U F;). Note that
this subgraph contains almost all the edges of I', and so we are able to use
the fact that any two small sets, and thus the neighbourhoods of any two
vertices, have an edge between them in I'. The bound on the number of
cycles in each 1-factor ensures that at every stage we have sufficient edges
outside Hy U ...UH; 1 U F;U...U F; to convert F; into a Hamilton cycle.
OJ
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This result also answers a long standing conjecture of Thomassen which in
some sense generalises Kelly’s conjecture (Conjecture 3.4). As with Corollary
2.28, this corollary follows from Theorem 2.27 by using Chernoff type bounds
to show that w.h.p. a random tournament is e-regular.

THEOREM 2.29 (Frieze and Krivelevich, 2003 [27]). For any e > 0 almost
all tournaments of order n contain | (1/2—e)n| edge-disjoint Hamilton cycles.
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CHAPTER 3

HAMILTONIAN DECOMPOSITIONS

3.1. Results on Hamiltonian Decompositions

In this chapter we discuss Hamiltonian decompositions of digraphs and
show how our result gives an improved partial result towards one of the most
famous conjectures in tournament theory, Kelly’s conjecture.

Given a digraph D, a Hamiltonian decomposition of D is a collection of
edge-disjoint Hamilton cycles of D covering every edge of D. For undirected
graphs it is a well-known and straightforward result that for n > 1 the
complete graph K5, is decomposable into edge-disjoint Hamilton cycles.

The question of the existence of Hamiltonian decompositions is harder
for digraphs. We do though have the following result of Tillson showing
that Hamiltonian decompositions exist for complete digraphs. The complete
digraph of order n, K, is the unique digraph on n vertices such that for all
z,y € V(Ky), vy € B(K).

THEOREM 3.1 (Tillson, 1977 [58]). The edges of K} can be decomposed
into Hamilton cycles if and only if n # 4,6.

The constructive proof uses Latin squares to give actual decompositions
and can be found in Tillson’s paper [58].

Whilst finding Hamiltonian decompositions is hard, if we just ask for a
decomposition into edge-disjoint 1-factors the situation is easier. The fol-
lowing observation of Kotzig [41] says that we can always partition the edge
set of a regular digraph into 1-factors.

THEOREM 3.2 (Kotzig, 1969 [41]). If D = (V, E) is an r-reqular digraph
on n vertices, then the edge set of D can be partitioned into 1-factors.

Proof. Define G to be the bipartite graph with vertex classes V =
{1,2,...,n} and V' = {1",2',...,n'} where ij’ € FE(G) if and only if ij €
E(D). Then G is r-regular and a perfect matching in G corresponds to a
1-factor of D. To check the existence of a perfect matching in G we need
only check that Hall’s condition holds, that is, for every subset X C V,
INe(X)| > | X].

So let X C V. By the regularity of GG, the number of edges from X
to N(X) is exactly r|X|. Counting in the other direction, the regularity
of G gives that the number of edges from N(X) to X is at most r|N(X)].
Hence

r| X[ = e(X, N(X)) < r[N(X)],

as desired.

Remove this perfect matching from G to obtain an (r — 1)-regular bi-
partite graph G’. By the same argument as before, G’ contains a perfect
matching. Repeating this we obtain r edge-disjoint perfect matchings in G,
and hence r edge-disjoint 1-factors of D as required. 0
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As in Theorem 2.12, it is sometimes desirable to restrict the number of
cycles in a 1-factor, so as to make joining them together to form a Hamilton
cycle easier. The following result of Frieze and Krivelevich was mentioned in
the sketch of the proof of Theorem 2.27, but as it is of independent interest
we state it seperately here.

LEMMA 3.3 (Frieze and Krivelevich, 2005 [27]). Let € > 0 and let D
be an r-regular digraph on n wvertices, where r > en. Then D contains a
1-factor with at most 10e~(nInn)'/? cycles.

3.2. Kelly’s Conjecture

For tournaments we have the following famous conjecture of Kelly (see
e.g. [4]).

CONJECTURE 3.4 (Kelly’s Conjecture). Fvery reqular tournament on n
vertices can be partitioned into (n — 1)/2 edge-disjoint Hamilton cycles.

There have been several partial results towards this conjecture. The
first result which gave a number of Hamilton cycles dependent on n is due
to Thomassen [57] who showed that every tournament contains at least
|/n/1000] edge-disjoint Hamilton cycles. The best previous result prior
to that said that every regular tournament on at least 5 vertices contains 2
edge-disjoint Hamilton cycles (see e.g. [4]).

The first person to prove that there are a linear number of Hamilton cycles
was Haggkvist [30], who proved that every regular tournament contains at
least 2718n edge-disjoint Hamilton cycles. In work with Thomason [31] he
later improved this bound to n/12 — o(n), which was previously the best
known bound. The following corollary of our main theorem (Theorem 1.3)
improves these bounds.

COROLLARY 3.5. For every a > 0 there exists an integer N = N(«) such
that every reqular tournament T of order n > N contains at least (1/8 —a)n
edge-disjoint Hamilton cycles.

Proof. A regular tournament has minimum semi-degree (n — 1)/2 so we
can apply Theorem 1.3 to obtain a Hamilton cycle Hy. Let T} := T — H;.
Then §°(Ty) = (n —1)/2 — 1 and so we can find a Hamilton cycle Hy and

define T5 := 17 — H; as before. We can continue in this manner until 7T;
has minimum semi-degree less than 3n/8 + an, i.e. we get at least n/8 —an
Hamilton cycles as desired. O

Note that whilst a full solution of Kelly’s conjecture appears very hard,
an improved partial result would be obtained by a solution of the conjecture
of Jackson (Conjecture 2.7) stating that any regular oriented graph on n
vertices with minimum semi-degree at least n/4 contains a Hamilton cycle.
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CHAPTER 4

PANCYCLICITY

4.1. Pancylicity In Digraphs

An interesting way to strengthen the property of having a Hamilton cycle
is to ask for the digraph to contain a cycle of every possible length. In this
chapter we survey some of the results in this area. We also demonstrate
how our result, in conjunction with partial results towards the Caccetta-
Héggkvist conjecture (Conjecture 4.9), implies not just the presence of a
Hamilton cycle in every sufficiently large oriented graph of minimum semi-
degree 3n/8 + an, but also a cycle of every possible length.

A digraph D of order n is pancyclic if it has cycles of all lengths 3,4, ..., n.
We say that D is wertex-pancyclic if for every v € V(D) and any k €
{3,4,...,n} there is a cycle of length k containing v. Furthermore, we say
that D is vertex-m-pancyclic if D contains a cycle of length & containing v
for all m < k < n and each v € V(D).

Whilst this appears a much stronger notion than that of having a Hamil-
ton cycle, it turns out that in some cases we require only slightly stronger
conditions to force pancyclicity. The following example shows that an in-
crease in minimum semi-degree of just 1 in the conditions of Theorem 2.1
gives us pancyclicity.

THEOREM 4.1 (Alon and Gutin, 1997 [1]). Every directed graph D on n
vertices with minimum semi-degree 8°(D) > n/2 + 1 is vertez-2-pancyclic.

Proof. Let v € V be an arbitrary vertex. The subdigraph D — v has
minimum semi-degree at least n/2 = (n — 1)/2 4+ 1/2 so by Theorem 2.1
there is a Hamilton cycle uyusy. .. u,_ju; in D — v. If there is no cycle of
length & through v then for no index i is u; € NT(v) and u; 1,2 € N~ (v),
where the indices are modulo n — 1. By summing over all values of 7, we
get that |[NT(v)| + [N~ (v)| < n—1, contradicting the minimum semi-degree
condition. OJ

Note that this theorem says that there are 2-cycles, which is something
that is not required in our definition of pancyclicity. Similarly, adding just
one to the Ore type condition in Meyniel’s theorem (Theorem 2.2) again
forces pancyclicity.

THEOREM 4.2 (Thomassen, 1977 [55]). Let D be a strong digraph on
n wvertices such that d(x) 4+ d(y) > 2n whenever x and y are nonadjacent.
Then either D is pancyclic or n is even and D is isomorphic to the complete
bipartite digraph on n vertices.

Song [50] showed that for oriented graphs we can get a slightly stronger
result.
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THEOREM 4.3 (Song, 1994 [50]). Let D be an oriented graph on n > 9
vertices with minimum degree n — 2. If

ty ¢ E(D) = d" () +d (y) > n -3
then D s pancyclic.

There are many more nice results in this area. The following result of
Haggkvist puts a bound not on the minimum degree but on the number of
edges.

THEOREM 4.4 (Héggkvist and Thomassen, 1976 [32]). Every Hamilton-
ian digraph on n vertices and at least n(n + 1)/2 — 1 edges is pancyclic.

If we relax the conditions of pancyclicity and ask only for every short
cycle we get a further set of interesting results. Erdds proved in 1963 a
result of this type for undirected graphs, we state a directed analogue of his
result for digraphs, due to Haggkvist and Thomassen.

THEOREM 4.5 (Héggkvist and Thomassen, 1974 [32]). Let k > 2 be an
integer. Every strong digraph D with n > (k — 1)? wvertices and more than
n?/2 edges contains a cycle of length i for all i < k.

The following simple observation says that if a tournament contains no
triangles then it is acyclic, i.e. it contains no cycles of any length.

PROPOSITION 4.6. Every triangle-free tournament T is acyclic.

Proof. Let x1x5...25 be a cycle of minimum length in T. By hypothesis
k > 4. Since T is a tournament either z1x3 € E(T) or z3x; € E(T). But
in the first case x;x3 ...z is a (k — 1)-cycle, contradicting the minimality of
k and in the second case xyxox3 is a triangle contradicting our assumption
that T is triangle-free. OJ

Earlier when we stated Moon’s theorem (Theorem 2.4) we actually gave
a stronger version which he proved in 1968 stating that every strong tour-
nament is not just Hamiltonian, but that for every vertex there is a cycle of
every length containing it.

THEOREM 4.7 (Moon, 1968 [46]). Every strong tournament is vertex
pancyclic.

4.2. The Caccetta-Haggkvist Conjecture

To extend the main theorem of this thesis (Theorem 1.3) to show pan-
cyclicity we will need to use a partial result towards the famous conjecture
of Caccetta and Haggkvist on small cycles in digraphs. It is reasonable to
expect that in a digraph with many edges there should be many cycles, and
in particular, there should be some short cycles. The following theorem of
Chvatal and Szemerédi shows that this intuition is correct.

THEOREM 4.8 (Chvétal and Szemerédi, 1983 [16]). Let D be a digraph on
n vertices and let v be a positive constant such that the minimum outdegree
of D is at least r. Then D contains a cycle of length at most 2n/(r + 1).
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In 1978 Caccetta and Haggkvist [14] made the following striking conjec-
ture (see e.g. [47]).

CONJECTURE 4.9 (Caccetta and Haggkvist, 1978 [14]). Every digraph
on n vertices with minimum outdegree at least r contains a cycle of length
at most [n/r].

The following example shows that the result is best possible in the case
r =mn/3. It is not hard to extend it to a family of digraphs showing that the
conjecture is best possible for all r.

PROPOSITION 4.10. There exists an oriented graph G on n vertices with
minimum outdegree n/3 — 1 such that G contains no triangle.

Proof. Let the vertex set of G be {1,2,...,n} and connect i to j if
1<j—i<n/3—1, counting modulo n. If iyis73 is a triangle in G then by
the pigeon hole principle one of {iy — iy, i3 —i,4i; — i3} is at least n/3, where
we again count modulo n. But this contradicts the definition of the edgeset

of G. L]

Caccetta and Haggkvist proved the result themselves in the case r = 2
[14] and proofs also exist for the cases r = 3 (Hamidoune [34]) and 4 <r <5
(Hoéng and Reed [35]). Whilst the general case is unproven there are partial
results in several different directions. One weakening which has led to a result
is to insist that r is small compared to n.

THEOREM 4.11 (Shen, 1998 [49]). Let r be a positive constant and let D
be a digraph on n > 2r* — 3r + 1 vertices. If D has minimum outdegree r
then it contains a cycle of length at most [n/r].

Allowing an additive constant error term in the size of the cycle has also
been a productive avenue of research. The first result in this direction was
due to Chvétal and Szemerédi [16], who gave an additive constant of 2500.
The current best error term of 73 is due to Shen [49].

THEOREM 4.12 (Chvatal and Szemerédi, 1983 [16]). Let D be a directed
graph on n vertices and let r be a positive constant such that the minimum

outdegree of D 1is at least r. Then D contains a cycle of length at most
[n/r] + 2500.

The third way one can weaken the conjecture is to increase the minimum
outdegree demanded, and it is a partial result in this direction which we will
need to prove that oriented graphs with minimum semi-degree 3n/8 + an
are pancyclic. We will state results of this form in the case r = n/3, i.e.
when we are trying to force a triangle in our digraph. This is by far the most
famous form of this conjecture, and has been the subject of huge quantities
of research over the last 25 years. One of the strongest results of this type,
and the one we will use, is the following result of Shen.

THEOREM 4.13 (Shen, 1998 [49]). Let ¢ = 3—+/7 = 0.354 ... and suppose
that G is an oriented graph on n vertices with minimum outdegree at least
cn. Then G contains a triangle.

The following older (and weaker) result of Caccetta and Haggkvist is in
a similar vein.
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THEOREM 4.14 (Caccetta and Higgkvist, 1978 [14]). Let ¢ = (3—+/5)/2
and suppose that G is an oriented graph on n vertices with minimum outde-
gree at least cn. Then G contains a triangle.

Proof. Let 0 < ¢ < 1 and let G be an oriented graph on n vertices with
minimum outdegree at least cn and suppose that G contains no triangles.
We now show by induction that ¢ < (3 — /5)/2.

By a simple averaging argument GG contains a vertex vy with indegree at
least cn. Let A := N~ (v) and let B := N (vg). Then |A|,|B| > cn. Since
G is an oriented graph we can assume that A, B and {vg} are all disjoint.

