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Preface

This thesis deals with two topics in graph theory; colorings of graphs and degree conditions
of graphs.

After an introductory chapter and a chapter for basic terminologies, readers will see
two parts, each of which is on colorings of graphs and on vertex partitions of graphs with
degree conditions, respectively.

In the first part entitled colorings of graphs, we focus on three different variations of
a coloring of graphs. The first is the online list coloring, which was introduced in 2009
as an extended concept of list coloring. In Chapter 3, we focus on online list coloring of
complete bipartite graphs.

Chapters 4-7 are devoted to the odd coloring and the proper conflict-free coloring of
graphs, which were introduced, respectively, in 2022 and in 2023. A coloring of a graph is
called proper if every adjacent pair of vertices receives distinct colors. Both odd coloring
and proper conflict-free coloring of a graph are proper colorings with constraints on colors
appearing at the neighborhood of each vertex. One major problem on odd coloring of
graphs is how many colors are necessary for planar graphs. In Chapter 5, we focus on
odd coloring of outerplanar graphs. In Chapter 6, we investigate odd coloring of k-trees,
which are related to maximal outerplanar graphs.

Brooks-type theorem for proper conflict-free coloring is one of the actively studied
topics. Motivated by such results and a classical concept of degree-choosability of graphs,
in Chapter 7, we introduce a concept of proper conflict-free (degree + k)-choosability of a
graph. We investigate the concept and show some results on the cases k =1, 2, and 3.

In the second part entitled degree conditions for some vertex partition problems, we
mainly consider a new degree condition named “minimum degree sum on large independent
sets”, introduced recently by the authors. A 2-proper partition of a graph is a partition
of the vertex set of the graph such that each part induces a 2-connected subgraph. The
concept of a 2-proper partition was introduced in 2013, and some degree conditions have
been known for a graph to have a 2-proper partition. In Chapter 9, we discuss conditions
on minimum degree sum on large independent sets for a graph to have a 2-proper partition.

A 2-factor of a graph is a 2-regular spanning subgraph of the graph. Since a connected
2-factor is a hamilton cycle, sufficient conditions for a graph to have a 2-factor have been
intensively studied. In Chapter 10, we discuss conditions on minimum degree sum on large
independent sets for a graph to have a 2-factor.

ii



Contributions

[1] M. Furuya, M. Kashima, and K. Ota, New Invariants for Partitioning a Graph into
2-connected Subgraphs, to appear in Journal of Graph Theory.

[2] M. Kashima, Paintability of complete bipartite graphs, Discrete Applied Mathematics
346 (2024), 279-289.

[3] M. Kashima, New degree conditions for a graph to have a 2-factor, preprint.
[4] M. Kashima and K. Ozeki, Odd colorings of k-trees, preprint.

[5] M. Kashima, R. Skrekovski, and R. Xu, Results on proper conflict-free list colorings,
submitted.

[6] M. Kashima and X. Zhu, Odd 4-coloring of outerplanar graphs, Graphs and Combi-
natorics 40 (2024), Paper No. 108.

iii



Contents

1 Introduction
1.1 Colorings of graphs . . . . . . . . ... L
1.2 Degree conditions for some vertex partition problems . . . . . . ... . ...

2 Fundamentals
2.1 Graphs. . . . . oL
2.2 Subgraphs and graph isomorphism . . . . . .. .. ... ... ...
2.3 Union and joinof graphs . . . . . . . .. .. ... L
2.4 Neighborhoods, degrees and independent set . . . . . . . ... ... .. ...
2.5 Colorings and list colorings . . . . . .. .. ... ... L
2.6 Pathsandcycles . . . .. .. . .
2.7 Comnectivity . . . . . oL
2.8 Planar graphs and outerplanar graphs . . . . . . .. ... ... .00 L.
2.9 Some special classes of graphs . . . . . . .. ... ... L.

I Colorings of graphs

3 Online list coloring of complete bipartite graphs
3.1 Introduction to online list coloring . . . . . . . .. ... ... ... ... ..
3.2 Complete bipartite graphs . . . . . . . . ... Lo
3.3 Lemmas . . . . . . ..
3.4 Lower bound in Theorem 3.8 . . . . . . . . ... ... ... .........
3.5 Upper bound in Theorem 3.8 . . . . . . .. . . . ... ... ... ......

4 0Odd coloring and Proper conflict-free coloring
4.1 Introduction to odd coloring and proper conflict-free coloring of graphs . . .
4.2 Relationship between odd coloring, proper conflict-free coloring, and square
coloring . . . . . . e
4.3 Proof of Theorem 4.2 . . . . . . . . . . . . e

5 0Odd coloring of planar graphs and outerplanar graphs
5.1 Studies on odd coloring of planar graphs and outerplanar graphs . . . . . .
5.2 Color exchanging lemma . . . . . . . .. .. ... L

iv

11
11
12
12
12
13
14
15
15
15

17

18
18
20
22
23
26

34
34

35
36



5.3 An unavoidable set for 2-connected outerplanar graphs . . . . . . .. .. .. 44

5.4 Proof of Theorem 5.10 . . . . . . . . . . . . . ... ... ... 46
6 Odd coloring of k-trees 51
6.1 Introduction to odd coloring of k-trees . . . . . . . .. ... ... ... 51
6.2 k-trees . . . .. .. 54
6.3 2-trees . . . . .. e 55
6.4 3-trees . . . ... e 60
7 Brooks-type theorems and degree-choosability for proper conflict-free
coloring 71
7.1 Brooks-type theorems for proper conflict-free coloring . . . . ... ... .. 71
7.2 Proper conflict-free (degree + k)-choosability of graphs . . . . . . . . .. .. 73
7.3 Proof of Theorem 7.6 . . . . . . . . . . . . . . . . . 75
7.4 Proper conflict-free (degree + 2)-choosable graphs . . . . . . . ... ... .. 75
7.5 Proper conflict-free (degree + 3)-choosable graphs . . . . . . . ... ... .. 82
IT Degree conditions for some vertex partition problems 90
8 Fundamental properties of minimum degree sum on large independent
sets 91
8.1 Minimum degree sum on large independent sets . . . . . . .. .. ... ... 91
8.2 Proof of Theorem 8.3 . . . . . . . . . . . . . .. 93
8.3 Proof of Theorem 8.4 . . . . . . . . . . . . . . . .. e 94
9 Vertex partition into 2-connected subgraphs 96
9.1 Studies on k-proper partitions of graphs . . . . . . .. ... 96
9.2 Relationship between results . . . . . .. .. .. Lo oL 101
9.3 Lemmas . . . . . . . . e e e e 103
9.4 Proof of Theorem 9.7 . . . . . . . . . .. . 104
10 2-factors 112
10.1 Studies on degree conditions for the existence of a 2-factor . . . . . . .. .. 112
10.2 Relationship between degree conditions . . . . . . ... ... ... ... .. 116
10.3 Existence of a 2-factor . . . . . . . .. .. L 117
10.4 2-factor with bounded number of components . . . . . . . . ... ... ... 121



Chapter 1

Introduction

In this thesis, we deal with two topics in graph theory; colorings of graphs and vertex
partitions of graphs with specified properties. These two topics look completely different,
but, in fact, both are problems of finding a vertex partition. In the first part of this thesis,
we discuss colorings of graphs, which are partitions of the vertex set into independent
sets. In the second part, we consider problems of finding a partition into 2-connected
subgraphs, and problems of finding a partition into hamiltonian subgraphs, equivalently,
finding a 2-factor. For both parts, our interest is the minimum number of parts among all
such partitions of a given graph. In this chapter, we outline this thesis.

1.1 Colorings of graphs

The origin of graph coloring problems is the map coloring problem, especially the Four-
Color Problem, one of the most famous problems in graph theory. Map coloring problems
ask how many colors are needed to color a given map so that no adjacent two areas receive
the same color. Map coloring problems can be translated into vertex-coloring problems of
graphs, which ask how many colors are needed to color vertices of a given graph so that
no adjacent two vertices receive the same color. Such a coloring of a graph is called a
proper coloring of a graph. For a given graph G, let x(G) denote the minimum number
of colors to give a proper coloring. The Four-Color Problem asks whether x(G) < 4 for
every planar graph (. This problem attracted many researchers and was finally solved
positively by Appel and Haken [5] in 1976. Thus, the Four-Color Problem turned into the
Four-Color Theorem.

Even after that, since their proof uses computer assists, finding an alternative proof of
the Four-Color Theorem is an important problem in graph theory. Furthermore, various
related problems have been posed, and many techniques in graph coloring problems have
been developed in the stream.

Another important topic in graph coloring problems is the relationship between color-
ings and degree of vertices. It is easy to see that every graph G satisfies x(G) < A(G) + 1
by giving a greedy coloring, where A(G) is the maximum degree of G. This bound is tight
since the complete graph K,, of order n satisfies x(K,) = n and A(K,,) =n — 1. Brooks



showed in [11] that complete graphs and odd cycles are the only graphs which attain the
equality.

Theorem 1.1 ([11]). For every connected graph G, x(G) < A(G) unless G is a complete
graph or an odd cycle.

This is a fundamental theorem in graph coloring problems, and there are many proofs
using different kinds of technique in graph coloring problems. (See Cranston and Rabern [21]
for some of them.) Brooks’ theorem was extended to a characterization of degree-choosable
graphs, which are defined in the context of list coloring of graphs.

The concept of list coloring of graphs was introduced in Vizing [62] and in Erdés,
Rubin, and Taylor [27] as a variation of graph coloring. In list coloring, each vertex has a
list of available colors, and the goal is to obtain a coloring by choosing a color from the list
for each vertex. For a list assignment L : V(G) — 2N of a graph G, an L-coloring of G is a
proper coloring ¢ such that ¢(v) € L(v) for every vertex v of G. The choice number of a
graph G, denoted by ch(G), is the least integer k such that G admits an L-coloring for any
list assignment L of G such that |L(v)| > k for every vertex v of G. For each vertex v of
G, let dg(v) denote the degree of v. If a list assignment L of G satisfies |L(v)| > dg(v) +1
for every vertex v of G, then again by greedy colorings, we obtain an L-coloring of G. This
obviously implies x(G) < ch(G) < A(G) +1, and hence a question is when we can remove
“+1” in the list setting. A graph G is called degree-choosable if G admits an L-coloring for
any list assignment L of G with |L(v)| > dg(v) for every vertex v of G. Borodin [9] and
Erdds, Rubin, and Taylor [27] independently characterized the degree-choosable graphs as
follows. A block of a connected graph G is a maximal subgraph that does not contain a
cut vertex of G.

Theorem 1.2 ([9], [27]). A connected graph G is degree-choosable if and only if G has a
block that is neither a complete graph nor an odd cycle.

If a list assignment L of a graph G satisfies |L(v)| > dg(v) for every vertex v and
|L(vo)| > dg(vo) + 1 for some vertex vy, then G admits an L-coloring. Thus, every
connected graph G with at least two blocks satisfies x(G) < A(G), and thus Theorem 1.2
implies Theorem 1.1.

In the long history of graph coloring problems, many variations of coloring, including
list coloring, have been introduced. There are mainly two directions of variations; the
problems of finding a coloring from available colors for each vertex with constraints and
the problems of finding a coloring with additional properties. In this thesis, we investigate
the online list coloring of graphs, which belongs to the first direction, the odd coloring,
and the proper conflict-free coloring of graphs, which belong to the second direction.

1.1.1 Online list coloring of complete bipartite graphs

In 2009, Schauz [57] and Zhu [67] independently introduced a new variation of coloring
named online list coloring, as a generalization of list coloring. For a graph G and a
mapping f from V(G) to (possibly negative) integers, the f-paintability of G is defined
recursively as follows:



o When G has no edge, G is f-paintable if and only if f(v) > 1 for every vertex v of
G.

e When G has at least one edge, G is f-paintable if and only if for every non-empty
set of vertices U C V (@), there is an independent set X of G such that X C U and
G — X is f’-paintable where f’(v) = f(v) for each v € V(G)\U and f'(v) = f(v)—1
for each v € U \ X.

Note that we consider the case where f(v) has a negative value only for well-definedness,
and if there is a vertex v € V(G) with f(v) <0, then it implies that G is not f-paintable.
The paint number of a graph G, denoted by pnt(G), is the least positive integer k& such
that G is f-paintable for the constant map f from V(G) to k. It follows from a little
observation that x(G) < ch(G) < pnt(G) for every graph G, and it is known that the
gap pnt(G) — ch(G) can be arbitrarily large. In this thesis, we investigate online list
colorings of complete bipartite graphs. For positive integers s and t, let K ; denote the
complete bipartite graph with partite sets of order s and ¢. In Carraher, Loeb, Mahoney,
Puleo, Thai, and West [14], they investigated the least integer rpnt = rpnt(m) such that
pt (K1, ) = m+1, and showed that there is a gap from the least integer r¢, = 7cn(m)
such that ch(Kp,41,r,,) > m + 1. We strengthen their result by showing the following.

Theorem 1.3 ([37]). Let rpne = 7pus(m) be the least integer such that pnt(Kp 1) >

m+1. Then there are constants ¢ and ¢’ such that 0 < ¢ < ¢ and em™ ! < rppe < Im™ L.

Since it was shown in Hoffman and Johnson Jr. [36] that rc,(m) = m™ — (m — 1) =
©(m'™), Theorem 1.3 implies that the ratio rput(m)/ren(m) tends to 0 as m goes to infinity.
We give a proof of Theorem 1.3 in Chapter 3.

1.1.2 0Odd coloring and proper conflict-free coloring of graphs

Next, we focus on colorings with constraints on neighborhoods. One of such colorings is
the square coloring of graphs, which is also called the distance-2 coloring of graphs. For
a graph G, a mapping ¢ from V(G) to positive integers is called a square coloring of
G if every pair of vertices with distance at most 2 maps to distinct colors by ¢. This is
equivalent to a proper coloring of G2, where G? is the graph obtained from G by adding an
edge between every pair of vertices with distance 2 in G. The square chromatic number of
a graph G, denoted by x2(G), is the minimum number of colors to give a square coloring of
G. The square coloring of graphs was first introduced in Wegner [65], where he investigated
the square coloring of planar graphs. What we should point out is that we cannot expect
the existence of a constant k such that x2(G) < k for every planar graph G. Indeed, since
the closed neighborhood of each vertex of a graph G becomes a clique of G2, we have a
trivial lower bound A(G) 4+ 1 < x2(G), which cannot be bounded by any constant. This
shows that the behaviors of x(G) and that of x2(G) are absolutely different.

Recently, two other variations of colorings, the odd coloring and the proper conflict-free
coloring of graphs were introduced respectively in Petrusevski and Skrekovski [55] and in
Fabrici, Luzar, RindoSova, and Soték [29]. For a graph G, a mapping ¢ from V(G) to
positive integers is called an odd coloring of G if ¢ is a proper coloring of GG such that



for every non-isolated vertex v of G, there is a color ¢ such that [~ (c)NNg(v)|
is an odd integer,

where Ng(v) denotes the neighborhood of v. For a graph G, a mapping ¢ from V(G) to
positive integers is called a proper conflict-free coloring of G if ¢ is a proper coloring of G
such that

for every non-isolated vertex v of G, there is a color ¢ such that [p=1(c) N
Ng(v)| = 1.

The odd chromatic number of a graph G, denoted by x,(G), is the least integer k such
that G admits an odd coloring from V(G) to {1,2,...,k}, and the proper conflict-free
chromatic number of a graph G, denoted by xpcf(G), is the least integer k such that G
admits a proper conflict-free coloring from V(G) to {1,2,...,k}. By the definitions, a
proper conflict-free coloring of a graph G is an odd coloring of G as well, and an odd
coloring of a graph G is a proper coloring of G as well. Furthermore, if ¢ is a square
coloring of G, then for every non-isolated vertex v of G, Ng(v) is colored by distinct
colors, which implies that ¢ is a proper conflict-free coloring of G. Thus, the following
inequality holds.

Proposition 1.4. For every graph G, x(G) < xo(G) < Xpet(G) < x2(G).

It is observed in Petrusevski and Skrekovski [55] that x,(G) cannot be upper bounded
by any function of x(G) because x(S(K,)) = 2 and x,(S(K,)) = n, where S(K,) is a
graph obtained from the complete graph K, by subdividing each edge once. More strongly,
we prove the following.

Theorem 1.5. Let k£ and [ be any positive integers with 3 < k < [.
(1) If k is odd, then there is a graph G such that x(G) = k and x,(G) > [.
(2) If k is even, then there is a graph G such that x,(G) = k and xpee(G) > 1.

It is easy to see that Xpef(Km,m) = 4 and x2(Kmm) = 2m for every positive integer
m, where K, ,, is the complete bipartite graph with two partite sets of m vertices. As
a result, for any two invariants in the equation in Proposition 1.4, the right one cannot
be upper bounded by any function of the left one. We give a proof of Theorem 1.5 in
Chapter 4.

It is known that the odd chromatic number does not satisfy the monotonicity with re-
spect to subgraph relations, that is, there are graphs G and H such that H is a subgraph
of G and x,(G) < xo(H). Indeed, let H be a graph isomorphic to the 5-cycle C5 with
vertices vg, v1, v, v3, v4 appearing in this order along the cycle, and let G = H +vjv4 (Fig-
ures 1.1a and 1.1b). Although x,(C5) = 5, G admits an odd 4-coloring as in Figure 1.1c.
Thus, H is a subgraph of G, and we have x,(H) =5 > 4 > x,(G). By the same example,
it follows that the proper conflict-free chromatic number does not satisfy the monotonicity
with respect to subgraph relations either. Most of known variations of colorings including



U1 V1 1

V2 Vs V2 U5 2 2

V3 Uy U3 V4 3 4

(a) A graph G (b) A graph H (¢) An odd 4-coloring of G

Figure 1.1: Graphs G and H such that H is a subgraph of G and x,(G) < xo(H).

square colorings satisfy the monotonicity, and hence, this is a peculiar property of odd
coloring and proper conflict-free coloring.

Based on this background, we investigate the following problems on odd coloring and
proper conflict-free coloring; odd coloring of outerplanar graphs and related classes of
graphs; and a Brooks-type theorem and degree-choosability for proper conflict-free color-
ing.

1.1.3 0Odd coloring of outerplanar graphs and related classes of graphs

Studies on odd coloring and proper conflict-free coloring of planar graphs start with two
conjectures. PetruSevski and Skrekovski conjectured in [55] that every planar graph is
odd 5-colorable, and Fabrici, Luzar, Rindosovd, and Sotédk conjectured in [29] that every
planar graph is proper conflict-free 6-colorable. Though the Four-Color Theorem states
that 4 colors are enough to give a proper coloring of a planar graph, both bounds in the
conjectures are best possible.

To our knowledge, the smallest known upper bounds of the odd chromatic numbers
and the proper conflict-free chromatic numbers of planar graphs are both equal to 8 by a
result in Fabrici, Luzar, Rindosova, and Soték [29].

When we restrict the class to outerplanar graphs, it was shown in Caro, Petrusevski,
and Skrekovski [12] that the upper bound of odd chromatic number can be reduced to 5,
and thus the conjecture on odd coloring of planar graphs holds for outerplanar graphs.
The bounds 5 for the odd chromatic numbers of outerplanar graphs are tight since the
5-cycle Cj is outerplanar and x,(C5) = 5. On the other hand, when we consider maximal
outerplanar graphs, the upper bound of odd chromatic numbers can be reduced to 4 by a
result in Kashima, Maezawa, Osako, Ozeki, and Tsuchiya [39].

A natural question is to characterize odd 4-colorable outerplanar graphs. It was shown
in Caro, Petrusevski, and Skrekovski [12] that a graph whose every block is isomorphic to
the 5-cycle is not odd 4-colorable. We prove that the other outerplanar graphs are odd
4-colorable.

Theorem 1.6 ([42]). An outerplanar graph G is odd 4-colorable if and only if G contains
a block which is not isomorphic to Cs.



Thus, odd 4-colorable outerplanar graphs are completely characterized by Theorem 1.6.
We give a proof of Theorem 1.6 in Chapter 5.

Another class of graphs related to maximal outerplanar graphs is the class of 2-trees.
For a positive integer k, a graph G is a k-tree if there is a sequence Gy, G1,...,Gs of
subgraphs of G such that

e (G is the complete graph of order k£ + 1, and G5 = G,

o for every i € [s], there is a vertex v; € V(G;) such that V(G;) = V(G;—1) U{v;} and
Ng,vi] is a clique of order k + 1 of G;.

It is easy to see that every maximal outerplanar graph is a 2-tree.
A theorem in Cranston, Lafferty, and Song [19] implies an upper bound x,(G) < 2k+1
for every k-tree (G. We improve this upper bound for general k£ as follows.

Theorem 1.7 ([40]). For every positive integer k, every k-tree is odd (k + 2 [logy k| + 3)-
colorable.

Furthermore, for the cases k = 2 and k = 3, we prove the following tight upper bounds
of odd chromatic numbers.

Theorem 1.8 ([40]). Every 2-tree is odd 4-colorable.
Theorem 1.9 ([40]). Every 3-tree is odd 5-colorable.

Note that Theorem 1.8 implies that every maximal outerplanar graph is odd 4-colorable.
We give proofs of Theorems 1.7, 1.8 and 1.9 in Chapter 6.

1.1.4 Brooks-type theorems and degree-choosability for proper conflict-
free coloring

As we mentioned before, for the proper coloring, there is a trivial bound x(G) < A(G)+1,
and Brooks’ theorem characterizes graphs which attain the equality. The same bound
does not work for proper conflict-free coloring in general due to cycles. However, as
a Brooks-type statement, Caro, Petrusevski, and Skrekovski conjecutured in [13] that
Xpct(G) < A(G) + 1 holds for every connected graph G' with maximum degree A(G) > 3.
The assumption A(G) > 3 is necessary to exclude cycles. The conjecture is widely open
except for the case A(G) = 3, which was shown in Liu and Yu [48].

A characterization of degree-choosable graphs is a natural extension of Brooks’ theo-
rem. Motivated by this classical concept, we introduce a concept of proper conflict-free
(degree+ k)-choosability as an analogy of degree-choosability for proper conflict-free color-
ing. For a non-negative integer k, we say that a graph G is proper conflict-free (degree+k)-
choosable if for any list assignment L of G with |L(v)| > dg(v) + k for every vertex v of
G, G admits a proper conflict-free coloring ¢ such that ¢(v) € L(v) for every vertex v. By
the definition, if a graph G is proper conflict-free (degree + k)-choosable for some integer
k, then we have x,t(G) < A(G) + k.



While it was conjectured in Caro, Petrusevski, and Skrekovski [13] that a connected
graph G except for cycles is proper conflict-free (A(G) + 1)-colorable, there are infinitely
many graphs that are not proper conflict-free (degree + 1)-choosable. In fact, we prove
the following.

Theorem 1.10 ([41]). For every connected graph H, there is a connected graph G such
that H is an induced subgraph of G and G is not proper conflict-free (degree+1)-choosable.

As for proper conflict-free (degree+2)-choosability, C5 is not (degree+2)-choosable, but
we know no other graphs which are not proper conflict-free (degree + 2)-choosable. Thus,
we believe that every graph other than Cj is proper conflict-free (degree+2)-choosable. We
show the following theorems on some classes of proper conflict-free (degree + 2)-choosable
graphs. For a graph G, let S(G) be a graph obtained from G by subdividing each edge
once.

Theorem 1.11 ([41]). Every graph with maximum degree at most 3 other than Cj is
proper conflict-free (degree + 2)-choosable.

Theorem 1.12 ([41]). For every graph G, S(G) is proper conflict-free (degree + 2)-
choosable.

Theorem 1.13 ([41]). Every 2-connected outerplanar graph other than C5 is proper
conflict-free (degree + 2)-choosable.

Furthermore, for the class of graphs with maximum degree at most 4, we show proper
conflict-free (degree + 3)-choosability without any exceptions.

Theorem 1.14 ([41]). Every graph with maximum degree at most 4 is proper conflict-free
(degree + 3)-choosable.

We give proofs of Theorems 1.10, 1.11, 1.12, 1.13 and 1.14 in Chapter 7.

1.2 Degree conditions for some vertex partition problems

In the rest of this chapter, we outline the second part, which deals with some problems
on vertex partitions into 2-connected subgraphs and 2-factors. In contrast to coloring
problems, such partitions do not always exist, and roughly, such partitions are more likely
to exist when a given graph has many edges.

The most basic assumption for graphs to have many edges is minimum degree condi-
tions. Indeed, if 6(G) > a, then it follows that G has at least 5|V (G)| edges, where 6(G)
is the minimum degree of G. While there are many results on minimum degree conditions
for the existence of certain structures or partitions, for some problems, the minimum de-
gree condition is too strong in some sense. One such example is the relationship between
two well-known results on hamilton cycles of graphs by Dirac [23] and Ore [52], where a
hamilton cycle is a cycle that passes through all vertices of a graph. For a graph G, the
minimum degree sum o2(G) is defined as the minimum value of the sum of degrees for



every non-adjacent pair of vertices. Ore proves that every graph G with o2(G) > |V (G)|
has a hamilton cycle, which implies a result by Dirac to show that every graph with
§(G) > 3|V(G)| has a hamilton cycle. Motivated by these results, minimum degree sum
conditions are studied in many problems in graph theory.

Recently, another degree condition named minimum degree product conditions was
introduced in Furuya and Tsuchiya [32]. For a graph G, the minimum degree product
mo(@G) is defined as the minimum value of the product of degrees for every non-adjacent
pair of vertices. They investigated a problem of finding a spanning tree without vertices of
degree 2, and showed that a minimum degree product condition works well in the problem.

In this thesis, we introduced another new degree condition named minimum degree
sum on large independent sets, and show that the condition works well in some vertex
partition problems.

1.2.1 Minimum degree sum on large independent sets

For a graph G, let Z(G) be the family of independent sets of G. For each independent set
I € Z(G), let 6¢(I) be the minimum degree of vertices contained in I, and let wg(I) be the
sum of degrees of vertices contained in I. For a graph G, o(G) is defined as the minimum
value of wg(I) for every independent set I of G satisfying the condition |I| > dq(1).
Similarly, o7 (QG) is defined as the minimum value of wg(I) for every independent set I of
G satisfying the condition |I| > dg(I)+ 1. In particular, for ¢t = 0, 1, we define o} (G) = oo
when no independent set I of G satisfies |I| > dq(I) +t.

When a graph G has the minimum degree at least a, then it follows that of(G) > a?
and o7 (G) > a(a+1) (possibly oj(G) = oo or 07 (G) = 00). Thus, these two new invariants
can be regarded as some kinds of degree conditions. We see more relationship between o,
o] and other degree conditions in Chapter 8.

We see some fundamental properties of o and o]. Although there is a polynomial
time algorithm to calculate o2(G) and m2(G) of a given graph G, it is NP-complete to
decide whether o} (G) < oo or not for each ¢t = 0,1. Formally, for ¢ = 0,1, let SiGMA
STAR-t be a decision problem that asks whether an input graph G satisfies o} (G) < oo or
not. We prove the following.

Theorem 1.15 ([38]). Both SIGMA STAR-0 and SIGMA STAR-1 are NP-complete.

One classical result on extremal graph theory is Turdn’s theorem in [60], which deter-
mined the maximum number of edges of a graph with n vertices and without large cliques.
By using Turan’s theorem, we show the following almost tight lower bound of the number
of edges of a graph G with o7 (G) = oc.

Theorem 1.16 ([38]). Let G be a graph of order n. If 07(G) = oo, then G has at least
%n L\/n + 1J edges.

By the definitions of ¢j(G) and o7 (G), if 0§(G) = oo, then we have o7 (G) = oo and
it follows from Theorem 1.16 that G has at least %n L\/n + 1J edges. We give proofs of
Theorems 1.15 and 1.16 in Chapter 8.



1.2.2 Vertex partitions into 2-connected subgraphs

For an integer k > 2 and a graph G, a k-proper partition of G is a partition P of the vertex
set of GG such that every part P € P induces a k-connected subgraph of G. This concept
was introduced in Ferrara, Magnant, and Wenger [30]. They showed that every graph G
with minimum degree at least 2k+/|V (G)| has a k-proper partition with a bounded number
of parts. Later, in [10], Borozan, Ferrara, Fujita, Furuya, Manoussakis, Narayanan, and
Stolee improved both the minimum degree condition and the upper bound of the number
of parts. In particular, for the case k = 2, they showed a tight minimum degree condition
for graphs to have a 2-proper partition. Recently, their result on 2-proper partition was
extended to a minimum degree sum condition in Chen, Guo, and Yang [15].

In this thesis, we show the following two theorems which give conditions on the mini-
mum degree sum on large independent sets for a graph to have a 2-proper partition. Let
a*(G) be the maximum order of an independent set I of G such that wg(I) < |[V(G)|.
The definitions of { Ko, F5} U F11 U Fi2 U H,, in Theorem 1.18 are given in Chapter 9.

Theorem 1.17 ([31]). Let G be a graph of order n. If o§(G) > n, then G contains a
2-proper partition with at most o*(G) parts.

Theorem 1.18 ([31]). Let G be a graph of order n. If 0f(G) > n, then either G contains
a 2-proper partition with at most a*(G) parts, or G is isomorphic to a graph in {Ks, F5}U
Fi11 U Fia UH,.

The lower bound of the minimum degree and the upper bound of the number of parts
are tight in both Theorems 1.17 and 1.18. We can show that Theorem 1.18 implies two
known results on 2-proper partition in Borozan et al. [10] and in Chen, Guo, and Yang [15].
We give proofs of Theorems 1.17 and 1.18 in Chapter 9.

1.2.3 2-factors

A 2-factor of a graph G is a 2-regular spanning subgraph of G. Obviously, a 2-factor
is a vertex-disjoint union of cycles that covers all vertices, and a hamilton cycle is a
2-factor with exactly one component. Motivated by problems on the hamiltonicity of
graphs, sufficient conditions for a graph to have a 2-factor have been studied actively.
For general graphs, it follows from Dirac’s theorem in [23] and Ore’s theorem in [52]
respectively that every graph G with 6(G) > |V(G)|/2 has a 2-factor and that every
graph G with 02(G) > |V (G)| has a 2-factor. While these assumptions ensure the existence
of a hamilton cycle, the bounds cannot be improved even for the existence of a 2-factor.
Indeed, the complete bipartite graph Ky, 41 satisfies 6(Kp p11) = n = (|[V(Kpnt1)|—1)/2,
02(Kpny1) =2n = |V(Kpny1)|—1, and K, 5,41 does not have a 2-factor. Thus, in a sense,
minimum degree conditions and minimum degree sum conditions cannot describe the gap
between hamilton cycles and 2-factors in general.

Another aspect of a 2-factor is a vertex partition into hamiltonian subgraphs. As
every hamiltonian graph is 2-connected, it follows immediately that a 2-factor of a graph
induces a 2-proper partition of the graph. Considering this relationship and Theorems 1.17



Figure 1.2: An example of non-hamiltonian graph G with ¢j(G) = oco. Thick edges
represent a 2-factor of G.

and 1.18, we prove the following two theorems which give conditions on the minimum
degree sum on large independent sets for a graph to have a 2-factor. The definition of G
in Theorem 1.20 is given in Chapter 10.

Theorem 1.19 ([38]). Let G be a graph. If o§(G) = oo, then G has a 2-factor.

Theorem 1.20 ([38]). Let G be a graph. If 07 (G) = oo, then either G has a 2-factor, or
G is isomorphic to a graph in G.

Note that there are infinitely many non-hamiltonian graphs which satisfy the assump-
tions of Theorems 1.19 and 1.20 (see Figure 1.2).

As we mentioned in the beginning of this chapter, our interest is the minimum number
of parts in a partition, that is, the minimum number of components of a 2-factor. As an
analogy of Theorems 1.17 and 1.18, we believe that every graph G with o(G) = oo has a
2-factor with at most a*(G) components. For example, while the graph G in Figure 1.2 is
not hamiltonian, we have o*(G) = 2 and G has a 2-factor with 2 components. To support
the statement, we prove the following. For a graph G, o;(G) is the minimum value of
the degree sum on independent sets of order k of G. For a graph G, let w(G) denote the
number of components of G.

Theorem 1.21 ([38]). Let k > 2 be an integer and let G be a graph of order n. Suppose

that 0((G) = oo and o1 (G) > n. If there is a cut set S C V(G) of G such that w(G —S5) >
|S| + k — 2, then G has a 2-factor with exactly k¥ — 1 components.

This together with a result in Bauer, Veldman, Morgana, and Schmeichel [6] implies
the following, which is a partial result of the above statement.

Corollary 1.22 ([38]). Let G be a graph. If 0(G) = oo and o*(G) < 2, then G has a
2-factor with at most o*(G) components.

We give proofs of Theorems 1.19, 1.20, 1.21 and Corollary 1.22 in Chapter 10.
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Chapter 2

Fundamentals

In this chapter, we define some basic notations and terminology in graph theory which are
used in the following chapters. Let N be the set of positive integers and for each k € N,
let [k] be the set of integers {1,2,...,k} and let [0, k] be the set of integers {0, 1,...,k}.

2.1 Graphs

A graph G is a pair of a vertex set V(G) and an edge set E(G), where each element of
E(G) maps to a unordered pair of two vertices (possibly the same vertex). An element of
V(G) is called a vertex of G, and an element of E(G) is called an edge of G. For vertices
u and v of G and an edge e € F(G), if e maps to a pair of v and v, then we often write
e = uv or e = vu and say e joins u and v. An edge e = uv with u = v is called a loop,
and two edges e and € which map to the same pair of vertices are called multiple edges.
A graph is simple if there are no loops and no multiple edges. If both V(G) and E(G) are
finite sets, then we say that the graph G is finite. In this thesis, we only consider simple
and finite graphs. Figure 2.1 shows an example of a simple and finite graph.

Figure 2.1: A simple and finite graph.
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2.2 Subgraphs and graph isomorphism

Let G be a graph. A graph H is a subgraph of G if V(H) C V(G) and E(H) C E(G), and
we write H C . In particular, when H is a subgraph of G and is not G itself, we say H
is a proper subgraph of G. A subgraph H of G with V(H) = V(G) is called a spanning
subgraph of G. For a set of vertices S C V(G), let G[S] denote the subgraph of G defined
by V(G[S]) = S and E(G]S]) = E(G) N{uv | u,v € S}. We call G[S] the subgraph of G
induced by S. We define G — S = G[V(G) \ S]. For a vertex u of G we write G — u instead
of G — {u}. For a set of edges F' C FE(G), the subgraph induced by F' is a subgraph H
of G defined by V(H) = {v € V(G) | v is incident with an edge in F'} and E(H) = F.
For an edge e of G, let G — e denote the subgraph of G defined by V(G —e) = V(G) and
E(G —e) = E(G) \ {e}.

For two graphs G and H, G is isomorphic to H if there is a bijection f : V(G) — V(H)
such that f(u)f(v) € E(H) if and only if wv € E(G). If a graph G is isomorphic to a
graph H, then we write G ~ H.

2.3 Union and join of graphs

Let G and H be graphs. The union of G and H, denoted by G U H is a graph defined
by VIGUH)=V(G)UV(H) and E(GUH) = E(G) U E(H). In particular, we say that
G U H is the disjoint union of G and H when V(G) NV (H) = (. Similarly, for graphs
G1,Go,...,Gs which is pairwise vertex-disjoint, the union of Gy, Go,...,Gy is a graph G’
defined by V(G') = J;_, V(G;) and E(G’) = J;_; E(G;). When V(G) NV (H) = 0, the
join of G and H, denoted by G+ H, is a graph defined by V(G+ H) = V(G)UV(H) and
E(G+H)=EG)UEH)U{w |ueV(G),ve V(H)}.

2.4 Neighborhoods, degrees and independent set

Let G be a graph. For vertices u and v, if there is an edge e = wv € E(G), then we
say that u is adjacent to v, and vice versa. We also say that the vertices v and v are
adjacent. The neighborhood of a vertex v, denoted by Ng(v), is the set of all vertices
that are adjacent to v. Each vertex in Ng(v) is a neighbor of v. More generally, for a
set of vertices S C V(G), let Ng(S) denote the set of vertices in V(G) \ S that have a
neighbor in S. We define Ng[v] := Ng(v) U {v}. For a subgraph H of G and a vertex v
of G (not necessarily v € V(H)), let Ny(v) := Ng(v) N V(H). For two disjoint sets of
vertices S C V(G) and T' C V(G), let E(S,T) = {uv € E(G) | u € S,v € T}, and let
e(S,T) = |E(S,T)|. In particular, for a vertex v of G, we often write E(v,T") and e(v,T),
respectively, for E({v},T) and e({v},T).

The degree of a vertex v, denoted by dg(v), is the number of vertices that are adjacent
to v, and hence dg(v) = |[Ng(v)|. Let 6(G) := min{dg(v) | v € V(G)} be the minimum
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degree of G, let A(G) := max{dg(v) | v € V(G)} be the mazimum degree of G, and let

1
d(G) = @] > da(v)

veV(Q)

be the average degree of G. Note that 6(G) < d(G) < A(G) for every graph G according to
the definitions. It follows immediately from the Handshaking Lemma that d(G) = 2”5((5))" .
For a positive integer r, G is called r-regular if dg(v) = r for every vertex v of G.

A set of vertices I C V(G) is an independent set of G if no pair of vertices of I are
adjacent. In particular, a set of a single vertex is always an independent set of G. The
maximum cardinality among all independent sets of GG is called the independence number

of G, denoted by a(G). If a(G) > k for some positive integer k, then let

o(G) := min {Z da(v)

I is an independent set of G, |I| = k} ,
vel

and let o;(G) = oo otherwise. Note that 01(G) = §(G) and o (G) > kd(G) for every
positive integer k. Similarly, we let

mo(G) := min {dg(u) - dg(v) | {u,v} is an independent set of G}

if (@) > 2, and let m2(G) = oo otherwise. By the equation of geometric and arithmetic
means, the following is true.

Proposition 2.1. Let G be a graph with a(G) > 2, and let a be a positive real. If
5(G) > a, then m(G) > a?. If ma(G) > a?, then 02(G) > 2a.

Proof. The former statement is trivial from the definitions. Suppose that m(G) > a?.
Let u and v be two non-adjacent vertices of G. As dg(u) - dg(v) > 7 (G) > a2, by the
equation of geometric and arithmetic means, we have

dg(u) + dg(v) > 2¢/dg(u) - da(v) > 2Va? = 2a.

Hence 02(G) > 2a. O

2.5 Colorings and list colorings

Let G be a graph. A mapping ¢ from V(G) to N is a proper coloring of G if p(u) # p(v)
for every edge uv of G. In this thesis, we always assume a coloring is proper, and thus we
just say that such ¢ is a coloring of G. A coloring ¢ of G that uses only k colors is called
a k-coloring of G. Without loss of generality, in a k-coloring of GG, we may assume that
each vertex maps to an integer in [k]. The chromatic number of G, denoted by x(G), is
the least integer k such that G admits a k-coloring.

The concept of list coloring was introduced independently by Vizing [62] and by Erdés,
Rubin, and Taylor [27]. A list assignment of G is a mapping L from V(G) to the power
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{1,2} {2,3} {3,1}

{1,2} {2,3} {3,1}

Figure 2.2: A 2-colorable graph G and its list assignment L such that G is not L-colorable.

set of N. For a list assignment L of G, an L-coloring of GG is a coloring ¢ of G such that
©(v) € L(v) for every vertex v of G. For a mapping f from V(G) to positive integers, G is
f-choosable if G is L-colorable for any list assignment L of G such that |L(v)| > f(v) for
every vertex v of G. In particular, if G is f-choosable for the constant map f to a positive
integer k, then we say that G is k-choosable. The choice number of G, denoted by ch(G),
is the least integer k such that G is k-choosable. Since a k-coloring of G is exactly an
L-coloring of G, where L is a list assignment of G defined by L(v) = [k] for every vertex
v of G, it follows that x(G) < ch(G) for every graph G. On the other hand, there is a
2-colorable graph which is not 2-choosable (Figure 2.2).

For an integer k, we say that G is k-degenerate if every subgraph of G contains a vertex
of degree at most k. The following relation between the degeneracy and colorings is well
known.

Proposition 2.2. If a graph G is k-degenerate for some positive integer k, then G is
(k + 1)-choosable. In particular, G is (k + 1)-colorable.

Proof. Suppose that G is a k-degenerate graph for some positive integer k. Let L be a
list assignment of G such that |L(v)| > k + 1 for every vertex v of G. We shall prove that
every subgraph H of G is L-colorable by induction on the order of H. When |V (H)| =1,
then obviously H is L-colorable. Suppose that |V (H)| > 2 and that every subgraph of G
of smaller order is L-colorable. Since G is k-degenerate, there is a vertex v of H such that
dg(v) < k. By the induction hypothesis, H — v admits a proper L-coloring ¢. By letting
o(v) € L(v) \ {p(u) | u € Ng(v)}, we can extend ¢ to a proper L-coloring of H. O

By the definition, we know that every graph G is A(G)-degenerate, and hence the
following proposition immediately follows from Proposition 2.2.

Proposition 2.3. For every graph G, x(G) < ch(G) < A(G) + 1.

2.6 Paths and cycles

A path is a graph P defined by V(P) = {vg,v1,...,v} and E(P) = {v;_1v; | i € [[|}. We
often write a path as a sequence of vertices such as P = vgvy - - - v;. The vertices vy and v;
are called the end vertices of a path P = vyv1 - - -v;. The number of edges contained in a
path is the length of the path. A path which is a subgraph of a graph G is called a path
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of GG. For two distinct vertices u and v of a graph G, a path of G with end vertices u and
v is called a wv-path (a vu-path) of G.

A cycle is a graph C' defined by V(C) = {vg, v1,...,v-1} and E(C) = {v;_q1v; | i € [I]}
where the indices are on modulo [. We often write a cycle as a sequence of vertices such
as C = vguy - - - v;_1vg9. The number of edges contained in a cycle is the length of the cycle.
A cycle which is a subgraph of a graph G is called a cycle of G. For a cycle C of G, a
chord of C' is an edge uv € E(G) such that u,v € V(C) and uv ¢ E(C).

2.7 Connectivity

Let G be a graph. We say G is connected if for every pair of distinct vertices u and v of
G, there is a uv-path of GG. For a connected graph G, the distance between two vertices u
and v is the minimum length of all uv-paths of G. Every maximal connected subgraph of
G is called a component of G, and let w(G) denote the number of components of G. For a
connected graph G, a set of vertices S C V(G) is a cut set of G if G — S is not connected.
In particular, if {v} C V(G) is a cut set of a connected graph G, then the vertex v is called
a cut verter of G. For a positive integer k, we say that G is k-connected if |V (G)| > k+1
and G — S is connected for every set of vertices S C V(G) with |S| < k. The connectivity
of G, denoted by k(G), is the least integer k such that G is k-connected.

Every maximal subgraph of G without cut vertices is a block of G. By the definition,
if G does not have an isolated vertex, then every block of G is either 2-connected, or
isomorphic to a path of length 1.

2.8 Planar graphs and outerplanar graphs

Let G be a graph. A drawing of a graph G in the plane is an injection f from V(G) to
R? together with continuous maps from edges to R? such that each edge e = uv € E(G)
maps to a curve joining two ends f(u) and f(v). A graph G is called a planar graph if
there is a drawing of G in the plane without any crossing of edges. In particular, a planar
graph that can be drawn in the plane so that all vertices lie in the boundary of the outer
region is called an outerplanar graph. A graph G is called a mazimal outerplanar graph if
G is an outerplanar graph and G U uv is not an outerplanar graph for any non-adjacent
pair of vertices u and v of G.

2.9 Some special classes of graphs

A graph G is complete if wv € E(G) for any two distinct vertices u,v € V(G). The
complete graph of order n is denoted by K,,. For an integer n > 3, the n-cycle C,, is the
cycle of length n. For a positive integer r, a graph G is an r-partite graph if there is a
partition of the vertices V(G) = ;_; V; such that E(G) C U<, <, {uv | u € Vi,v € V;}.
In particular, a 2-partite graph is called a bipartite graph. Each of Vi, Vs, ..., V, is called
a partite set of G. An r-partite graph G is complete if every pair of vertices in distinct
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Figure 2.3: Kg Figure 2.4: Cg Figure 2.5: K34

v

X

Figure 2.6: A rooted tree (T',v). The vertex w is a child of the vertex u, and the vertex x
is a descendant of u. The height of (T, v) is equal to 3.

partite sets are joined by an edge of G. For two positive integers m and n, let K,, , denote
the complete bipartite graph with two partite sets of order m and n. See Figures 2.3, 2.4,
and 2.5 for examples of a complete graph, a cycle, and a complete bipartite graph.

A connected graph without cycles is called a tree. A vertex of a tree T with degree
exactly 1 is called a leaf of T. It is easy to see that every tree of order at least two
contains at least two leaves. It follows that a connected graph T is a tree if and only if
T is 1-degenerate. A graph without cycles is called a forest. Thus, every component of a
forest is a tree.

For a tree T' and a vertex v of T', we call a pair (T,v) a rooted tree with the root v.
For a rooted tree (T',v) and a vertex v € V(T \ {v}, there is a unique uv-path of T'. The
parent of u is the unique neighbor of u on the uwv-path. For a vertex u of a rooted tree
(T',v) (possibly u = v), a vertex w of T' is a descendant of u if the wv-path of T' contains
u and w # w. In particular, a descendant of a vertex w which is adjacent to w is called
a child of u. The height of a rooted tree (T, v) is the maximum length of a path with an
end vertex v.
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Part 1

Colorings of graphs
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Chapter 3

Online list coloring of complete
bipartite graphs

The online list coloring was introduced independently by Schauz [57] and Zhu [67] as a
generalized concept of the list coloring. While the choice number and the paint number
(also called online list chromatic number) of a graph can be far apart, many techniques
developed in studies of list coloring are useful even for online list coloring. In particular,
for sparse graphs like planar graphs, many results on the list coloring can be reconsidered
as results on the online list coloring by a few modifications in proofs. For dense graphs, the
results in [14, 45] show that the paint number behaves differently from the choice number.
In this chapter, we focus on online list coloring of complete bipartite graphs, which are the
most basic examples of dense graphs. In Section 3.1, we introduce the online list coloring
and show some basic properties of the online list coloring. We discuss online list colorings
of complete bipartite graphs in Section 3.2, and in Sections 3.4 and 3.5, we give a proof
of Theorem 3.8, which shows the difference between list coloring and online list coloring
on complete bipartite graphs. All the new results in this chapter are based on [37].

We introduce some notation used in this chapter. For a graph GG and a set of vertices
U C V(G), let 1y be a mapping from V (G) to {0, 1} such that every vertex in U maps to 1
and every other vertex maps to 0. For an integer k and a mapping f from V' (G) to positive
integers, let f—k1y be a mapping from V(G) to integers such that (f—kly)(v) = f(v)—k
if v € U and (f — k1y)(v) = f(v) otherwise. In particular, we write f — 1y instead of
f—11y. For two mappings f and f’ from V(G) to positive integers, we write f < f’ when
f(v) < f'(v) for every vertex v of G.

3.1 Introduction to online list coloring

For a graph G and a mapping f from V(G) to (not necessarily positive) integers, the
f-paintability of G is defined recursively as follows.

e When G has no edge, G is f-paintable if and only if f(v) > 1 for every vertex v of
G.
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e When G has at least one edge, G is f-paintable if and only if for every non-empty
set of vertices U C V(G), there is an independent set X of G such that X # 0,
X C U, and G— X is f’-paintable where f’ is the restriction of f — 1y to V(G) \ X.

It follows easily from the definition that if f(v) < 0 for some vertex v of G, then G is not
f-paintable. If a graph G is f-paintable for the constant map f from V(G) to a positive
integer k, then we say that G is k-paintable. The paint number of a graph G, denoted by
pnt(G), is the least integer k such that G is k-paintable. For a subgraph H of a graph
G and a mapping f from V(G) to positive integers, we say that H is f-paintable if H
is fr-paintable where fp is the restriction of f to V(H). Then the following relation
between f-choosability and f-paintability holds.

Proposition 3.1. Let G be a graph, and let f be a mapping from V(G) to positive
integers. If G is f-paintable, then G is f-choosable. In particular, for every graph G,
ch(G) < pnt(G).

Proof. The proof goes by induction on the order of G. Suppose that G is f-paintable
for some mapping f from V(G) to positive integers. If G' consists of a single vertex v,
then obviously G is f-choosable since f(v) > 1. Thus, we assume that |V(G)| = n > 2
and the statement holds for every graph of order less than n and for every mapping on
the graph. Let L be an arbitrary list assignment of G such that |L(v)| > f(v) for every
vertex v of G. Without loss of generality, we may assume that 1 € UUEV(G) L(v), and let
U={veV(G)|1e L(v)}. Since G is f-paintable, there is an independent set X of G
such that X C U and G — X is (f — 1y)-paintable. Let L’ be a list assignment of G — X
defined by L'(v) = L(v) for each v € V(G)\ U and L'(v) = L(v) \ {1} for each v € U \ X.
Note that 1 ¢ U,ey (G- x) L' (v). Since |L'(v)[ = (f — 1p)(v) for every vertex v of G — X,
by the induction hypothesis, there is an L’-coloring ¢’ of G—X. A coloring ¢ of G defined
by ¢(v) = ¢'(v) for each v € V(G) \ X and p(v) = 1 for each v € X is an L-coloring
of G. Thus, G is f-choosable. The latter statement follows immediately from the former
statement. O

By the definition, the coloring of the online list satisfies the following monotonicity with
respect to subgraph relations and the number of colors, which was observed in Zhu [67].

Proposition 3.2. Let G be a graph and f be a mapping from V(G) to positive integers.
If G is f-paintable, then for any subgraph H of G and any mapping f’ such that f < f/,
H is f’-paintable.

The following basic property of online list coloring was first shown in Zhu [67].

Proposition 3.3. Let G be a connected graph of order at least 2 and f be a mapping
from V(G) to positive integers. Suppose that f(v) > dg(v) + 1 for a vertex v of G. Then
G is f-paintable if and only if G — v is f-paintable.

Proof. The “only if” part is trivial by Proposition 3.2. We only show “if” part. The proof
goes by induction on the number of vertices. Suppose first that G has only two vertices
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u and v, and a mapping f satisfies f(u) > 1 and f(v) > dg(v) + 1 = 2. Obviously G — v
is f-paintable, and hence it suffices to show that G is f-paintable. Let U be a subset of
{u,v}. If w € U, then let X = {u}. As (f —1y)(v) > f(v) —1>1, G- X is (f — 1p)-
paintable. Otherwise, we have U = {v}, so let X = {v}. Then (f — 1y)(u) = f(u) > 1,
and thus G — X is (f — 1y7)-paintable. Combining these two cases, we conclude that G is
f-paintable.

Hence we assume that G has n > 3 vertices, f is a mapping from V(G) to positive
integers such that f(v) > dg(v) 4+ 1 for a vertex v of G, and suppose that the statement
holds for any graph of order less than n. Suppose that G — v is f-paintable. We show
that G is f-paintable. Let U be an arbitrarily non-empty set of vertices of GG, and let
U’ =U\{v}. Since G —v is f-paintable, there is an independent set X’ of G — v such that
X' CU, X"# 0, and G — ({v} UX') is (f — 1y)-paintable. We consider the following
three cases.

Case 1. v ¢ U, and thus U’ = U.

Let X1 = X' and G; = G — X;. Since G1 —v = G — ({v} U X') is (f — 1y)-paintable
and (f — 1y)(v) = f(v) > dg(v) +1 > dg,(v) + 1, by the induction hypothesis, Gy is
(f — 1y)-paintable. Thus, X is a desired independent set of G.

Case 2. v € U and X' N Ng(v) = 0.

Let Xo = X U{v} and Gy = G — X5. Since Gy = G — ({v} UX') is (f — 1y)-paintable and
X5 is an independent set of GG such that Xo C U, X5 is a desired independent set of G.

Case 3. v € U and X' N Ng(v) # 0.

Let X3 = X" and G3 = G — X3. Since Gz —v =G — ({v} U X') is (f — 1y)-paintable and
(f —1y)(v) = f(v) =1 >dg(v) +1—1>dg,(v) + 1, by the induction hypothesis, G is
(f — 1y)-paintable. Thus, X3 is a desired independent set of G.

Hence G is f-paintable, as desired. ]

It follows from Proposition 3.3 that every k-degenerate graph is (k + 1)-paintable,
and thus pnt(G) < A(G) + 1 for every graph G. Furthermore, it has been shown in
literature [43, 45, 58] that many theorems on list coloring hold for online list coloring.

3.2 Complete bipartite graphs

Although complete bipartite graphs are highly symmetric, the problems on the list coloring
and the online list coloring of complete bipartite graphs have many open problems. For
every pair of integers m and n with 1 < m < n, since the complete bipartite graph
Ko is m-degenerate, we have ch(Kp, ) < pnt(K,, ) < m+ 1 by Proposition 2.2. This
bound is tight since ch(Ky, mm) = m + 1, which was first shown in Erdés, Rubin, and
Taylor [27]. On the other hand, when n becomes closer to m, then both ch(K,,) and
pnt(K, ) are strictly less than m + 1. Indeed, we have logy m — (2 + o(1)) log, log, m <

ch(Km,m) <logym — (5 — 0(1)) logy logy m from the results in Erdds and Hajnal [26] and
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in Radhakrishnan and Srinivasan[56], and we have pnt(K, ) = logym + O(1) from a
result in Duraj, Gutowski, and Kozik [25].

One possible question is when ch(K,, ) and pnt(K,,,) drop to m as n becomes closer
to m. The following classical result on list coloring is known.

Theorem 3.4 (Erdds, Rubin, and Taylor [27]). Let m and n be integers such that 2 <
m < n. The complete bipartite graph K, , is m-choosable if and only if n < m™.

Proof. We first show that K, ,,m is not m-choosable. Let G ~ K, ,,», and let A =
{a1,a9,...,am} and B = {b1,be,...,byym} be partite sets of G. Let Si,S2,...,S, be
pairwise disjoint sets of positive integers of order m, and let S be the family of sets .S such
that |S N .S;| =1 for every ¢ € [m]. Note that the order of S is equal to m™. Let f be an
arbitrary bijection from [m™] to S, and define a list assignment L of G by L(a;) = S; for
each i € [m] and L(bj) = f(j) for each j € [m™]. If there is an L-coloring ¢ of G, there is
an integer j € [m™] such that L(b;) = f(j) = {¢(a1),¢(a2),...,p(am)}, a contradiction.
Thus, G is not L-colorable.

Next, we assume that G ~ K, , for some integers m and n with 2 <m <n <m™,
and show that G is m-choosable. Let A = {aj,a2,...,an} and B = {by,by,...,b,} be
partite sets of G, and let L be a list assignment of G such that |L(v)| = m for every
vertex v of G. Suppose that L(a;) N L(a;j) # 0 for some 7 and j with 1 <i < j < m. We
let p(a;) = ¢(a;), and choose ¢(a) € L(a) arbitrarily for each a € A\ {a;,a;}. Since at
most m — 1 colors appear in A, at least one color is still available for each vertex b € B,
thus G is L-colorable. Hence, we assume that L(a;) N L(a;) = 0 for any ¢ and j with
1 <i < j<m. Let S be the family of a set S such that |S N L(a;)| = 1 for every

i € [m]. Then we have |S| = m™ > |B|, and thus there is a tuple (cy,ca, ..., ¢n) such
that {c1,¢2,...,em} € SL\{L(bj) | 1 <j < n}. Let ¢(a;) = ¢; for each i € [m]. Then at
least one color is still available for each vertex b € B, and thus G is L-colorable. O

Analogously to Theorem 3.4, Carraher, Loeb, Mahoney, Puleo, Thai, and West showed
the following in [14].

Theorem 3.5 (Carraher et al. [14]). Let m and n be integers such that 2 < m < n.
Let G be a complete bipartite graph with partite sets A = {a1,a2,...,a,} and B =
{b1,b2,...,b,}, and let f be a mapping from V(G) to positive integers such that f(b;) = m
for every index j € [n]. Then G is f-paintable if and only if n < [, f(a;). In particular,
the complete graph K, , is m-paintable if and only if n < m™.

As a result, both ch(K,, ) and pnt(K,, ) drop to m from m+1 when n is smaller than
m™. The next step, that is, the threshold of n such that ch(K,, ;) and pnt(K,, ) drop
to m — 1 have been studied as well. Hoffman and Johnson Jr. determined the maximum
value of n such that ch(K,41,,) < m in [36].

Theorem 3.6 (Hoffman and Johnson Jr. [36]). Let m and n be integers such that 2 <
m < n. Then the complete graph Ky, 1, is m-choosable if and only if n < m™ —(m—1)™.

In [14], Carraher et al. showed the following lower bound of the integer n such that
the complete graph K, 1, is not m-paintable.
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Theorem 3.7 (Carraher et al. [14]). Let m and n be integers such that 2 < m < n. If
n > %(mm—l—?)mm_l —m—1), then the complete bipartite graph K, 11 5, is not m-paintable.

To clarify the relationship of results, we define two functions r¢, and rpye on integers
at m > 2. Let roy, = rcn(m) be the function on m such that rq,(m) is the least integer n
such that ch(Ky41,,) > m+ 1. Similarly, let re, = ren(m) be the function on m such that
rpnt (M) is the least integer n such that pnt(K,,+1,,) > m+1. By the relationship between
list coloring and omline list coloring, it follows that rpni(m) < ren(m) for every integer
m > 2. Using these notation, Theorem 3.6 can be restated as rq,(m) = m™—(m—1)", and
Theorem 3.7 can be restated as rpn(m) < 1(m™+3m™ ' —m—1). Since m™—(m—1)" ~
m™(1 —e~1) > Im™, Theorems 3.6 and 3.7 derive that there is a gap between rpy(m)
and 7, (m) for sufficiently large m. In this thesis, we give tighter lower and upper bounds
of rpnt(m) as follows.

Theorem 3.8 ([37]). Let rpng = rpns(m) be the least integer such that pnt(Kyy1,r,.) >
m+1. Then there are constants ¢ and ¢ such that 0 < ¢ < ¢ and em™ ™1 < rppe < ¢/m™™ 1.

Tpnt (M)

m=1) and thus the ratio ooy tends to 0 as m

As a result, we have rp,(m) = O(m
goes to infinity.

3.3 Lemmas

In this section, we show some lemmas used in our proof of Theorem 3.8. The following
lemma was first shown in Zhu [67].

Lemma 3.9. Let G be a graph, and let f be a mapping from V(G) to positive integers.
If f(v) =1 for a vertex v of G, then G is f-paintable if and only if G — v is (f — 1y,[])-
paintable.

When a given graph is a complete bipartite graph, we can relax the definition of f-
paintability as follows.