Let G’ be the subdigraph of G induced by B. Since |B| < n our induction
hypothesis gives us a triangle in G’, and thus in G, if 67(G’) > ¢|B|. Hence
there exists a vertex by € B with [N (bo)| < ¢|B|. Let W := N/ (by)\ B and
note that

|W| > en — ¢|Bl.
If vg € W then G contains a 2-cycle, contradicting the fact that G is oriented.
If ANW # () then G contains a triangle and we are done. Therefore we can
assume that the sets A, B, and {v,} are all disjoint, and so

n > |A|+|B|+ |W|+1>2cn+ (1 —c¢)|B| +1> 3cn — c*n.
This implies that
—3c+1>0
and rearranging this gives ¢ > (3 — 1/5)/2 as desired. O

In 1992 De Graaf, Schrijver and Seymour [29] considered a similar prob-
lem. Instead of asking for the minimum outdegree which forces a short cycle
they asked for the minimum semi-degree which does this. The main result of
this type is due to Shen and gives a stronger bound than is currently known
for the ordinary version of the Caccetta-Haggkvist conjecture.

THEOREM 4.15 (Shen, 1997 [49]). If G is any oriented graph on n vertices
with minimum semi-degree 6°(G)/n > 0.3477 ... then G contains a triangle.

Recently Hamburger, Haxell and Kostochka [33] have used some results
of Chudnovsky, Seymour and Sullivan [15] to slightly improve the bound
given by Shen’s method.

THEOREM 4.16 (Hamburger, Haxell and Kostochka, 2007 [33]). If G
is any oriented graph on m wvertices with minimum semi-degree 6°(G) >
0.34564n then G contains a triangle.

4.3. Short Cycles

To prove our pancyclicity result we need a result on short cycles in ori-
ented graphs which, as it is of interest in its own right, we will state and
discuss first. After seeing the triangle case of the Caccetta-Haggkvist con-
jecture (Conjecture 4.9) the following question is a natural one to ask.

QUESTION 4.17. What minimum semi-degree condition forces an oriented
graph to contain a cycle of length k for a given constant k?

We can provide an essentially best possible answer for & > 4, k #£ 0
(mod 3).
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THEOREM 4.18. Let G be an oriented graph on n vertices and let u,v €
V(QG) be distinct vertices. Then the following holds.

(P1) If °(@) > n/3 + 1 then G contains a path of length exactly 4 from
u tov.

(P2) If 8°%G) > n/3+ 1+ (k—5) with 5 < k < n/7 then G contains a
path of length exactly k from u to v.

If u € V(G) is any vertex then we have the following.

(C1) If 8°(G) > n/3 + 1 then G contains a cycle of length 4 containing
u.

(C2) If 6°%(G) > n/3 + 1 then G contains a cycle of length 5 containing
u.

(C3) If 8°%(G) > n/3 + (k — 5) with 6 < k <n/7 then G contains a cycle
of length k containing u.

Proof. We start with (P1). Assume that there is no path of length 4 from
u to v. First note that given a walk uujususv of length 4 from u to v the
only ways in which this will not be a path are if u; = v or ug = u. Thus if
we exclude these 2 possibilities then any such walk will in fact be a path.

Choose a set X C N (u)\{v} of size n/3 and define Y := V(G)\(X U
NT(X)). A walk of length 4 from u to v through X which avoids u will
necessarily be a path. For all vertices z € V(G) we have |N(z)| > 2n/3 + 2
and so the maximum size of an independent set is at most n/3 — 2. Writing
X+ for N*(X), we thus have X N XT = ().

Let Xt := Nt(X™). If [ XTt| > 2n/3 then as [N~ (v)\{u}| > n/3 their
intersection is nonempty and we have the desired path. So assume not.

Assume | XUX | <2n/3andlet Z :={z € XNXT: N (z)N(XNXT") =
0}, i.e. Z is the set of vertices in X N X T which are not in N*(X NXT). If
Z =XNX" then XN X7 is an independent set and

INF(X AXYN\X|>n/3+1=n/3+1—|XNXT|/2+|Z]/2.

Now suppose Z is a proper subset of X N Xt and note that there are no
edges from X N X~ to Z. So

e(XNXTNZ, XNXH) < (IXNXT|—1]2])?2/2.

Hence there must exist a vertex x € (X N XT)\Z with |[NT(x)\X| > n/3 +
1—|XNX*|/24 |Z]/2 and hence

(3) [ XX = [NT(@\X] = n/3+ 1 - [XNXT|/2+|Z]/2.
Define Y :={y € Y : N (y)\Y = 0} and Y := Y\Ys. Yp should be

thought of as the set of ‘bad’ vertices — it contains vertices which are not in
X+,

If Yg = 0 then |Yg| = n— |X U XT| > n/3 by our assumption that
| X UX*| <2n/3. But for any vertex € X N X" the minimum semidegree
condition gives that |[N*(z) N X*| = |[N*(2)| > n/3 4+ 1. Thus |XTt| >
2n/3 4+ 1, which is a contradiction.

So suppose that Yz # () and observe that

e(Yp) < (Vo = DIYsl/2,  e(Ya,Ys) <[Ya[[Yal, e(V(G),Yp) = [Yaln/3.
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Combining these we get that

13 < e(V(G), Yi) /Y] < [Vil/2 — 1/2+ Yol

= Y]/2=1Yel/2 =1/2 + |Yal.

Hence

2n/3 <|Y|+|Ye| —1
4)  =[Yel>20/3—(n— [ XUXH)+1=|XUX"|—n/3+1.
Observe that as there are no edges from X to Y, Yz € X™". Noting that
NT(XT) is at least the union of its intersections with X, X\ X and Y we
now have that
I XTH > INF (XN XDHN(XN\X)|+ INT(XNXD)NX|+ Y

> INT(XNXT)N(X\X)|[+ (XN XT| = |Z]) + Yo

(3)

> (n/34+1/2— [ XNXF|/2+1Z]/2) + (X N X —|Z]) + |Y¢
(4)
>n/34+1/2+|XNXT|/2—|Z]/2+|XUXT|—n/3+1
> XNXT/2—|Z])2+ | XUXTt|+3/2
>|XNXH/2—|Z]/2+ |X]|+ |NT(X N XN\X]|+3/2

®)

S X NXT|/2—12]/2+ |X|+n/3+1— |[XOXF|/2+|Z]/2+3/2
= |X|+n/3+5/2

>2n/3+5/2.

Which contradicts our earlier assumption that | X 1| < 2n/3 + 1.

Now suppose that | X U X*| > 2n/3. Then |Y| < n/3 and so by the
minimum semi-degree condition every vertex in Y has an inneighbour in
X UXT. But e(X,Y) =0 by the definition of Xt so every vertex in Y has
an inneighbour in X* and Y ¢ X*+7.

Also, X\ X is an independent set, and so every vertex in X\ X T receives
> n/3+ 1 edges from (XT UY)\X. But |Y] < n/3 so every vertex in X
receives an edge from XT. Thus X\X* C X**. Finally, any vertex in
X N X" has at least n/3 + 1 outneighbours in X, and so | Xt N X*| >
n/3 + 1. (Recall that X N X+ # () and so we can indeed do this.)

Putting these observations together we get

X > [ X\XT|+ V] + ] XTT N X7
> (I X]-|XNXT)+(n—[XUXT|)+(n/3+1)
>4n/3+1—|XT|>2n/3+1.
Which is a contradiction. The final inequality holds since if | X | > 2n/3 -1
then |X**| = n, which is a contraction, and so we have shown that (P1)
holds. Property (C1) holds by exactly the same argument; just set u = v .
Case (P2) is proved by a different method. We first prove it for k = 5
and then show how this implies the result in general. The maximum size of
an independent set in G is n—26°(G) < n/3—2,s0 N (u)NNT(NT(u)\{v})
has size at least 2. Thus there exist vertices x # v and 2’ € N*(u)\{v} with
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V. v

(a) u=ug (b) w1 = uy (c) ug =w
[ ) @
AN

(d) u=uy

[
(e) uy =wv

FiGURE 1. All possible ways in which a walk wujusuzusv of
length 5 in an oriented graph could not be a path.

uz,r'r € E(G). (If not then there exists y € NT(u) such that N*(u)\{y, v}
is an independent set of size > n/3 — 1, which is a contradiction.)

Note that the minimum semi-degree condition is impossible for n < 9
and for n = 9 it implies a regular tournament in which case the result is
trivial. So we may assume that n > 10.

Define X := N*(x)\{v}. Then |X| > n/3. We now proceed as before,
seeking a path of length 3 or 4 from x to v which avoids ' and u. Let Y :=
N~ (v)\{u,x,2'}. By the minimum semi-degree condition, |Y| > n/3 — 2.
We can assume the following, as otherwise we are done.

i) NY(X)NnY = 0.
(i) (VF(X) 0 N~ (V) fu) = 0.

(i) XNN-(Y) =0.

Note that (i) and (iii) are equivalent. The exclusion of vertices from condition
(ii) and the definitions of X and Y are necessary to prevent us getting a ‘path’
from u to v which self-intersects. We do not have to exclude u from X since
X C N (NT(u)) so u € X would give us a 2-cycle, contradicting the fact
that G is an oriented graph. To see that we are done if one of (i)—(iii) fails
let uuquousugv be the walk from u to v which exists if one these conditions
fails. Then either the negation of (i) gives

(5) u =2, uy=z,u3 € X, uy € N (X)NY
or the negation of (ii) gives
(6) u =z, uy € X, us € (NT(X)NN-(Y)\{u},us €Y.

This walk will not be a path if any of the following occur: u = ug, u; = uy,
Uy = v, U = uy Or U3 = v — see Figure 1 for an illustration. So in our situation
we won’t have a path if any of the following hold: u; = v, us = v, uz3 = u
or uy € {u,z,2'}. In (5) this is impossible because of the definition of a’,
the definition of z, the definition of X and the definition of Y respectively.
Again in (6) this is impossible because of the definition of z, the definition
of X, condition (ii) and the definition of Y respectively.
We now have to consider two separate cases.

CASE 1. Either X\Y =0 or Y\X = 0.

27



(c) (d)

FIGURE 2. Diagram for Case 1 of the proof of (P2) in Theorem
4.18 when Y\ X = 0.

If X\Y = 0 then | XNY| = |X| > n/3, which is larger than the maximum
size of an independent set. Thus X NY contains an edge 229, but then
ux’wz1 290 is the desired path.

If YAX =0 then Y NX| = |Y]| > n/3 -2, and we may assume that
Y = Y N X is an independent set. An independent set has size at most
n/3 — 2 so we know that |Y| = n/3 — 2. Since any vertex y € Y N X has
none of its > 2n/3 + 2 neighbours in Y, the minimum semi-degree condition
gives us that |[N*(y)|,|N~(y)| = n/3 + 1 and every vertex outside Y is a
neighbour of y.

If there exists y1,y2 € Y with N*(y;) # N (y2) then there exist vertices
21, 72 with 21 € NT(y1) NN~ (y2) and z5 € Nt (y2) NN~ (y1). Since z; = u =
25 is impossible we may assume that z; # u. Then we have a path uzy,z,y2v
of length 5 from u to v. Note that we can’t have z; = v as y; € NT(v).

So we now have that Nt (Y)N N~ (Y) =0 and Y, N*(Y) and N~ (Y)
partition V(G). Clearly v € NT(Y)andz € N~ (Y). If u € N~ (Y) then any
path of length 3 from Y to Y avoiding v and v completes the proof, and there
are many such paths. Indeed, as no vertex in N*(Y') has an outneighbour
in Y we have

e(NH(Y),N™(Y)) 2 "GN (V)| = e(N"(Y)) = (n/3 +1)*/2.

So to get an edge from NT(Y) to N (Y) avoiding u and v, and hence the
desired path, we only need (n/3+1)%/2 > 2(n/3+1), which holds for n > 10,
which we have assumed to be the case.

So we may assume that v ¢ N~ (Y). If u has an outneighbour z; €
NT(Y)\{v} then one of the following must occur.
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(a) Suppose there exists zo € NT(Y), 25 # v, with 2125 € E(G). By the
minimum semi-degree condition z; has an outneighbour z3 € N~ (Y)
and so for any y € Y we have uz2923yv as a path of length 5 from
u to v. Note that z3 # u since u € N~ (V).

(b) So assume not, i.e. N*(z;)NNT(Y) C {v}. Then we have [Nt (z1)N
N=(Y)| > n/3. By the minimum semi-degree condition G[N*(z1)N
N~(Y)] is nonempty so pick an edge 2523 in it. Then we again have
the desired path.

So we can assume that u has no outneighbours in N*(Y)\{v}, and hence
INtT(u) " N~ (Y)| > n/3. Thus there exists at most one vertex, w say, in
N~=(Y) which is not in the outneighbourhood of u. We have one of the
following cases.

(c) If there exists a path z12923 in N~ (Y)\{w} of length 2 then we are
done.

(d) So assume no such path exists. Then in particular there exists a
vertex z; € N~ (Y)\{w} with no outneighbours in N~(Y") other
than, possibly, w. Thus it has at least 2 outneighbours in N*(Y),
and hence an outneighbour z, € NT(Y)\{v}. By the minimum
semi-degree condition z; has an outneighbour z3 # 2z, in N~ (Y).
The path uz;z923yv completes the proof, for any vertex y € Y.

This completes the analysis of Case 1.
CaSE 2. X\Y # 0 and Y\X # 0.

Suppose that all the vertices in X\Y have more than (|X\Y]| — 1)/2
outneighbours in X. Then e(X\Y, X) > (‘X\}Q/'_l), and so as G[X] is an
oriented graph at least one vertex must have an outneighbour in X NY. But
this gives us a path of length 3 from x to v and hence a contradiction.

Hence there exists a vertex in X with at most (|X\Y| — 1)/2 outneigh-
bours in X, and so at least °(G) — (| X\Y| —1)/2 outneighbours outside X.
Thus

INF(XN\X| > n/3+1—|X\Y]/2+1/2
—n/3+3/2—|X]/2+|X NY]/2.