Lemma 3.10 ([37]). Let G be a complete bipartite graph with non-empty partite sets A
and B, and let f be a mapping from V(G) to positive integers. Then G is f-paintable if
and only if for every nonempty set of vertices U C V(G) such that both U N A # () and
UNB#0,either G— (UNA) or G— (UNB) is (f — 1y)-paintable.

Proof. First, we assume that G is f-paintable. Let U C V(G) be a set of vertices such
that UN A # 0 and U N B # (. As G is f-paintable, there is an independent set X of G
such that G — X is (f — 1y)-paintable. We know that either X CUNAor X CUNB
holds. Without loss of generality, we assume that X C U N A. Since G — (UN A) is a
subgraph of G — X, by Proposition 3.2, G — (U N A) is (f — 1y)-paintable, as desired.
Next we suppose that for every nonempty set of vertices U C V(G) such that UNA # ()
and U N B # 0, either G — (UNA) or G — (UN B) is (f — 1y)-paintable. Assume to
the contrary that G is not f-paintable. Let H be a minimum subgraph of G which is not
f-paintable. Then H has at least 2 vertices and thus there is a set of vertices U C V(H)
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such that neither H — (U N A) nor H — (U N B) is (f — 1y)-paintable. If both U N A
and U N B are non-empty, then by the assumption, either G — (U N A) or G — (U N B) is
(f —1y)-paintable. It follows that either H —(UNA) or H—(UNB) is (f — 1y)-paintable,
a contradiction. Hence, without loss of generality, we may assume that U N B = (). Then
H — U is not (f — 1y)-paintable, equivalently, H — U is not f-paintable, a contradiction
by the minimality of H. Thus, G is f-paintable, as desired. O

3.4 Lower bound in Theorem 3.8

Before we move to a proof of Theorem 3.8, we introduce some notation used in Sections 3.4
and 3.5. Let G be the set of pairs (G, f) of a graph and a mapping that satisfies the
following conditions. The graph G is a complete bipartite graph with partite sets A and
B, and suppose that B is divided into B_ and By. (Either B_ or By can be empty.) The
mapping f gives any positive integer for each v € A, |A| — 1 for each v € B_ and |A| for
each v € By. Let A = {aj,aq9,...,a,} and we regard f on A as an n-tuple of positive
integers t = (t1,t2,...,ty) by t; = f(a;). For an n-tuple t, let

n

P(t) = f[t,» and  S(t)=> (ti—1).

i=1

We introduce two other tuples defined from U, which is a set of vertices of G. Let t;
denote the |A \ U|-tuple obtained by restricting ¢t to A\ U, and let t;; denote the n-tuple
obtained from t by reducing by 1 at the vertices in U N A.

In this section, we prove the following.

Theorem 3.11 ([37]). Let G be a complete bipartite graph with partite sets A and B,
and let A = {aj,aq,...,a,} where n > 2. We divide B into B_ and By and let k be the
order of B_. Suppose that f is a mapping from V(G) to positive integers such that

ti(> O) vV =a; € A,
flo)=<n-1 v € B_,
n v € By,

and let t = (t1,t2,...,t,). If G satisfies the following condition
|Bo| < P(t) — kES(t) — 2, (3.4.1)
then G is f-paintable.

Theorem 3.11 immediately implies the following lower bound of 7, (m), which implies
the lower bound in Theorem 3.8.

Corollary 3.12 ([37]). For every integer m > 2, K41, is m-paintable where r =

mmtl_92
m2—1

mmtl_2

J. In particular, rpn(m) > L J for every integer m > 2.

m2—1
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mmtl_9

Proof. We fix an integer m > 2. Let r = L pons

graph with partite sets A = {a1,a2,...,am+1} and B = {by,ba,...,b,}. Let f be a
constant map from V(G) to m, and let ¢ be an (m + 1)-tuple defined from f on A. Then
we have P(t) = m™*! and S(t) = (m + 1)(m — 1) = m? — 1, and thus

J, and let G be a complete bipartite

mm+1 )

m2—1

P(t)—rS(t)—2:mm+1—{ J(m2—1)—220.

By using Theorem 3.11 with B_ = B and By = (), we conclude that G is f-paintable. [J

3.4.1 Proof of Theorem 3.11

The proof of Theorem 3.11 goes by induction on the number of vertices. Assume (G, f) € G
and (G, f) satisfies (3.4.1). Since |By| > 0, we have

P(t) — kS(t) — 2> 0. (3.4.2)

If |A| = 2, then by using Lemma 3.9 to each vertex of B_, G is f-paintable if and only
if G — B_ is (f — k14)-paintable. By (3.4.2), we have t1to — k(t; +t2 —2) —2 > 0, and
thus £ < min{¢1,¢2}. Then, (3.4.1) implies

|Bol < taty — k(1 +tg —2) =2 = (1 —k)(t2 — k) =1 — (k= 1)?
< (f = 1a)(a)(f —1a)(a2) — 1,

and hence G — B_ is (f — 14)-paintable by Theorem 3.5. Thus, G is f-paintable.

When t; = 1 for some i € [n], Lemma 3.9 implies that G is f-paintable if and only if
G—a; is (f—1p)-paintable. In addition, (3.4.1) for (G, f) implies (3.4.1) for (G—a;, f—1p).
By the induction hypothesis, G — a; is (f — 1p)-paintable, and thus G is f-paintable.

Suppose that |A| > 3 and t; > 2 for all i € [n]. Let U be a set of vertices such that
UNA#Pand UNB # 0, and let f' = f—1y. For (G— X, f') where X € {UNA,UNB},
we define A’ = A\ X, B = B\ X, and n’ = |A'|. Let t' be an n'-tuple of positive
integers defined from f’ on A’. Then we have f’(v) > n' — 1 for every vertex v of B'; if
X =UnNA, then f'(v) > f(v)—1> (n—1)—1 > n’—1 for every vertex v € B’; otherwise,
f'(v) = f(v) >n—1=mn'—1 for every vertex v € B’. We define a partition B’ U BjU B,
of B as

BL={veDB'| f(v)=n"-1},
By ={ve B'| f'(v) =n'},and
B, ={veB'| f(v) >n}.
Then, by using Proposition 3.3 for each vertex of B, , it follows that G — X is f’-paintable
if and only if G — (X U B) is f’-paintable.
In the rest of the proof, we shall show that either G — (U N A) or G — (U N B) is
f’-paintable.
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Case 1. [UNA| > 3.

Let X = UN A and we show that G — X is f’-paintable. We have dg_x(v) =n' <n—-3 <
f(v) =2 < f'(v) for each v € B’, which implies B/, = B’. Since G — (X U B’,) has no
edge, G — (X U B, ) is f’-paintable, and so is G — X.

Case 2. [UNA|=2.

Without loss of generality, we may assume that U N A = {a1,a2}. Note that P(ty) =
[T t, () = So0g(ti— 1), Pltw) = (—1)(t2— 1) TTy t and S(t) = Sy (hi—1)—2

for this case. We consider the following two subcases.
Subcase 2.1. |[B_NU| < P(ty).

Let X = U N A and we show that G — X is f’-paintable. We have n’ =n —2, t' = t3,
B' =0, and By = B_NU. Since |By| = |[B_-NU| < P(tg) = P(t'), G - (XUB,) is
f’-paintable by Theorem 3.5, and so is G — X.

Subcase 2.2. |B_NU| > P(ty).

Let X = U N B and we show that G — X is f’-paintable. We have n’ = n, ' = t,
B’ = B_\U, and B} = By \ U. By the assumption of the subcase, |B’_| = |B_ \ U| <
k — P(ty) and |Bj| < |Bo| < P(t) — kS(t) — 2. As P(ty) = (t1 — 1)(t2 — 1)P(t7) and
P(t) = t1taP(ty),

P(t') — |BLIS(t) =2 > (1 — 1)(t2 = 1)P(tgy) — (k — P(ty)) (S(t) — 2) — 2
:tltgp(t(j)—kS()—2+(1—t1—t2+5(t) ) ( )+2k
ZP(t)—/cS(t)—2+(1—t1—t2+5( ) —2) P(ty) + 2P (L)
=P(t) - kS(t) =2+ (S(ty) — 1) P(ty)
> P(t) — kS(t) — 2 > |B]|.

By the induction hypothesis, G — (X U B',) is f’-paintable, and so is G — X.
Case 3. [UNA|=1.

Without loss of generality, we may assume that UNA = {a1}. Note that P(tgz) = [[;", t;,
S(ty) =1 oti—1), P(ty) = (ti — 1) [[}ot; and S(ty) = >, (t; — 1) — 1 for this case.
Let s = |B_ NU| and we consider the following four subcases.

Subcase 3.1. s=0and |[BNU| < P(tz) — k.

Let X = U N A and we show that G — X is f’-paintable. We have n’ =n —1, t' = t3,
B =0, and Bj = B_U(ByNU). Since |B}| = k+|ByNU| < P(tz) = P(t'), G—(XUB,)
is f’-paintable by Theorem 3.5, and so is G — X.

Subcase 3.2. s=0and |BNU| > P(tz) — k.
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Let X = U N B and we show that G — X is f’-paintable. We have n’ = n, t' = tp,
B’ = B_,and Bj = By \ U. Since P(ty) = P(t) — P(t7) and S(ty) = S(¢) — 1,

| Bol = [Bol — [Bo NU| < (P(t) — kS(t) — 2) — (P(ty) — k)
= P(ty) —kS(ty) —2=P(t') — kS(t') — 2.

By the induction hypothesis, G — (X U B/,) is f’-paintable, and so is G — X.
Subcase 3.3. s > 1 and |ByNU| < P(tg) — sS(tg) +s —k— 1.

Let X = U N A, and we show that G — X is f’-paintable. We have n’ =n — 1, ¢ = t3,
B’ =B_NU,and B, = (B_-\U)U(ByNU). By the assumption of this case, |B"| = s
and |[BoNU| < P(tg) — sS(tg) + s — k — 2. Therefore,

|Bo| = [(B-\U)U(BoNU)| < (k—s)+ (P(tyg) —sS(ty) +s—k—2)
= P(t[‘]) — SS(tU) -2
=P(t')— |B_|S(t) — 2.

By the induction hypothesis, G — (X U B/, ) is f’-paintable, and so is G — X.
Subcase 3.4. s > 1 and |ByNU| > P(ty) — sS(ty) +s —k — 1.

Let X = U N B and we show that G — X is f’-paintable. We have n’ = n, ' = ty,
B’ = B_\U, and B = By \ U. Since P(t) = P(ty) + P(ty) and S(ty) = S(t) — 1 =
S(ty) +t1 — 2, we have

| Bol = [Bo| = [BonU| < (P(t) — kS(t) — 2) — (P(ty) — sS(ty) + s —k—1)
=(P(t)—P(ty)) —k(Sty)+1)+s(S(tv) —t1+2)—s+k—1
= P(tU) — (]{ - S)S(tU) —2- (Stl — S — 1)
< P(ty) — (k—s)S(ty) —2= P(t') — |B_|S() — 2.
By the induction hypothesis, G— (X UB',.) is f’-paintable, and so is G—X. This completes
Case 3.

Combining these cases, either G — (UNA) or G — (UNB) is f’-paintable for any set of
vertices U such that U N A # () and U N B # (. Thus, by Lemma 3.10, G is f-paintable.
This completes the proof of Theorem 3.11.

3.5 Upper bound in Theorem 3.8

In order to give an upper bound of rpn(m), we prove the following two theorems. We
say that a tuple t = (t1,t2,...,t,) of positive integers is semi-uniform if x1 > xo > -+ >
Ty > 21 — 1.
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Theorem 3.13. Let GG be a complete bipartite graph with partite sets A and B, and let
A ={ay,aq9,...,a,} where n > 2. We divide B into B_ and By, and let k be the order of
B_. Suppose that f is a mapping from V(G) to positive integers such that

t;(>0) v=aqa; € A,
flo)=<n-1 v € B_,
n v € By,
and let t = (t1,t2,...,t,). Then, there exists a constant ¢; > 0 such that if (G, f) satisfies
the following conditions (1-a), (1-b), and (1-c), then G is not f-paintable.
(1-a) t is semi-uniform,

(1-b) [Bo| > P(t) — & (S(t) — c1), and

(l—C) if S(t) > cq, then k S ‘5(75)%(?01—1
Theorem 3.14. Let GG be a complete bipartite graph with partite sets A and B, and let
A ={ay,a9,...,a,} where n > 2. Suppose that f is a mapping from V(G) to positive
integers such that
t;(> 0 =a; € A,
sy =D v
n—1 v e B,

and let t = (t1,t2,...,t,). Then, there exist constants ci,co > 0 such that if (G, f)
satisfies the following conditions (2-a), (2-b) and (2-c), then G is not f-paintable.
(2-a) t is semi-uniform,

(2-b) |B| > ¢g and

. 2P(t
(2-c) if S(t) > c1, then |B| > S(t)(—le + ca.

Theorem 3.13 is used in a proof of Theorem 3.14. Before going to the proofs of
Theorems 3.13 and 3.14, we give an upper bound of rpn(m), which implies the upper

bound in Theorem 3.8.

Corollary 3.15. There are constants ¢; > 0 and ¢o > 0 such that for every integer m > 2,
the complete bipartite graph K, 41, is not m-paintable where r = max {%, O} +ca.

2mm+1

In particular, rpne(m) < max {7712—71—@’

0} + co for every integer m > 2.

Proof. We fix an integer m > 2. Let ¢; and ¢y be constants in Theorem 3.14, and

2mm+1

let r = max{m,O} + co. Let G be a complete bipartite graph with partite sets
A ={a1,a9,...,am41} and B = {b1,b2,...,b.}. Let f be the constant map from V(G)
to m, and let ¢ be an (m + 1)-tuple defined from f on A. Then ¢ is semi-uniform,
P(t) =m™"! and S(t) = (m +1)(m — 1) = m? — 1, and thus
2m™mHL 25(t)
Co = —"
S(t) — C1

2 m+1
|B|:r:max{ m ,0}—|—022 + co.

m2—1—¢ m2—1—¢

2mm+1
m?—1—cy”’

Since |B| =r = max{ 0} =+ ¢cg > ¢9, by Theorem 3.14, G is not f-paintable. [
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3.5.1 Proof of Theorem 3.13

For a tuple © = (x1,x9,...,2), let F} be a function defined by
Fi(x) =2(z1 — 1)P(x) —z1(S(x) + 21 — 2)(S(x) + 21 — 1).

Then, it is easy to see that there are only finite semi-uniform tuples @ = (x1,z2,...,xp)
such that h > 3, x5, > 2 and Fj(x) < 0, and let T} be the set of such tuples. A constant
c1 is defined by ¢; = max{S(x) | « € T1}. Let S(x) = S(x) — c1.

Let (G, f) € G be a pair of a graph and a mapping satisfying the conditions of Theo-
rem 3.13. We define A, B, B_, By and t as in the statement.

Claim 1. If S'(t) < 0, then G is not f-paintable. In particular, if ¢ € T} then G is not
f-paintable.

Proof. When S(t) < 0, the condition (1-b) implies |Bo| > P(t). Hence, G — B_ is not
f-paintable by Theorem 3.5 and G is not f-paintable either. If ¢ € T3, by the definition
of T, it follows that S(¢) < 0, and thus G is not f-paintable. O

Claim 2. If n = 2, then G is not f-paintable.

Proof. When n = 2, f(v) = 1 for every v € B_. If t5 < k, we remove the vertices in
B_ by using Lemma 3.9 and eventually we have (f —t214)(a2) = 0, and thus G is not
f-paintable. If to > k+1, then again by Lemma 3.9, G is f-paintable if and only if G — B_
is (f — k1,4)-paintable. The condition (1-b) implies that

k k
|Bo‘ > tito — 5(751 +tyg—2— 01) = (tl — k‘)(tg — k‘) + 5(751 +to+2 —I—Cl) — k‘2
> (t1 — k) (t2 — k),
and thus G — B_ is not (f — k1 4)-paintable by Theorem 3.5. O

By Claims 1 and 2, we assume that S(t) > 0 and n > 3. We also assume that
Theorem 3.13 holds for every (G', f') € G with |[V(G")| < |V(G)].

Claim 3. If t, = 1, then G is not f-paintable.

Proof. When t,, = 1, G is f-paintable if and only if G — a,, is (f — 1p)-paintable by
Lemma 3.9. Since P(¥') = P(t) and S(t') = S(t) for t’ = (t1,to,...,tn—1), (G—an, f—1pB)
satisfies the condition (1-c). By the induction hypothesis, G —a,, is not (f —1p)-paintable,
and thus G is not f-paintable. O

By Claims 1, 2, and 3, we assume n > 3, t,, > 2, and ¢t ¢ T, which imply F(t) > 0.
For the tuple ¢, we define t4 = (t2,t3,...,t,) and tp = (to,t3,...,tn,t1 —1). Let | =

{P(t) - gg(t)].
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Claim 4. Let s = [’g——llj € [0, k]. Then,

s < & and (3.5.1)
~ S(ta) +ta—1
k 2P(ts) (3.5.2)

—s <l =
S(tp) +t2—1

Proof. We define a function Fj by

Since S(t) > S(t) > 0, we know that Fj(t) > Fi(t) > 0. By the condition (1-c) and the

assumption S’(t) > 0, we have k < #&wl. Since S'(tA) < S'(t) and t9 < t1, we have
-

Lok 2P®/0 _ 2P(ta) _ 2P(ta)
t1 ~ S@#)+t1—1 SE)+t1—1  Sta)+ta—1

and thus (3.5.1) holds. Since

e V_lJ Shol o 2ot —)P)/tr | _ _ 2P(ts) 7
3] t S(t)—i—tl—l S(t)—i—tl—l
(3.5.2) holds by
2P(tg) h_s)> 2P(tsp)  2P(tp)
S(tg) +t2—1 T S(tp)+ta—1 St)+t;—1
2P(tp) 2P(tp)

~ S(tp)+ti1—1 - S(t)+t—1 -
2t — )P(t) — 1 (S(t) Yt — 2) (S(t) Y- 1)
t (S(t) - 2) (S(t) - 1)
_ Fi(t)
t (S(t) - 2) (S(t) - 1)

> 0.

O
Claim 5. There exists an integer € [0,(] such that
k—s+r>P(ts) - ;g(tA) and (3.5.3)
k—s =
l—r > P(tB) - S(tB). (3.5.4)
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Proof. Let Q1 = P(ta) — 5S(ta) + s —k and Q2 =1 — P(tp) + £52S(tp). Then, (3.5.3)
and (3.5.4) are equivalent to r > @1 and r < Q2. For the existence of an integer r € [0, ]
with » > Q1 and r < @9, it suffices to show that Q1 < Qo — %, Q1 <1 - % and Q9 > 0.
By the definition of s, we have st; < k — 1. Since P(t) = P(t,) + P(tp) and S(t) =

S(tp)+1=5(ta) +t1 — 1,

1 k—s - 1 S =~
Q2= 5 —Q=1-P(tp)+——5(tp) — 5 — Pta) + 55(ta) —s+k
k k—s = 1 S ~
> P(t) — 5S(t) — P(tg) + 5 S(tg) — 5 P(ta) + §S(t’4) —s+k
k— Stl -1
=—>0.
5 >0
By (3.5.2) and the inequality Q2 — % - Q1 >0,
1 1 k—s
Z—Q—le(l—Q2)+<Q2—2—Q1>Zl—QQZP(tB)— S(tp)
P(t ~
> P(tp) (t5) (tg) > 0.
S(tB) +ty—1
Since S(t) > 0 and k satisfies the condition (1-c),
k ~ —s 5 =
Q2 =2 P(t) - 55(75) — P(tp) + TS(tB) = P(ta) — 5~ 55(153)
E ok -
> - — = - — — >
P(ta) =3 2t15(tB) P(ta) o0 (S(t) +t—1)>0
Thus, there exists an integer r € [0,[] that satisfies (3.5.3) and (3.5.4). O

Let s € [0,k] and r € [0,[] be integers as in Claims 4 and 5. Let U C V(G) be a set of
integers such that UN A = {a1}, [UNB_| = s, and |[UN By| = r, and let ' = f — 1.
We shall show that neither G — (U N A) nor G — (U N B) is f’-paintable. For each case
X =UnNAand X =UnN B, we define A, B, B", B, B/, n/, t' as in the proof of
Theorem 3.11. It suffices to show that G — (X U B’.) is not f’-paintable for each case
X=UnAand X =UNB.

When X = UNA, we have n’ =n—1,¢ = ta, B. = B_NU and B) = (B_\
U)U (BynNU). The condition (1-a) obviously holds, and (3.5.1) and (3.5.3) respectively
imply the conditions (1-b) and (1-c) for (G — (X U B’.), f'). By the induction hypothesis,
G — (X UB) is not f’-paintable, and thus G — X is not f’-paintable.

When X = U N B, we have n’ =n, t' =tg, B. = B_\U and B = By \ U. The
condition (1-a) obviously holds, and (3.5.2) and (3.5.4) respectively imply the conditions
(1-b) and (1-c) for (G — (X UB.), f’). By the induction hypothesis, G — (X U B/,) is not
f/-paintable, and thus G — X is not f’-paintable.

Hence G is not f-paintable, which completes the proof of Theorem 3.13.
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3.5.2 Proof of Theorem 3.14

Let ¢; be the constant in Theorem 3.13, and let S(t) = S(t) — ¢;. For a tuple =
(x1,22,...,2n), let Fy be a function defined by

~ ~ 2
Fo(x) = 2(x1 — 1)P(z) — () (S(a:) - 1) .

Let T, be the set of semi-uniform tuples © = (x1,x2,...,2,) such that h > 3, xp > 2,
S(x) > 0, and Fy(x) < 0, and let T3 be the set of semi-uniform tuples & = (21, z2, . .., zp,)
such that h > 2, x;, > 1 and 5(:1:) < x1. Then, both T and T3 are finite sets, and we
define a constant cg by co = max{P(z) | x € To UTy}.

Let (G, f) be a pair of a graph and a mapping satisfying the conditions of Theorem 3.14.
We define A, B, and t as in the statement.

Claim 1. If t € T, U T}, then G is not f-paintable.

Proof. When t € To U Ty, we have |B| > ¢ > P(t) by the conditions (2-b) and (2-c).
By Theorem 3.5 and Proposition 3.2, G is not (f + 1p)-paintable, and thus G is not
f-paintable. O

Claim 2. If S(t) € {1,2}, then G is not f-paintable.

Proof. When S(t) € {1,2}, the condition (2-c) implies that |B| > 2;}53) ey > Pt)+ep >

P(t). Thus, again by Theorem 3.5 and Proposition 3.2, G is not f-paintable. O

Claim 3. If n = 2, then G is not f-paintable.

Proof. By Claim 1, we may assume that S(¢) > t; > 0. When n = 2, we have f(v) = 1
for every v € B, and the condition (2-c) implies
2P(t) 2P(t) 2ty

1B| = S(t) R T B R e

By using Lemma 3.9 to delete vertices in B, we eventually have (f —t214)(a2) = 0, and
thus G is not f-paintable. O

By Claims 1, 2 and 3, we assume t ¢ To U T3, S(t) > max{t;,2} and n > 3. We

also assume that the theorem holds for every (G', f') with |[V(G)| < |V(G)|. Let k =
{%(:)) + 02—‘ . By Proposition 3.2, we may assume that |B| = k. Furthermore, by a similar
argument to the proof of Claim 3, we may assume that ¢, > 2. Thus, we have F»(t) > 0.

For the tuple ¢, we define t4 = (t2,t3,...,t,) and tp = (t2,t3,...,ty,t1 — 1). Note

that S(tp) = S(t) — 1> 2 by S(t) > 2.
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Claim 4. There exists an integer s € [0, k] such that

s 2t (3.5.5)
S(ta) +ta—1
k—s>Pty) — %5’(1&,4), and (3.5.6)
2P(tp)
k—s> 3(ts) + co. (3.5.7)

Proof. Let k' = [% +02-|. Since

2P(t) _ 2P(t) (b —1)S() _ 2P(tp)

3t 3@ ni® -1 Sits)

where the inequality holds by S(t) > t1, we have ¥’ < k. We define s € [0,k] by s = k— k.

By the definition of s, k — s = k' > Qé?(ttB)) + ¢9 and thus (3.5.7) holds. By the definitions
B

of t4 and tp, we have P(t) = P(t4) + P(tp) and S(tg) = S(t) — 1 and thus

8:[2P(t> w_ 2P(tp) C-‘<2{3(t)

B 2| S

N S(t)—1 2P(tp)
—S(t) S(t) S(tp)

o 2P - () - 1)2
T S(ta) +t2—1 S@) (S(t) - 1)

< _ 2P(ta) 7

T S(ta) +t2 -1

where the last inequality holds by

s 20t —1)P() —t (

2P(tB)—(§(t)—1) - , > =

U
—~
~
S~—
|
—_
N——

Thus, (3.5.5) is fulfilled. By the definitions of t4 and tp, we have

UGS

P(t) = t, P(¢).
t1

P(ta) + (b1 + DP(tn) = - P(t)
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Since S(ta) = S(t) —t; +1 and S(tg) = S(t) — 1,

K- P(ta) + Gt = g S(t.4) — ]; (S(ta) — 2) = P(ta)
2P(t) S(ta) (2P(ts) S(ta) —2
(g +) 75 - (g +o) 9= —re
_P®)S(ta)  Ptp)(SEa)-2) L, Sta) -2
T 5w S(ts) Pl ===y *e
1 ~ -

- TGO (P(t)(S(t) —t+1)(8(t) — 1)

—P(tp)(S(t) —t; — 1)S(t) — P(t4)S(t)(S(t) — 1)) — S(tAQ)_Q + ¢z
_ 1 _ B G (4)\2
= SG@ ) (PO~ Plta) ~ Pea)SE)

(0 P() ~ (h + DP(m) — Pts)S0) + (0~ D) - D=2 4,
_(-DP®) Sta) -2
~ S(®)S(ts) 2 ’

Aty — S S(t) — S(t) — t1 —
20 - DP) S~(t) (SN(t) 1) (S(t) t 1) »

25(t) (S(t) - 1)

> — F2~(t) + ¢ >0,

25(¢) (S(t) - 1)

and (3.5.6) holds. O

Let s € [0,k] be an integer as in Claim 4. Let U C V(G) be a set of vertices such
that UN A = {a1} and [UN B| = s, and let f' = f — 1. We shall show that neither
G — (UNA) nor G— (UN B) is f’-paintable. For each case X =UNAand X =U N B,
we define A', B', B', B), B/, n/, and t’ as in the proof of Theorem 3.11. It suffices to
show that G — (X U B',) is not f’-paintable for each case X =U N Aand X =U N B.

When X =UNA, wehave n’ =n—1,t =t4, B =UNB and B, = B\ U. The
condition (1-a) obviously holds, and (3.5.5) and (3.5.6) respectively imply the conditions
(1-b) and (1-c) for (G—(XUB.), f'). By Theorem 3.13, G— (X UBY/, ) is not f’-paintable,
and thus G — X is not f’-paintable.

When X = U N B, we have n’ =n, ¢/ =tp, B_ = B\ U and B{ = . The condition
(2-a) obviously holds, and (3.5.7) implies the condition (2-c) for (G — (X U B), f’). The
condition (2-b) is implied by the condition (2-¢) since S(tz) > 0. By the induction
hypothesis, G — (X U B,) is not f’-paintable, and thus G — X is not f’-paintable.

Hence G is not f-paintable, which completes the proof of Theorem 3.14.
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Chapter 4

Odd coloring and Proper
conflict-free coloring

The odd coloring and the proper conflict-free coloring are relatively new concepts intro-
duced in Petrusevski and Skrekovski [55] and in Fabrici, Lusar, RindoSové, and Sotak [29],
respectively. Each of the colorings is a proper coloring with some additional constraints on
the colors appearing in the neighborhood of each vertex. In this chapter, as preparation
for the following chapters of Part I, we introduce odd coloring and proper conflict-free
coloring. We focus on the relationship between odd coloring, proper conflict-free coloring
and square coloring in Section 4.2. In Section 4.3, we give a proof of Theorem 4.2, which
shows that the gap between the chromatic numbers can be arbitrarily large.

4.1 Introduction to odd coloring and proper conflict-free
coloring of graphs

Let G be a graph. A mapping ¢ from V(G) to positive integers is called an odd coloring
of G if ¢ is a proper coloring of G such that

for every non-isolated vertex v of G, there is a color ¢ such that |~ (c)NNg(v)|
is an odd integer.

For a positive integer k, an odd k-coloring of G is an odd coloring of GG such that every
vertex of G' maps to an integer in [k]. The odd chromatic number of G, denoted by xo(G),
is the least integer k such that G admits an odd k-coloring. For a proper (partial) coloring
p of G, we say a vertex v of G satisfies the odd condition with respect to  if there is
a color that appears at odd number of neighbors of v. Therefore, an odd coloring of G
is a proper coloring ¢ of G such that every non-isolated vertex v of G satisfies the odd
condition. It follows from the definitions that for every vertex v and any k-coloring ¢ of
G, D celi] lo™1(c) N Ng(v)] = dg(v). Thus, if dg(v) is odd, then for any proper k-coloring
¢ of G, there is a color ¢ € [k] such that |¢~!(c) N Ng(v)| is an odd integer, that is, v
satisfies the odd condition with respect to ¢. For a list assignment L : V(G) — 2" of G,
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an odd L-coloring of G is an odd coloring ¢ of G such that ¢(v) € L(v) for every vertex
v of G.