As Y\X # () we can use the same averaging argument as before to get
that there exists a vertex in Y with at most (|Y'\X| — 1)/2 inneighbours in
Y, and so at least 8°(G) — (|[Y\X| — 1)/2 inneighbours outside Y. Thus

INT(Y)\Y|>n/3+3/2—Y|/2+|XNY]|/2.
Combining these with the bounds on the sizes of | X| and |Y| we get
I XUNTX)| > |X|/2+n/3+3/2+|XNY]/2,
YUN- (V)| >|Y|/2+n/3+3/2+|XNY]|/2.
Finally, adding these together gives
IXUNT(X)|+|[YUN (V)] >2n/3+3+|X|/2+|Y]/2+|XNY]|
>n+3/2+XNY).
But [ XNN-(Y)|+|NT(X)N (Y UN—(Y))] <1 by conditions (i)-(iii) so
IXUNT(X)|+[YUN (V) <n+|XNY|+1
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This contradiction completes the proof of case (P2) when k = 5.

To find a cycle of length 5 we do exactly the same thing, setting u = v.

To find paths of length £ > 6 we first find a path wu;...ux_5 in G of
length k& — 5 starting at u, with u; = v for all .. Remove u, uq, ..., u;_g from
V(G) to form a new oriented graph H with m := n — (k — 5) vertices. A
path of length 5 from u;_5 to v in H corresponds to a path of length k from
u to v in G. But as 0°(H) > m/3 + 1 we can now apply (P2) to find the
desired uv path.

To find a cycle of length k£ > 6 containing a given vertex u we first find
a path wuy...ug_5 of length k — 5 starting at u. Remove uq,...u;_g from
V(G) to form a new oriented graph H with m := n — (k — 6) vertices and
minimum semi-degree 6°(H) > m/3 + 1. Now use (P2) to find a path of
length 5 from uy_5 to w in H and thus obtain the desired cycle. Hence (C3)
holds and the proof is complete. O

Consider the blow-up of a triangle; the oriented graph on n vertices with
3 vertex classes Vy, V1, Vs of as equal size as possible, with all possible edges
from V; to V;;1, counting modulo 3. It contains no cycles of length k£ where
k>4, k # 0 (mod 3), and so our result on minimum semi-degree forcing
the existence of cycles of prescribed length is essentially best possible for all
such k, where we regard k as fixed and n large.

For £ = 0 (mod 3) the blow-up of a triangle contains many cycles of
length k, but does not contain paths of length k£ between all pairs of vertices.
Adding an extra vertex u with N*(u) = V; and N~ (u) = V; gives an oriented
graph with minimum semi-degree > |n/3| — 1 with no cycle of length k =0
(mod 3) containing w.

This example also gives a lower bound of |n/3] for the existence of paths
of length exactly k (k > 4) between every pair of vertices, and so our result
is essentially best possible here for all £ > 5. Note that proving the existence
of paths of length at most 4 between any vertices in an oriented graph on n
vertices with minimum semi-degree 3n/8+1 is very straightforward (a simple
averaging argument suffices), the difficulty is in showing the existence of a
path of prescribed length.
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CHAPTER 5

PROOF OF OUR MAIN THEOREM

5.1. Extremal Example

We now prove our main result, Theorem 1.3, and show how this can be
extended to an Ore type result. In this section we give the extremal example.
In Section 5.2 we discuss some machinery which we need, in particular the
Diregularity Lemma. In Section 5.3 we prove our main technical lemmas and
in Section 5.4 we prove the result. Finally in Section 5.5 we prove Theorem
1.4.

The following construction of Haggkvist [30] shows that Conjecture 1.2
is best possible for infinitely many values of |G|. We include it here for
completeness.

PROPOSITION 5.1. There are infinitely many oriented graphs G with min-
imum semi-degree (3|G| — 5)/8 which do not contain a 1-factor and thus do
not contain a Hamilton cycle.

Proof. Let n := 4m + 3 for some odd m € N. Let G be the oriented
graph obtained from the disjoint union of two regular tournaments A and C'
on m vertices, a set B of m + 2 vertices and a set D of m + 1 vertices by
adding all edges from A to B, all edges from B to C, all edges from C to D
as well as all edges from D to A. Finally, between B and D we add edges to
obtain a bipartite tournament which is as regular as possible, i.e. the in- and
outdegree of every vertex differ by at most 1. So in particular every vertex
in B sends exactly (m +1)/2 edges to D (Figure 1).

It is easy to check that the minimum semi-degree of G is (m—1)/2+ (m+
1) = (3n —5)/8, as required. Since every path which joins two vertices in B
has to pass through D, it follows that every cycle contains at least as many
vertices from D as it contains from B. As |B| > |D| this means that one
cannot cover all the vertices of G by disjoint cycles, i.e. G does not contain
a 1-factor. OJ

5.2. The Diregularity Lemma and Other Tools

In this section we collect all the information we need about the Diregular-
ity lemma and the Blow-up lemma. See [40] for a survey on the Regularity
lemma and [38] for a survey on the Blow-up lemma. We start with some
more notation. Recall that the density of a bipartite graph G = (A, B) with
vertex classes A and B is defined to be
da(A, B) := M.
We often write d(A, B) if this is unambiguous. Given € > 0, we say that G
is e-regular if for all subsets X C A and Y C B with |X| > ¢|A| and
Y| > e|B| we have that |d(X,Y)—d(A,B)| < e. Given d € [0,1] we
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FIGURE 1. The oriented graph in the proof of Proposition 5.1.

say that G is (e, d)-super-regular if it is e-regular and furthermore dg(a) >
(d —¢)|B| for all a € A and dg(b) > (d — €)|A| for all b € B. (This is
a slight variation of the standard definition of (g, d)-super-regularity where
one requires dg(a) > d|B| and dg(b) > d|A|.)

The Diregularity lemma is a version of the Regularity lemma for digraphs
due to Alon and Shapira [2]. Its proof is quite similar to the undirected
version. We will use the degree form of the Diregularity lemma which can be
easily derived (see e.g. [59]) from the standard version, in exactly the same
manner as the undirected degree form.

LEMMA 5.2 (Degree form of the Diregularity lemma). For everye € (0,1)
and every integer M' there are integers M and ng such that if G is a digraph
onn > ng vertices and d € [0, 1] is any real number, then there is a partition
of the vertices of G into Vo, Vi, ..., Vi and a spanning subdigraph G' of G
such that the following holds:

o M' < k<M,

o |Vo| <en,

o Vil = =[Vi| = m,

o dl,(x) > di(x) — (d+ &)n for all vertices x € G,

o do/(x) > dg(x) — (d+e)n for all vertices x € G,

o foralli=1,... k the digraph G'|V;] is empty,

o for all 1 < 4,7 < k with i # j the bipartite graph whose vertex
classes are V; and V; and whose edges are all the V;-V; edges in G’
15 e-reqular and has density either 0 or density at least d.

Vi,..., Vi are called clusters, Vj is called the exceptional set and the
vertices in Vj are called exceptional vertices. The last condition of the lemma
says that all pairs of clusters are e-regular in both directions (but possibly
with different densities). We call the spanning digraph G’ C G given by the
Diregularity lemma the pure digraph. Given clusters Vi, ..., V, and the pure
digraph G', the reduced digraph R’ is the digraph whose vertices are Vi, ..., Vj
and in which V;V; is an edge if and only if G’ contains a V;-V; edge. Note
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that the latter holds if and only if the bipartite graph whose vertex classes
are V; and V; and whose edges are all the V-V edges in G’ is e-regular and
has density at least d. It turns out that R’ inherits many properties of G, a
fact that is crucial in our proof. However, R’ is not necessarily oriented even
if the original digraph G is, but the next lemma shows that by discarding
edges with appropriate probabilities one can go over to a reduced oriented
graph R C R’ which still inherits many of the properties of G.

LEMMA 5.3. For every e € (0,1) there exist integers M' = M'(e) and
ng = no(e) such that the following holds. Let d € [0,1], let G be an oriented
graph of order at least ng and let R’ be the reduced digraph obtained by ap-
plying the Direqularity lemma to G with parameters €, d and M'. Then R’
has a spanning oriented subgraph R with

(a) 67(R) = (07(G)/|G| = (3= +d)) |R],

(b) 07(R) = (07 (G)/|G| = (3e + d)) | R],

(¢) 0(R) = (6(G)/|G| = (3¢ + 2d)) |R].
Proof. Let us first show that every cluster V; satisfies
(7) [Ne(Vi)l/IR'| = 0(G)/|G| — (3¢ + 2d).
To see this, consider any vertex x € V;. As (G is an oriented graph, the
Diregularity lemma implies that | Ng/(x)| > 6(G) —2(d+¢)|G|. On the other
hand, |Ng/(2)| < |Nr/(Vi)|Im + |Vo| < |Nr/(V)||G|/|R| + ¢|G|. Altogether
this proves (7).

We first consider the case when

(8) 5HG)/|IGl = 3e+d and 5 (G)/|G| > 3¢ + d.

Let R be the spanning oriented subgraph obtained from R’ by deleting edges
randomly as follows. For every unordered pair V;, V; of clusters we delete
the edge V;V; (if it exists) with probability

el (V}’ VZ)
(9) nv _7Al
eG’(VH V}) + eG’(V}’ VZ)
Otherwise we delete V;V; (if it exists). We interpret (9) as 0 if V;V;,V;V; ¢

ir Vi
E(R'). So if R' contains at most one of the edges V;V;, V;V; then we do

nothing. We do this for all unordered pairs of clusters independently and
let X; be the random variable which counts the number of outedges of the
vertex V; € R. Then

E(XZ) _ Z eG'(V;? ‘/J) > Z eG/(‘/ﬂ ‘/J>

e (Vi, Vy) + ear(V;, Vi) = & VIV
R

(d& (2) — [Vol) > (6(G")/|G| — €) |R)
\GHV\Z ol

> (5+(G)/|G] - (22 + ) |R| = <[

A Chernoff-type bound (see e.g. [3, Cor. A.14]) now implies that there exists
a constant ¢ = ¢(e) such that

P(X; < (67(G)/IG| = (3¢ + d)) |R]) < P(|X; — E(X))| > eE(X;))
efc]E(Xi) < efcz-:\R|.

IN
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Writing Y; for the random variable which counts the number of inedges of
the vertex V; in R, it follows similarly that

P(Y; < (67(G)/IG| = (3¢ + d)) |R]) < ™",

As 2|Rle~fl < 1 if M’ is chosen to be sufficiently large compared to e,
this implies that there is some outcome R with 6T (R) > (07(G)/|G|— (3 +
d))|R| and §~(R) > (0~ (G)/|G| — (3¢ + d)) |R|. But Ngr/(V;) = Ng(V;) for
every cluster V; and so (7) implies that §(R) > (6(G)/|G| — (3¢ + 2d))|R|.
Altogether this shows that R is as required in the lemma.

If neither of the conditions in (8) hold, then (a) and (b) are trivial and
one can obtain an oriented graph R which satisfies (c) from R’ by arbitrarily
deleting one edge from each double edge. If exactly one of the conditions
in (8) holds, say the first, then (b) is trivial. To obtain an oriented graph R
which satisfies (a) we consider the X; as before, but ignore the Y;. Again,
Ng/(V;) = Ng(V;) for every cluster V; and so (c) is also satisfied. O

The oriented graph R given by Lemma 5.3 is called the reduced oriented
graph. The spanning oriented subgraph G* of the pure digraph G’ obtained
by deleting all the V;-V; edges whenever V;V; € E(R')\ E(R) is called the pure
oriented graph. Given an oriented subgraph S C R, the oriented subgraph
of G* corresponding to S is the oriented subgraph obtained from G* by
deleting all those vertices that lie in clusters not belonging to S as well as
deleting all the V;-V; edges for all pairs V;, V; with V;V; ¢ E(S).

In our proof of Theorem 1.3 we will also need the Blow-up lemma, in
both the original form of Komlés, Sarkozy and Szemerédi [39] and a recent
strengthening due to Csaba [20]. Roughly speaking, they say that an r-
partite graph formed by r clusters such that all the pairs of these clusters
are dense and e-regular behaves like a complete r-partite graph with respect
to containing graphs H of bounded maximum degree as subgraphs.

LEMMA 5.4 (Blow-up Lemma, Komlds, Sérkozy and Szemerédi [39]).
Given a graph F on [k] and positive numbers d,b, A, there exist positive
numbers ng = no(d, A, k) and a = a(d, A, r, k) < 1/2 such that the following
holds for all positive numbers {1,..., ¢, and all 0 < n < ny. Let F' be the
graph obtained from F by replacing each vertex v € F with a set V; of ¢;
new vertices and joining all vertices in V; to all vertices in V; whenever ij is
an edge of F'. Let G’ be a spanning subgraph of F' such that for every edge
ij € F' the graph (V;,V;)er is (n,d)-super-reqular. Then G’ contains a copy
of every subgraph H of F' with A(H) < A. Moreover, this copy of H in G’
maps the vertices of H to the same sets Vi as the copy of H in F', i.e. if
h € V(H) is mapped to V; by the copy of H in F’, then it is also mapped to
Vi by the copy of H in G.

Furthermore, we can additionally require that for vertices v € H C R(L)
lying in V; their images in the copy of H in G are contained in (arbitrary)
given sets C,, C'V; provided that |Cy| > bL for each such x and provided that
i each V; there are at most oL such vertices x.

Observe that in this version the pairs of clusters have to be super-regular
and ¢ has to be sufficiently small compared to 1/r (and so in particular we
cannot take r = |R|). We also need a stronger (and more technical) version
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due to Csaba [20], which allows us to take r = |R| and does not demand
super-regularity. The case when A = 3 of this is implicit in [21].

In the statement of Lemma 5.5 and later on we write 0 < a1 <€ ag < as
to mean that we can choose the constants aq, as, ag from right to left. More
precisely, there are increasing functions f and g such that, given a3, whenever
we choose some ay < f(a3) and a; < g(ag), all calculations needed in the
proof of Lemma 5.5 are valid. Hierarchies with more constants are defined
in the obvious way.

LEMMA 5.5 (Blow-up Lemma, Csaba [20]). For all integers A, Ky, Ko, K3
and every positive constant c there exists an integer N such that whenever
g, e’ 8, d are positive constants with

I<e<géd<gd<d<1/A1/K,1/Ky,1/K3,¢

the following holds. Suppose that G* is a graph of ordern > N and Vg, ..., Vj
is a partition of V(G*) such that the bipartite graph (V;,V;)g+ is e-reqular
with density either 0 or d for all 1 <1 < j < k. Let H be a graph on n
vertices with A(H) < A and let Lo U Ly U --- U Ly, be a partition of V(H)
with |L;| = |Vi| =: m for everyi = 1,... k. Furthermore, suppose that there
exists a bijection ¢ : Ly — Vo and a set I C V(H) of vertices at distance at
least 4 from each other such that the following conditions hold:

(C1) |Lo| = [Vo| < Krdn.

(C2) Lo C 1.

(C3) L; is independent for everyi=1,... k.

(C4) |Ny(Lo) N L;| < Kodm for every i = 1 ok

(C5) For each i =1,...,k there exists D; C I ﬂ L; with |D;| = §'m and

such that for D = UZ.:1 Diand all1 <i<j<k

(C6) If vy € E(H) and x € L,y € L; then (Vi, Vj)g+ is e-regular with
density d.

(C7) If vy € E(H) and x € Lo,y € L; then |Ng«(¢(x)) NV;| > em.

(C8) For each i = 1,...,k, given any E; C V; with |E;| < &'m there
exists a set F; C ( N(I\ D)) and a bijection ¢; : E; — F; such
that |Ng-(v) NV;| > ( — &)m whenever Ny (¢;(v))NL; # O (for all
veEFE; andallj=1,... k).

(C9) Writing F := ¥, F; we have that |Ny(F) 0 L;| < Kse'm.,

Then G* contains a copy of H such that the image of L; is V; for all i =
.,k and the image of each x € Ly is ¢(x) € Vj.

The additional properties of the copy of H in G* are not included in the
statement of the lemma in [20] but are stated explicitly in the proof.

Let us briefly motivate the conditions of the Blow-up lemma. The embed-
ding of H into G guaranteed by the Blow-up lemma is found by a randomised
algorithm which first embeds each vertex = € Ly to ¢(z) and then succes-
sively embeds the remaining vertices of H. So the image of Ly will be the
exceptional set Vy. Condition (C1) requires that there are not too many
exceptional vertices and (C2) ensures that we can embed the vertices in L
without affecting the neighbourhood of other such vertices. As L; will be em-
bedded into V; we need to have (C3). Condition (C5) gives us a reasonably
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large set D of ‘buffer vertices” which will be embedded last by the randomised
algorithm. (C6) requires that edges between vertices of H — Ly are embedded
into e-regular pairs of density d. (C7) ensures that the exceptional vertices
have large degree in all ‘neighbouring clusters’. (C8) and (C9) allow us to
embed those vertices whose set of candidate images in G* has grown very
small at some point of the algorithm. Conditions (C6), (C8) and (C9) cor-
respond to a substantial weakening of the super-regularity that the usual
form of the Blow-up lemma requires, namely that whenever H contains an
edge xy with and x € L;,y € L; then (V;, V)¢~ is (e, d)-super-regular.

We would like to apply the Blow-up lemma with G* being obtained from
the underlying graph of the pure oriented graph by adding the exceptional
vertices. It will turn out that in order to satisfy (C8), it suffices to ensure
that all the edges of a suitable 1-factor in the reduced oriented graph R
correspond to (g, d)-superregular pairs of clusters. A well-known simple fact
(see the first part of the proof of Proposition 5.6) states that this can be
ensured by removing a small proportion of vertices from each cluster V,
and so (C8) will be satisfied. However, (C6) requires all the edges of R to
correspond to e-regular pairs of density precisely d and not just at least d.
(As remarked by Csaba [20], it actually suffices that the densities are close
to d in terms of £.) The second part of the following proposition shows that
this too does not pose a problem.

PROPOSITION 5.6. Let M’ ng, D be integers and let £,d be positive con-
stants such that 1/ny < 1/M' < e < d < 1/D. Let G be an oriented graph
of order at least ng. Let R be the reduced oriented graph and let G* be the
pure oriented graph obtained by successively applying first the Direqularity
lemma with parameters ¢, d and M’ to G and then Lemma 5.3. Let S be
an oriented subgraph of R with A(S) < D. Let G' be the underlying graph
of G*. Then one can delete 2De|V;| vertices from each cluster V; to obtain
subclusters V! C V; in such a way that G' contains a subgraph G's whose
vertex set is the union of all the V! and such that

o (VI,\V])ay, is (Ve,d — 4De)-superregular whenever V;V; € E(S),
o (V/,V])a, is \/e-regular and has density d — 4De whenever V;V; €

(2

E(R).

Proof. Consider any cluster V; € V(S) and any neighbour V; of V; in S.
Recall that m = |V;|. Let d;; denote the density of the bipartite subgraph
(Vi, Vj)er of G induced by V; and V;. So d;; > d and this bipartite graph is
e-regular. Thus there are at most 2em vertices v € V; such that ||Ng/(v) N
Vi| — diym| > em. So in total there are at most 2Dem vertices v € V;
such that ||Ng/(v) N'V;| — d;ym| > em for some neighbour V; of V; in S.
Delete all these vertices as well as some more vertices if necessary to obtain
a subcluster V' C V; of size (1 — 2De)m =: m/. Delete any 2Dem vertices
from each cluster V; € V(R) \ V(S) to obtain a subcluster V;. It is easy to
check that for each edge V;V; € E(R) the graph (V/,V])q is still 2e-regular
and that its density dj; satisfies

d/::d—4D€<dij—€§d;jSdij"—g.
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Moreover, whenever V;V; € E(S) and v € V; we have that
(dij - 4D€)m, S |NG’ (U) N V;/| S (d” + 4D5)m'.

For every pair V;, V; of clusters with V;V; € E(S) we now consider a spanning
random subgraph G;; of (V/, V) which is obtained by choosing each edge of
(V, Vj)e with probability d'/d;;, independently of the other edges. Consider
any vertex v € V/. Then the expected number of neighbours of v in V; (in
the graph G7;) is at least (di; — 4De)d'm’/d;; > (1 — +/e)d'm’. So we can
apply a Chernoff-type bound to see that there exists a constant ¢ = ¢(e)
such that

P(|Ney, (v) N V]| < (d = Ve)m') < e ™.
Similarly, whenever X C V/ and Y C Vj’ are sets of size at least 2em/
the expected number of X-Y edges in Gi; is da/(X,Y)d'| X||Y|/d};. Since
(VI, Vi) is 2e-regular this expected number lies between (1 — /g)d'| X|[Y]
and (14 /&)d'|X||Y]. So again we can use a Chernoff-type bound to see
that

B(legy, (X,Y) = d|X|[Y]| > VEIX||Y]) < e IV < oied e

Moreover, with probability at least 1/(3m’) the graph Gi; has its expected
density d’ (see e.g. [8, p. 6]). Altogether this shows that with probability at
least
1/(3m/) . Qm/efcd’m’ _ 22m/ef4cd’(5m/)2,

which is greater than 0 for sufficiently large m’, we have that Gj; is (v, d')-
superregular and has density d’. Proceed similarly for every pair of clusters
forming an edge of S. An analogous argument applied to a pair V;,V; of
clusters with V;V; € E(R) \ E(S) shows that with non-zero probability the
random subgraph GJ; is y/e-regular and has density d'. Altogether this gives
us the desired subgraph G of G. O

5.2.1. Overview of the proof of Theorem 1.3. Let G be our given
oriented graph. The rough idea of the proof is to apply the Diregularity
lemma and Lemma 5.3 to obtain a reduced oriented graph R and a pure
oriented graph G*. The following result of Haggkvist implies that R contains
a 1-factor.

THEOREM 5.7 (Héggkvist [30]). Let R be an oriented graph with §*(R) >
(3|R| — 3)/2. Then R is strongly connected and contains a 1-factor.

So one can apply the Blow-up lemma (together with Proposition 5.6)
to find a 1-factor in G* — Vyj € G — V. One now would like to glue the
cycles of this 1-factor together and to incorporate the exceptional vertices
to obtain a Hamilton cycle of G* and thus of G. However, we were only
able to find a method which incorporates a set of vertices whose size is small
compared to the cluster size m. This is not necessarily the case for V4. So
we proceed as follows. We first choose a random partition of the vertex set
of G into two sets A and V(G) \ A having roughly equal size. We then apply
the Diregularity lemma to G — A in order to obtain clusters Vi,...,V, and
an exceptional set V5. We let m denote the size of these clusters and set
B = Vi U...V,. By arguing as indicated above, we can find a Hamilton
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cycle Cg in G[B]. We then apply the Diregularity lemma to G — B, but with
an ¢ which is small compared to 1/k, to obtain clusters V{,...,V/ and an
exceptional set V. Since the choice of our partition A, V(G) \ A will imply
that 0*(G — B) > (3/24 «/2)|G — B| we can again argue as before to obtain
a cycle C'4y which covers precisely the vertices in A" := V/U---UV]. Since we
have chosen ¢ to be small compared to 1/k, the set V{ of exceptional vertices
is now small enough to be incorporated into our first cycle Cz. (Actually,
Cp is only determined at this point and not yet earlier on.) Moreover, by
choosing C'g and C'4 suitably we can ensure that they can be joined together
into the desired Hamilton cycle of G.

5.3. Shifted Walks

In this section we will introduce the tools we need in order to glue certain
cycles together and to incorporate the exceptional vertices. Let R* be a
digraph and let C be a collection of disjoint cycles in R*. We call a closed
walk W in R* balanced w.r.t. C if

e for each cycle C € C the walk W visits all the edges on C' an equal
number of times,

o W visits every vertex of R*,

e every vertex not in any cycle from C is visited exactly once.

Let us now explain why balanced walks are helpful in order to incorporate
the exceptional vertices. Suppose that C is a 1-factor of the reduced ori-
ented graph R and that R* is obtained from R by adding all the exceptional
vertices v € Vj and adding an edge vV (where V; is a cluster) whenever v
sends edges to a significant proportion of the vertices in V;, say we add vV}
whenever v sends at least cm edges to V. (Recall that m denotes the size of
the clusters.) The edges in R* of the form Vv are defined in a similar way.
Let G¢ be the oriented graph obtained from the pure oriented graph G* by
making all the nonempty bipartite subgraphs between the clusters complete
(and orienting all the edges between these clusters in the direction induced
by R) and adding the vertices in Vj as well as all the edges of G between V
and V(G) \ Vp. Suppose that I is a balanced closed walk in R* which visits
all the vertices lying on a cycle C' € C precisely m¢ < m times. Further-
more, suppose that |Vo| < em/2 and that the vertices in V4 have distance at
least 3 from each other on W. Then by ‘winding around’ each cycle C' € C
precisely m — m¢ times (at the point when W first visits C') we can obtain
a Hamilton cycle in G°. Indeed, the two conditions on V{ ensure that the
neighbours of each v € V on the Hamilton cycle can be chosen amongst
the at least em neighbours of v in the neighbouring clusters of v on W in
such a way that they are distinct for different exceptional vertices. The idea
then is to apply the Blow-up lemma to show that this Hamilton cycle corre-
sponds to one in G. So our aim is to find such a balanced closed walk in R*.
However, as indicated in Section 5.2.1, the difficulties arising when trying to
ensure that the exceptional vertices lie on this walk will force us to apply
the above argument to the subgraphs induced by a random partition of our
given oriented graph G.

Let us now go back to the case when R* is an arbitrary digraph and C
is a collection of disjoint cycles in R*. Given vertices a,b € R*, a shifted a-b
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walk is a walk of the form
W = aalC’lblagCgbg e atC’tbtb

where C,...,C} are (not necessarily distinct) cycles from C and a; is the
successor of b; on C; for all i < ¢. (We might have t = 0. So an edge ab is a
shifted a-b walk.) We call C, . .., C; the cycles which are traversed by W. So
even if the cycles (', . . ., C} are not distinct, we say that W traverses t cycles.
Note that for every cycle C' € C the walk W — {a, b} visits the vertices on C
an equal number of times. Thus it will turn out that by joining the cycles
from C suitably via shifted walks and incorporating those vertices of R* not
covered by the cycles from C we can obtain a balanced closed walk on R*.

Our next lemma will be used to show that if R* is oriented and 6*(R*) >
(3/2 + a)|R*| then any two vertices of R* can be joined by a shifted walk
traversing only a small number of cycles from C (see Corollary 5.10). The
lemma itself shows that the 0* condition implies expansion, and this will
give us the ‘expansion with respect to shifted neighbourhoods’” we need for
the existence of shifted walks. The proof of Lemma 5.8 is similar to that of
Theorem 5.7.

LEMMA 5.8. Let R* be an oriented graph on N wvertices with 6*(R*) >
(3/2+a)N for some a > 0. If X CV(R*) is nonempty and | X| < (1—a)N
then INT(X)| > |X| + aN/2.

Proof.  For simplicity, we write § := 6(R*), 6" := 67(R*) and 6~ :=

0~ (R*). Suppose the assertion is false, i.e. there exists X C V(R*) with

| X] < (1—a)N and

(10) INT(X)| < |X|+ aN/2.

We consider the following partition of V' (R*):

A= XNNT(X), B:= N*(X)\X, C:=V(R)\(XUN*(X)), D:= X\N*(X).
(10) gives us

(11) |D| +aN/2 > |B].

Suppose A # (). Then by an averaging argument there exists z € A with
INT(x) M A| < |A|/2. Hence 67 < |[N*(z)| < |B|+ |A|/2. Combining this
with (11) we get

(12) |A| + |B| + |D] > 26" — aN/2.
If A= 0 then N*(X) = B and so (11) implies |D| + aN/2 > |B| > §*.