A mapping ¢ from V(G) to positive integers is called a proper conflict-free coloring of
G if ¢ is a proper coloring of G such that

for every non-isolated vertex v of G, there is a color ¢ such that [p~!(c) N
Ng(v)| = 1.

For a positive integer k, a proper conflict-free k-coloring of G is a proper conflict-free col-
oring of G such that every vertex of G maps to an integer in [k]. The proper conflict-free
chromatic number of G, denoted by xpcr(G), is the least integer k such that G admits a
proper conflict-free k-coloring. The word “conflict-free” comes from the conflict-free col-
oring of hypergraphs, which was introduced in Even, Lokter, Ron, and Smorodinsky [28].
For a proper (partial) coloring ¢ of G, we say that a vertex v of G satisfies the conflict-free
condition with respect to ¢ if there is a color that appears at exactly one neighbor of v.
Therefore, a proper conflict-free coloring of G is a proper coloring ¢ of G such that every
vertex v of G satisfies the conflict-free condition. For a list assignment L : V(G) — 2N of
G, a proper conflict-free L-coloring of G is a proper conflict-free coloring ¢ of G such that
@(v) € L(v) for every vertex v of G.

By the definitions, it follows that an odd coloring of GG is also a proper coloring of G,
and a proper conflict-free coloring of G is an odd coloring of G. It was shown in Ahn, Im,
and Oum [2] that to determine whether a given bipartite graph is odd k-colorable (resp.
proper conflict-free k-colorable) is NP-complete.

4.2 Relationship between odd coloring, proper conflict-free
coloring, and square coloring

One strong motivation for studies on odd coloring and proper conflict-free coloring is the
relationship to square coloring. For a positive integer k, a mapping ¢ from V(G) to [k] is
called a square k-coloring of G if ¢(u) # p(v) for every pair of vertices of G with distance
at most 2. The square chromatic number of G, denoted by x2(G), is the least integer k
such that G admits a square k-coloring. If ¢ is a square coloring of G, then for every
vertex v of G, Ng[v] is colored by dg(v) + 1 distinct colors, each of which appears exactly
once in Ng[v]. Thus, every vertex of G satisfies the conflict-free condition with respect
to ¢. This together with the relationship between coloring, odd coloring, and proper
conflict-free coloring, we have the following proposition.

Proposition 4.1. For every graph G, x(G) < xo(G) < Xpet(G) < x2(G).

There are many graphs known as examples of graph G with x(G) < x,(G). The cycle
C,, satisfies x(Cp) = 2 if n is even and x(C,) = 3 otherwise. Caro, Petrusevski, and
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Skrekovski observed the following in [12].

3 ifn=0 mod 3
Xo(Cr) =1 4 ifnZ0 mod3andn#5 (4.2.1)
5 ifn=5

They also showed that a tree T is odd 2-colorable if and only if every vertex of T has
an odd degree, while every tree is 2-colorable. Furthermore, they observed that the ratio

>§<°((g)) can be arbitrarily large. Indeed, for a graph G, let S(G) be a graph obtained from

G by subdividing each edge once. Obviously, S(G) is bipartite and thus x(S(G)) = 2. On
the other hand, since every vertex of degree 2 satisfies the odd condition, the restriction of

an odd coloring of S(G) to V(G) must be a proper coloring of G. Hence x,(S(G)) > x(G),

- Xo(S(G)) < x(G)
and therefore the ratio ENEED] > 57

can be arbitrarily large.

Considering the complete bipartite graph K, ,,,, we see that x2(G) cannot be bounded
from above by any function of xpe(G). Since every two distinct vertices of Ky, ,, have
distance at most 2, K?nm is the complete graph of order 2m, and thus x2(Kpm) =
\V(Km,m)| = 2m. On the other hand, we have Xpctf(Kmm) = 4. Indeed, let G be a
complete bipartite graph with partite sets A = {a1,ag,...,am} and B = {b1,ba, ..., by}
Then a coloring ¢ of G defined by p(a1) = 1, ¢(b1) = 2, and ¢(a;) = 3, ¢(b;) = 4 for
every i € {2,3,...,m} is a proper conflict-free coloring of G. Thus, x2(Ky m) become
arbitrarily large as m increases, while Xpcf(Kpmm) = 4 for every m.

In this thesis, we construct a family of graphs that shows the relationship between

X(G), Xo(G) and xpet(G).

Theorem 4.2. Let k£ and [ be any positive integers with 3 < k < [.
(1) If k is odd, then there is a graph G such that x(G) = k and x,(G) > [.
(2) If k is even, then there is a graph G such that x,(G) = k and xpee(G) > 1.

By Theorems 4.2 (2), xpct(G) cannot be bounded from above by any function of x,(G).

4.3 Proof of Theorem 4.2

For positive integers s > 2 and t > 2, we define a graph G ; as follows. Let H be a disjoint
union of ¢ copies of the complete graph K1, and let (Z(_}?) = {X | X € V() | X|=s— 1}.
Let U = {uX | X € (‘g(ﬁ))} be a set of vertices disjoint from V' (H). We define a graph
Goy by V(Gsy) = V(H)UU and E(Gsy) = E(H) U {WX | X e (V) v e X}. See
Figure 4.1 for an example of Gs;. It is easy to see that G, is (s — 1)-degenerate and

G+ contains a clique of order s, and thus x(Gs+) = s. We show the following on the odd
chromatic number of G ;.

Proposition 4.3. Let s > 3 and ¢t > 2 be integers. If s is even, then x,(Gs;) = s. If s is
odd, then x,(Gs¢) > (s —1)(t —1).
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Uq,b Ua,ec Uad Ube Ubd Ued

a b c d

Figure 4.1: The graph G3 2. The top vertices represent U and the bottom vertices represent
V(H) ={a,b,c,d}.

Proof. We first consider the case where s is even. Since x,(Gst) > x(Gst) = s, it suffices
to show that Gs; admits an odd s-coloring. We color the vertices of H properly with
the colors 1,2,...,s — 1, and give a color s to each vertex in U. Then every vertex of H
satisfies the odd condition since a color in {1,2,...,k — 1} appears exactly once in the
neighborhood of the vertex. Furthermore, every vertex of U satisfies the odd condition
since the degree of vertices in U is k — 1, which is an odd integer. Hence Gg; is odd
s-colorable.

Next, we consider the case where s is odd. Suppose that x,(Gst) =7 < (s —1)(t —1)
and let  be an odd r-coloring of Gs;. For each i € [r], let V; = ¢~ 1(i) N V(H), and
let V/ C V; be the set of arbitrarily chosen 2 L@J vertices of V;. Since t > 2 and
r < (s—1)(t—1), we have

SOV S Vil =D = ts— 1) —r > t(s — 1) — (s — )t~ 1) =5 — 1,

i€]r] 1€[r]
which implies that there is a set V;” C V/ for each i € [r] such that 3,1 [V;"| = s —1 and
V"] is even for every i € [r]. Let X = J;, V" Then the vertex uy has a neighborhood

X, and no color appears at an odd number of neighbors of ux, a contradiction. Hence,
we have x,(Gs¢) > (s —1)(t — 1) for any odd integer s. O

The following proposition is on the proper conflict-free chromatic number of G ;.

Proposition 4.4. Let s > 3 and t > 2 be integers. Then xpcr(Gs) > t(52—1).

Proof. Suppose that xpe(G) =r < @, and let ¢ be a proper conflict-free r-coloring of

Gst. For each i € [r], let V; = o 1(i) N V(H). Since r < @ and 3 ;e Vil = t(s — 1),
there is a color ¢ € [r] such that V. contains at least 3 vertices. Without loss of generality,
we may assume that |Vi| > 3. Let A = {i € [r] | |V;| > 2}. Since

s = 1) = S W= Wi+ (- 1ah < il +r < Sl + Y,

i€[r] €A €A i€A

we have ) ;. [Vi| > @ > s—1. Let A’ be a minimal subset of A such that 1 € A’

and > o4 [Va| > s — 1. If A’ = {1}, then there is a subset X C Vj of order s — 1, and

37



therefore the vertex ux does not satisfy the conflict-free condition, a contradiction. Hence,
without loss of generality, we may assume that 2 € A’. By the minimality of A’, we have
s—1=73",ca |Vil — p for some integer p < |Va| — 1. If p < |V5| — 2, then let V3 be a set of
arbitrarily chosen [Va| — p vertices of V2, and let X' = V3 U U, a2y [Vil. Then we have
|X'| = s — 1, and thus uys does not satisfy the conflict-free condition, a contradiction.
Otherwise, let V{’ be a set of arbitrarily chosen |V;j| — 1 vertices of Vi, let V' be a set of
arbitrarily chosen 2 colors of V3, and let X" = V" U V5" U U,;can 1,2y Vi- Then we have
|1 X'|=s—1,|V{| >3 —1=2and |VJ'| = 2, which implies that ux~ does not satisfy the
conflict-free condition, a contradiction. Hence, we have xpc(Gs¢) > @ for every s > 3
and t > 2. O

Note that if s > 3 is odd, then the lower bound in Proposition 4.4 can be improved
since Xpef(Gs,t) > Xo(Gsit) > (s — 1)(t — 1) by Proposition 4.3. When s > 3 is even, it is
not hard to show that xper(Gst) < [@1

Now we prove Theorem 4.2. By Propositions 4.3 and 4.4, for any integers k& and [ such
that 3 < k < [ and k is odd, we have x(Gk+) = k and Xxo(Gk) > | where t = [%-‘
Similarly, for any integers k and [ such that 3 < k <[ and k is even, we have x,(G+) =k
and Xpef(Gr,¢) > | where t = h%ll-‘
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Chapter 5

Odd coloring of planar graphs and
outerplanar graphs

Motivated by the Four-Color Theorem and related studies, odd coloring of planar graphs
are actively studied. It was conjectured that every planar graph is odd 5-colorable, and
the conjecture is still open. For outerplanar graphs, it is known that every outerplanar
graph is odd 5-colorable, hence the above conjecture holds for outerplanar graphs. In this
chapter, we focus on the odd coloring of planar graphs and outerplanar graphs. We see
studies on the odd coloring of planar graphs and related classes of graphs in Section 5.1.
In Section 5.4, we give a proof of Theorem 5.10, which gives a complete characterization
of odd 4-colorable outerplanar graphs. Sections 5.2 and 5.3 are for the lemmas used in a
proof of Theorem 5.10. All the new results in this chapter are based on [42].

5.1 Studies on odd coloring of planar graphs and outerpla-
nar graphs

Petrugevski and Skrekovski posed the following conjecture on the odd coloring of planar
graphs in [55].

Conjecture 5.1 (Petrusevski and Skrekovski [55]). Every planar graph is odd 5-colorable.

Since there are planar graphs with the odd chromatic number 5 such as the 5-cycle
and the octahedron (Figure 5.1), the bound 5 in Conjecture 5.1 is best possible. The first
result on the odd chromatic number of planar graphs is the following, which was proved
in Petrusevski and Skrekovski [55].

Theorem 5.2 (Petrusevski and Skrekovski [55]). Every planar graph is odd 9-colorable.

Their proof of Theorem 5.2 uses a discharging method, which is one of the basic tools
in the problem of graph coloring. Soon after that, Petr and Portier improved the bound
to 8 in [54].

Theorem 5.3 (Petr and Portier [54]). Every planar graph is odd 8-colorable.
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Figure 5.1: Octahedron.

Their proof is based on a result of partitioning a given planar graph into trees with
specified properties, which was shown in Aashtab, Akbari, and Ghanbari [1]. Note that the
result of Aashtab, Akbari, and Ghanbari [1] was proved by using the Four-Color Theorem.
It was shown in Fabrici, Luzar, Rindosovd, and Sotak [29] that every planar graph is
proper conflict-free 8-colorable, which implies Theorem 5.3, but their proof also uses the
Four-Color Theorem.

Another important conjecture on odd coloring of planar graphs is the following, posed
in Caro, Petrusevski, and Skrekovski [12]. For a graph G with at least one cycle, the girth
of G is the length of a shortest cycle of G.

Conjecture 5.4 (Caro, Petrusevski, and Skrekovski [12]). Every planar graph with girth
at least 6 is odd 4-colorable.

If Conjecture 5.4 is true, then it implies the Four-Color Theorem. Indeed, let G be a
planar graph, and we consider the graph S(G), which is a planar graph of girth at least 6.
If Conjecture 5.4 is true, then S(G) is odd 4-colorable. By the relation between x(G) and
Xo(S(G)) that we mentioned in Chapter 4, we have x(G) < xo(S(G)) < 4, and thus every
planar graph is 4-colorable. Towards Conjecture 5.4, the odd coloring of planar graphs
with large girth has been studied in literature [4, 16, 51, 64].

Theorem 5.5 (Cho, Choi, Kwon, and Park [16], Anderson, Chau, Cho, Crawford, Hartke,
Heath, Hendershedt, Kwon, and Zhang [4]). The followings are true.

o Every planar graph with girth at least 5 is odd 6-colorable. [16]

o Every planar graph with girth at least 10 is odd 4-colorable. [4]

e For every integer ¢ > 5, every planar graph with girth at least [04_—021 is odd c-

colorable. [16]

Note that Miao, Sun, Tu, and Yu showed in [51] that every triangle-free planar graph
is odd T-colorable, but Wang [63] pointed out that their proof is wrong. Odd coloring
of other related classes such as 1-planar graphs in [19, 53], toroidal graphs in [59] and
K-minor free graphs in [35] have been studied.

In this thesis, we focus on odd coloring of outerplanar graphs. Caro, Petrusevski, and
Skrekovski showed the following in [12].
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Figure 5.2: A graph in Gc..

Theorem 5.6 (Caro, Petrusevski, and Skrekovski [12]). Every outerplanar graph is odd
5-colorable.

They observed that there are infinitely many outerplanar graphs which are not odd
4-colorable. Indeed, let G, be the family of graphs whose every block is isomorphic to the
cycle Cs (Figure 5.2). Then it is easy to show that every graph in G¢, is an outerplanar
graph, and the following proposition holds.

Proposition 5.7 (Caro, Petrusevski, and Skrekovski [12]). Every graph G € G, is not
odd 4-colorable.

Proof. Let G be a graph in G¢,. If G is disconnected, then we apply the following argument
to a component of G. We may assume that G is connected. The proof goes by induction
on the number of blocks of G. When G has only one block, G is isomorphic to Cs
and is not odd 4-colorable. Suppose that G has s > 2 blocks and that every graph in
Gc, with s — 1 blocks is not odd 4-colorable. Assume to the contrary that G admits
an odd 4-coloring . Let B = wjvovsvgvsvy be a leaf block of G such that v; is a cut
vertex of G, and let G' = G — {va,v3,v4,v5}. Note that G’ € Go, and G’ has s — 1
blocks. Without loss of generality, we may assume that ¢(v;) = 1. Then, we have
1 ¢ {p(02), (us), @(01), 9(05)} and [{(v2), 9(v), 9(va)}] = Hip(ws), plwr), o(vs)}] = 3,
which imply that ¢(v2) = ¢(vs). Hence, the restriction of ¢ to V(G) \ {v2, v3, v4,v5} is an
odd 4-coloring of G’, a contradiction. O

On the other hand, when we consider maximal outerplanar graphs, the bound is re-
duced to 4 by the following result in Kashima, Maezawa, Osako, Ozeki, and Tsuchiya [39].

Theorem 5.8 (Kashima, Maezawa, Osako, Ozeki, and Tsuchiya [39]). For every maximal
outerplanar graph G and every list assignment L of G, if |L(v)| > 4 for every vertex v of
G, then G admits an odd L-coloring. In particular, every maximal outerplanar graph is
odd 4-colorable.

As we see in Chapter 1, a deletion of an edge can increase the odd chromatic number
of a graph. Motivated by Theorems 5.6 and 5.8, in this thesis, we completely characterize
odd 4-colorable outerplanar graphs as follows.
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Theorem 5.9. A connected outerplanar graph G is odd 4-colorable if and only if G has
a block that is not isomorphic to Cs.

As every graph in G, is odd 5-colorable, Theorem 5.9 immediately implies Theo-
rem 5.6. Furthermore, no graph in G¢; is a maximal outerplanar graph, and hence Theo-
rem 5.9 partially implies Theorem 5.8 in terms of the odd chromatic number.

For the purpose of using an induction, we prove a slightly stronger statement. For a
graph G and a proper k-coloring ¢ of GG, we say that a vertex v € V(G) satisfies the even
condition with respect to ¢ if there is a color ¢ € [k]\ {p(v)} such that |p~1(c) N Ng(v)] is
an even integer. For a graph G and a vertex v of G, we define an odd k-coloring of (G, v)
as an odd k-coloring ¢ of G such that v satisfies the even condition with respect to . We
show the following.

Theorem 5.10. For every outerplanar graph G ¢ G¢, and every vertex v of G, (G,v) is
odd 4-colorable.

Theorem 5.9 is directly derived from Theorem 5.10 and Proposition 5.11. Although
the graphs in G¢,, are not odd 4-colorable, they are almost odd 4-colorable in a sense. The
following proposition is used in our proof of Theorem 5.10.

Proposition 5.11. For every graph G € G¢, and every vertex v of G, there is a proper
4-coloring ¢ of G such that every vertex other than v satisfies the odd condition and v
satisfies the even condition with respect to .

Proof. The proof goes by induction on the number of blocks of G. If G has only one
block, then let G be a cycle vivevsvgvsvy of length 5. By symmetry, we may assume that
v = 1. Then a 4-coloring ¢ of G defined by p(v1) =1, p(v2) = ¢(vs) =2, p(v3) = 3 and
©(vg) = 4 is a desired coloring of G.

Suppose that G has at least two blocks. Let v be a vertex of G. As G has at least
two leaf blocks, there is one, denoted by B = vivsvsvvsv1, with a cut vertex v; of G such
that v # v; for i € {2,3,4,5}. Let G’ = G — {va,v3,v4,v5}. By the induction hypothesis,
there is a proper 4-coloring ¢ of G’ such that any vertex other than v satisfies the odd
condition and v satisfies the even condition. Without loss of generality, we may assume
that p(v1) = 1. We extend ¢ to G by letting ¢(v;) =i for ¢ € {2,3,4} and p(vs) = 2. It
is easy to check that every vertex other than v satisfies the odd condition and that the
vertex v satisfies the even condition. O

Our proof of Theorem 5.10 is based on two ideas; exchanges of colors and an unavoid-
able set. We prove a lemma on color exchanges in Section 5.2, introduce an unavoidable
set in Section 5.3, and finally give a proof of Theorem 5.10 in Section 5.4.

5.2 Color exchanging lemma

Lemma 5.12. Let G be an outerplane graph that is not a tree, and let v be a vertex of
G. Let zy be an edge on the boundary of the outer face that is not a cut edge of G. If
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G admits an odd 4-coloring such that v satisfies the even condition, then there exists an
odd 4-coloring ¢ of G such that the vertex v and at least one of {x,y} satisfy the even
condition with respect to (.

Proof. Suppose that g is an odd 4-coloring of G such that v satisfies the even condition.
If v € {x,y}, then there is nothing to prove. We assume that v ¢ {z,y}. Without loss
of generality, we may assume that po(z) = 1 and @o(y) = 2. If = or y satisfies the even
condition with respect to g, then we are done. We assume that neither x nor y satisfies
the even condition with respect to ¢g. Let z be a cut vertex of G —xy that separates x and
y. Let G, be a subgraph induced by the union of {z} and the vertices of the component
of (G — xy) — 2z containing x, and let G, = G — (V(G4) \ {#}). Depending on the color of
z, we consider the following two cases.

Case 1. po(z) € {1,2}.

Without loss of generality, we may assume that ¢o(z) = 1. Let ; be a coloring of G
obtained from ¢ by exchanging colors 2 and 3 in G; and @3 be a coloring of G obtained
from g by exchanging colors 2 and 4 in G,. Then both ¢; and @y are proper colorings
of GG, and the odd condition and the even condition at every vertex other than x and z
are preserved in both colorings. We now consider the case z = v. When dg(z) is even,
then z satisfies the even condition with respect to both ¢ and ¢o. Indeed, if z does not
satisfy the even condition with respect to ;, then |¢;(2) N Ng(2)|, [¢; *(3) N NG ()| and
;1 (4) N Ng(z)| are all odd and thus dg(z) must be odd. Suppose z does not satisfy
the odd condition with respect to 1. Then both |y (2) N Ng(z)| and |¢y ' (3) N NG (2)|
are odd, and they turn into even after the exchange of colors 2 and 3 in G,. Hence,
31 (3) N Na(2)| = |y (3) N Ng(2)| is odd, and thus z satisfies the odd condition with
respect to 9. Similarly, when dg(z) is odd, z satisfies the odd condition with respect to
both ¢1 and 9, and satisfies the even condition with respect to at least one of ¢; and
2. In any case, z satisfies both the odd condition and the even condition with respect to
at least one of ¢; and 3. We consider the case where z satisfies the odd condition with
respect to ¢1. (The other case can be easily proven with a similar argument.)

Since = does not satisfy the even condition with respect to g, we conclude that
o1 (3) N Ng ()| = lpg ' (2) N Ne(2)] — 1 is even and |¢7 ' (4) N Ne(2)| = |y ' (4) N Ne(2))|
is odd. Hence x satisfies both the odd condition and the even condition with respect to
p1. Thus, ¢ is a desired odd 4-coloring of G. The case z # v can easily be proved with
a similar argument.

Case 2. po(z) € {3,4}.

Assume ¢((z) = 3. Let @3 be a coloring of G obtained from ¢y by exchanging colors 2
and 4 in G; and ¢4 be a coloring of G obtained from ¢ by exchanging colors 1 and 4 in
Gy. Similarly to Case 1, both (3 and ¢4 are proper colorings of G, and at least one of (3
and 4 is an odd 4-coloring of G such that the vertex v satisfies the even condition.
Since = does not satisfy the even condition with respect to o, |¢3'(2) N Ng(z)| =
o1 (4) N Ne(z)| + 1 is even and |p31(3) N Ne(z)| = |y (3) N Ng(z)| is odd. Hence
x satisfies both the odd condition and the even condition with respect to (3. Similarly,
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Figure 5.3: An unavoidable set of 2-connected outerplanar graphs.

the vertex y satisfies both the odd condition and the even condition with respect to 4.
Therefore, at least one of 3 and ¢4 is a desired odd 4-coloring of GG. This completes the
proof of Lemma 5.12. O

5.3 An unavoidable set for 2-connected outerplanar graphs

In this section, we define an unavoidable set of 2-connected outerplanar graphs which is
needed for our proof of Theorem 5.10. Let G be a 2-connected outerplanar graph which
is not a cycle, and let v be a vertex of G.

o An ear H of G is a cycle ujug - - - uyuy such that dg(u;) =2 fori € {2,3,...,r — 1}
(Figure 5.3a). The edge uju, is the root edge of H. We say H is good for v if there
exists ¢ € {1,r} such that dg(u;) =3 and v ¢ V(H) \ {tr41-i}-

e An ear chain H is a subgraph induced by Ji=; V(H;) (s > 3) where each Hj is an
ear of G such that the root edges of the ears form a cycle vivs - - - v5v1 (the root edge
of H; is vjvi41) and dg(v;) = 4 for i € {2,3,...,s— 1} (Figure 5.3b). The edge vjvs
is the root edge of H. We say H is good for v if there exists i € {1, s} such that
da(vi) <band v ¢ V(H) \ {vs+1-i}-

e An ear double chain H is a subgraph induced by Uf;% V(H;) (t > 3) where each
H; is an ear chain of G such that the root edges of the ear chains form a cycle
wiwsy - - - wpwy (the root edge of H; is wjw;4+1) and dg(w;) = 6 for i € {2,3,...,t—1}
(Figure 5.3c). The edge wyw; is the root edge of H. We say H is good for v if
v & VH)\ {wr, ).

Lemma 5.13. Let G be a 2-connected outerplanar graph with at least 4 vertices. Let v
be a vertex of G. If GG is not a cycle, then G contains an ear, or an ear chain, or an ear
double chain that is good for v.

Proof. Let F be the outercycle of G. We consider the following three cases.
Case 1. Every chord of F' is the root edge of some ear.

Let T be the subgraph of G induced by the chords of F. By the assumption of this case,
T is a cycle or a disjoint union of paths. Suppose first that T is a cycle vivs - - - vgv1, and
let H; be an ear whose root edge is v;v;+1 for each i € [s] (vs11 = v1). Without loss of
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generality, we may assume that v € V(H,) \ {v1}. Then J5=; V(H;) induces an ear chain
with the root edge v1vs. Since dg(v1) = 4 and vy # v, the ear chain is good for v. Hence,
we may assume that T is a disjoint union of paths. Since there are at least two leaves of
T, there is an edge vive of T such that dr(v2) = 1 and the corresponding ear H' of G
satisfies v ¢ V(H') \ {v1}. Then dg(v2) = dp(ve) +2 = 3, and thus H' is a good ear for v.

Case 2. Every chord of F' is the root edge of some ear or some ear chain.

Note that if a chord zy of F is the root of an ear H, and also the root of an ear chain H’,
then G = HU H’, and every chord of F is the root of an ear. This falls into Case 1. Thus,
we assume that each chord of F' is either the root of an ear or the root of an ear chain,
but not both. By Case 1, we may assume that there is a chord of F' that is the root of an
ear chain.

Let T (resp. T") be the subgraph of G induced by chords that are the root edges of
ears (resp. ear chains). By our assumption, 7" is a cycle or a disjoint union of paths.
Suppose first that T” is a cycle wyws - - - wywy, and let H; be an ear chain whose root edge
is wjw;y1 for each ¢ € [t] (wy41 = w1). Without loss of generality, we may assume that
v € V(Hy)\ {wi}. Then |J'Z] V(H;) induces an ear double chain with the root edge wyws,
which is good for v.

Assume that T” is a disjoint union of paths. There is an edge wjws of T” such that
dr/(w2) = 1 and the corresponding ear chain H' satisfies v ¢ V(H')\{w1}. As dp(w2) =2
and dr(wz) < 2, we have dg(w2) = dp(wz) + dp(ws) + dp(we) < 5. Hence H' is a good
ear chain for v.

Case 3. There is a chord of F' which is neither the root edge of an ear nor the root edge
of an ear chain.

For each chord xy of F which is neither the root edge of an ear nor the root edge of an
ear chain, let F’ be a cycle in F' + zy such that v ¢ V(F') \ {z,y}. We choose such a
chord zy for which the length of F’ is minimum. Let H be the subgraph of G induced by
the vertices of F’. Note that H is a 2-connected outerplanar graph with the outercycle
F’. By the minimality of F’, for each edge e € E(H) \ E(F’), e is either the root edge of
some ear of G or the root edge of some ear chain of GG, which is contained in H.

Let Ty (resp. Tj;) be the subgraph of H induced by edges which is the root edge of
some ear (resp. ear chain) of H. Note that an ear or an ear chain H' of H is an ear or an
ear chain of G, unless zy is an edge of H'. By definitions, each of T}, and Ty is a cycle or
a disjoint union of paths.

Assume E(T};) # 0. If T, is a cycle, then there is an ear chain H' of H that contains
zy. Let 2’y be the root edge of H'. Then H — (V(H’) \ {«/,y'}) is an ear double chain of
G that is good for v. If T}, is an zy-path, then H is an ear double chain good for v with
the root edge zy. Assume T}, is neither a cycle nor an xzy-path. Then there is an edge
wiwg of T}, such that dT;J (w1) = 1,w;y ¢ {x,y}, and wywy is the root edge of an ear chain
H' that does not contain zy. As dr, (w1) < 2 and dp(w;) = 2, we know that dg(wr) < 5.
Hence H' is a good ear chain for v.
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Assume E(Ty;) = 0. If Ty is a cycle, then there is an ear H' of H that contains the
edge zy. Let 'y’ be the root edge of H'. Then H — (V(H') \ {«/,4'}) is an ear chain H”
of H with the root edge z'y/, contrary to E(T};) = (). Assume T is not a cycle. Since
xy is not the root edge of an ear chain of G, Ty is not an xy-path of H. Hence, there is
an edge vivy of Ty such that dr, (v1) = 1, v1 ¢ {z,y}, and vivs is the root edge of an
ear H' of H which does not contain xy. Then H' is an ear of G that is good for v. This
completes the proof of Lemma 5.13. O

5.4 Proof of Theorem 5.10

Assume that Theorem 5.10 is not true and (G,v) is a counterexample with minimum
number of vertices. It is obvious that G has at least 5 vertices.

First, we consider the case where G is not 2-connected. Assume G is not 2-connected
and x is a cut vertex of G. Let G; and G5 be connected subgraphs of G such that
V(Gl) N V(Gg) = {QT}, E(Gl) N E(Gg) = @, and E(Gl) U E(GQ) = E(G) Since G §é 905,
either G or G does not belong to Gc,. Without loss of generality, we may assume that
Gl ¢ gC5'

We first suppose that v = x. By the minimality of G, there is an odd 4-coloring ¢
of G such that v satisfies the even condition. Without loss of generality, we may assume
that p1(z) = 1, |7 (2)NNeg, (x)] is odd, and |7 (3)N Ng, ()| is even. By the minimality
of G and Proposition 5.11, there is a proper 4-coloring (2 of G5 such that every vertex
other than x satisfies the odd condition. Without loss of generality, we may assume that
@2(x) = 1, and |7 (2) N Ng,(2)| and |7 (3) N Ng, ()| have the same parity, where the
latter statement follows from the Pigeon-Hole principle. Let ¢ be a coloring of G such that
if u € V(G1) then p(u) = ¢1(u), otherwise ¢(u) = p2(u). Since one of |¢~1(2) N Ng(z)|
and |¢~1(3) N Ng(z)| is odd and the other is even, ¢ is an odd 4-coloring of (G,v), a
contradiction.

Suppose that v € V(Gy) \ {z}. By the minimality of G, there is an odd 4-coloring ¢
of GG such that v satisfies the even condition. Without loss of generality, we may assume
that o1 () = 1 and |¢; *(2)NNg, (z)| is odd. By the minimality of G' and Proposition 5.11,
there is a proper 4-coloring @9 of G2 such that every vertex other than z satisfies the odd
condition and the vertex x satisfies the even condition with respect to py. Without loss
of generality, we may assume that @a(2) = 1 and |p;*(2) N Ng, ()] is even. Let ¢ be a
coloring of G such that if u € V(Gy) then p(u) = ¢i1(u), otherwise p(u) = p2(u). It is
easy to check that ¢ is an odd 4-coloring of (G,v), a contradiction.

Suppose that v € V(G2) \ {z}. If G2 ¢ G¢;, then we are done by the symmetry of
G1 and Ga2. We suppose that Ga € Go,. As every vertex of Gg — x has an even degree,
dg(v) is even, and thus v satisfies the even condition. By the minimality of G, there is
an odd 4-coloring ¢1 of G1. Without loss of generality, we may assume that pi(z) = 1
and |p7'(2) N Ng, ()| is odd. By Proposition 5.11, there is a proper 4-coloring @y of Go
such that every vertex other than z satisfies the odd condition and x satisfies the even
condition. Without loss of generality, we may assume that @o(x) = 1 and |p, ' (2)NNg, (z)]
is even. Let ¢ be a coloring of G such that if u € V(G1) then p(u) = ¢1(u), otherwise
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w(u) = pa2(u). It is easy to check that ¢ is an odd 4-coloring of (G, v), a contradiction.
Therefore, G is 2-connected.

Let F' be the outercycle of G. If G is a cycle, then it follows from (4.2.1) that a cycle
is odd 4-colorable unless its length is equal to 5, and each vertex has one color missing at
its neighbors and hence satisfies the even condition, a contradiction. Thus, F' has at least
one chord. By Lemma 5.13, G contains an ear, or an ear chain, or an ear double chain
that is good for v. For a vertex = € V(G), we say that = satisfies the parity condition if x
satisfies the odd condition, and in case z = v, then z satisfies the even condition as well.
Note that one of the odd condition and the even condition for v is automatically satisfied
depending on the parity of dg(v).

Lemma 5.14. Suppose that G has an ear H with the root edge uju, such that v ¢
V(H)\{u1}, and ¢ is a proper 4-coloring of a subgraph of G — (V(H) \ {u1, u,}). Then ¢
can be extended to a proper 4-coloring of H so that every vertex of V(H) \ {u,} satisfies
the parity condition.

Proof. Let H = ujus---u,u; be an ear of G with the root edge uju,. We sequentially
color the vertices ug,us,...,u,—1 in this order. For each i € {2,3,...,7 — 3}, let ¢(u;) €
[4] \ {©(ui—1)} so that u;—; satisfies the parity condition with respect to ¢. For each
i€ {r—2,7—1}, we choose p(u;) € [4] \ {¢(ui—1), p(ur)} so that u;_; satisfies the parity
condition with respect to (. Then ¢ is a desired coloring. O

Lemma 5.15. Suppose that G has an ear chain H with the root edge vivs such that
v ¢ V(H)\ {vi}, and ¢ is a proper 4-coloring of a subgraph of G — (V(H) \ {vi,vs}).
Then ¢ can be extended to a proper 4-coloring of H so that every vertex of V(H) \ {vs}
satisfies the parity condition.

Proof. Let H be an ear chain of G consisting of the sequence of ears Hy, Ho, ..., Hs_1,
and let v;v;41 be the root edge of H; for each i € [s— 1]. We first color {v; |2 <i < s—1}
properly as ¢. By using Lemma 5.14 sequentially to ears Hy, Ho,..., Hs_1 in this order,
we obtain a coloring ¢ of H such that every vertex of V(H) \ {vs} satisfies the parity
condition, as desired. ]

Now we show that all of the unavoidable structures are reducible with respect to odd
4-coloring.

Case 1. G contains an ear H with the root edge uju, such that v ¢ V(H) \ {u;} and
dg(u,) is an odd integer. In particular, G contains an ear good for v.

Let H be an ear of G with the root edge uju, such that v € V(H)\ {u1} and dg(u,) is an
odd integer. We define a proper 4-coloring ¢’ of G’ as follows: If G’ is isomorphic to Cj,
then let ¢’ be a proper 4-coloring of G’ such that every vertex other than u; satisfies the
odd condition. Otherwise, let ¢’ be an odd 4-coloring of G’ such that the vertex v satisfies
the even condition. Note that if G’ is isomorphic to Cs, then every vertex of G’ satisfies
the even condition with respect to ¢’. In particular, v satisfies the even condition. Let
o(x) = ¢'(z) for every z € V(G'). By Lemma 5.14, we extend ¢ to a proper 4-coloring of
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G such that every vertex of V/(H) \ {u,} satisfies the parity condition. Since dg(u,) is an
odd integer and w, # v, u, satisfies the odd condition, and thus ¢ is an odd 4-coloring of
(G,v), a contradiction.

Before we go to the cases where G contains either an ear chain or an ear double chain
good for v, we consider the case where G contains an ear with more than 5 vertices.

Case 2. G contains an ear H with the root edge uju, such that v ¢ V(H) \ {u1,u,} and
\V(H)| > 6.

Let H = ujug - - - uyuy for some r > 6, where dg(u;) = 2 for each i € {2,3,...,r —1}. Let
G' =G —{ug,us,...,u,—1}. If G’ is isomorphic to Cs, then we have dg(u,) = 3, and thus
this falls into Case 1. Hence G’ is not isomorphic to C5. By the minimality of G, there is an
odd 4-coloring ¢’ of G’ such that v satisfies the even condition. Without loss of generality,
we may assume that ¢'(u,) = 1 and |¢'71(2) N Ng (u,)| is odd. Let ¢(z) = ¢'(z) for every
x € V(G"), and let p(u,—_2) = 2. We sequentially color the vertices ug, us, . .., ur_3, up_1 in
this order. If » > 7, then for each i € {2,3,...,7 — 5}, we choose a color in [4] \ {p(ui—1)}
as p(u;) so that u;_ satisfies the parity condition. For each i € {r —4,r — 3}, we choose a
color in [4]\ {2, ¢(u;—1)} as ¢(u;) so that u;_; satisfies the parity condition. Finally, we let
o(ur—1) € {3,4} so that u,_o satisfies the parity condition. By the choice of colors, ¢ is a
proper 4-coloring of GG, and every vertex other than wu, satisfies the parity condition with
respect to . Furthermore, since |1 (2)NNg(u,)| = |¢' 71 (2)NNgr(r,)| is odd and u, # v,
u, satisfies the odd condition. Thus, ¢ is an odd 4-coloring of (G, v), a contradiction.

By Case 2, we suppose that every ear of G without v in its internal vertices contains
at most 5 vertices.

Case 3. G contains a good ear chain H for v with the root edge vivs such that dg(vs) €
{4,5} and v ¢ V(H) \ {v1}.

Let Hq, Ho,...,Hs_1 be the ears contained in H where the root edge of H; is v;v;41 for
each i € [s — 1]. Since the ear H,_; satisfies v ¢ V(Hs_1), the case dg(vs) = 5 falls
into Case 1, a contradiction. Hence, we may assume that dg(vs) = 4. Let Hy_y =
Vg_1U2U3 * * * Up_1UsVs—1. By Case 2, we know that r < 5.

Let G' = G — (V(H) \ {v1,vs}) and we define a proper 4-coloring ¢’ of G’ as follows:
If G’ is isomorphic to Cjs, then let ¢’ be a proper 4-coloring of G’ such that every vertex
other than vy satisfies the odd condition. Otherwise, let ¢’ be an odd 4-coloring of G’
such that v satisfies the even condition. Without loss of generality, we may assume that
¢'(v1) = 1 and ¢'(vs) = 2. Let p(x) = ¢'(x) for every z € V(G’). We choose colors for
{vi|2<i<s—1}UV(H_1) as follows.

(a) If r =3 and s = 3, then let p(uy) = 3 and p(ve) = 4.

(b) If r =3 and s > 4, then let p(vs—1) = 1, {p(u2), (vs—2)} = {3,4} so that v, satisfies
the odd condition with respect to ¢, and choose colors for {v; | 2 < i < s — 3}
properly.
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(c¢) If r =4 and s = 3, then let p(uz) = 1 and {p(u2), p(v2)} = {3,4} so that v3 satisfies
the odd condition with respect to ¢.

(d) Ifr =4 and s > 4, then let p(vs_1) = 1, (p(u2), p(us), p(vs—2)) € {(4,3,3),(3,4,4)}
so that v, satisfies the odd condition with respect to ¢, and choose colors for {v; |
2 <i < s — 3} properly.

(e) If r="5and s = 3, then let p(u4) = ¢(v2) =3, p(uz) =4, and p(u3) = 1.

(f) If r =5 and s > 4, then let p(ug) = p(vs—1) = 3, p(uz) =1, p(us) = p(vs—2) = 4,
and choose colors for {v; | 2 <1i < s — 3} properly.

In any case, every vertex in V(Hs_1)\{vs_1,vs} satisfies the odd condition with respect
to ¢. Furthermore, since dg(vs—1) = 4 and three colors appear in the neighborhood of
vs—1, Vs—1 satisfies the odd condition with respect to ¢ no matter what color appears at
the neighbor of vs_1 in V(Hs—2) \{vs—2}. In (b), (c) and (d), v, satisfies the odd condition
with respect to ¢ by the choice of colors. In (a), vs satisfies the odd condition with respect
to ¢ since dg(vs) = 4 and there are three distinct colors in the neighborhood of vs. In (e)
and (f), vs satisfies the odd condition with respect to ¢ since for every color j # ¢(vs),
lo™1(4) N Ng(vs)| and [¢p~1(j) N Ngr(vs)| have the same parity. Applying a coloring in
Lemma 5.14 sequentially to the ears Hy, Hs, ..., Hs_2, we extend ¢ to an odd 4-coloring
of (G,v), a contradiction.

Note that the assumption that dg(vs) = 4 is required only in (a), which implies the
following statement.

() Suppose that G contains an ear chain H with the root edge v;v, such that
v ¢ V(H)\ {v1,vs}. If either H contains at least 3 ears, or H contains an ear
consisting of at least 4 vertices, then (G,v) is odd 4-colorable.

Case 4. G contains an ear double chain H good for v with the root edge wiw; such that
v ¢ V(H)\ {wr,w}.

Let Hy,H,,...,H;_ 1 be the ear chains contained in H where the root edge of H; is
wiw;41 for each i € [t —1]. Let @ = G — (V(H) \ {wy,w}). If G’ is isomorphic to
C5, then we have dg(wi) = dg(wy) = 5. Thus, one of Hy and Hy;_1 is a good ear
chain for v of G, and hence we are done by Case 3. Hence, we may assume that G’ is
not isomorphic to Cs. By (%), we may assume that V(H;) = {wj,u;, v;, u), wi41} and
E(H;) = {wjwjt1, wivi, vjwiy1, witi, wivg, viug, uiw;y } for every i € [t — 1] (Figure 5.4).
By the minimality of G and Lemma 5.12, there is an odd 4-coloring ¢’ of G’ such that
v and at least one of w; and w; satisfy the even condition with respect to ¢’. By the
symmetry of wy; and wy, we may assume that w; satisfies the even condition. Without
loss of generality, we may assume that ¢'(w;) = 1, ¢'(w) = 2, and |¢'~1(§) N Ngr (wy)]
and |¢'~1(k) N Ng(wy)| have different parities for some j,k € {1,3,4}. Let p(z) = ¢'(x)
for every z € V(G'). Let ¢o(u;_q) = 1, p(vi—1) = 3, ¢(wi—1) = 4, and choose colors
for {w; | 2 < i <t — 2} properly. Then w; satisfies both the odd condition and the
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Figure 5.4: An ear double chain H in Case 4.

even condition with respect to ¢ since | 71(j) N Ng(wi)| = |¢'~1(j) N Ngr(we)] + 1 and
lo~ (k) N Ng(wy)| = |¢"~' (k) N Ngr(wy)| + 1 have different parities. Furthermore, since
dg(vi—1) = 4 and three colors appear in the neighborhood of v;_1, v;—; satisfies the odd
condition with respect to ¢ no matter what color appears at u;—1. We can extend ¢ to
an odd 4-coloring of (G,v) by applying a coloring in Lemma 5.15 sequentially to the ear
chains Hy, Hs, ..., H;_o in this order, and finally choosing ¢(us—1) € {1,2} so that w1
satisfies the parity condition with respect to ¢, a contradiction. This completes the proof
of Case 4 and the proof of Theorem 5.10.
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Chapter 6

Odd coloring of k-trees

For a positive integer k, a k-tree is a graph obtained from the complete graph of order
k + 1 by repeatedly adding a vertex adjacent to a clique of order k. It is easy to see that
every k-tree has the chromatic number exactly k& + 1 for every positive integer k, but the
bound does not work for odd coloring of k-trees. In this chapter, we focus on odd coloring
of k-trees. We show some examples and a simple strategy for obtaining an odd coloring
of a k-tree in Section 6.1. In Section 6.2, we give a proof of Theorem 6.3, which shows
an upper bound of the odd chromatic number of k-trees. In Sections 6.3 and 6.4, we
give proofs of Theorems 6.4 and 6.5, which give tight upper bounds of the odd chromatic
number of 2-trees and 3-trees, respectively. All the new results in this chapter are based
on [40].

6.1 Introduction to odd coloring of k-trees

The notion of a k-tree was originally introduced in Beineke and Pippert [7] as an analogy
of the tree to a simplicial complex with higher dimensions. For a positive integer k, a
graph G is a k-tree if there is a sequence G, G, ..., G of subgraphs of G such that

e (i is the complete graph of order k£ + 1, and G5 = G,

o for every i € [s], there is a vertex v; € V(G;)\V(Gi-1) such that V(G;) = V(Gi-1)U
{vi} and Ng,[v;] is a clique of order k + 1 of Gj.

By the definition, every tree of order at least 2 is a 1-tree. It is known that every
maximal outerplanar graph is obtained from K3 by repeatedly adding a triangle consisting
of two end vertices of an edge of the previous graph and one new vertex; hence, every
maximal outerplanar graph is a 2-tree. Note that every k-tree GG of order n has an ordering
of vertices (v, va,...,vy) such that for every i € {k+1,k+2,...,n}, Ng(v;) N{v; |1 <
j <i—1} is a clique of order k of G.

It is easy to see that every k-tree is k-degenerate. Indeed, for a positive integer k, let
G be a k-tree of order n and let H be a subgraph of G. By the definition of a k-tree,
there is a sequence Gg, G1,...,Gs = G of subgraphs of G with the conditions above, and
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Figure 6.1: A k-tree G that is not odd (k + 1)-colorable.

let 7 be the minimum index such that H C G;. The vertex v; € V(G;) \ V(G;_1) satisfies
v; € V(H) and dg,(vi) = k, which imply that 6(H) < dg(v;) < dg,(vi) < k. Thus, by
Proposition 2.2 and the fact that every k-tree contains a clique of order k + 1, we know
that every k-tree G satisfies x(G) = k + 1.

On the other hand, when it comes to odd coloring, k + 1 colors for each vertex are not
enough. For a positive integer k, let G be a k-tree defined by

« V(G)=Avi|ielk+1]}U{u;|j€[k]} and
o B(G)={vwy |1<i<i' <k+1}0U {ww; i€ k+1]\{j}} (Figure 6.1).

Let ¢ be a proper (k + 1)-coloring of G. Without loss of generality, we may assume that
@(v;) =i for every i € [k + 1]. For each j € [k], since all colors in [k + 1] \ {j} appear
in the neighborhood of u;, we have ¢(u;) = j. Then, the vertex vy has exactly two
neighbors v; and u; with the color i for each ¢ € [k]|, and hence vy; does not satisfy the
odd condition with respect to .

An upper bound of the odd chromatic numbers of k-trees given by a simple strategy
is as follows.

Proposition 6.1. For every positive integer k, every k-tree is odd (2k + 1)-colorable.

Proof. Let k be a positive integer and let G be a k-tree of order n > k+ 1. The proof goes
by induction on n. If n < 2k + 1, then obviously G is odd (2k + 1)-colorable. We assume
n > 2k + 2 and that every k-tree of order n —1 is odd (2k + 1)-colorable. By the definition
of a k-tree, there is a vertex vy of G such that Ng|vg] is a clique of order k + 1 of G and
G = G — v is a k-tree. Let Ng(vg) = {v1,v2,...,v5}. By the induction hypothesis,
there is an odd (2k + 1)-coloring ¢ of G’. Without loss of generality, we may assume that
¢'(v;) = i for every i € [k]. For each ¢ € [k], let ¢; be a color that appears at an odd
number of neighbors of v; with respect to ¢’. Let p(v) = ¢'(v) for every vertex v € V(G').
We choose a color in [2k + 1] \ Ule{w(vi),ci} as p(vg) to obtain a (2k + 1)-coloring of
G. By the choice of colors, ¢ is a proper coloring and every vertex v € V(G’) satisfies the
odd condition with respect to ¢. The vertex vy also satisfies the odd condition, and thus
¢ is an odd (2k + 1)-coloring of G. O

In fact, Proposition 6.1 is an easy corollary of the following theorem in Cranston,
Lafferty, and Song [19]. For two graphs G and H, we say that H is a minor of G if H
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is obtained from G by a repetition of a deletion of a vertex, a deletion of an edge, and
a contraction of an edge. A class F of graphs is called minor-closed if for every graph
G € F, every minor of G belongs to F as well.

Theorem 6.2 (Cranston, Lafferty, and Song [19]). Let F be a minor-closed class of graphs
such that every graph in F is d-degenerate for some positive integer d. Then, every graph
in F is odd (2d + 1)-colorable.

For a positive integer k, let Fj be the family consisting of all graphs with tree-width at
most k. Then it is known that Fj is minor-closed and every graph in Fj is k-degenerate.
As every k-tree belongs to Fi, Theorem 6.2 implies that every k-tree is odd (2k + 1)-
colorable. We improve the bound in Proposition 6.1 as follows.

Theorem 6.3. For every positive integer k, every k-tree is odd (k + 2 |logs k| + 3)-
colorable.

For a positive integer k, let f(k) be the least positive integer such that every k-tree is
odd (k + f(k))-colorable. Then, Proposition 6.1 implies f(k) < k + 1 and Theorem 6.3
implies f(k) < 2|logy k] + 3. Thus, Theorem 6.3 improves an upper bound of f(k) in
terms of the order of k. Since there is a k-tree G that is not odd (k + 1)-colorable, f(k)
is bounded as 2 < f(k) < 2 |logy k| + 3 for every positive integer k. For the cases k = 2
and k = 3, we show that the left inequality is attained by equalities.

Theorem 6.4. Every 2-tree is odd 4-colorable.
Theorem 6.5. Every 3-tree is odd 5-colorable.
Considering these two results, we pose the following conjecture.
Conjecture 6.6. For every positive integer k, every k-tree is odd (k + 2)-colorable.

Before we go to proofs of theorems, we introduce some notation used in the following
sections. Let k be a positive integer and let G be a k-tree of order at least k+2. Let V be
a clique of G of order k, and let u € V(G) be a vertex such that V' C Ng(u). We define
the branch B(V,u) of G by B(V,u) = G[V UV (G,)] where G, is the component of G —V
that contains u. The clique V is called the root of the branch B(V,u) of G. Note that for
any branch B(V,u) of G, the graph G — (V(B(V,u)) \ V) is either the complete graph of
order k or a k-tree. The following property of a branch holds directly from the ordering
of vertices of a k-tree.

Proposition 6.7. Let G be a k-tree of order at least k4 2 for some positive integer k, and
let B = B(V,u) be a branch of G. Then, there is an ordering (ug,u1,...,us) of vertices
of V(B) \ V such that

* U= uop,

e |[Ng(ui)N({u; |0<j<i—1}UV)| <k for each i € [s], and

e VN ﬂ;zo Ng(uj)‘ > ‘V N ﬂ;-;%) Ng(uj)| — 1 for each i € [s].
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6.2 k-trees

In this section, we give a proof of Theorem 6.3.

We fix a positive integer k and let » = [logy k] + 1. If £ < 6, then we have k +
2 |logy k] + 3 > 2k + 1, and hence the statement follows from Proposition 6.1. Thus, we
assume that k& > 7, which implies that r < k. Let G be a k-tree of order n. The proof
goes by induction on n. If n < k + 2r + 1, then it is obvious that G is odd (k + 2r + 1)-
colorable. We assume that n > k + 2r + 1, and that every k-tree of order less than n is
odd (k 4 2r + 1)-colorable.

Let B = B(V,up) be a minimal branch of G satisfying |V(B)| > k +r + 1. Let
V = {v1,v9,...,ut}. By Proposition 6.7, there is an ordering (ug,u1,...,us) of V(B) \
V such that |[Ng(u;)) N ({u; | 0 < j <i—-1}UV)| < k and ’Vﬁﬂ;zoNg(uj)’ >

Vn ﬂ;;%] Ng(Uj)’ — 1 for each i € [s]. Note that s > r. By the minimality of B, we have

dg(u;) < k+r < 2k for each i € [s], which implies that every vertex of V(B)\(VU{ug}) sat-
isfies the odd condition with respect to any proper coloring of G. Since G’ = G—(V(B)\V)
is a k-tree of order less than n, by the induction hypothesis, G’ admits an odd (k +2r +1)-
coloring ¢'. Without loss of generality, we may assume that ¢'(v;) = i for each i € [k]. Let
o(v) = ¢'(v) for every vertex v € V(G'). Let U = {u; | i € [r]}, and let G” = G[V(G")UU].
We set Vo = V N (i_; Ng(ui), and let V =V \ Vy. Without loss of generality, we may
assume that V = {v1,v9,...,v;} for some integer [ > 1.

Claim 1. There exists an injection o : V — U such that v ¢ Ng(o(v)) for every v € V.
In particular, [ < r.

Proof. For each v € V, let i, € [r] be the minimum index such that v ¢ Ng(u;,), and
define o(v) = u;,. Since [V N ﬂé‘:o Ng(uj)‘ > ‘V N ﬂ;;% Ng(uj)| — 1 for each i € [s], 0 is
an injection from V to U, as desired. O

Let ¢ be an injection in Claim 1, and let A = {i € [r] | o(v;) = u; for some j € [I]}.
For each i € [r], we define a color ¢; by ¢; = j if u; = o(v;) for some j € [l], and ¢; = k +1
otherwise. Note that ¢; # ¢; for each pair of distinct 4,4" € [r], and

C=Aclielr} =[U{k+ilic[r]\ A}

For i = 1,2,...,r, we sequentially define a color ¢(u;) and a set V; C Vj as follows.
Suppose that V;_1 has been defined, and let

V2, ={veVii1|le (ci) N Ngr(v)] is odd} and
Ve, ={ve Vit |l (ei) N Ng(v)] is even}.

We define V; and ¢(u;) as V; = V2, and ¢(u;) = ¢ if [V2,| < |V€4], and V; = V¢,
and p(u;) = k + r + i otherwise. By the definition, it is easy to verify that the resulting
coloring of G” is proper.
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Claim 2. For every vertex v € Vp, there is a color ¢(v) € C such that |~ (c(v)) N Ngn (v)]
is odd.

Proof. By the definition of Vj;, we have |V;| < L@J for each i € [r]. Since |Vo| < |V| =k
and r = |logy k| +1 > logy k, it follows that |V,| = 0. Thus, for every vertex v € Vj, there
is an index i(v) € [r] such that v € Vjuy_1 \ V). Then, by the definition of ¢p(u;()),
o™ (ci(w)) N Ner(v)] is odd, as desired. O

Now we color the remaining vertices. Since {p(z) | z € Ng(ug) N V(G")} UC C
[k+2r]\{k+1i|ie A}, we have

[k +2r + 1]\ ({¢(2) | z € Na(uo) NV(G")}UO))
>(k+2r+1)—(k+2r—|A)=|A|+1=1+1>|V].

Thus, we choose a color in [k + 2r + 1]\ ({p(z) | © € Ng(up) N V(G")} U C) as p(ugp)
so that every vertex of V satisfies the odd condition. We sequentially choose colors for
Up41, Urg2, - . -, Us as follows. For each i € {r+ 1,7 +2,...,s}, let X; = Ng(u;) N ({u; |
0<j<i—1}UV). Since |X;| <k, we have

k+2r+ 1\ {p@) |z € X;}UO)| > (k+2r+1)—k—r=r+1>|V].
Furthermore, if Ng(u;) NV # 0, then we have {¢(z) | z € X;} N C # () and thus
k+2r+1)\ {p() |z € X;3UuO)| > (k+2r+1)—k—r+1=r+2>|V|+1

Hence, we can choose a color ¢(u;) € [k+ 2r + 1]\ {¢(z) | z € X;} UC) so that every
vertex in Ng(u;) N (V U {ugp}) satisfies the odd condition. It is easy to see that ¢ is a
proper (k + 2r 4+ 1)-coloring of G, and every vertex in V(G’) satisfies the odd condition
with respect to ¢. By the choice of colors for {wug,urt1,ury2,...,us}, each vertex of
V U {uo} satisfies the odd condition with respect to ¢. Furthermore, for each v € Vg,
since |~ 1(c(v)) N Ngr(v)| is odd for some color ¢(v) € C by Claim 2 and no vertex of
V(G)\ V(G") receives a color in C, v satisfies the odd condition with respect to ¢. Thus,
¢ is an odd (k + 2r + 1)-coloring of G, which completes the proof of Theorem 6.3.

6.3 2-trees
In this section, we give a proof of Theorem 6.4.

6.3.1 Some special branches

We define some special branches used in our proof. Let G be a 2-tree.

o An ear of G is a branch B({vi,v2},up) of G with 3 vertices {v1,va,up} such that
Neg(ug) = {v1,v2}.
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Figure 6.2: A hat of a 2-tree. Figure 6.3: A double hat of a 2-tree.

o A hat of G is a branch B({v1,v2}, up) of G with 5 vertices {v1, va, ug, u1, us} such that
Na(up) = {vi,v2,u1,us}, Ng(ui) = {v1,uo} and Ng(uz) = {v2,up} (Figure 6.2). A
hat with the root {vi,v2} is good if dg(v1) is equal to 4 or an odd integer.

o A double hat of G is a branch B({v1,v2}, up) of G with 7 vertices {vy,va} U{u; | i €
[0, 6]} such that Ng(ug) N Ng(v1) = {ve,u1}, Ng(uo) N Ng(ve) = {v1,us}, No(u1) =
{v1,v9,u2,us3, us, ug }, Ng(u2) = {v1,u1,uq, us}, Ng(us) = {ve, u1, ug, ur}, Ng(ug) =
{v1,u2}, Ng(us) = {u1,us}, Ng(ug) = {u1,us} and Ng(uz) = {ve,us} (Figure 6.3).

For a 2-tree G, we define two sets H? (@) and T (G) of subgraphs as follows. In
the following definition, we use the notation vs as v1. For a tuple (a, b, ¢) of non-negative

integers with 1 <a+b+ ¢ < 2, ’Hggc(G) is the set of branches B = B({v1,v2}, up) such
that

o for each i € {1,2}, |Ng(uog) N Ng(vi)| < 2, and if the equality holds, then there is
a vertex u; such that Ng(up) N Ng(v;) = {vit1,u;} and B({vi,up}, u;) is either an
ear, a hat or a double hat of G where v3 = v1, and

o {B({v1,up},u1), B({va,ug},uz)} consists of a ears, b hats and ¢ double hats.

For a tuple (a,b,c) of non-negative integers with a + b + ¢ = 2, T(i)C(G) is the set of

a

subgraphs 7" induced by V(B({v1,v2},u0)) UV (B({v1,v2},wp)) such that

o cach of B({v1,v2},up) and B({v1,v2},wp) is either an ear, a hat or a double hat of
G, and

o {B({v1,v2},up), B({v1,v2},wp)} consists of a ears, b hats and ¢ double hats.

For a graph T € 7;(?0(67) induced by V(B({v1,v2},up)) UV (B({v1,v2}, wp)), the set of
vertices {v1, v} is called the root of T. Let H®)(G) = Ui<atbie<o 7—[((3276(6’) and let
TO(G) = Uatpre—s ’7;(;?0(6’). Note that a hat of G belongs to H%’O(G), and a double
hat of G belongs to 7-[(()270((}).

The following lemma holds.

Lemma 6.8. Let G be a 2-tree with at least 4 vertices. Then there is a subgraph H €
HP)(G)UTA(G) that is neither a hat nor a double hat of G.
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(a) The case where V(G) \ (Vo U Vy) = 0.

b) The case where V(G)\ (VoUVLUV,) = 0.
It follows that B({u, v}, w) € HE (). (b) (G)\ (VouVUVa)

It follows that B({u/,v'},w’) € HEQ())l(G)

Figure 6.4: Special graphs in the proof of Lemma 6.8.