Thus (12) again holds. Similarly, if C' # ) then considering the inneighbour-
hood of a suitable vertex x € C' gives

(13) IB| +|C| + |D| > 26~ — aN/2.

If C' = 0 then the fact that |X| < (1 — a)N and (10) together imply that
D # (. But then N~ (D) C B and thus |B| > 6~. Together with (11) this
shows that (13) holds in this case too.

If D = () then trivially |A| + |B| + |C| = N > §. If not, then for any
x € D we have N(z) N D = () and hence

(14) [Al+ Bl +|C| = [N(z)| = 4.
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Combining (12), (13) and (14) gives
3|A| +4|B| + 3|C| +2|D| > 26~ + 26" +20 — aN = 25*(R*) — aN.
Finally, substituting (11) gives
3N +aN/2 > 20"(R*) —aN > 3N + aN,

which is a contradiction. O

As indicated before, we will now use Lemma 5.8 to prove the existence
of shifted walks in R* traversing only a small number of cycles from a given
1-factor of R*. For this (and later on) the following fact will be useful.

FacT 5.9. Let G be an oriented graph with §*(G) > (3/2 + «)|G| for
some constant a > 0. Then 0°(G) > a|G|.

Proof. Suppose that 6~ (G) < a|G|. As G is oriented we have that §*(G) <
|G|/2 and so §*(G) < 3n/2 + |G|, a contradiction. The proof for 67(G) is
similar. O]

COROLLARY 5.10. Let R* be an oriented graph on N vertices with 6*(R*) >
(3/2 + )N for some a > 0 and let C be a 1-factor in R*. Then for any
distinct x,y € V(R*) there exists a shifted x-y walk traversing at most 2/«
cycles from C.

Proof. Let X; be the set of vertices v for which there is a shifted z-v
walk which traverses at most i cycles. So Xg = Nt(z) # () and X;,; =
NT(X;)UX;, where X, is the set of all predecessors of the vertices in X;
on the cycles from C. Suppose that |X;| < (1 — «)N. Then Lemma 5.8
implies that

[ Xia| = [NT(X7)] = [ X7 |+ aN/2 = [Xi + aN/2.
So for i* := [2/a|—1, we must have | X.| = | X;+| > (1—a)N. But [N~ (y)| >
0~ (R*) > aN and so N~ (y) N X, # 0. In other words, y € NT(X) and so
there is a shifted z-y walk traversing at most ¢* + 1 cycles. ([l

COROLLARY 5.11. Let R* be an oriented graph with 6*(R*) > (3/2 +
a) |R*| for some 0 < o < 1/6 and let C be a 1-factor in R*. Then R*
contains a closed walk which is balanced w.r.t. C and meets every verter at
most |R*|/a times and traverses each edge lying on a cycle from C at least
once.

Proof. Let C',...,Cs be an arbitrary ordering of the cycles in C. For
each cycle C; pick a vertex ¢; € C;. Denote by c;r the successor of ¢; on the
cycle C;. Corollary 5.10 implies that for all ¢ there exists a shifted ¢;-¢f,
walk W; traversing at most 2/« cycles from C, where ¢zy1 := ¢;. Then the
closed walk

W/ = ch’lchlc;C’QCQ C Ws_lc;,i_CSCSWSCT

is balanced w.r.t. C by the definition of shifted walks. Since each shifted
walk W, traverses at most 2/« cycles of C, the closed walk W meets each
vertex at most (|R*|/3)(2/a) + 1 times. Let W denote the walk obtained
from W’ by ‘winding around’ each cycle C' € C once more. (That is, for
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each C' € C pick a vertex v on C' and replace one of the occurences of v
on W' by vCv.) Then W is still balanced w.r.t. C, traverses each edge
lying on a cycle from C at least once and visits each vertex of R* at most
(|R*| /3)(2/a) + 2 < |R*| /o times as required. O

5.4. Proof of Theorem 1.3

5.4.1. Partitioning G and applying the Diregularity lemma. Let G
be an oriented graph on n vertices with §*(G) > (3/2+«)n for some constant
a > 0. Clearly we may assume that a < 1. Define positive constants ¢, d
and integers M, My, such that

/My <1/ Mp<e<d<a<l.

Throughout this section, we will assume that n is sufficiently large compared
to M/, for our estimates to hold. Choose a subset A C V(G) with (1/2 —
e)n < |A| < (1/2 + e)n and such that every vertex z € G satisfies
+ + +
d*(x) g<|N (x)ﬂA|<d(x)+g

n 10~ Al = n 10

and such that N~ (z)N A satisfies a similar condition. (The existence of such
a set A can be shown by considering a random partition of V(G).) Apply
the Diregularity lemma (Lemma 5.2) with parameters €2, d + 8% and M}
to G — A to obtain a partition of the vertex set of G — A into k > My
clusters Vi,...,V; and an exceptional set V5. Set B := V4 U ... UV, and
mp = |Vi| = -+ = |Vk|. Let Rp denote the reduced oriented graph obtained
by an application of Lemma 5.3 and let G}; be the pure oriented graph. Since
(G —A)/|G—A| > 61(G)/n— /9 by our choice of A, Lemma 5.3 implies
that

(15) 07 (Rp) = (67(G)/n — a/8)|Rp].
Similarly

(16) 0~ (Rp) = (67 (G)/n — a/8)| Ry

and 6(Rp) > (0(G)/n — a/4)|Rp|. Altogether this implies that
(17) 0*(Rg) > (3/2+ a/2)|Rp|.

So Theorem 5.7 gives us a 1-factor Cp of Rp. We now apply Proposition 5.6
with Cp playing the role of S, €2 playing the role of € and d + 82 playing
the role of d. This shows that by adding at most 4e?n further vertices to
the exceptional set V) we may assume that each edge of Rp corresponds to
an e-regular pair of density d (in the underlying graph of G7;) and that each
edge in the union UCECB C C Rp of all the cycles from Cp corresponds to
an (e, d)-superregular pair. (More formally, this means that we replace the
clusters with the subclusters given by Proposition 5.6 and replace G} with
its oriented subgraph obtained by deleting all edges not corresponding to
edges of the graph G given by Proposition 5.6, i.e. the underlying graph
of G will now be G¢_.) Note that the new exceptional set now satisfies
Vol < en.
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Apply Corollary 5.11 with R* := Rp to find a closed walk Wg in Rp
which is balanced w.r.t. Cp, meets every cluster at most 2| Rp|/a times and
traverses all the edges lying on a cycle from Cp at least once.

Let G4 be the oriented graph obtained from G7 by adding all the V-
V; edges for all those pairs V;,V; of clusters with V;V; € E(Rp). Since
2|Rp|/a < mp, we could make Wy into a Hamilton cycle of G§ by ‘winding
around’ each cycle from Cp a suitable number of times. We could then apply
the Blow-up lemma to show that this Hamilton cycle corresponds to one in
G73;. However, as indicated in Section 5.2.1, we will argue slightly differently
as it is not clear how to incorporate all the exceptional vertices by the above
approach.

Set €4 := ¢/|Rp|. Apply the Diregularity lemma with parameters €2,
d+8¢% and M/, to G[AUV}] to obtain a partition of the vertex set of GJAUV;|
into ¢ > M/, clusters V/, ..., V/ and an exceptional set V. Let A" := V/U---U
V/, let R4 denote the reduced oriented graph obtained from Lemma 5.3 and
let G be the pure oriented graph. Similarly as in (17), Lemma 5.3 implies
that 0*(R4) > (3/2+ «/2)|R4| and so, as before, we can apply Theorem 5.7
to find a 1-factor C4 of R4. Then as before, Proposition 5.6 implies that
by adding at most 4e%n further vertices to the exceptional set Vj we may
assume that each edge of R4 corresponds to an €4-regular pair of density d
and that each edge in the union UCeCA C C R4 of all the cycles from Cy
corresponds to an (€4, d)-superregular pair. So we now have that

(18) Vi] < ean = en/| Ry,

Similarly as before, Corollary 5.11 gives us a closed walk W, in R4 which is
balanced w.r.t. C4, meets every cluster at most 2|R4|/« times and traverses
all the edges lying on a cycle from C,4 at least once.

5.4.2. Incorporating V| into the walk Wp. Recall that the balanced
closed walk Wp in Rp corresponds to a Hamilton cycle in G%. Our next
aim is to extend this walk to one which corresponds to a Hamilton cycle
which also contains the vertices in V{. (The Blow-up lemma will imply that
the latter Hamilton cycle corresponds to one in G[B U Vj].) We do this by
extending Wp into a walk on a suitably defined digraph R}, O Rp with vertex
set V(Rp)UVj in such a way that the new walk is balanced w.r.t. Cg. R} is
obtained from the union of Rp and the set V| by adding an edge vV; between
a vertex v € Vj and a cluster V; € V(Rp) whenever ’Né’(v) N Vi} > ampg/10
and adding the edge V;v whenever |Ng (v) NV;| > amp/10. Thus

NG (v) N B| < [Ng, (v)mp + |Rplamg/10.
Hence
[Ng, (0)] = [NG (v) N Bl/mp — o|Rp|/10 > [N (v) N B||Rp|/|B| — a|Rp|/10
> (IN&_4()] = Vol)|Re|/|G — A — a| Rp| /10
(19) = (07(G)/n - a/2)|Rp| = a|Rp|/2.

(The penultimate inequality follows from the choice of A and the final one
from Fact 5.9.) Similarly

N7, (v)] = al Rsl/2
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Wy

FIGURE 2. Incorporating the exceptional vertex v.

Given a vertex v € Vj pick Uy € NE*B (v), Uy € Ng. (v)\{U1}. Let C; and
C5 denote the cycles from Cp containing U; and U, respectively. Let U;
be the predecessor of U; on Cy, and Uy be the successor of Uy on Cy. (19)
implies that we can ensure U; # U,". (However, we may have C; = Cj.)
Corollary 5.10 gives us a shifted walk W, from U, to U, traversing at most
4/a cycles of Cg. To incorporate v into the walk W, recall that W traverses
all those edges of Rp which lie on cycles from Cp at least once. Replace one
of the occurences of U; U; on Wp with the walk

W; = UfWUU;CQUQUUlclUl,

i.e. the walk that goes from U; to U, along the shifted walk W,,, it then
winds once around C5 but stops in Us, then it goes to v and further to Uy,
and finally it winds around C';. The walk obtained from W by including v in
this way is still balanced w.r.t. Cp, i.e. each vertex in Rp is visited the same
number of times as every other vertex lying on the same cycle from Cz. We
add the extra loop around C because when applying the Blow-up lemma we
will need the vertices in V{ to be at a distance of at least 4 from each other.
Using this loop, this can be ensured as follows. After we have incorporated v
into Wp we ‘ban’ all the 6 edges of (the new walk) W whose endvertices
both have distance at most 3 from v. The extra loop ensures that every edge
in each cycle from C has at least one occurence in Wy which is not banned.
(Note that we do not have to add an extra loop around C; since if Cy # C
then all the banned edges of Cy lie on W/ but each edge of C also occurs
on the original walk Wp.) Thus when incorporating the next exceptional
vertex we can always pick an occurence of an edge which is not banned to
be replaced by a longer walk. (When incorporating v we picked U; Uj.)
Repeating this argument, we can incorporate all the exceptional vertices
in Vj into Wp in such a way that all the vertices of Vj have distance at
least 4 on the new walk Wg.

Recall that G% denotes the oriented graph obtained from the pure ori-
ented graph G% by adding all the V;-V; edges for all those pairs V;,V; of
clusters with V;V; € E(Rg). Let Gy denote the graph obtained from Gf
by adding all the V;-B edges of G as well as all the B-V{ edges of G. More-
over, recall that the vertices in Vj have distance at least 4 from each other
on Wy and |Vj| < en/|Rp| < amp/20 by (18). As already observed at the
beginning of Section 5.3, altogether this shows that by winding around each
cycle from Cpg, one can obtain a Hamilton cycle CEUVO, of GCBUVO, from the

walk Wp, provided that Wp visits any cluster V; € Rg at most mp times.
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To see that the latter condition holds, recall that before we incorporated the
exceptional vertices in Vj into W, each cluster was visited at most 2|Rg|/«
times. When incorporating an exceptional vertex we replaced an edge of Wp
by a walk whose interior visits every cluster at most 4/a + 2 < 5/« times.
Thus the final walk Wg visits each cluster V; € Rp at most

(18)
(20) 2|Rp| /o + 5|Vgl /o < Gen/(alRp|) < Vemp

times. Hence we have the desired Hamilton cycle C, ,, . of G¢ Buvy- Note

that (20) implies that we can choose CEUV, in such a way that for each cycle
C € Cp there is subpath Ps of C’BUV/ Wthh winds around C' at least

(21) (1 - VE)ma

times 1n succession.

5.4.3. Applying the Blow-up lemma to find a Hamilton cycle
in G[BUV{]. Our next aim is to use the Blow-up lemma to show that Chovy

corresponds to a Hamilton cycle in G[BUVj]. Recall that k = |Rp| and that
for each exceptional vertex v € Vj the outneighbour U; of v on Wi is distinct
from its inneighbour U; on Wg. We will apply the Blow-up lemma with H
being the underlying graph of CJCBUV(; and G* being the graph obtained from
the underlying graph of G by adding all the vertices v € V{ and joining
each such v to all the vertices in NJ (v) N U; as well as to all the vertices in
N (v) NUs. Recall that after applying the Diregularity lemma to obtain the
clusters Vi, ..., Vi we used Proposition 5.6 to ensure that each edge of Rp
corresponds to an e-regular pair of density d (in the underlying graph of G
and thus also in G*) and that each edge of the union (Jo., ¢ C Rp of all
the cycles from Cp corresponds to an (g, d)-superregular pair.