Proof. Let Vi be the set of vertices of degree 2 of G. For ¢ = 1,2,3, we define a set
of vertices V; as follows: If |V(G) \ U;;B Vj| > 3, then let V; be the set of vertices of
G — U;;B V; whose degrees in G — Uj-;%) Vj are equal to 2. If [V(G) \ U;;%) Vj| = 2, then
let V; =V (G)\ Uj;%) Vj. Otherwise, let V; = (). By the definition, Vp, Vi, Vs, and V3 are
pairwise disjoint.

The assumption |V (G)| > 4 forces Vi # 0. If |[V(G) \ Vo| = 2, then the two vertices in
V(G) \ Vo form a root of a subgraph in 7‘2%?0(6*). Thus, we assume that |V (G) \ Vp| > 3.
Let 2z be a vertex in V; and let {z1,y1} = Ng(z1) \ Vo such that [V N Ng(z1) N Ng(x1)| >
Vo N Ng(z1) N Ng(y1)|. If there are distinct vertices u,w € Vy with Ng(u) = Ng(w) =
{z1,21}, then B({z1,z1},u) U B({z1,z1},w) € 7'2(7(2)?0(6’). Thus, we may assume that
Vo N Ne(21) N Na(a1)| = 1, which implies that B({z1,41},21) € H)o(G) UHS) o(G). If
B({x1,y1},21) is not a hat of G, then we are done. Thus, since the choice of z; € V] is
arbitrary, we may assume that every vertex of V is contained in a hat of G.

Now we consider V,. If V(G) \ (Vo U Vi) = (), then G is isomorphic to a graph in
Figure 6.4a, and hence ’H((f%,o(G) # (). Suppose that Vo # 0. If [V(G)\ (VoUV7)| = 2, then

the two vertices in V/(G)\ (VpUV;) form a root of a subgraph in 76(20(G). Thus, we assume
that |[V(G)\ (VoUV1)| > 3. Let 22 be a vertex of Vo, and let {z2,y2} = Ng(22) \ (Vo U V1)
such that |(VoUV1)NNg(z2) NNa(z2)| > [(VoUVI)N NG (z2) N NG (z2)|. If there are distinct
vertices u, w € VopUV; such that Ng(u)N(V(G)\ (VoUW1)) = Ng(w)N(V(G)\ (VoUVy)) =
{22, 22}, then we are done since B({z2,z2},u) U B({z2, 22}, w) € T?)(G). Thus, we may
assume that [(Vp U V1) N Ng(z2) N Ng(z2)| = 1, which implies that B({z2,y2},22) €
,H(()?,O(G) U ’Hé?%’o(G) U ’Hﬂo(G) If B({z1,y1},21) is not a double hat of G, then we are
done. Since the choice of z9 € V5 is arbitrary, we may assume that every vertex of V5 is
contained in a double hat of G.

Finally, we consider V3. If V(G)\ (VoUV1 UVa) = 0, then G is isomorphic to a graph in
Figure 6.4b, and hence Hf&l(G # (. Suppose that V3 # 0. If |[V(G)\ (Vo UL UV,)| = 2,

)
then the two vertices in V(G) \ (Vo U Vi U Va) form a root of a subgraph in 76%?2(G).
Thus, we assume that |[V(G) \ (Vo U Vi U Va)| > 3. Let z3 be a vertex of V3, and let
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{xg,yg} = Ng(zg) \ (VO JWu VQ) such that |(Vb uWiu VQ) N Ng(2:3) N Ng(xg)‘ > |(Vo U
V1 UV,) N Ng(z3) N Ng(xs)|. If there are distinct vertices u,w € Vp U V3 U V4 such that
Ne(u) N (V(G) \ (Vo UVLUVR)) = Ng(w) N (V(G) \ (Vo UVIUV)) = {z3,23}, then
we are done since B({z3,23},u) U B({23,23},w) € T?)(G). Thus, we may assume that
|(Vo U Vi UV,) N Ng(z3) N Ng(z3)| = 1, which implies that B({z3,ys}, 23) € H(()?&I(G) u

’H((fgg(G) U 7—[(()?%’1(67) U ’H%l(G) This completes the proof of Lemma 6.8. O
The following lemma is used repeatedly in our proof of Theorem 6.4.

Lemma 6.9. Let G be a 2-tree and suppose that G has a branch B = B({v1,v2}, uo)
which is either an ear, a hat, or a double hat. Let G’ be a subgraph of G—(V(B)\ {v1,v2})
such that v1,vy € V(G'), and assume that G’ admits a proper 4-coloring ¢’. Then ¢’ can
be extended to a proper 4-coloring of G’ U B such that every vertex of V(B)\ {v1} satisfies
the odd condition.

Proof. Let ¢’ be an odd 4-coloring of G’. Without loss of generality, we may assume
that ¢'(v1) = 1 and ¢'(v2) = 2. For each vertex v € V(G), let o(v) = ¢'(v). If
B is an ear, then we choose p(ug) € {3,4} so that vy satisfies the odd condition. If
B is a hat, then let V(B) = {v1,v2,ug,u1,us} such that Ng(ug) = {v1,ve,u1,us},
Ng(u1) = {vi,u} and Ng(uz) = {va2,up}. We let ¢o(up) = 3, choose ¢(uz) € {1,4}
so that vy satisfies the odd condition, and choose p(u1) € {2,4} so that wug satisfies the
odd condition. If B is a double hat, then let V(B) = {v1,va} U {u; | ¢ € [0,6]} such
that Ng(uo) = {v1,ve,u1, us, ug, us}, No(u1) = {vi,uo, us, us}, Ng(uz) = {ve, up, us, ug},
Ng(us) = {vi,u1}, Ng(ua) = {uo,u1}, Na(us) = {uo,u2}, and Ng(va,uz). We first let
e(upg) = 3 and @(u1) = p(uz) = 4. Then we choose ¢(ug) € {1,3} so that vy satisfies the
odd condition, choose ¢(u4) € {1,2} so that uy satisfies the odd condition, choose ¢ (us3)
so that ¢(ug) satisfies the odd condition, and choose ¢(u3) € {2,3} so that u; satisfies the
odd condition. For each case, it is easy to verify that ¢ is a desired coloring of G'UB. [

6.3.2 Proof of Theorem 6.4

Let G be a 2-tree of order n. The proof goes by induction on n. If n <4, then trivially G
is odd 4-colorable. Hence, we assume that n > 5 and every 2-tree of order less than n is
odd 4-colorable. Note that every vertex of G of degree 2 satisfies the odd condition with
respect to any proper coloring of G since the two neighbors are adjacent.

By Lemma 6.8, there is a subgraph H € H?)(G)UT®)(G) which is neither a hat nor a
double hat of G. We show that H is a reducible structure with respect to odd 4-coloring.

Case 1. G has a good hat H'.

Let H' be a hat with 5 vertices {v1, va, ug, u1, us} such that {v1,ve} is the root of H’,
Ng(up) = {v1,v2,u1,us}, Ng(u1) = {vi,uo}, Ng(uz) = {va,uo}, and dg(vy) is equal to
4 or an odd integer. Let G' = G — {ug,u1,us}. By the induction hypothesis, G’ admits
an odd 4-coloring ¢. Without loss of generality, we may assume that ¢(v;) = 1 and
o(ve) = 2. If dg(v1) is odd, then we may extend ¢ to a proper 4-coloring of G such that
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Figure 6.5: Case 3

every vertex other than v; satisfies the odd condition by Lemma 6.9, and v, satisfies the
odd condition as well. Hence, we assume that dg(v1) = 4. We let ¢(up) = 3, o(u1) = 4,
and choose a color in {1,4} as ¢(uz) so that v satisfies the odd condition. By the choice
of colors, every vertex other than {vi,up} satisfies the odd condition. Since dg(vi) = 4
and the three vertices va,up,u1 € Ng(v1) receive three distinct colors, vy satisfies the
odd condition with respect to . Similarly, since dg(up) = 4 and v1,ve,u; € Ng(uo), uo
satisfies the odd condition with respect to ¢. Thus, ¢ is an odd 4-coloring of G, as desired.

If H € H(()?%,O(G) UHS{O(G) U H6?371(G) UH(()?}J(G), then H contains a good hat of G.
Thus, by Case 1, we may assume that H ¢ H(()Q% o(G)U Hﬂ o(G)U ’H(()Q% (G)u ’H(()Qi (G).

In each of the following cases, let G/ = G — (V(H)\ 7{17)1,1)2}), where {1)1,1)2}7 is the
root of H. By the induction hypothesis, G’ admits an odd 4-coloring ¢'. Without loss of
generality, we may assume that ¢/'(v1) = 1 and ¢'(v2) = 2. Let ¢(x) = ¢'(z) for every
z € V(G"), and we extend ¢ to G as in the following five cases.

Case 2. H € Hfg,O(G).

Let H = G[{v1,v2,up,u1}] such that Ng(up) = {vi,v2,u1} and Ng(ui) = {vi,uo}.
We choose ¢(ug) € {3,4} so that ve satisfies the odd condition, and then choose ¢(u;) €
{2,3,4} \ {¢(uo)} so that v; satisfies the odd condition. It is easy to verify that ¢ is an
odd 4-coloring of G.

Case 3. H € Hfg?l(G) U ,H(()?()),Q(G)'

Let H = B({v1,v2},ug) such that B({vi,up},u;) is a double hat and B({va, ug}, us) is
either an ear or a double hat (Figure 6.5). Let V(B ({v1,uo},u1)) = {v1, uo, u1, us, ua, us, ug, uz, ug }
such that Ng(ui1) = {v1,u0,us,uq, us,u7}, Ng(us) = {vi,u1,us,u¢}, and Ng(ug) =
{ug,ur,uz,ug}. Let G' = G — V(H) \ {vi,v2}. We first let o(u1) = 2, p(usz) = 3,
o(us) = 4, and choose p(ug) € {3,4} so that v; satisfies the odd condition. Then we se-
quentially use Lemma 6.9 to B({ug, va2}, u2), B({u1,u0},us), and B({us,u1}, ug) to obtain
a proper 4-coloring of GG such that every vertex other than ug satisfies the odd condition.
Since dg(ug) = 4 and three colors appear in the neighborhood of us, ug also satisfies the
odd condition. Thus, ¢ is an odd 4-coloring of G.

Case 4. H € 7'2(,(2)?0(6’).
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Let V(H) = {v1,v2,up,wp} such that Ng(up) = Ng(wo) = {vi,v2}. By setting
o(up) = p(wp) = 3, the parity of the number of neighbors with each color around v; and
vo does not change. Thus, ¢ is an odd 4-coloring of G.

Case 5. H € 7;(?6(6?) for some tuple (a,b,c) with a+b+c=2and b > 1.

Let By = B({v1,v2},up) and By = B({v1,v2},wp) be branches such that V(H) =
V(B1)UV(B2) and By is a hat of G. Let V(B;) = {v1, v, ug, u1, uz} such that Ng(ug) =
{v1,v2,ur,u2}, Na(u1) = {vi,uo}, and Ng(u2) = {va,up}. We first let p(up) = 3 and
¢(u1) = 4. By using Lemma 6.9, we choose colors for V(Bsg) \ {v1, v2} so that every vertex
of V(B3) \ {v2} satisfies the odd condition, and choose p(uz) € {1,4} so that vy satisfies
the odd condition. By the choice of colors, every vertex other than ug satisfies the odd
condition. Since dg(ug) = 4 and three colors appear in the neighborhood of ug, ug satisfies
the odd condition and thus ¢ is an odd 4-coloring of G.

Case 6. H € ’7;(%)6((}) for some tuple (a,b,c) with a+b+c=2and ¢ > 1.

Let By = B({vi,v2},up) and Bz = B({v1,v2},wp) be branches such that V(H) =
V(B1)UV(B2) and By is a double hat of G. Let V/(By) = {v1,v2}U{u; | i € [0,6]} such that
N(;(U()) = {1)1, V2, U1, U2, U4, U5}, Ng(ul) = {Ul, Uup, us, U4}, Ng(UQ) = {’1)2, Up, Us, UG}. We
first let p(ug) = 3, ¢(u1) = 4, and p(ug) = 2. Using Lemma 6.9 to Bs and B({ug,v2},u2),
we can color V(H) \ {vi,v2,us} so that every vertex other than wy and u; satisfies the
odd condition, and finally we choose ¢(u4) € {1,2} so that ug satisfies the odd condition.
Since dg(u1) = 4 and three colors appear in the neighborhood of w1, u; satisfies the odd
condition. Thus, ¢ is an odd 4-coloring of G. This completes the proof of Theorem 6.4.

6.4 3-trees

In this section, we give a proof of Theorem 6.5.

6.4.1 Some special branches

We define some special branches of a 3-tree. Let G be a 3-tree.

e An ear of G is a branch B({vy,v2,v3},up) of G with 4 vertices {v1, v2, v3,up} such
that Ng(ug) = {v1,ve,vs}.

o A one-hat of G is a branch B({vy,va,v3},up) of G with 5 vertices {v1,va, v3, ug, u1}
such that Ng(ug) = {v1,v2,v3,u1} and Ng(ui) = {v1,v2,up} (Figure 6.6).

o A one-hat plus of G is a branch B({v1,vs,v3},up) of G with 7 vertices {v1,v9,v3} U
{u; | i €[0,3]} such that Ng(uo) = {vi,v2,v3,u1,u2,usz}, Ng(u1) = {v1,ve, ug, us},
Neg(u2) = {vg,v3,up} and Ng(us) = {v1,up,u1} (Figure 6.7).

For a 3-tree G, we define two sets H3)(G) and TG)(G) of subgraphs as follows.
Let (a,b,c) be a tuple of non-negative integers with 1 < a + b+ ¢ < 3. For a clique
{v1,v2,v3,up} of G, the branch B({v1,ve,vs},up) belongs to 1 (G) if

a,b,c
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Figure 6.6: A one-hat of a 3-tree. Figure 6.7: A one-hat plus of a 3-tree.

o |Ng(ug) N Ng(v1) N Ng(v2)| < 2, and if the equality holds, then there is a vertex wu;
such that Ng(uo) N Ng(vi) N Ng(uz) = {vs,u1} and B({v1,v2,up}, u;1) is either an
ear, a one-hat or a one-hat plus of G,

o |Ng(up) N Ng(v2) N Ng(vs)| < 2, and if the equality holds, then there is a vertex wu;
such that Ng(ug) N Ng(ve) N Ng(us) = {v1,uz} and B({ve,vs,up}, us) is either an
ear, a one-hat or a one-hat plus of G,

e |Ng(uog) N Ng(vs) N Ng(v1)| < 2, and if the equality holds, then there is a vertex ug
such that Ng(up) N Ng(vs) N Ng(uy) = {va,us} and B({vs,v1,uo}, us) is either an
ear, a one-hat or a one-hat plus of GG, and

o {B({v1,v2,up},u1), B({ve,vs,up}, uz), B({vs,v1,up},us)} consists of a ears, b one-
hats and ¢ one-hat pluses.

Let (a,b,c) be a tuple of non-negative integers with a + b+ ¢ = 2. For two cliques
{v1,v2,v3,up} and {v1,v2,v3,wp} of G sharing {v1,v2,vs}, the subgraph of G induced by
V(B({v1,v2,v3},u0)) UV (B({v1,v2,v3},wp)) belongs to 7;(2?6(G) if

o each of B({vy,v2,v3},up) and B({vi,ve,vs3},wp) is either an ear, a one-hat, or a
one-hat plus of G, and

o {B({v1,v2,v3},up), B({v1,v2,v3},wp)} consists of a ears, b one-hats and ¢ one-hat
pluses.

For a graph T € 7;(2?6((?) induced by V(B({v1,ve,v3},up)) UV (B({v1,v2,v3},wp)), the
set of vertices {vy, vy, v3} is called the root of T

Let H®)(G) = Ut<asbre<s H((jg,c(G) and let 7G)(@) = Uatpre—s 7;(7‘2?6(6’). Note that
a one-hat of G belongs to Hg?())’o(G) and a one-hat plus of G belongs to Hfio(G).

The following lemma holds.

Lemma 6.10. Let G be a 3-tree with at least 5 vertices. Then there is a subgraph
H € H®(G) UTB)(G) which is neither a one-hat nor a one-hat plus of G.
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Proof. Let V) be the set of vertices of degree 3 of G. For ¢ = 1,2,3, we define a set
of vertices V; as follows: If |[V(G) \ U;;B Vj| > 4, then let V; be the set of vertices of
G — U;;B V; whose degrees in G' — U;-j) Vj are equal to 3. If |V(G) \ U;;B Vj| = 3, then
let V; =V(G)\ U;;%) V;. Otherwise, let V; = (). By the definition, Vy, Vi, V3, and V3 are
pairwise disjoint.

The assumption |V(G)| > 5 forces Vi # 0. If |[V(G) \ Vo| = 3, then the three vertices
in V(G)\ V, form a root of a subgraph in 7;(?6)0(6’). Thus, we assume that |V (G)\ Vp| > 4.
Let v1 be a vertex in V; and let Ng(vy) \ Vb = {z1,y1, 21} such that |[Ng(z1) N Ng(y1) N
Neg(v1) N Vo| > |Na(y1) N Ng(z1) N Na(vi) N Vol > [Ng(z1) N Ng(z1) N Ng(vr) NVl If
there are two distinct vertices u,w € Vj such that Ng(u) = Ng(w) = {v1,21,71}, then
B({v1,z1,y1},u) U B{v1,x1,11}, w) € 7‘2(7:3)’0(61). Thus, we may assume that |Ng(z1) N

Ne(y1) N Ng(v1) N V| = 1, which implies that B({z1,y1,21},v1) € H((z:j’()),o(G) for some
a € {1,2,3}. If B({z1,y1,21},v1) is not a one-hat of G, then we are done. Thus, since
the choice of v1 € Vj is arbitrary, we may assume that every vertex of Vj is contained in
a one-hat of G.

If V(G) = Vh U Vq, then since every vertex of V4 belongs to a one-hat of G, G is
isomorphic to a graph obtained from K4 by adding one vertex of degree 3 to a triangle,

and hence 7'2(’%?0(6’) # (. Suppose that Vo # (. If [V(G) \ (Vo U V1)| = 3, then the three

vertices in V(G) \ (Vo U Vi) form a root of a subgraph in 76(7?2)?0(6’). Thus, we assume that
[V(G)\ (VouUVi)| > 4. Let vy be a vertex of V5 and let Ng(ve)\ (VoUV:) = {x2,y2, 22} such
that |Ng(a:2) N NG(yQ) N Ng(vg) N (V() U V1)| > ‘Ng(yg) N NG(ZQ) N Ng(vg) N (V() U Vl)’ >
NG (22) N Ng(x2) N Ng(v2) N (Vo U Vy)|. If there are two distinct vertices u,w € Vo U V;
such that Ng(u) \ (Vo U Vi) = Ng(w) \ (Vo U V1) = {ve, 22, y2}, then B({va, z2,y2},u) U
B({va, 2,9 },w) € TG)(G). Thus, we may assume that |Ng(x2) N N (y2) N Ng(ve) N (Vo U
V1)| = 1, which implies that B({z2,y2,22},v2) € 7—[2320((3) for some a > 0 and b > 1 with
a+b<3. If B({z2,y2,22},v2) is not a one-hat plué of G, then we are done. Thus, since
the choice of vy € V3 is arbitrary, we may assume that V5 # () and that every vertex of V5
is contained in a one-hat plus of G. Then it is easy to verify that V3 # (.

If |[V(G)\ (VouUV1UV,)| = 3, then the three vertices in V(G)\ (Vo UV, UV,) form a root
of a subgraph in 76(7‘3?2(G). Thus, we assume that [V (G)\ (VoUV1)| > 4. Let vz € V3 and let
Nea(v3)\ (VouViUVa) = {x3,ys, 23} such that | Ng(x3) N Ng(y3) N Na(vs)N(VoUVLUVR)| >
’N(;(yg) N N(;(Zg) N Ng(vg) N (V() uhhu ‘/2)‘ > ]N(;(z?,) N N(;(afg) N N(;(Ug) N (Vg uhhu V2)|
If there are two distinct vertices u,w € Vo U Vp U Vo such that Ng(u) \ (Vo U VI UV,) =
Neg(w)\ (VoU Vi UVa) = {vs, 23,3}, then B({vs, 3,93}, u) U B({v3, 23,3 },w) € TG(Q).
Thus, we may assume that |[Ng(z3) N Ng(y3) N Ng(vs) N (Vo U ViU Va)| = 1, which implies
that B({z3,ys,23},v3) € HB) (G) for some a > 0,b>0and ¢ > 1 with a4+ b+ ¢ < 3.

a,b,c

This completes the proof of Lemma 6.10. O
The following lemma is used repeatedly in our proof of Theorem 6.5.

Lemma 6.11. Let G be a 3-tree, and suppose that G has a branch B = B({v1,v2,v3}, up)
which is either an ear, a one-hat, or a one-hat plus of G. Suppose that G — (V(B) \
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{v1,v2,v3}) admits an odd 5-coloring ¢’. For any index ¢ € {1,2,3}, ¢’ can be extended
to a proper 5-coloring of G'U B such that every vertex of V(B)\ {v;, v;y1} satisfies the odd
condition, where v4 = v1. In particular, when B is either a one-hat or a one-hat plus, then
¢ can be extended to a proper 5-coloring of G’ U B such that every vertex of V(B) \ {v;}
satisfies the odd condition.

Proof. Let G' =G — (V(B) \ {v1,v2,v3}) and let ¢’ be an odd 5-coloring of G’. Without
loss of generality, we may assume that ¢'(v;) = i for each i € {1,2,3}. Let p(v) = ¢'(v)
for every vertex v € V(G'), and we define p(u) for each u € V(B) \ {v1, v2,v3} as follows.

We first consider the case where B is an ear of G. By the symmetry of B, it suffices
to show that ¢’ can be extended to a proper 5-coloring ¢ of G such that every vertex of
V(G) \ {v2,vs3} satisfies the odd condition. We simply choose p(ug) € {4,5} so that v;
satisfies the odd condition, and then it is easy to verify that every vertex of V(G)\ {va, v3}
satisfies the odd condition.

Next, we consider the case where B is a one-hat of G. Let V(B) = {v1, v, v3, up, u1}
such that Ng(up) = {v1,v2,v3,u1} and Ng(u1) = {v1,v2,up}. By the symmetry of v; and
vg, it suffices to show that the statement holds for the cases i =1 or i = 3. We extend ¢’
to a coloring ¢ of G by choosing ¢1(ug) € {4,5} so that vs satisfies the odd condition and
choosing ¢1(u1) € {3,4,5} \ {¢1(uo)} so that vy satisfies the odd condition. We extend
¢’ to a coloring 3 of G by letting (ps3(ug), v3(u1)) € {(4,1),(4,5),(5,1)} so that both
vy and vy satisfy the odd condition. In each case, it is easy to verify that ¢; is a proper
5-coloring of G such that every vertex other than v; satisfies the odd condition.

Finally, we consider the case where B is a one-hat plus of G. Let V(B) = {v1,v2,v3} U
{ui | © € [0,3]} such that Neg(ug) = {v1,v2,v3,u1,u2,uz}t, Ne(ur) = {v1,v2,u0,us},
Ng(u2) = {va,v3,up} and Ng(uz) = {v1,up,u1}. We let p1(up) = 4 and choose p;(ug2) €
{1,5} so that vs satisfies the odd condition. By the argument in the last paragraph, we can
choose 1 (u1) and ¢j(u3) so that every vertex in {va, ug, u1, us} satisfies the odd condition.
It is easy to verify that every vertex of V(B)\ {v1} satisfies the odd condition with respect
to 1. Similarly, we can extend ¢’ to a coloring 2 such that every vertex of V(B) \ {v2}
satisfies the odd condition. We extend ¢’ to a coloring ¢3 of G by letting ¢3(ug) = 4,
©3(u2) = 5, and choosing ¢3(u1) and p3(us3) so that every vertex of {vy, va, uy, us} satisfies
the odd condition. Since dg(up) = 6 and distinct four colors appear in the neighbors of
ug, ug satisfies the odd condition with respect to 3. Thus, every vertex of V(B) \ {vs}
satisfies the odd condition with respect to ¢s3. O

6.4.2 Proof of Theorem 6.5

Let G be a 3-tree of order n. The proof goes by induction on n. If n < 5, then trivially
G is odd 5-colorable. We assume that n > 6, and that every 3-tree of order less than n is
odd 5-colorable. We first consider the case where GG has a one-hat or a one-hat plus with
a vertex of specified degree in its root.

Claim 1. Suppose that G contains a branch B = B({y1,y2,y3},x) which is either a
one-hat or a one-hat plus of G. If dg(y1) is equal to 4 or an odd integer, then G is odd
5-colorable.
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Proof. Let G" = G —V(B) \ {y1,¥2,y3}. By the induction hypothesis, G” admits an odd
5-coloring ¢”. By using Lemma 6.11 to B, we can extend ¢” to a proper 5-coloring of G
such that every vertex other than y; satisfies the odd condition. If dg(y;) is an odd integer,
then y; satisfies the odd condition with respect to any proper 5-coloring of GG. Since every
vertex of a 3-tree is contained in a clique of order 4, if dg(y1) < 5, then y; satisfies the
odd condition with respect to any proper 5-coloring of G. Hence, the extension of ¢” to
G is an odd 5-coloring of G. O

By Lemma 6.10, G has a subgraph H € H®)(G) U T®)(G) with the root {v1,v,v3}
that is neither a one-hat nor a one-hat plus of G. Note that H ¢ Hg‘{?&o(G) since H is
not a one-hat of G. Let G' = G — (V(H) \ {v1,v2,v3}). By the induction hypothesis, G’
admits an odd 5-coloring ¢’. Without loss of generality, we may assume that ¢'(v;) =i
for i € {1,2,3}. Let p(z) = ¢'(x) for every z € V(G').

Claim 2. If H € H") (G) for some tuple (a,b,c) of non-negative integers such that

a,b,c

1<a+b+c<3andc>1, then G is odd 5-colorable.

Proof. Let H = B({v1,v2,v3},up) € 7-[2320(6’) and suppose that there is a vertex u; €
V(H) such that By = B({v1,v2,u0}, u1) is a one-hat plus of G. Let By = B({v2,v3,u0}, )
if there is a vertex x € (Ng(v2) " Ng(v3) N Ng(up)) \ {v1} and let By = vavsugva otherwise.
Similarly, let B3 = B({vs,v1,up}, ) if there is a vertex € (Ng(vs) N Ng(v1) N N (up)) \
{ve} and let Bs = wv3zviugvs otherwise. By the assumption that H € ’ch(G), each of
By, Bs is either an ear, a one-hat, a one-hat plus or a triangle of G. We first show the

following subclaim.

Subclaim 2.1. If dp, (ug) = 4, then G is odd 5-colorable.

Proof. By the symmetry of v; and ve, we assume that V(B1) = {v1, ve, ug, u1, u2, us, us}
such that Ng(u1) = {v1, va, ug, ug, us, us}, Ng(uz) = {v1,v2,u1,us}, Ng(us) = {v1, ug, u1 },
and Ng(ug) = {ve,u1,us}. If both By and Bj are triangles of G, then we have dg(ug) = 5,
which falls into Claim 1. Hence, we assume that at least one of By and Bs is not a triangle
of G.

Let ¢(up) = 4, ¢(u1) =5 and ¢(us) = 3. Suppose that dg(up) < 7. Then, by using
Lemma 6.11, we can choose colors for the vertices in V(H) \ (V(B1) U {v3}) so that every
vertex of V(H) \ V(B) satisfies the odd condition. Again, by Lemma 6.11, we choose
©(ug) and ¢(uq) so that every vertex of {vy, ve, ug, us} satisfies the odd condition. By the
choice of colors, it is easy to verify that every vertex other than wg and w; satisfies the
odd condition. Furthermore, we have dg(uo),de(u1) < 7 and four distinct colors appear
in the neighborhood of each of ug and u;. Thus, ¢ is an odd 5-coloring of G.

We assume that dg(ug) > 8, which implies that at least one of By and Bs is a one-hat
or a one-hat plus of G. By using Lemma 6.11 to By and Bs, we can choose colors for the
vertices in V(H) \ (V(B1) U {vs}) so that every vertex of V(H) \ (V(B1) \ {uo}) satisfies
the odd condition. By Lemma 6.11, we can choose ¢(u2) and ¢(u4) so that every vertex of
{v1, va, u2, uy} satisfies the odd condition, and the resulting coloring ¢ is an odd 5-coloring
of G. 0
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Figure 6.8: Graphs in Claim 2

Now we return to the proof of Claim 2. Let V(B;) = {v1,ve, up, u1, ua, us, us}. By
Subclaim 2.1 and the symmetry of v; and vs, we may assume one of the followings:

(a) Ne(ui) = {vi,v2,u0,u2,uz, us}, Ng(uz2) = {v1,u0, w1, us}, Ne(ug) = {vi,v2,u1},
and Ng(ug) = {uo,u1,us} (Figure 6.8a), or

(b) Ng(u1) = {v1,v2,u0,u2,u3,us}, Ng(uz) = {vi,up,u1,us}, Ng(us) = {va,up,u1},
and Ng(ug) = {v1,u1,us} (Figure 6.8b).

We give a strategy for a coloring of H that works for both of these two cases as follows.
Suppose first that both By and Bs are triangles of G. We let (¢(ug), ¢(u1)) be (4,5) or
(5,4) so that vz satisfies the odd condition and choose ¢(ug) so that vy satisfies the odd
condition. By using Lemma 6.11 to B({v1, ug, u1 }, u2), we choose p(us) and ¢(uy) so that
every vertex of {v1,u1,us,us} satisfies the odd condition. It is easy to verify that every
vertex other than wug satisfies the odd condition, and wug satisfies the odd condition since
dg(ug) = 6 and four colors {1,2,3,5} appear in the neighborhood. Thus, ¢ is an odd
5-coloring of G.

Next, we assume that neither By nor Bj is a triangle of G. In this case, we let ¢(ug) = 4,
©(u1) =5, and p(uz) = 3. By using Lemma 6.11 to Bs, we can color V(B3) \ {va, v3, up}
so that every vertex of V(Bs) \ {vs, up} satisfies the odd condition. Then again by using
Lemma 6.11 to B3, we can color B3 so that every vertex of V(Bsg) \ {v1,uo} satisfies the
odd condition. Finally, we color B({v1,ug,u1},u2) so that every vertex of {v1,ug, ug, us}
satisfies the odd condition. It is easy to verify that every vertex other than w; satisfies
the odd condition, and w; satisfies the odd condition since dg(u1) = 6 and four colors
{1,2,3,4} appear in the neighborhood. Thus, ¢ is an odd 5-coloring of G.

Hence, we may assume that one of Bs and Bjs is a triangle and the other is not. Then
we have dg(ug) € {7,8,9}, and we are done for the cases dg(ug) € {7,9} by Claim 1. Thus,
da(up) = 8, which implies that either dp,(ug) = 4 and Bs is a triangle, or dp,(ug) = 4
and By is a triangle. If dp, (up) = 4 and B; is a one-hat plus of G for some i € {2, 3}, then
we are done by Subclaim 2.1. Hence, we may assume that one of By and Bg is a one-hat
of G, and the other is a triangle. For each case, we extend ¢ to G as follows:
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o When Bs is a one-hat of G, we let p(ug) = 4, ¢(u1) = 5 and ¢(uz) = 3. We use
Lemma 6.11 to By to color V(Bsg) \ {v2, v3,up} so that every vertex of V(Ba) \ {ug}
satisfies the odd condition and use Lemma 6.11 to B({v1, ug, u1}, u2) to choose ¢(u2)
and ¢(uy) so that every vertex of {v1,ug, ue,us} satisfies the odd condition.

o When Bz is a one-hat of G, we let ¢(up) =4, p(u1) = 5, ¢(uz) = 3, and choose ¢(u3)
so that vg satisfies the odd condition. Let x € {v1,ug} so that Ng(us) = {ug, u1,z}.
We use Lemma 6.11 to B3 to color V(Bs) \ {vs,v1,up} so that every vertex of
V(Bs) \ {z} satisfies the odd condition, and choose p(u4) € {1,2,4}\ {¢(x)} so that
x satisfies the odd condition.

In both cases, every vertex other than u; satisfies the odd condition by the choice of colors,
and u; satisfies the odd condition since dg(u1) = 6 and four colors {1, 2, 3,4} appear in the
neighborhood. Thus, ¢ is an odd 5-coloring of G. This completes the proof of Claim 2. [

Claim 3. If H € HS&O(G), then G is odd 5-colorable.

Proof. Let V(H) = {v1,v2,v3,ug, u1, uz} such that Ng(ug) = {v1,v2, v3,u1,us}, Ng(ui) =
{v1,v2,u0}, and Ng(uz) = {v2,vs,uo}. As dg(ug) = 5, up satisfies the odd condition
with respect to any proper 5-coloring of G. If |p~1(4) N Ng/(v2)| is even, then we let
o(ug) = 4, choose p(ui) € {3,5} so that v; satisfies the odd condition, and choose
©(uz) € {1,5} so that vz satisfies the odd condition. Every vertex other than vy sat-
isfies the odd condition by the choice of colors, and wve satisfies the odd condition since
lo~1(4) N Ng(ve)| = |9~1(4) N Ngr(v2)| + 1 is odd. Thus, ¢ is an odd 5-coloring of G.
Hence, we may assume that |@~!(4) N Ng(v2)| is odd. If |o~1(4) N Ng(v1)| is even,
then we let p(ug) = 4, choose ¢(u2) € {1,5} so that vz satisfies the odd condition, and
choose p(u1) € {3,5} so that vy satisfies the odd condition. Every vertex other than v;
satisfies the odd condition by the choice of colors, and vy satisfies the odd condition since
lo1(4) N Ng(v1)| = |~ 1(4) N Ng/(v1)| + 1 is odd. Thus, ¢ is an odd 5-coloring of G.
Hence, we may assume that [¢~1(4) N Ng/(v1)| is odd. By the symmetry of v; and vs, we
may also assume that [p~1(4) N Ng/(v3)| is odd. Then we let p(ug) = 5, p(u1) = 3 and
¢(uz) = 1. Since |p~1(4) N Ng(v;)| = |9~ 1(4) N Ngr(v;)| is odd for each i € {1,2,3}, ¢ is
an odd 5-coloring of G. 0

Claim 4. If H € Hé‘?&o(G), then G is odd 5-colorable.

Proof. Let V(H) = {v1, v, v3} U{w; | i € [0, 3]} such that Ng(up) = {v1,v2,v3,u1, u2, us},
Ng(u1) = {v1,v2,u0}, Ng(ug) = {v2,v3,u0}, and Ng(uz) = {vs,v1,up}. If [o~1(4) N
N¢r(v1)] is even, then we let p(ug) = 4, ¢(u1) = 5, choose p(uz) € {1,5} so that vy
satisfies the odd condition, and choose p(u3) € {2,5} so that vs satisfies the odd condition.
Every vertex other than {vy,ug} satisfies the odd condition by the choice of colors. The
vertex ug satisfies the odd condition since dg(ug) = 6 and four colors {1, 2, 3,4} appear in
the neighborhood, and v; satisfies the odd condition since [~ (4) N Ng(v1)| = [~ (4) N
Ngr(v1)] + 1 is odd. Thus, ¢ is an odd 5-coloring of G. Hence, we may assume that
lo~1(4) N Ngr(v1)| is odd. By the symmetry of v1, ve and v3, we may also assume that
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Figure 6.9: A graph in Claim 6.

lo~1(4) N Ngr (v;)| for each i € {2,3}. Then let p(ug) = 5 and p(u1) = p(us) = p(uz) = 4.
The vertex wug satisfies the odd condition since |p~1(4) N Ng(ug)| = 3. Furthermore,
lo 1 (4) N Ng(v;)| = |~ 1(4) N N (v;)] +2 is odd for each i € {1,2,3}. Hence, ¢ is an odd
5-coloring of G. O

Claim 5. If H € ] ((G), then G is odd 5-colorable.

Proof. Let V(H) = {v1,va, v3,up,u1,uz} such that By = B({v1,va,uo},u1) is a one-hat
of G. Since dg(ug) € {4,5}, G is odd 5-colorable by Claim 1. O

Claim 6. If H € 1) ((G), then G is odd 5-colorable.

Proof. Let V(H) = {v1,v2,v3} U{w; | i € [0,3]} such that B({v1,v2,up},u1) is a one-hat
of G and B({v2,v3,up},u2) is an ear of G. Then we have dg(ug) € {5,6}. If dg(ug) = 5,
then we are done by Claim 1. Hence, we assume that dg(ug) = 6. Since H is not a one-
hat plus of G, we set Ng(ug) = {v1,v2,vs,u1, uz,us}, No(ui) = {v1,ve,up,us}, Na(ug) =
{ve,v3,up} and Ng(uz) = {va,ug,u1} (Figure 6.9). Let p(ug) = 4. We choose p(ug) €
{1,5} so that vz satisfies the odd condition, and we use Lemma 6.11 to B({v1,ve,up}, u1)
to color {uy,us} so that every vertex of {v,ve,u1,us} satisfies the odd condition. Every
vertex other than wug satisfies the odd condition by the choice of colors, and ug satisfies
the odd condition since ¢ ~1(2) N Ng(ug) = {va}. Thus, ¢ is an odd 5-coloring of G. [

Claim 7. If H € H] ((G), then G is odd 5-colorable.

Proof. Let V(H) = {vi,v2,v3} U{u; | ¢ € [0,4]} such that By = B({vi,v2,up},u1) is
a one-hat of G and both By = B({v2,vs,up},u2) and By = B({vs,v1,up},us) are ears
of G. We have dg(up) € {6,7}, and we are done for case dg(u;) = 7 by Claim 1.
Hence, we may assume that dg(up) = 6, which implies that dp,(up) = 3. Then we
set Ng(ug) = {v1,v2,v3,u1,uz,us}, Ng(ui) = {v1,v,up,us}, Ng(u2) = {ve,vs,up},
Ng(us) = {vs,v1,up}, and Ng(ug) = {v1,v2,u1}. We let o(ug) = 4, p(u2) = 5, and
choose p(u3) € {2,5} so that vz satisfies the odd condition. By using Lemma 6.11 to
B, we choose p(u1) and ¢(u4) so that every vertex of {vi,ve,ui,us} satisfies the odd
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condition. Every vertex other than wug satisfies the odd condition by the choice of colors,
and wug satisfies the odd condition since dg(ug) = 6 and four colors {1,2,3,5} appear in
the neighborhood. Thus, ¢ is an odd 5-coloring of G. O

Claim 8. If H € H{) ((G), then G is odd 5-colorable.

Proof. Let V(H) = {v1,v2,v3} U{u; | i € [0,4]} such that By = B({v1,v2,up},u1) and
By = B({v2,v3,up},u2) are both one-hats of G. We have dg(ug) € {5,6,7}, and we
are done for cases dg(ug) € {5,7} by Claim 1. Suppose that dg(up) = 6. Then by
the symmetry of v; and vs, we may assume that V(B;) = {v1,va, up,u1,us} such that
Ng(u1) = {vi,v2,u0,us} and Ng(us) = {vi,v2,u1}. We let p(ug) = 4, ¢p(u1) = 5, and
choose p(u3) € {3,4} so that v; satisfies the odd condition. By using Lemma 6.11 to
By, we color V(B3) \ {v2,v3,up} so that every vertex of V(Ba) \ {uo} satisfies the odd
condition. Every vertex other than ug satisfies the odd condition by the choice of colors,
and wug satisfies the odd condition since dg(up) = 6 and four colors {1,2,3,5} appear in
the neighborhood. Thus, ¢ is an odd 5-coloring of G. O

Claim 9. If H € H") ((G) UH{3(G), then G is odd 5-colorable.

Proof. Let V(H) = {v1,v2,v3} U{u; | i € [0,t]} for some ¢t € {5,6} such that both
By = B({vi,v2,up},u1) and By = B({va,v3,up},u2) are one-hats of G, and B3z =
B({vs,v1,up},us) is either an ear or a one-hat of G. (¢ =5 when B3 is an ear and ¢t = 6
when Bs is a one-hat.) Let V(By) = {v1,va,up, u1,us} and V(By) = {va, v3, ug, ug, us}.
Let V(B3) = {vs,v1,up,us} if Bs is an ear, and let V(Bs3) = {vs, v1, ug, us, ug} if Bs is a
one-hat. We have dg(ug) € {6,7,8}, and we are done for the case dg(ug) = 7 by Claim 1.
Suppose first that dg(ug) = 6. Then we have dp,(up) = 3. When Bs is a one-hat,
Nea(ug) = {vs,vi,us}. Let p(up) =4, ¢(us) = 5, and if B3 is a one-hat, then let ¢(ug) = 2.
We use Lemma 6.11 to By to color {uj,us} so that every vertex of V(By) \ {uo} satisfies
the odd condition, then we apply Lemma 6.11 to B to color {uz,us} so that every vertex
of V((B2) \ {up} satisfies the odd condition. Every vertex other than ug satisfies the odd
condition by the choice of colors, and ug satisfies the odd condition since dg(up) = 6 and
four colors {1,2,3,5} appear in the neighborhood. Thus, ¢ is an odd 5-coloring of G.
Suppose that dg(u1) = 8. We may assume that dp, (ug) = dp,(up) =4 and dp,(ug) =
3; If Bs is an ear, then we have dp,(up) = 3 and thus both dp, (up) and dp,(up) must be
equal to 4 (Figure 6.10a). Otherwise, two of {dp, (uo), dp,(uo), dp,(up)} are equal to 4 and
the other is equal to 3. By the symmetry of B, Ba, B3, we may assume that dp,(ug) = 3
(Figure 6.10b). Note that every vertex of V(H) \ {uo,us} is adjacent to ug, and thus a
color assigned to ug appears exactly once in Ng(v2) NV (H) for any proper coloring of G.
We suppose that [p~1(4) N Ng/(v1)| is even. Then let p(ug) = 4, ¢(u3) = 5, and if
Bs is a one-hat, then let ¢(ug) = 2. We use Lemma 6.11 to Bs to color {us,us} so that
every vertex of {vq,vs, u2,us} satisfies the odd condition, and we use Lemma 6.11 to By
to color {uj,us} so that every vertex of {va, ug, u1,us} satisfies the odd condition. Every
vertex other than vy satisfies the odd condition by the choice of colors, and v; satisfies the
odd condition since |¢~1(4) N Ng(v1)| = [¢~1(4) N Ng/(v1)| + 1 is odd. Thus, ¢ is an odd
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A A

(a) The case Bj is an ear. (b) The case Bs is a one-hat.

Figure 6.10: Graphs in Claim 9.

5-coloring of G. Hence, we may assume that |¢~1(4) N Ng/(v1)| is odd. By the symmetry
of v1 and v3, we may also assume that |¢~1(4) N Ngv(v3)| is odd.

Next, we suppose that [¢~1(4) N Ng/(v9)| is even. Then let p(ug) = 4, p(u3) = 5, and
if B3 is a one-hat, then let p(ug) = 2. We use Lemma 6.11 to B; to color {uj,us} so that
every vertex of {vy,ug,u1,uq} satisfies the odd condition, and we use Lemma 6.11 to Bs
to color {ug,us} so that every vertex of {vs, ug, u2, us} satisfies the odd condition. Every
vertex other than vy satisfies the odd condition by the choice of colors, and vy satisfies the
odd condition since |p~1(4) N Ng(v2)| = [~ (4) N Ng/(v2)| + 1 is odd. Thus, ¢ is an odd
5-coloring of G. Hence, we may assume that [p~1(4) N Ng/(v2)] is odd.

Now we let o(ug) = 5 and p(u1) = ¢(uz) = p(ug) = 4. We choose ¢(usg), ©(us),
and ¢ (ug) arbitrarily so that the resulting coloring of G is proper. For each ¢ € {1,2,3},
lo~1(4) N Ng(vi)| = |1 (4) N Ngr(vs)] + 2 is odd and thus v; satisfies the odd condition.
Furthermore, since ¢~ 1(4) N Na(uo)| = 3, up satisfies the odd conditions. Thus, ¢ is an
odd 5-coloring of G. O

Claim 10. If H € 7;(“2)0(67) for some tuple (a,b,c) of non-negative integers such that
a+b+c=2andc>1, then G is odd 5-colorable.

Proof. Let V(H) =V (B,)UV(B,) where B, = B({v1,v2,v3},up) is a one-hat plus of G
and B, = B({v1,v2,v3},wp) is either an ear, a one-hat, or a one-hat plus of G. By the
symmetry of vy, v2, and vs, we may assume that V(B,,) = {v1,v2,v3}U{u; | i € [0, 3]} such
that Ng(ug) = {v1,v2,v3,u1,uz,us}, Ng(ui) = {v1,va, up, us}, Ng(uz) = {ve, vs3,up}, and
Ng(us) = {vi,up,u1}. We let p(ug) = 4 and p(uz) = 5. By using Lemma 6.11 to B,
we choose colors for V(By,) \ {v1,v2,v3} so that every vertex of V(By,) \ {v1,v2} satisfies
the odd condition. Then we use Lemma 6.11 to a one-hat B({vi,v2,up},u1) to color u;
and ug so that every vertex of {vi,ve,u1,us} satisfies the odd condition. Every vertex
other than wug satisfies the odd condition by the choice of colors, and ug satisfies the odd
condition since dg(up) = 6 and four colors {1,2,3,5} appear in the neighborhood. Thus,
@ is an odd 5-coloring of G. O

Claim 11. If H € 7'2(7?6)70(G), then G is odd 5-colorable.
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Proof. Let V(H) = {v1,v2,v3,ug, wp} such that Ng(ug) = Ng(wo) = {v1,ve,v3}. We let
©(uo) = @(wp) = 4. Then, for every vertex = of G’ and every color i € [5], |¢ ™1 ()N Ng(z)|
and |~ 1(i) N Ng(z)| have the same parity, and hence ¢ is an odd 5-coloring of G. O]

Claim 12. If H € 7'1(7?{?0((?), then G is odd 5-colorable.

Proof. Let V(H) = V(B,) UV(By) where B, = B({v1,v2,v3},up) is a one-hat of G and
B, = B({vi,v2,v3},wp) is an ear of G. By the symmetry of v;, ve and vs, we may
assume that V(B,) = {v1,v2,v3, ug, u1 } such that Ng(ug) = {v1,v2,v3,u1} and Ng(u1) =
{v1,v9,u0}. We first choose p(u1) € {3,4,5} so that [~ 1(i1) N (Ng(v1) \ {uo, wo})| is odd
for some color i1 € [5] and |~ (i2) N (N (v2) \ {uo, wo})| is odd for some color is € [5]. We
let p(ug) = p(wo) = j where j € {4,5} \ {¢(u1)} to obtain a coloring of G. For i € {1,2},
the vertex v; satisfies the odd condition since |¢~1(i1) N Ng(v1)| is odd. Similarly, vs
satisfies the odd condition since |¢~1(i) N Ng(v3)| and |p~1(i) N Ng/(vs)| have the same
parity for every color i € [5]. Thus, ¢ is an odd 5-coloring of G. O

Claim 13. If H € 76(7?2’)70(G), then G is odd 5-colorable.

Proof. Let V(H) = V(B,) U V(B,) where both B, = B({vi,v2,v3},up) and B, =
B({v1,v2,v3},wp) are one-hats of G. Let V(B,) = {vi,v2,v3,ug,u1} and V(By)
{v1, va, v3, wp, w1 }. By the symmetry of vi, vy and v3, we may assume that

(a) Ng(uo) = {vi,v2,v3,u1}, Ng(ui) = {vi,v2,u0}, Ng(wo) = {v1,v2,v3, w1}, and
Ng(wi) = {v1,v2, wo}, or

(b) Ng(up) = {v1,v2,v3,u1}, Na(ur) = {v1,v2,u0}, Ng(wog) = {v1,v2,v3, w1}, and
Ng(wi) = {v2,v3, wo}.

If H satisfies (a), then we let p(ug) = ¢(wp) = 4 and p(u1) = ¢(wi1) = 5. Then, for
every vertex x of G’ and every color i € [5], |¢~!(i) N Ng(z)| and |p~1(i) N N (z)|
have the same parity, which implies that ¢ is an odd 5-coloring of G. Hence, we may
assume that G satisfies H satisfies (b). Let ¢(ug) = 4 and choose p(wq) € {4,5} so that
|1 (4)N (NG (v1) \ {u1})] is odd. We choose p(w1) € {1,4,5}\ {o(wp)} so that vg satisfies
the odd condition, and then choose p(u1) € {3,5} so that v satisfies the odd condition.
By the choice of colors, every vertex other than vy satisfies the odd condition. Since
o(u1) # 4, |p=1(4) N Ng(v1)| = |1 (4) N (Ng(v1) \ {u1})] is odd and v; satisfies the odd
condition. Thus, ¢ is an odd 5-coloring of G. This completes the proof of Theorem 6.5. [
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Chapter 7

Brooks-type theorems and
degree-choosability for proper
conflict-free coloring

Brooks-type theorems for proper conflict-free coloring have been actively studied since
Caro, PetruSevski, and Skrekovski posed a conjecture on a Brooks-type statement for
proper conflict-free coloring in [13]. There are many partial results towards the conjecture,
but it is still widely open. A characterization of degree-choosable graphs given in Erdés,
Rubin, and Taylor [27] and in Borodin [9] is a natural extension of Brooks’ theorem. In
many variations of coloring, analogous concepts of degree-choosability have been studied by
many researchers. (degree-paintability in [21], degree-DP-colorability in [44], degree-AT in
[34], etc.) From this background, we introduce proper conflict-free (degree+k)-choosability
of graphs, which is an analogy of degree-choosability for proper conflict-free coloring. In
Section 7.1, we see results on Brooks-type theorems for proper conflict-free colorings. In
Section 7.2, we introduce the definition of proper conflict-free (degree + k)-choosability
and show some results on it. We see classes of proper conflict-free (degree + 2)-choosable
graphs in Section 7.4, and a class of proper conflict-free (degree + 3)-choosable graphs in
Section 7.5. Most of the new results in this chapter are based on [41].

7.1 Brooks-type theorems for proper conflict-free coloring

Studies on Brooks-type theorem for proper conflict-free coloring begin with the following
conjecture, which was posed in Caro, Petrusevski, and Skrekovski [13].

Conjecture 7.1 (Caro, Petrusevski, and Skrekovski [13]). For every connected graph G
with A(G) > 3, xpet(G) < A(G) + 1.

It follows from (4.2.1) that the cycle C,, with n # 0 mod 3 satisfies A(C,,) = 2 and
Xpct(Cn) > 4, and thus the assumption A(G) > 3 in Conjecture 7.1 is necessary. Liu and
Yu proved the following, which implies that Conjecture 7.1 holds for the case A(G) = 3.
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Theorem 7.2 (Liu and Yu [48]). For every connected graph G with A(G) = 3 and every
list assignment L of G, if |L(v)| > 4 for every vertex v of G, then G is proper conflict-free
L-colorable.

Note that they studied the concept in the name of “superlinear coloring”, with a
motivation from linear coloring of graphs. For graphs with large maximum degree, the
asymptotic behavior of the proper conflict-free chromatic number was studied by using
probabilistic methods. Cranston and Liu showed in [20] that every connected graph G

with A(G) > 108 satisfies xpct(G) < [1.6550826A(G) + \/A(Gﬂ, and Kamyczura and

Przybylo showed in [46] that every regular graph G satisfies xpef(G) < A(G)+O0(In A(G)).
Liu and Reed [47] showed that xpef(G) < (1+0(1))A(G), which implies that Conjecture 7.1
is asymptotically true.

For the general case, Caro, Petrusevski, and Skrekovski showed in [13] that every graph

G satisfies xper(G) < FA;G)J, and the bound was improved in Cranston and Liu [20],

where they showed that every graph G satisfies xper(G) < 2A(G) + 1.

Recently, Cho, Choi, Kwon, and Park showed the following Brooks-type theorem for
proper h-conflict-free coloring. For a positive integer h, a mapping ¢ from V(G) to positive
integers is called a proper h-conflict-free coloring of G if ¢ is a proper coloring of G such
that

for every vertex v of G, there is a set of colors C(v) such that |C(v)| >
min{h, dg(v)} and |¢~1(c) N Ng(v)| = 1 for every color ¢ € C(v).

For a positive integer k, a proper h-conflict-free k-coloring of G is a proper h-conflict-free
coloring of G such that every vertex of G maps to an integer in [k]. The proper h-conflict-
free chromatic number of a graph GG, denoted by chf(G) is the least integer k such that
G admits a proper h-conflict-free k-coloring. Note that a proper conflict-free coloring of a
graph G is a proper 1-conflict-free coloring of G.

Theorem 7.3 (Cho, Choi, Kwon, and Park [17]). Let h be a positive integer and let G
be a connected graph with A(G) > h + 2. Then chf(G) <(h+1)AG)—-1.

As a corollary of Theorem 7.3, they showed that xpe(G) < 2A(G) — 1 for every
connected graph G with A(G) > 3, which improves the bound in [20]. For some special
classes of graphs, they improved the bound of the proper conflict-free chromatic number in
terms of the coefficient of the maximum degree as follows. A graph G is called a quasi-line
graph if for every vertex v of G, Ng(v) is covered by at most two cliques of G. A graph
G is called claw-free if G does not have an induced subgraph that is isomorphic to the
complete bipartite graph K 3.

Theorem 7.4 (Cho, Choi, Kwon, and Park [17]). Let G be a graph.

o If G is a quasi-line graph, then y,cf(G) < SA(G) + 2.

o If G is claw-free, then yper(G) < 3A(G) + { A(G)]
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7.2 Proper conflict-free (degree + k)-choosability of graphs

For a non-negative integer k, we say that a graph G is proper conflict-free (degree + k)-
choosable if G is proper conflict-free L-colorable for any list assignment L of G such that
|L(v)| > dg(v)+k for every vertex v of G. If a graph G is proper conflict-free (degree+ k)-
choosable for some positive integer k, then obviously it follows that x,cs(G) < A(G) + k.

The following proposition can be easily proved by a greedy coloring algorithm. Recall
that for a graph G and a (partial) coloring ¢ of G, Uy, (v, G) is the set of colors that appear
exactly once at the neighborhood of a vertex v of G.

Proposition 7.5. Let G be a graph. If G is d-degenerate for a positive integer d, then G
is proper conflict-free (degree + d + 1)-choosable.

Proof. Let G be a d-degenerate graph for a positive integer d. Let L be a list assignment
of G such that |L(v)| > dg(v) +d + 1 for every vertex v of G. We show that for every
subgraph H of G, there is a proper conflict-free L-coloring ¢ of H such that [U,(v,G)| >
min{1, |Ng(v) NV (H)|} for every vertex v of G. The proof goes by induction on the order
of H. The statement is trivial when |V (H)| = 1. Assume that |V(H)| = n > 2 and
every subgraph of G with less than n vertices admits a desired L-coloring. Since G is d-
degenerate, there is a vertex vg € V(H) such that dg(vy) < d. Let H = H — vy, and let ¢
be a proper conflict-free L-coloring of H' such that |U, (v, G)| > min{1, [Ng(v) NV (H')|}
for every vertex v of G. Let X = {z € Ng(v) | Ng(z) "V (H') # 0}. For each z € X,
let ¢(x) be a color in Uy (x, G). Let C(vg) = {¢'(v) | v € Ny (vo)} U{c(x) | x € X}. Since
|C(vo)| < dr(vo) + da(vo) < d+ da(ve) < |L(vo)|, there is a color o € L(vg) \ C(vp). We
define a coloring ¢ of H by ¢(v) = ¢'(v) for every vertex v € V(H) \ {vo} and p(vg) = a.
By the choice of color «, it is easy to verify that ¢ is a proper conflict-free L-coloring of
H such that Uy (v, G)| > min{1,|Ng(v) NV (H)|} for every vertex v of G. O

As a corollary of Proposition 7.5, it follows that

for every graph G and every list assignment L of G such that |L(v)| > 2dg(v)+1
for every vertex v of G, G is proper conflict-free L-colorable,

which implies the bound of proper conflict-free chromatic number shown in Cranston and
Liu [20].

While it is conjectured that every connected graph G satisfies xpef(G) < A(G)4+1 unless
G is not isomorphic to a cycle (Conjecture 7.1), there is a graph that is not isomorphic
to a cycle and not proper conflict-free (degree + 1)-choosable. Indeed, let G be a cycle
V1V9V3V4U5VV7VgV1 With a chord vivs, and let L be a list assignment of GG such that
L(v1) = L(vs) = {1,2,3,4} and L(v;) = {1,2,3} for every i € [8] \ {1,5} (Figures 7.1
and 7.2). Suppose that G admits a proper conflict-free L-coloring ¢. Since vjvs € E(G),
at least one of v; and vs receives a color in {1,2,3}. Without loss of generality, we
may assume that ¢(v;) = 1. Since @(v2) # (v1) and p(v;) ¢ {@(vi—1), ¢(vi_2)} for
i € {3,4}, we conclude that {¢(v2), p(v3)} = {2,3} and p(v4) = 1. Similarly, we have
{¢(v7),o(vs)} = {2,3} and p(vs) = 1. This is a contradiction since Ng(vs) = {v1,v4,v6}
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(% {17273a4}

v vs {1,2,3} {1,2,3}
U3 vy {1,2,3} {1,2,3}
V4 Vg {1,2,3} {1,2,3}
U5 {1,2,3,4}
Figure 7.1: A graph G. Figure 7.2: A list assignment L of G.

and all of them are colored with a color 1. Hence G is not proper conflict-free L-colorable,
and thus G is not proper conflict-free (degree + 1)-choosable.

Furthermore, by the following theorem, there are infinitely many graphs which are not
proper conflict-free (degree + 1)-choosable.

Theorem 7.6. For every connected graph H, there is a connected graph G such that H
is an induced subgraph of G and G is not proper conflict-free (degree + 1)-choosable.

Hence, we focus on proper conflict-free (degree + k)-choosability for the cases k = 2
and k = 3. Since the cycle Cj5 is not proper conflict-free 4-colorable, it follows that Cs is
not proper conflict-free (degree + 2)-choosable. On the other hand, we do not know any
other graph which is not proper conflict-free (degree + 2)-choosable, which motivates us
to pose the following conjecture.

Conjecture 7.7. Every connected graph other than Cj is proper conflict-free (degree+2)-
choosable.

The following three theorems give classes of proper conflict-free (degree + 2)-choosable
graphs. Recall that S(G) is a graph obtained from a graph G by subdividing each edge
once.

Theorem 7.8. Every connected graph with maximum degree at most 3 other than Cj is
proper conflict-free (degree + 2)-choosable.

Theorem 7.9. For every graph G, S(G) is proper conflict-free (degree + 2)-choosable.

Theorem 7.10. Every 2-connected outerplanar graph other than C is proper conflict-free
(degree + 2)-choosable.