Vg will play the role of Vj in the Blow-up lemma and we take Lo, Ly, ..., Ly
to be the partition of H induced by Vj, Vi,..., V. ¢ : Ly — Vj will be the
obvious bijection (i.e. the identity). To define the set I C V(H) of vertices
of distance at least 4 from each other which is used in the Blow-up lemma,
let P/, be the subpath of H corresponding to Pe (for all C' € Cp). For each
1 =1,...,k, let C; € Cp denote the cycle containing V; and let J; C L;
consist of all those vertices in L; N V(F,) which have distance at least 4
from the endvertices of P, . Thus in the graph H each vertex u € J; has one
of its neighbours in the set L, corresponding to the predecessor of V; on C;
and its other neighbour in the set L. corresponding to the successor of V;
on (. Moreover, all the vertices in J; have distance at least 4 from all the
vertices in Ly and (21) implies that |J;| > 9mp/10. It is easy to see that
one can greedily choose a set I; C J; of size mp/10 such that the vertices in
Ule I; have distance at least 4 from each other. We take I := Ly U Ule I;

Let us now check conditions (C1)—(C9). (C1) holds with K; := 1 since
|Lo| = |Vy| < ean =en/k < d|H|. (C2) holds by definition of /. (C3) holds
since H is a Hamilton cycle in G Buvy (c.f. the definition of the graph G BUV’)
This also implies that for every edge vy € Hwithe e Lj,ye L; (4,5 > 1)
we must have that V;V; € E(Rp). Thus (C6) holds as every edge of Rp
corresponds to an e-regular pair of clusters having density d. (C4) holds
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with K5 := 1 because

(18)
|Nu(Lo) N Li| <2|Lo| =21|Vy| < 2en/|Rp| < 5emp < dmg.

For (C5) we need to find a set D C [ of buffer vertices. Pick any set
D; C I; with |D;| = 8 mp and let D : Uf;l D;. Since I; C J; we have that
INg(D) N Lj| =28mp for all j =1,..., k. Hence

INu(D) O Li| = [Nu(D) (0 Lyl = 0

for all 1 < i < j < k and so (C5) holds. (C7) holds with ¢ := a/10 by
our choice U € N;g% (v) and Uy € Np. (v) of the neighbours of each vertex
v € Vy in the walk Wpg (c.f. the definition of the graph R};).

(C8) and (C9) are now the only conditions we need to check. Given a set
E; CV; of size at most e'mp, we wish to find F; C (L, (I \ D)) =1;\ D
and a bijection ¢; : E; — F; such that every v € E; has a large number of
neighbours in every cluster V; for which L; contains a neighbour of ¢;(v).
Pick any set F; C I;\ D of size |E;|. (This can be done since |D N ;| = d'mp
and so |I; \ D| > mp/10 — 8'mp > e'mp.) Let ¢; : E; — F; be an arbitrary
bijection. To see that (C8) holds with these choices, consider any vertex
v € E; CV; and let j be such that L; contains a neighbour of ¢;(v) in H.
Since ¢;(v) € F; C I; C J;, this means that V; must be a neighbour of V;
on the cycle C; € Cp containing V;. But this implies that |Ng«(v) NV;| >
(d — e)mp since each edge of the union yep, € € Rp of all the cycles
from Cp corresponds to an (e, d)-superregular pair in G*.

Finally, writing F := Ule F; we have

|Ny(F)N L;| < 2e'mp

(since F; C J; for each j = 1,...,k) and so (C9) is satisfied with K35 := 2.
Hence (C1)—(C9) hold and so we can apply the Blow-up lemma to obtain a
Hamilton cycle in G* such that the image of L; is V; for all i = 1,... k and
the image of each = € Ly is ¢(x) € Vj. (Recall that G* was obtained from
the underlying graph of G by adding all the vertices v € V{ and joining
each such v to all the vertices in NJ (v) N U; as well as to all the vertices in
N¢ (v)NUs, where Uy and U, are the neighbours of v on the walk Wp.) Using
the fact that H was obtained from the (directed) Hamilton cycle Chuvy and
since Uy # U, for each v € V{j, it is easy to see that our Hamilton cycle in G*
corresponds to a (directed) Hamilton cycle Cp in G[B U V{].

5.4.4. Finding a Hamilton cycle in GG. The last step of the proof is
to find a Hamilton cycle in G[A’] which can be connected with Cp into a
Hamilton cycle of G. Pick an arbitrary edge v1v2 on Cp and add an extra
vertex v* to G[A’] with outneighbourhood N/ (v1) N A’ and inneighbourhood
Ng (v2) MA’. A Hamilton cycle Cy in the digraph thus obtained from G[A']
can be extended to a Hamilton cycle of G' by replacing v* with voCgvy. To
find such a Hamilton cycle Cy, we can argue as before. This time, there
is only one exceptional vertex, namely v*, which we incorporate into the
walk W,. Note that by our choice of A and B the analogue of (19) is
satisfied and so this can be done as before. We then use the Blow-up lemma
to obtain the desired Hamilton cycle C'y corresponding to this walk.
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5.5. Ore Type Condition

The proof of the Ore type result is essentially the same as that of the
Dirac type result. The only place in the proof of the Diract type result
where we used the full minimum semi-degree condition was in the proof of
the expansion property, so we give a version of that lemma with Ore type
conditions here. In the rest of the proof a weaker minimum degree condition
suffices. This is guaranteed by the following proposition.

PROPOSITION 5.12. Let G be an oriented graph such that for all distinct
z,y € V(G) with vy ¢ E(G) we have d*(z) + d (y) > 3n/4. Then §°(G) >
n/8.

Proof. Suppose not. When without loss of generality assume that §7(G) <
0~ (G). Indeed, if not then replace every edge xy € E(G) with yz. Let
u € V(G) have d*(u) = 6°(G). Define S = {s € V(G)\{u} : us ¢ E(G)}.
Then |S| > n —n/8 = Tn/8 and moreover for all s € S we have d~(s) >
3n/4 —n/8 = 5n/8. Hence

n?/2 > e(G) > (5n/8)|S| > 35n%/64,

which is a contradiction. O

The only further difference is the need for an analogue of Lemma 5.3,
which guarantees that we can find an reduced oriented graph still approxi-
mately satisfying the original Ore type condition.

LEMMA 5.13. For every € € (0,1) there exist integers M' = M'(e) and
ng = no(e) such that the following holds. Let d € [0,1], let G be an oriented
graph of order at least ng and let R’ be the reduced digraph obtained by ap-
plying the Diregularity lemma to G with parameters e, d and M'. Suppose
further that e +d < a < 1 and for all vertices x,y € V(G) with zy ¢ E(G),
dt(z)+d (y) > a|G|. Then R’ has a spanning oriented subgraph R with

(22) d*(i) +d(j) = (a — (5e + 2d)) |G|

for allij ¢ E(R).

Proof. Let us first show that all clusters V;, V; with ij ¢ E(R') satisfy
(23) (NG| + [Ng ()R] > o — (4 + 2d).

To see this observe that as ij ¢ E(R') these do not form an e-regular pair
of density at least d in the pure graph. Thus we can find vertices x € V;,
y € V; with zy ¢ E(G) then by our hypothesis and the Diregularity lemma
d&(z) +dg(y) > (a —2(e + d)) |G|. On the other hand,

ING ()] + NG (9)] < (INg (0)] + [Ng (5)[)m + 2|V
< (IN& (@) + [Ng (7)DIG]/|R'| + 2¢|G].
Altogether this proves (23).
Let R be the spanning oriented subgraph obtained from R’ by deleting

edges randomly as follows. For every unordered pair V;, V; of clusters we
delete the edge ij (if it exists) with probability

eG’(‘/jv VD

24 .
(24) o ViV 1 car (V, V)

46



Otherwise we delete ji (if it exists). We interpret (24) as 0 if ij, ji ¢ E(R').
So if R’ contains at most one of the edges ij, ji then we do nothing. We
do this for all unordered pairs of clusters independently and let X; be the
random variable which counts the number of outedges of the vertex i € R
and let Y; count the number of inedges. Suppose ij, ji € E(R’). Then

e (Vi, Vi) ea(Vi, V)
E(Xi+Y;) = 4
( i) Z e (Vi, Vi) + ecr (Vi, Vi) Z eq'(Vi, Vi) + e (Vie, V)

k#i k#j
Z €G/ ) J Z eG’(Vlﬁ‘/j)
22w 2 I
> 7] dt,(z) — |Vo|) Vol)
el |G‘ |V‘ Z( G’ | 0 +Z G’ | 0
v zeV; yev;

Now observe that as ji € E(R'), the bipartite oriented graph (V;,V;)e is
e-regular with density at least d. Thus it contains a matching M of size
at least (1 — ¢)|V;|. Since G is oriented, this gives us |M| ordered pairs
of vertices (z,y) € (Vi,V;) with zy ¢ E(G) and hence df,(z) + dg (y) >
(v —2(e +d)) |G'|. Thus

BCY: +Y;) 2 i (L - 9~ 2e + ) R Vil = 20| V]

> (o — (5e 4+ 2d) |R| > €|R)|.

As in Lemma 5.3, a straightforward application of a Chernoff type bound
shows that there exists R C R’ with this property, and combining this
with (23) we see that the result holds. O

The following expansion lemma is the analogue of Lemma 5.8 in the proof
of the Ore type result.

LEMMA 5.14. Let R* be an oriented graph on N wvertices with d*(u) +
d=(v) > 3N/4+ aN for some o > 0 and for vertices u,v € V(R*) with
wo & E(R*). If X C V(R*) is nonempty and | X| < (1—a)N then |N*(X)| >
| X+ aN/2.

Proof. Suppose the assertion is false, i.e. there exists nonempty X C V(R*)
with | X| < (1 —a)N and

(25) INT(X)| < |X|+ aN/2.

We consider the following partition of V(R*):

A= XANT(X), B:= N"(X\X, C:=V(R)\(XUN*(X)), D:= X\N*(X).
(25) gives us

(26) |D| +aN/2 > |B].

Suppose |D| < aN/10. Then by (26) |B| < 3aN/4 and so A,C # (. By
an averaging argument there exists a € A with [NT(a) N A| < |A|/2 and
similarly there exists ¢ € C' with [N~ (¢) N C| < |C]/2. By construction
ac ¢ E(R*) so d*(a) +d~(¢) > 3N/4 + aN and so

3N/4+aN < d*(a) +d (c) < (|Al/2+|B]) + (ICl/2 + |B]).
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Hence we have
N > |A|+|C| > 3N/2+2aN —4|B| > 3N/2 — aN,

which is a contradiction. Thus for the rest of the proof we shall assume that
|D| > aN/10. Note that this is much stronger than we need, |D| > 2 would
suffice.

For simplicity, we write § := 0(R*), 67 := 7 (R*) and 6~ := § (R").
We write 67, for the minimum outdegree in R* of a vertex in D, that is,
6}, := mingep(df.(d)). We define §p,, 0%, ete. similarly.

Note that R*[D] contains no edges, and so for all z # y € D we have
d(x) + d(y) > 3N/2 4+ 2an. Hence there is at most one vertex in D with
degree less than 3N /4 + an. In the case that such a vertex dy,q exists, define
D' := D\{dpaa} and observe that 6pr > 3N/4 4+ aN and D' # (). If no such
vertex exists then let D’ := D and again 6p > 3N/4 4+ aN.

Suppose A # (). Then by an averaging argument there exists x € A with
INT(z) N A] < |A|/2. Hence 6§ < |[NT(z)| < |B| + |A|/2. Combining this
with (26) we get

(27) |A| + |B| + |D| > 26% — aNJ/2.

If A= 0 then N*(X) = B and so (26) implies |D| + aN/2 > |B| > §},.
Thus we get

(28) |A| + |B| + |D| > 265, — aN/2.

Similarly, if C' # @ then considering the inneighbourhood of a suitable vertex
x € C gives

(29) |B| + |C| + |D| > 265 — aN/2.

If C =0 then N~ (D') C B and thus |B| > 0,,. Together with (26) this
shows that

(30) |B| + |C| +|D| > 26, — aN/2.
For any x € D’ we have N(z) N D = () and hence
(31) A+ B +1C| > IN(z)] > b1

We now combine the above equations to generate a contradiction. We have
four separate, but very similar, cases.
Case 1: A # 0, C # (). First note that e(A,C) = 0 so 6§+, > 3N/4+aN.
Combining equations (27), (29) and (31) gives
3|A| +4|B| + 3|C| + 2|D| > 26F + 265 + 20p — aN
> 4(3N/4 + aN) — aN.
Case 2: A #(,C =1. Since e(A, D) = ) we have 6 + 5, > 3N/4+aN.
Equations (27), (30) and (31) give
3|A| + 4| B| + 3|C| + 2|D| > 267 + 205, + 20p — aN
> 4(3N/4 + aN) — aN.
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Case 3: A=10,C #0. Since e(D’,C) = () we have 6}, + 05 > 3N/4+aN.
Equations (28), (29) and (31) give

3|A| +4|B| + 3|C| + 2|D| > 26}, + 265 + 26p —aN
> 4(3N/4+ aN) — aN.

Case 4: A=, C'= (. By the definition of D’ and our earlier remarks we
have ¢}, +d,, > 3N/4+aN. Equations (28), (30) and (31) give

3|A| + 4| B| 4 3|C| + 2|D| > 26}, + 205, + 26p — aN
> 4(3N/4+ aN) — aN.
Finally, substituting (26) gives
3N +aN/2 > 3N + 3aN,

which is a contradiction. O
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CHAPTER 6

PROOF OF THEOREM 1.6

With the results of Section 4.3 in mind, we are now in a position to
prove Theorem 1.6. The proof that this result holds for ‘long’ cycles uses
somewhat similar methods to those in [36], and we will use some results
from that paper. Using the ‘stability method” we will distinguish between
a non-extremal case where our oriented graph has some form of expansion
property, and an extremal case where the oriented graph is shown to be
similar to that in Figure 5.1.

We have already proved the result for 4 < ¢ < n/10'% in Theorem 4.18.
Thus we can assume that n/10" < ¢ < n.

We will need the following slight extension of Lemma 5.3, due to Keevash,
Kithn and Osthus [36].

LEMMA 6.1. For every e € (0,1) and there exist numbers M' = M'(e)
and ng = ng(e) such that the following holds. Let d € [0,1] with e < d/2,
let G be an oriented graph of order n > ng and let R’ be the reduced digraph
with parameters (e, d) obtained by applying the Diregularity Lemma to G with
M’ as the lower bound on the number of clusters. Then R’ has a spanning
oriented subgraph R such that

(a) 07(R) > (67(G)/|G| = (3= + d))|R|,

(b) 07(R) = (67(G)/|G| = (3¢ + d))|R],

(c) for all disjoint sets S, T C V(R) with eg(S*,T*) > 3dn* we have
er(S,T) > d|R?, where S* :=J,cg Vi and T* := ;.1 V.

(d) for every set S C V(R) with eq(S*) > 3dn? we have eg(S) > d|R|?,
where S* 1= ;e Vi

Define a hierarchy of constants so that
Inp<e<d<e<n<l.

Let G be an oriented graph on n > ng vertices with minimum semi-degree
6°(G) > [(3n —4)/8] and let u € V(G). Suppose that G contains no cycle
of length ¢ containing w. Apply the Diregularity Lemma (Theorem 5.2)
and Lemma 6.1 to G with parameters (¢2/3, d). This gives us a partition

of V(G) into Vp,Vi,..., Vi with m := |Vi| = ... = |Vi| and a reduced
oriented graph R. Lemma 6.1 gives us that
(32) S(R) > (3/8—1/(2n) —d —H)k > (3/8 — 2d)k.

CASE 1. |[NZ(S)| > |S| + 2ck for every S C [k] with k/3 < |S| < 2k/3.

In this case we use probabilistic methods to find a subdigraph G’ of G
with ¢ vertices and a new reduced oriented graph which still satisfies the
conditions of Case 1, possibly with modified constants. Also, we can ensure
that u € V(G"). We can then use the following result from [36], which says
that all such graphs contain a Hamilton cycle.
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LEMMA 6.2. Let M’, ng be positive numbers and let €,d,n, v, T be positive
constants such that 1/nyg < 1/M' < e  d < v <17 <K 1. Let G be an
oriented graph on n > ng vertices such that 6°(G) > 2nn. Let R’ be the
reduced digraph of G with parameters (¢,d) and such that |R'| > M'. Suppose
that there exists a spanning oriented subgraph R of R' with 6°(G) > n|R| and
such that |[N;(S)| > |S| +v|S| for all sets S C V(R) with |S| < (1 —7)|R|.
Then G contains a Hamilton cycle.

The argument we use to find an appropriate subdigraph G’ is similar to
that in [36], and uses standard probabilistic techniques. Recall that there
are k (non-exceptional) clusters, each with size m.

Cram 1.1. Let m' satisfy 107" n/k < m’ < m and p := m'/m. Then
there exists a partition of V(G)\ Vy into sets A and B which has the following
properties:

(a) |A;] =m/, where we write A; :=V; N A for every i € [k];

(b) |N&(v) N A = p| N (v) N V| £n2/3 for every vertezx v € V(G); and
similarly for Ng (v);

(c) R is the oriented reduced graph with parameters (£2/10'1,3d/4) cor-

responding to the partition Ay, ..., Ay of the vertex set of G[A];
(d) 0°(G[A]) = (3/8 —¢)|Al.

Proof. For each cluster V; define a partition into A; and B; as follows. Let
n:=n?3/(4|V;]) and put € V; in A; with probability p + 7, independently
of all other vertices. Then standard Chernoff type bounds give that the
probability that p|Vi| < |4;| < p|Vi| +n?3/2 does not occur is exponentially
small in |V;|. Further, they also give that the probability that any vertex v €
A; has outneighbourhood varying from p| N (v) N V;| by more than n?/3/2 is
exponentially small. Thus for sufficiently large n a partition exists satisfying
both these conditions, and we can discard up to n??/2 vertices from each
A; to obtain a partition satisfying (a) and (b).

To see (c) note that the definition of regularity implies that the pair
(A;, A;) consisting of all the A;-A; edges in the pure oriented graph G* is
e?/10" -regular and has density at least 3d/4 whenever ij € F(R). On the
other hand, (A;, A;) is empty whenever ij ¢ E(R) since (V;,V}) D (A, 4;)
is empty in this case. Property (d) follows immediately from (b). O

If £ > n —|Vy| then form G’ by discarding n — ¢ arbitrary vertices from
V(G) \ {u}. Otherwise apply the previous claim to G with m’ := [{/k] — 1.
Let G' := G[A U Vj], where Vj C V(G) \ A is an arbitrary set of vertices
containing u (if u € A) of size ¢ — |A|. Then G’ has exactly ¢ vertices and
satisfies the conditions of Lemma 6.2 with 7 =7 = 1/3 and v = 2¢. Apply
that result to obtain a Hamilton cycle in G’ and thus a cycle of length ¢
through u in G.

CASE 2. There is a set S C [k] with k/3 < |S| < 2k/3 and [N} (9)| <
|S| + 2ck.

In this case we exploit the minimum semi-degree condition to demon-
strate that G has roughly the same structure as the extremal graph. The
proof proceeds in three steps.
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(i) Show that the G has roughly the same structure as the extremal
graph.

(ii) Show that if the cluster sizes and vertices satisfy certain conditions
then using the Blow-up Lemma (Lemma 5.4) we have the desired
cycle (Claim 2.3).

(iii) Use (ii) to obtain further structural refinements, eventually showing
that G either contains a Hamilton cycle or contradicts the minimum
semi-degree condition.

The difference between the proof here and the proof of the exact Hamil-
tonicity result in [36] is primarily in Step (ii), Claim 2.3. We have similar
conditions here, but the stronger conclusion that we get a cycle of any length,
not just a Hamilton cycle. Their proofs of the results needed for (iii) in the
Hamiltonicity case implicitly require only that the conditions of (ii) are not
satisfied, and so the proof of Step (iii) for us is implicit in their paper. Hence
we will not give their proofs for either Step (i) or (iii). Instead we give a
complete proof of the result in Step (ii) and refer the reader to [36] for all
remaining details.

Let

Ap = SON(S), Br = N£(S)\S, Cr := [K]\(SUN#(S)), Dr = S\N(S).

These sets will have similar properties as the sets A, B, C' and D in the
extremal example. Let A := (J,. A, Vi and define B, C, D similarly. The
following notation will prove useful. Let P(1) := A, P(2) := B, P(3) :=C
and P(4) := D. When we refer to P(i + 1) or P(i — 1) we will always
mean modulo 4. Define P(i ® 1) by P(1® 1) := P(1), P2 & 1) := P(4),
P(3®1) := P(3) and P(4®1) := P(2). This operation should be viewed with
reference to the extremal graph as being the ‘other’ out-class of P(i), and
has the obvious inverse P(161) := P(1), P(261) := P(4), P(361) := P(3)
and P(4© 1) := P(2). Since we will show that G has a somewhat similar
structure to the extremal graph it will be useful to define the following graph
on V(G). Let F[(P(i), P(i+ 1)] contain all edges from P(i) to P(i + 1), let
F[A] and F[C] be tournaments which are as regular as possible. Finally
let F[B, D] be a bipartite tournament which is as regular as possible. We
will show that G roughly looks like /', and hence contains a cycle of length
¢. From now on we will not calculate explicit constants multiplying ¢, and
just write O(c). The constants implicit in the O(x) notation will always be
absolute.

We call a vertex © € P(i) cyclic if it has almost the same number of
neighbours in P(i — 1) and P(i + 1) as a vertex in the corresponding vertex
class in F'. More precisely, call a vertex x € P(i) cyclic if [N (z)NP(i+1)| >
(1-0(y/¢)|P(i+1)| and |Ng (z)NP(i—1)| > (1—-0O(y/c)|P(i—1)|, counting
modulo 4. A vertex is acceptable if it has a significant outneighbourhood in
one of its two ‘out-classes’ and one of its two ‘in-classes’, where these are
understood with reference to F. More precisely, x € P(i) is acceptable if
both the following hold.

o [Ni(z) NP>+ 1) > (1/100 — O(v/&))n or [N (z) N P(i @ 1)| >
(1/100 - O(y/2))n,
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o |[N;(x)NP(i—1) > (1/100 — O(y/c))n or |[Ng(z) N P(i e 1) >
(1/100 — O(y/¢))n.
An edge from P(i) to P(j) in G is acceptable if P(j) = P(i +1) or P(j) =
P(i®1).
The next claim combines several results from [36] and shows that these
sets have roughly the same structure as in F'.

CrLAaM 2.2 (Keevash, Kithn and Osthus, [36]). The following hold for

all 7.

(a) [P(i)| = (1/4£ O(c))n,

(b) e(P(i), P(i+1)) > (1 —O(c))n?/16,

(c) e(P(i), P(i® 1)) > (1/2 — O(c))n?/16.
Furthermore, by reassigning vertices that are not cyclic to A, B, C or D we
can arrange that every vertex of G is acceptable. We can also arrange that
there are no wvertices that are not cyclic but would become so if they were
reassigned.

Note that these properties of A, B, C' and D are invariant under the
relabelling A «» C, B <> D. Thus we may assume that |B| > |D|.

Given a path P := vy ...y, in G with vy, v, € P(i) we say we contract P
to refer to the following process, which yields a new digraph H. Remove
v1, ..., from G and add an extra vertex v* to P(i) with outneighbourhood
N*(v;,) and inneighbourhood N~ (v1). The ‘moreover’ part of the next claim
is not in the statement of the corresponding claim in [36]. That we are not
seeking a Hamilton cycle allows us this modified condition and a simpler
proof than would otherwise be the case.

CrLaM 2.3. If |B| = |D| and every vertez is acceptable then G has an
(-cycle containing w. Moreover, the assertion also holds if we allow one
non-acceptable vertex x € AU C.

Proof. The idea is as follows. First we contract suitable paths to leave
us with a digraph (G containing only cyclic vertices. Then we find suitable
paths to contract to give a digraph G, with |A| = |B| = |C| = |D|. We
can then apply the Blow-up Lemma to the underlying graph to find a cycle
in GG which ‘winds around” A, B, C', D. By our choice of the vertices in
this cycle and the definition of our contractions this will correspond to the
desired cycle in G. We will say that a 4-partite graph with vertex classes
(P(1), P(2), P(3), P(4)) has type (p1,pa, 3, pa) if |P(i)| = pi + g and p; € N
for all ¢ and some ¢. Our initial condition on the sizes means that G has
type (p1,0,p3,0). The type sum is p1 + p2 + ps + pa.

Firstly, move the non-acceptable vertex z (if it exists) to a vertex class
in which it is acceptable, and readjust the O(c) notation if necessary. This
gives us type (p1,0 < py < 1,p3,0), possibly with new values for the p;.
Let vy, ..., v; be vertices which are acceptable but not cyclic. Claim 2.2 (a)
and (b) give us that t = O(y/c)n, so we can pick cyclic neighbours v;"
and v, of each v; such that the edges v;v;" and v; v; are acceptable and all
these vertices are distinct. ~We want to contract v, UZ-U;r so that we form
a new graph in which all vertices are cyclic. We need to ensure that after
contracting we are still of type (p1,0 < py < 1,p3,0) (although possibly with
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different p; to above) and p1,p; = O(y/c)n. For each v; find a path P! of
length at most 3 starting at v;", ending at some cyclic vertex in the same
cluster as v; and ‘winding around the clusters,’ i.e. following the order P(i),
P(i+ 1) ete. If v and v; are in the same cluster then the path P/ is the
empty path. Let P; := v; v;v;” P/ and note that we can choose the P; to be
disjoint.

Contract the paths P; to form a new digraph G;. Note that G is not
necessarily oriented. Every vertex in (7 is cyclic by construction, possibly
with a new constant in the O(y/c) notation in the definition of a cyclic vertex.
G also has type (p1,0 < ps < 1,p3,0) and p1, p3 = O(y/c)n.

Now suppose that |A] < |C| and let s := |C| — |A| = p3 — p1. Greedily
find a path Pg in G which follows the pattern CCDAB s times and then
ends in C'. l.e. find an edge between 2 cyclic vertices in C, extend around
the clusters back to C' and repeat until we have a path from C' to C' with s
(cyclic) vertices from A, B and D and 2s+ 1 vertices from C. We can do this
as Claim 2.2 (a) and (c) imply that almost all unordered pairs of vertices in C
are connected by an edge and s = O(y/c)n. Let G5 be the digraph obtained
by contracting Po. Then in Go has type (p1,0 < py < 1,p1,0). If |A| > |C]
we can achieve type (p1,0 < ps < 1,p1,0) in a similar way by contracting
a path P4 from A to A following the pattern AABCD. Note that since
s = O(y/c)n, all vertices of Gy are still cyclic. Now suppose that in Gy we
have |D| > |A|. Let s := |D| — |A| = —p;. This time we find a path Pp
from D to D following the pattern DBCDABDABC which contains s + 1
more vertices from D than it contains from A, and similarly for C'.  Note
that contracting Pp does not change |B| — |D|. Contracting Pp gives us a
digraph (which we still call G5) with type (0,0 < py < 1,0,0) and all of
whose vertices are still cyclic. The last case to consider is when we have
|D| < |A]|. In this case we can equalize the sets by contracting two paths Py
and P¢ of appropriate length as above.

We now find and contract a short path in G5 to form a new oriented
graph G3 with |G3] —n+ /¢ = 0 (mod 4). Let p :== n — ¢ (mod 4). This
is (congruent to) the number of vertices we do not want in the cycle we
will find in G3. We now contract paths to ensure that Gz has type sum
p, and thus |G3] —n + ¢ = 0 (mod 4). Suppose G3 has type (0,0,0,0).
If p =0 we are done. If p = 1 use one path Py and one path Pp as above
to obtain type (1,0,0,0). If p = 2 then a path Pp gives us type (1,0,1,0)
and finally if p = 3 a path Py gives us type (1,1,0,1). Now suppose G3
has type (0,1,0,0). If p = 1 we are done already. If p = 2 contract one
path Pp and one path Pc to get type (1,1,0,0). If p = 3 a path Pp gives
us type (1,1,1,0). Finally if p = 4 two paths Pp and one path Py gives
type (2,1,1,0).

At most O(y/c)n vertices in G5 correspond to paths in G. Call these
vertices and u special vertices. We now contract the special vertices. Let S;
consist of the special vertices in A. Find a path from A to A that ‘winds
around’ the 4 clusters of the oriented graph Gj |S;| times and contains all
vertices in S;. As |S1| < O(y/¢)n we can find such a path easily with a
greedy algorithm. Contract this path and repeat for B, C' and D to reduce
the number of special vertices to at most 4 without otherwise affecting the
structure of G3. Let S consist of these remaining special vertices.
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Let G% be the underlying graph corresponding to the set of edges oriented
from P(i) to P(i+ 1), for 1 < ¢ < 4. Since all vertices of G5 are cyclic and
we chose ¢ < ) < 1, each pair (P(i), P(i + 1)) is (n, 1)-super-regular in G%.
Furthermore, G contains no multiple edges. Let F’ be the 4-partite graph
with vertex classes P(i) where the 4 bipartite graphs induced by (P(i), P(i+
1)) are all complete. Define ¢/ := |F'| — n + ¢ and note that it satisfies
¢’ =0 (mod 4) and ¢'/4 < |D|. Thus ‘winding around’ the 4 clusters ¢'/4
times we can find a cycle of length ¢’ in F” including all the special vertices.
Note that we need ¢ < n here, since the one non-acceptable vertex means
that we cannot ensure that G3 has type (0,0,0,0). Remove each special
vertex v; € S from this cycle to split the cycle into a series of disjoint paths
Py = v Plvy, Py := vy Pyvy etc. For each v; € SN P(i) and every ¢ pick
sets O C N*(v;) N P(i+1) and C; € N~ (v;) N P(i — 1) of size 107%|Gs|.
We now apply Lemma 5.4 with k =4, A =2, b= 10" and the C}" and C}
as the sets C;, (for € {vi",v;,v5,...,v7 }) to embed the paths Py, ..., Fg.
This gives us disjoint paths in G4 — S with endpoints in the Cf and O
and the sum of whose lengths is |G3| — n + ¢ — 2|S|. The ‘moreover’ part of
Lemma 5.4 implies that we can assume that these paths continually ‘wind
around’ A, B,C,D. The condition on the endpoints of the paths ensures
that we can add in the special vertices to obtain a cycle C' in G35 of length
|G3| —n+ . As every vertex outside C' in G5 corresponds to a single vertex
in GG, the cycle Cy in G corresponding to C' has length ¢ and contains u.

O

Since we are done if we satisfy the conditions of Claim 2.3, assume
that |B| > |D|. The argument in [36] reaches a similar point to us here,
and proceeds by showing that either G contains a Hamilton cycle, or is even
more like the extremal graph. More precisely, they show that G either sat-
isfies certain structural conditions, which we state below, or the conditions
of Claim 2.3 are satisfied. They do this by moving vertices between clusters
to obtain |B| = | D| whilst ensuring that all vertices are acceptable. The sit-
uation can arise though that |B| = |D| 4+ 1 and the only vertex class that it
is possible to move vertices in B to without stopping them being acceptable
is D. In this case we can shift an arbitrary vertex in B to A U C' to satisfy
the conditions of Claim 2.3.

CLAIM 2.4. For each of the following properties, there are fewer than
|B| — |D| vertices with that property or the conditions of Claim 2.3 are sat-
1sfied.

e x€Aand |N (x)NC| > (1/100 — O(\/c))n.
e x €A and |N (x)NB| > (1/100 — O(\/¢))n.
e x €C and |[NT(x) N Al > (1/100 — O(\/c))n.
e x € (C and |[NT(x) N B| > (1/100 — O(y/¢))n.

We now define a new class of vertices. We say that a vertex is good if it
is acceptable and satisfies one of the following.
excAand [N~ (x)NC|, IN~(x) N B|] < (1/100 + O(/c))n.
e € Band [Nt(z)NA|, INT(x) N B|] < (1/100 + O(y/¢))n and
IN“(2) O Bl, [N~(2) N C| < (1/100 + O(,/2))n.
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e z € C and [NT(z)NA| [Nt(z) N B| < (1/100 + O(y/¢))n.
excD.
Note that cyclic vertices are not necessarily good.

CLAIM 2.5. By reassigning at most O(y/c)n vertices we can arrange that
every vertex is good or the conditions of Claim 2.3 are satisfied.

Let M be a maximal matching in e(B, A) Ue(B) Ue(C, A) Ue(C, B).
CLAIM 2.6. (M) =0 and |B| — |D| =1 or the conditions of Claim 2.3

are satisfied.

If the conditions of Claim 2.3 are satisfied we are done, so assume not.
Since e(M) = 0 we now have e(B U C, A) = 0. Since e(A) < |A|?/2 there
exists a vertex a € A with d~(a) < (|A| —1)/2 + |D|. Furthermore, we also
now have that e(C, B) = 0 and e(B) = 0, and so there exist vertices ¢ € C
and b € B with d*(c¢) < (|C| —1)/2+ |D| and d(b) < |A| + |C| + |D|. Since
|D| = |B| — 1 we see that

(3n—4)/2 < d"(a) +d*(¢) +d(B) < S (|| +]0] +21D)) =1 = S (n—1) 1.

This contradiction completes the proof. O

56



[1]

[15]
16]
7]
18]

[19]

BIBLIOGRAPHY

N. Alon and G. Gutin, Properly colored Hamilton cycles in edge colored complete
graphs. Random Structures and Algorithms 11 (1997), 179-186.

N. Alon and A. Shapira, Testing subgraphs in directed graphs, in STOC ’03: Pro-
ceedings of the Thirty-Fifth Annual ACM Symposium on Theory of Computing, ACM
Press 2003, 700-709.

N. Alon and J. Spencer, The Probabilistic Method (2nd edition), Wiley-Interscience
2000.

J. Bang-Jensen and G. Gutin, Digraphs: Theory, Algorithms and Applications,
Springer 2000.

J. Bang-Jensen and G. Gutin, Paths, trees and cycles in tournaments, Surveys in
Graph Theory 115 (1996), 131-170.

J. Bang-Jensen, G. Gutin and H. Li, Sufficient conditions for a digraph to be Hamil-
tonian, Journal of Graph Theory 22(2) (1996), 181-187.

B. Bollobas, Modern Graph Theory, Springer-Verlag 1998.

B. Bollobés, Random Graphs (2nd edition), Cambridge University Press 2001.

B. Bollobés and A.M. Frieze, On matchings and Hamilton cycles in random graphs,
Ann. Discrete Math. 28 (1985), 23-46.

B. Bollovés and R. Haggkvist, Powers of Hamilton cycles in tournaments, Journal of
Combinatorial Theory, Ser. B 50(2) (1990), 309-318.

J.A. Bondy and C. Thomassen, A short proof of Meyniel’s theorem, Discrete
Math. 19(2) (1977), 195-197.

L.M. Bregman, Some properties of nonnegative matrices and their permanents, Soviet
Mathematics Doklady 14 (1973), 945-949.

A. Busch, A Note on the Number of Hamiltonian Paths in Strong Tournaments, The
Electronic Journal Of Combinatorics 13(1) (2006).

L. Caccetta and R. Haggkvist, On minimal digraphs with given girth, in Proceedings
of the Ninth Southeastern Conference on Combinatorics, Graph Theory and Com-
puting, Congressus Numerantium 21 (1978), 181-187.

M. Chudnovsky, P. Seymour and B. Sullivan, Cycles in dense graphs, submitted
(2007).

V. Chvatal and E. Szemerédi, Short cycles in directed graphs, Journal of Combina-
torial Theory Series B 35(3) (1983), 323-327.

C. Cooper and A. Frieze, Hamilton cycles in random graphs and directed graphs,
Random Structures and Algorithms 16(4) (2000), 369-401.

C. Cooper and A. Frieze, Hamilton cycles in a class of random directed graphs,
Journal of Combinatorial Theory Series B 62(1) (1991), 151-163.

C. Cooper, A. Frieze, M. Molloy, Hamilton cycles in random regular digraphs, Com-
binatorics, Computing and Probability 3 (1994), 39-49 .

B. Csaba, On the Bollobéas - Eldridge conjecture for bipartite graphs, preprint 2006.
B. Csaba, A. Shokoufandeh, and E. Szemerédi, Proof of a conjecture of Bollobéds and
Eldridge for graphs of maximum degree three, Combinatorica 23 (2003), 35-72.

S. Darbinyan, Pancyclicity of digraphs with large semidegrees, Akad. Nauk Armyan.
SSR Dokl. 80 (1985), 51-54.

G. Fan, New sufficient conditions for cycles in graphs, J. Combin. Theory B 37(3)
(1984), 221-227.

E. Friedgut and J. Kahn, On the number of Hamilton cycles in a tournament, Com-
binatorics, Probability and Computing 14 (2005), 769-781.

P. Fraisse and C. Thomassen, Hamiltonian dicycles avoiding prescribed arcs in tour-
naments, Graphs and Cominatorics 3 (1986), 239-250 295-352.

A. Frieze, An algorithm for finding Hamilton cycles in random directed graphs, Jour-
nal of Algorithms (9) (1988), 181-204.

57



[27]
[28]
[29]
[30]

[31]

[32]
[33]

[34]

A. Frieze and M. Krivelevich, On packing Hamilton cycles in e-regular graphs,
J. Combin. Theory B 94 (2005), 159-172.

A. Ghouila-Houri, Une condition suffisante d’existence d’un circuit hamiltonien,
C.R. Acad. Sci. Paris 25 (1960), 495-497.

M. de Graaf, A. Schrijver, and P. D. Seymour, Directed triangles in directed graphs,
Discrete Math. 110 (1992), 279-282.

R. Haggkvist, Hamilton cycles in oriented graphs, Combin. Probab. Comput. 2 (1993),
25-32.

R. Héggkvist and A. Thomason, Oriented Hamilton cycles in oriented graphs, in
Combinatorics, Geometry and Probability, Cambridge University Press 1997, 339-
353.

R. Haggkvist and C. Thomassen, On pancyclic digraphs, Journal of Combinatorial
Theory, Ser. B 20(1) (1976), 20-40.

P. Hamburger, P. Haxell and A. Kostochka, On directed triangles in digraphs, sub-
mitted (2007).

Y. Hamidoune, An application of connectivity theory in graphs to factorizations of
elements in groups, European Journal of Cominatorics 2(4) (1981), 349-355.

C. Hoang and B. Reed, A note on short cycles in digraphs, Discrete Math. 66(1-2)
(1987), 103-107.

P. Keevash, D. Kiihn and D. Osthus, An exact minimum degree condition for Hamil-
ton cycles in oriented graphs, preprint 2007.

L. Kelly, D. Kiihn and D. Osthus, A Dirac type result on Hamilton cycles in oriented
graphs, submitted (2007).

J. Komlés, The Blow-up lemma, Combin. Probab. Comput. 8 (1999), 161-176.

J. Komlés, G. N. Sarkozy, and E. Szemerédi, Blow-up lemma, Combinatorica 17
(1997), 109-123.

J. Komlés and M. Simonovits, Szemerédi’s Regularity Lemma and its applications in
graph theory, Bolyai Society Mathematical Studies 2, Combinatorics, Paul Erdds is
Eighty (Vol. 2) (D. Miklés, V. T. Sés and T. Szényi eds.), Budapest (1996), 295-352.
A. Kotzig, The decomposition of a directed graph into quadratic factors, Acta Fac.
Rerum Natur. Univ Comenin. Math Publ. 22 (1969), 27-29.

D. Kiihn, D. Osthus and A. Young, k-ordered Hamilton cycles in digraphs, preprint
2007.

C.J.H. McDiarmid, General percolation and random graphs, Advances In Applied
Probability 13 (1981), 40-60.

M. Meyniel,, Une condition suffisante dexistence dun circuit hamiltonien dans un
graphe orient, Journal of Combinatorial Theory, Ser. B 14 (1973), 137-147.

J.W. Moon, On subtournaments of a tournament, Canad. Math. Bull. 9 (1966), 297—
301.

J.W. Moon Topics on tournaments, Holt, Rinehart and Winston 1968.

M. Nathanson, The Caccetta-Héggkvist Conjecture and additive number theory,
ArXiv Mathematics e-prints (2006).

. Ore, Note on Hamiltonian circuits, American Mathematics Monthly 67 (1960),
55.

J. Shen, Directed triangles in digraphs, Journal of Combinatorial Theory, Ser.
B 74(2) (1998), 405-407.

Z.M. Song, Pancyclic oriented graphs, Journal of Combinatorial Theory, Ser.
B 18(5) (1994), 461-468.

C. Thomassen, Long cycles in digraphs with constraints on the degrees, in Surveys
in Combinatorics (B. Bollobés ed.), London Math. Soc. Lecture Notes 38 (1979),
211-228, Cambridge University Press.

C. Thomassen, Long cycles in digraphs. Proc. London Math. Soc. 42 (1981), 231-251.
C. Thomassen, Edge-disjoint Hamiltonian paths and cycles in tournaments, Proc.
London Math. Soc. 45 (1982), 151-168.

C. Thomassen, Hamiltonian-connected tournaments, Journal of Combinatorial The-
ory, Ser. B 45(1) (1982), 151-168.

58



[55] C. Thomassen, An Ore-type condition implying a digraph to be pancyclic, Discrete
Math. 19(1) (1977), 85-92.

[56] C. Thomassen, Connectivity in tournaments. In Graph theory and combinatorics
(Cambridge, 1983), 305-313.

[57] C. Thomassen, Edge-disjoint Hamiltonian paths and cycles in tournaments, Proc
London Math. Soc. 3 45(1) (1982), 151-168.

[58] T.W. Tillson, A Hamiltonian decomposition of K3, ., 2m > 8, Journal of Combina-
torial Theory, Ser. B 29(1) (1980), 68-74.

[59] A. Young, Extremal problems for dense graphs and digraphs, PhD thesis, School of
Mathematics, University of Birmingham 2007.

59