Since Cj is proper conflict-free (degree + 3)-choosable, a weaker conjecture than Con-
jecture 7.7 is that every connected graph is proper conflict-free (degree + 3)-choosable.
Towards the weaker conjecture, we show the following theorem on proper conflict-free
(degree + 3)-choosable graphs.

Theorem 7.11. Every graph with maximum degree at most 4 is proper conflict-free
(degree + 3)-choosable.
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o) . C(d+1)

Figure 7.3: A graph G defined from (H,vg) in the proof of Theorem 7.6.

7.3 Proof of Theorem 7.6

Let H be an arbitrary connected graph and let vy be a vertex of H. Let d(vg) = d. For
each i € [d+ 1], let C0) = v( )v(z)v(i)v( )v() be a cycle of length 4. Let G be a graph
obtained from H and ¢V, C2 ), . ,C’(d+1) by identifying vy and vé ),véz), e ,v(()dH) into
a vertex v (Figure 7.3). Then H is an induced subgraph of G. We define a list assignment
L of G as follows.

e for each i € [d+ 1], let L(v\") = L({”) = L({") = {3i — 2,3i — 1,3},
o L(v) =[3d+ 3], and
o for each vertex u € V(G) \ {v}, let L(u) = [da(u) + 1].

Since dg(v) = dg(vo) +2(d+1) = d+2(d+ 1) = 3d + 2, L is a list assignment of G
such that |L(u)| > dg(u) + 1 for every vertex u of G. We show that G is not proper
conflict-free L-colorable. Assume to the contrary that G admits a proper conflict-free L-

coloring . For each i € [d + 1], since U, (1)2 ) G) # 0, we have {cp(vl ), gp(véi)), go(véi))} =
{3i —2,3¢ — 1,3i}. In addition, since ( ) # @(v) and Uy( ]() G) # 0 for j = 1,3,
we have ¢(v) ¢ {(p(vy)), (Uéi)), w(véi))} = {32 2,3i — 1,3i}. Combining these, we have

o(v) ¢ Ud+1{3z —2,3i—1,3i} = [3d + 3] = L(v), a contradiction. Hence G is not proper
conflict-free L-colorable.

7.4 Proper conflict-free (degree + 2)-choosable graphs
The following lemmas are used in our proofs of Theorems 7.8, 7.9 and 7.10.

Lemma 7.12. Every cycle other than Cj is proper conflict-free (degree + 2)-choosable.

Proof. Let C = vgvy - - - vp—1v9 be a cycle of length n £ 5 and let L be a list assignment
of G such that |L(v;)| = 4 for every i € [0,n — 1]. Obviously C is proper conflict-free
L-colorable when n < 4. We assume that n > 6. If L(vg) = L(v1) = -+ = L(vp—1),
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then it follows from a result in Caro, Petrusevski, and Skrekovski [13] that C is proper
conflict-free 4-colorable, and thus C' is proper conflict-free L-colorable. Hence, we may
assume that L(v;) # L(v;) for some ¢ and j with 0 < i < j < n — 1. Without loss of
generality, we may assume that L(vg) # L(v,—1). Let a be a color in L(vg) \ L(vp—1).
We define an L-coloring ¢ of C' as follows. We first let ¢(vg) = «, and then sequentially
choose colors for vy, va,...,vy—3 so that ¢(v;) € L(v;) \ {¢(vi—2),¢(vi—1)} for each i €
{1,2,...,n—3}. Finally, we choose ¢(v,—2) € L(vp—2) \ {¢(vn-1), ¢(vn_3),a} and choose
©(vn—1) € L(vp—1) \ {¢(vn-3), p(vn—2),¢(vi),a}, where such a color p(v,_1) exists since
a ¢ L(vp—1). By the choice of colors, it follows that ¢(v;) # @(vite) and o(v;) # @(vit2)
for every i € [0,n — 1] where the indices are on modulo n. Thus, ¢ is a proper conflict-free
L-coloring of C. O

While the cycle Cj5 is not proper conflict-free 4-colorable, if every vertex has at least 4
available colors and one vertex has 5 available colors, then we can greedily color all vertices
with distinct colors. Thus, the following lemma holds.

Lemma 7.13. Let C' = vgviv9v3vavg be a cycle of length 5, and let L be a list assignment
of C. If |L(v;)| > 4 for every i € [0,4] and |L(vg)| > 5, then C is proper conflict-free
L-colorable.

7.4.1 Proof of Theorem 7.8

Let G be a connected graph with maximum degree at most 3, which is not isomorphic
to Cs. Let L be a list assignment of G such that |L(v)| > dg(v) + 2 for each v € V(G).
Obviously G is proper conflict-free L-colorable when G is isomorphic to K; or Ko. We
assume that G has at least three vertices.

If G is a cycle, then we are done by Lemma 7.12. Thus, we may assume that G is not a
cycle. Furthermore, if G is a tree, then G is 1-degenerate and thus G is proper conflict-free
L-colorable by Proposition 7.5. Thus, the core of G is not isomorphic to K7, where the
core of GG is a subgraph obtained from G by repeatedly removing a vertex of degree 1
until there is no vertex of degree 1. It follows that if the core of G is proper conflict-free
L-colorable, then G is proper conflict-free L-colorable as well. Indeed, suppose that H is
a subgraph of G with at least two vertices, v be a vertex of H such that dg(v) = 1, and
u be the neighbor of v in H. Suppose that H — v is proper conflict-free L-colorable. Let
¢ be a proper conflict-free L-coloring of H — v. Note that |L(v)| > dg(v) + 2 = 3. Let
¢(u) = « and let 8 be a color in Uy(u, H — v). Then we extend ¢ to a proper conflict-
free L-coloring of H by letting ¢(v) € L(v) \ {a,8}. Thus, H is proper conflict-free
L-colorable. Repetition of this argument leads us to the conclusion that if the core of G
is proper conflict-free L-colorable, then G is proper conflict-free L-colorable.

Let G’ be the core of G. Since G’ is not isomorphic to K7, by the definition of the core,
we have 6(G’) > 2, and thus |L(v)| > 4 for every vertex v of G. If G’ is not a cycle, then we
have A(G’) = 3 and it follows from Theorem 7.2 that G’ is proper conflict-free L-colorable.
Thus, we assume that G’ is a cycle vgvy - - - vj_1vg. Since V(G) \ V(G’) # 0, at least one
vertex of G', say vy, has degree 3 in G. Hence, we have |L(v;)| > 4 for every ¢ € [0,] — 1],
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and |L(vp)| > 5. By Lemmas 7.12 and 7.13, G’ is proper conflict-free L-colorable. This
completes the proof of Theorem 7.8.

7.4.2 Proof of Theorem 7.9

Let G be a graph with n vertices {vi,v2,...,v,}. The proof goes by induction on n.
If G is disconnected, then we prove for each component of S(G) and simply combine
them to obtain a desired coloring of S(G). Thus, we assume that G is connected. Let
S(G) be labeled as V(S(G)) = {v; | 1 <i < n}U{ue | e € E(G)} and E(S(G)) =
{viue | v; incident with e in G}. Note that dg(gy(vi) = dg(v;) for every i € {1,2,...,n}
and dg(q)(ue) = 2 for every e € E(G). Let L be a list assignment of G such that
|L(vi)| > dg(vi) + 2 for each i € {1,2,...,n} and |L(u.)| = 4 for every edge e € E(G).
If n < 2, then obviously S(G) is 1-degenerate, and thus S(G) is proper conflict-free
(degree + 2)-choosable by Proposition 7.5. Thus, we assume that n > 3 and S(G’) is
proper conflict-free (degree 4 2)-choosable for every graph G’ of order less than n.

Suppose that G' contains a vertex v; with dg(v;) = 1. Let e be the only edge of G with
an end vertex v;. By the induction hypothesis, S(G — v;) admits a proper conflict-free
L-coloring ¢. Since S(G — v) is obtained from S(G) by sequentially removing v; and ue,
by the argument in the proof of Theorem 7.8, ¢ can be extended to a proper conflict-free
L-coloring of S(G). We assume that §(G) > 2, and thus 6(S(G)) > 2 as well.

If every vertex of G has degree 2, then S(G) is a cycle of length 2n, which is proper
conflict-free L-colorable by Lemma 7.12. Thus, without loss of generality, we may assume
that dg(vi) > 3 and Ng(vi) = {vo,vs,...,v441}, where d > 3 is the degree of vy in
G. Let e; = viv; € E(G) for each i € {2,3,...,d+ 1}. For each color ¢ € L(vy), let
Us = {ue, | 2 <i < d+1,¢c € L(ug,)}. Then there is a color @ € L(v1) such that
|Us| < min{3,d — 1}. Indeed, if d = 3, then since |L(v1)| > 5 and |L(ue,)| = 4, a color
a € L(vi) \ L(ue,) satisfies Uy C {Ueg, Ue, }- If d > 4, then we have |L(v1)| > d + 2,
which implies that there must be a color aw € L(v1) such that |U,| < 3, for otherwise
A(d+2) < X cer o) Uel = Zf;l |L(ue, )| = 4d, a contradiction. Without loss of generality,
we may assume that ue, ¢ U,.

Let G’ = G —v; and let L' be a list assignment of S(G’) such that L'(v;) = L(v;) \ {a}
for each i € {2,3,...,d+ 1} and L'(w) = L(w) for every vertex w € V(S(G')) \ {v; |
2 < i < d+ 1}. By the induction hypothesis, S(G’) admits a proper conflict-free L'-
coloring . We extend ¢ to a proper conflict-free L-coloring of G. Note that G’ has
no isolated vertices since 0(G) > 2. For each i € {2,3,...,d + 1}, let ¢; be a color in
Uy (vi, S(G')). Let o(v1) = «, and we arbitrarily choose ¢(ue,) € L(ue,) \ {¢(vi), i, o}
for each u., € U,. We define a color § as follows: If U, = 0, then let 5 be a color
in L(ue,) \ {¢(v2),co,a}t. If Uy # 0 and ¢(ue,) = « for all vertices u,, € U, for some
color 7, then since av ¢ L(ue,), let 5 be a color in L(ue,) \ {¢(v2),c2, o, v}. Otherwise,
ie. Uy # 0 and |[{o(ue,;) | ue;, € Us}| > 2, the fact |U,| < 3 implies that some color
appears exactly once at U,. Let 3 be the color. Finally, for each uncolored vertex wu,;,
since ue; ¢ Uy, we can choose a color L(ue,) \ {¢(vj), ¢j, o, B} as p(ue,). It is easy to verify
that ¢ is a proper L-coloring of S(G), and that Uy, (w, S(Q)) = Uy(w, S(G")) # O for each
we V(S(G))\{vi | 2 <i<d+1}. Since p(ue,) # ¢i, Uy(vi, S(G)) contains the color
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¢ for each i € {2,3,...,d + 1}. By the definition of L', we have ¢(v;) # o = ¢(v1), and
thus o € Uy (ue,, S(G)) for each i € {2,3,...,d+ 1}. Furthermore, by the choice of colors
{p(ue;) | 2 <4 < d+ 1}, we have 8 € Uy(vi, S(G)). Hence ¢ is a proper conflict-free
L-coloring of S(G). This completes the proof of Theorem 7.9.

7.4.3 Lemmas for Theorem 7.10

In this subsection, we show lemmas used in our proof of Theorem 7.10. We define an
unavoidable set of 2-connected outerplanar graphs, which is smaller than that used in the
proof of Theorem 5.10. Let G be a 2-connected outerplanar graph which is not a cycle.

e An ear H of G is a cycle ujusg - - - uyuy such that dg(u;) =2 for i € {2,3,...,r—1}.
The edge uju, is the root edge of H. We say H is good if either dg(u;) = 3 or
dg(u,) = 3.

e An ear chain H is a subgraph induced by Uf;% V(H;) (s > 3) where each H; is an
ear of G such that the root edge of the ears form a cycle vjvy - - - vsv1 (the root edge
of H; is vjviy1) and dg(v;) = 4 for i € {2,3,...,s — 1}. The edge vivs is the root
edge of H.

Then the following holds.

Lemma 7.14. Let G be a 2-connected outerplanar graph of order at least 4. If G is not
a cycle, then G contains a good ear or an ear chain.

Proof. Let G be a 2-connected outerplanar graph of order n > 4 that is not a cycle. Let
F be the outercycle of G. Let E; be the set of edges which is the root edge of an ear of G,
and let G; be a subgraph of G induced by E;. We first suppose that E(G) = E(F) U Ej.
By the definition of E, G is either a cycle or a disjoint union of paths. If G is a cycle
v1vVs - - - vv1, where H; is an ear with the root edge v;v;11 for each i € [l — 1], then a
subgraph induced by Ui;i V(H;) is an ear chain of G with the root edge viv;. Otherwise,
there is an edge vivy of G such that dg,(vi) = 1, and let H; be the ear of G with the
root edge v1ve. Since dg(v1) = dg, (v1) +2 =3, H; is a good ear of G.

Hence, we suppose that E(G) \ (E(F)U E;) # 0. For each edge zy € E(G) \ (E(F) U
Ey), let Hyy be a subgraph of G induced by the vertices of an zy-subpath of F' so that
[V(Hay)| < 3(IV(G)| +2). We take an edge 2y € E(G) \ (E(F) U Ey) so that the order
of Hy,y is as small as possible. By the choice of zy, we have E(H,,) C E(F)U E, U {zy}.
Let G2 be a subgraph of G induced by Ey N E(Hg,). Then G is either a xy-path or a
disjoint union of paths. If G is an xy-path, then H,, is an ear chain of G. Otherwise,
there is an edge vjv5 of Gy such that dg,(v]) = 1, and let H] be the ear of G with the
root edge vjvh. Since dg(v}) = dg,(v]) +2 =3, Hy is a good ear of G. O

The following lemma is used repeatedly in our proof of Theorem 7.10.

Lemma 7.15. Let G be a 2-connected outerplanar graph and let L be a list assignment
of G such that |L(v)| > dg(v) + 2 for every vertex v € V(G). Let H = ujug - - uyuj be
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an ear of G with the root edge uju,, and let G’ be a subgraph of G — (V(H) \ {u1,ur})
such that uy,u, € V(G'). Suppose that there is a proper L-coloring ¢' of G’ such that
either Uy (u1,G") # 0 or Ngr(uq) is colored with one color. Then ¢’ can be extended to a
proper L-coloring ¢ of G’ U H such that Uy, (u;, G) # 0 for each i € [r — 1].

Proof. Let ¢’ be a proper L-coloring of G’ with the assumption of Lemma 7.15. Without
loss of generality, we may assume that ¢'(u;) = 1. We may also assume that either
2 € Uy(ur, G") or every vertex of Ngv(uq) is colored with a color 2. Let ¢(v) = ¢'(v) for
every vertex v € V(G’), and define ¢(u;) € L(u;) for each i € {2,3,...,7 — 1} as follows.
Let ¢(u2) € L(ug2) \ {1,2}, and for i = 3,4,...,r — 3, we sequentially choose ¢(u;) €
L(ui) \ {p(ui—2), p(ui—1)}. Then we choose a color in L(uy—2) \ {p(ur), p(ur—a), p(ur—3)}
as ¢(ur—2), and choose a color in L(uy—1) \ {©(ur), o(ur—3), o(ur—2)} as @(u,—1). By
the choice of colors, we have p(uj—1) € Uy(u;, G' U H) for each i € {2,3,...,r — 1}.
Furthermore, we have 2 € U,(u1,G'U H) if 2 € Uy (u1,G’) and p(u2) € Uy(ur,G' U H)
otherwise. Hence ¢ is a desired coloring of G’ U H. O

7.4.4 Proof of Theorem 7.10

The proof goes by induction on the number of vertices. Let G be a 2-connected outerplanar
graph of order n. Let L be a list assignment of G such that |L(v)| > dg(v) + 2 for every
vertex v € V(G). We may assume that |L(v)| = dg(v) + 2 for every vertex v € V(G).
When n = 3, G is isomorphic to K3 and proper conflict-free L-colorable. Thus, we assume
that n > 4 and that every 2-connected outerplanar graph of order less than n is proper
conflict-free (degree + 2)-choosable. If G is a cycle, then we are done by Lemma 7.12. We
assume that G is not a cycle. By Lemma 7.14, G contains either a good ear or an ear
chain.

Case 1. G contains a good ear.

Let H = ujug - -uyu; be a good ear of G with the root edge uju, such that dg(u;) = 2
for each i € {2,3,...,7 — 1} and dg(u,) = 3. Let G' = G — (V(H) \ {u1,u,}). Note that
|L(u1)| = dg(u1) + 2 = dgr(u1) + 3. By the induction hypothesis and Lemma 7.13, G’
admits a proper conflict-free L-coloring . By Lemma 7.15, ¢ can be extended to a proper
L-coloring of G such that U, (v, G) # () for every vertex v other than u,. Since dgr(u,) =
2 and Uy (ur, G') # 0, we have |U,(u,,G’)| = 2. Thus, it follows that |Uy(u,,G)| >
Uy, (ur, G')| — 1 > 1, which implies that ¢ is a proper conflict-free L-coloring of G.

Before going to the case where G contains an ear chain, we consider the case where G
contains an ear with at least 6 vertices.

Case 2. (G contains an ear with at least 6 vertices.

Let H = ujug---u,u1 be an ear of G with the root edge uju, such that dg(u;) = 2 for
each i € {2,3,...,7 — 1}, and suppose that r > 6. Let @' = G —{v; | 2 <i < 1—1}. Note
that |L(uy)| = dg(u1) +2 = dg/(u1) + 3. By the induction hypothesis and Lemma 7.13,
G’ admits a proper conflict-free L-coloring . Without loss of generality, we may assume
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@(u1) = 1 and p(u,) = 2. Let a be a color in U, (u1,G’), and let 8 be a color in Uy, (u,, G').
Note that » — 2 > 3 by the assumption of case. Let p(ug2) € L(uz) \ {1,a}. We consider
the following three subcases.

Subcase 2.1. |L(u,—1) N{2,0} < 1.

For i = 3,4,...,7 — 3, we sequentially choose a color in L(u;) \ {¢(ui—2), p(ui—1)} as
¢(u;). Then we choose a color p(u,—2) € L(ur—2)\{2, ¢(ur—a), (ur—3)}. Since |L(u,—1)N
{2,8}| <1, we can choose ¢(ur—1) € L(ur—1)\{2, B, ©(ur—3), o(ur—2)}. It is easy to verify
that ¢ is a proper conflict-free L-coloring of G.

Subcase 2.2. {2,3} C L(uy—1) and L(u,—2) \ L(u,—1) # 0.

Let ¢(ur—2) € L(uyr—2) \ L(ur—1). Note that ¢(u,_2) # 2 since 2 € L(uy—1). For i =
3,4,...,7 — 3,r — 1, we sequentially choose a color p(u;) € L(u;) as follows. For i €
{3,4,...,7 = 5}, we let p(u;) € L(w;) \ {p(ui—2), p(ui—1)}. For i € {r —4,r — 3}, we
let o(u;) € L(ui) \ {e(ur—2), o(ui—2), (u;—1)}. Since p(ur—2) ¢ L(u,—1), we can choose
o(ur—1) € L(ur—1)\{2, 8, p(ur—3), p(ur—2)}. It is easy to verify that ¢ is a proper conflict-
free L-coloring of G.

Subcase 2.3. {2,8} C L(u,y—1) and L(u,—2) \ L(uy—1) = 0.

As |L(uy—1)| = |L(ur—2)| = 4, the subcase assumption forces L(u,—1) = L(u,—_2), and thus
B € L(up—2). Let o(uy—2) = . For i = 3,4,...,r—3,r—1, we sequentially choose a color
©(u;) € L(u;) as follows. Fori € {3,4,...,7r—5}, welet p(u;) € L(u;) \ {p(ui—2), o(ui-1)}.
For i € {r —4,r — 3}, we let p(u;) € L(ur—2) \ {8, ¢(ui—2), ¢(ui—1)}. Finally, we choose
a color in L(u,—1) \ {2, 8, p(ur—3)} as ¢(uy—1). It is easy to verify that ¢ is a proper
conflict-free L-coloring of GG. This completes the proof for Case 2.

Now we consider the case where G contains an ear chain.
Case 3. (G contains an ear chain.

Let H be an ear chain of G consisting of ears Hy, Ha, ..., Hs_1 (s > 3) of G such that the
root edge of H; is v;v;41 for each i € [s — 1]. By Case 2, we may assume that |V (H;)| <5
for each i € [s — 1]. Note that |L(v;)| = 6 for each i € {2,3,...,s — 1} and |L(v)| = 4 for
every vertex v € V(H) \ {v; | 2 <i <r —1}. We consider the following four subcases.

Subcase 3.1. s > 4.

Let G’ = G — (V(H) \ {v1,vs}). Note that |L(vi)| = dg(v1) +2 = dg/(v1) + 4. By
the induction hypothesis and Lemma 7.13, G’ admits a proper conflict-free L-coloring .
Without loss of generality, we may assume that ¢(v1) = 1 and ¢(vs) = 2. Let a be a
color in U, (v1,G") and let 3 be a color in Uy, (vs, G'). Let Hy_1 = vs_1ugu3 - - - Up_1VsVs—1,
where r € {3,4,5}. We give a coloring of {v; |2 <i<s—1} UV (Hs_1) as follows. We
first choose ¢(u,—1) € L(uy,—1) \ {2,8}, and for j = r — 2,7 — 3,...,2, we sequentially
choose a color in L(u;) \ {2, ¢(ujt1), p(uj+2)} as o(u;), where u, = v,. Let p(vs_1) €
L(vs—1)\{2, B, p(u2), ¢(u3)}. Since |L(v;)| = 6 for each i € {2,3,...,s—2}, we can choose
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@(vi) € L(vi) so that ¢(v2) ¢ {1,a}, p(vs—2) & {2, p(vs-1),p(u2)}, and @(vi) # @(vi-1)
for every i € {2,3,...,s — 2}. For the remaining ears Hy, H, ..., Hs_2, we sequentially
apply Lemma 7.15 to extend ¢ to a proper L-coloring of G such that U,(v,G) # 0 for
every vertex v € V(H;) \ {vit1}. Indeed, when we color H; with the root edge v;viy1,
the vertex v; has three colored neighbors. Thus, either Uy, (v;, G — V(H;)) # (0 or all three
neighbors receive the same color, and hence the assumptions of Lemma 7.15 are satisfied
for each H;. By the choice of colors, it is easy to verify that U, (v, G) # 0 for every vertex
v € V(G) \ {vs—1}. Since dg(vs—1) = 4 and ¢(vs—2), p(vs) and @(ug) are distinct three
colors, we have Uy, (vs—1,G) # (. Thus, ¢ is a proper conflict-free L-coloring of G.

Subcase 3.2. s =3 and |V (H2)| = 3.

Let H2 = VUQUV3V9y. Let G/ =G — (V(H) \ {Ul,vg}). Note that |L(’U1)| == dG('Ul) +
2 = dg/(v1) + 4. By the induction hypothesis and Lemma 7.13, G’ admits a proper
conflict-free L-coloring ¢. Without loss of generality, we may assume that ¢(v1) = 1 and
¢(v3) = 2. Let a be a color in Uy,(v1,G’) and let 8 be a color in Uy,(vs, G"). We choose
o(ug) € L(uz) \ {1,2, 8}, and choose p(v2) € L(v2) \ {1,2,a, 5, ¢(u2)}. Then we apply
Lemma 7.15 to the ear H; to extend ¢ to a proper L-coloring of G such that U, (v, G) # ()
for every vertex v € V(H;) \ {v2}. By the choice of colors, it is easy to verify that
Uy(v,G) # B for every vertex v € V(G) \ {v2}. Since dg(v2) = 4 and ¢(v1), ¢(v3) and
¢(ug) are distinct three colors, we have Uy, (v2, G) # 0, and thus ¢ is a proper conflict-free
L-coloring of G.

Subcase 3.3. s =3 and |V (Hy)| = 4.

Let Hy = vaugusvsve. We fix a color v such that v € L(ua) \ L(ug) if L(ug) \ L(us) # 0
and v € L(ug) otherwise. Let G' = G — (V(H) \ {v1,v3}) and let L’ be a list assignment
of G' such that L'(v1) = L(v1) \ {7}, L'(vs) = L(vs) \ {7}, and L'(v) = L(v) for every
vertex v € V(G') \ {v1,v3}. Since |L'(v)| > dg/(v) + 2 for every vertex v € V(G') and
|L'(v1)] > |L(v1)] = 1 = dg(v1) + 1 = dg/(v1) + 3, by the induction hypothesis and
Lemma 7.13, G’ admits a proper conflict-free L'-coloring ¢. Without loss of generality, we
may assume that ¢(v1) = 1 and p(v3) = 2. Let a be a color in Uy, (v1,G’) and let 5 be a
color in U, (v3, G’). Note that v ¢ {1,2} by the definition of L'.

Suppose first that 5 = 1. We let p(ua) € L(ug) \ {1,2}, ¢(us) € L(us) \ {1,2, p(u2)},
and p(v2) € L(v2) \ {1,2,a,¢(u2), p(usz)}. Then we use Lemma 7.15 to the ear H;
to extend ¢ to a proper L-coloring of G such that U,(v,G) # 0 for every vertex v €
V(G) \ {v2}. Since dg(v2) =4 and ¢(v1), ¢(v3), ¢(u2) are three distinct colors, we have
Uy (v2,G) # 0, and thus ¢ is a proper conflict-free L-coloring of G.

Thus, we may assume that 8 # 1. Then there is a color 7/ € L(ug) \ {1,2} (possibly
7' = ~) such that |L(us) \ {2,8,7'}| > 2. Indeed, if L(ua) \ L(us) # 0, then we know
v € L(u2)\{1,2} and |L(u3)\{2, 8,7} = |L(u3)\{2, 5} > 2 by the choice of 7. Otherwise,
since L(uz) = L(us) and {1,2} # {2, B}, either |L(us) \ {2, 5} > 3, or |L(u3) \ {2,08}| =2
and L(u2)\{1,2} # L(u3)\{2, 8}. In the former case, we have |L(u3)\{2, 8,7} > |L(u3)\
{2,}] — 1 > 2. In the latter case, there is a color 7' € (L(uz2) \ {1,2}) \ (L(u3) \ {2, 5}),
and we have |L(ug) \ {2,8,7'} = |L(us) \ {2,8} > 2. We let p(uz) = +' and choose
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p(03) € L(v2)\{1,2,0, 8,7'}. Since |L(us)\ {2, 8,7, (02)} > [L(us)\ {2, 8,7/}~ 1> 1,
we can choose a color in L(usg) \ {2,8,7,¢(v2)} as p(us). By using Lemma 7.15 to the
ear Hy, we extend ¢ to a proper L-coloring of G such that U,(ve, G) # 0 for every vertex
v € V(G) \ {vz2}. Since dg(ve) = 4 and ¢(v1), ¢(vs), p(u2) are three distinct colors, we
have U, (v2, G) # 0, and thus ¢ is a proper conflict-free L-coloring of G.

Subcase 3.4. s =3 and |V (H2)| = 5.

Let Hy = vougugugvzve. Since |L(v1)| = dg(vi) + 2 = dg/(v1) + 4, by the induction
hypothesis and Lemma 7.13, G’ admits a proper conflict-free L-coloring ¢. Without loss
of generality, we may assume that ¢(vi) = 1 and ¢(v3) = 2. Let a be a color in U, (vi, G’)
and let 3 be a color in Uy, (vs, G').

First, we choose L(vg) C L(v2) \ {1,2,a, 8}, L(us) C L(us) \ {2} and L(uy) C L(ug) \
{2, 8} so that ]L(vg)\ = |L(ug)| = 2 and ]L(ug)\ = 3. Next, choose a color ¢(vs) € L(vs)
and p(ug) € L(U4) as follows. If L(vg) N L(ug) # 0, then we let o(v2) = @(us) be a
color in L(’Ug) N L(ug). Otherwise, since |L(uz)| = 3 and |L(vz) U L(uy)| = 4, we choose
©(v2) € L(v) and @(ug) € L(uy) so that p(vs) or ¢(uy) does not belong to L(uz). In both
cases, we have |L(u3) \ {p(va), o(uq)}| > 2.

Now we apply Lemma 7.15 to the ear H; to extend ¢ to a proper L-coloring of G —
{u2,us} so that U,(v,G) # 0 for every vertex v € V(G) \ {v2,u2,us}. Since vy has
three colored neighbors and ¢(v1) # ¢(v3), there is a color v € Uy(va, G). We choose
p(ug) € L(ug) \ {p(v2),p(us),7}. Since [L(uz) \ {@(v2),p(ua)}| = 2, we can choose
o(us) € L(us) \ {¢(v2),o(uz), p(uqg)}. It is easy to verify that ¢ is a proper conflict-free
L-coloring of G.

This completes the proof for Case 3 and the proof of Theorem 7.10.

7.5 Proper conflict-free (degree + 3)-choosable graphs

In this section, we give a proof of Theorem 7.11. We adapt the technique of the DP-
coloring, which was introduced in Dvorak and Postle [24].

Suppose that the statement is false. Let G be a minimum counterexample in terms of
the order. Let L be a list assignment of G such that |L(v)| > dg(v) + 3 for each v € V(G)
and G is not proper conflict-free L-colorable. Clearly, GG is connected and has at least 5
vertices as every vertex has at least 4 colors.

Claim 1. The minimum degree of G is at least 3.

Proof. If there is a vertex v of degree 1 in G with the neighbor u, then by the minimality
of G, there is a proper conflict-free L-coloring ¢ of G — v. We can extend ¢ to a proper
conflict-free L-coloring of G by setting ¢(v) € L(v)\{¢(u), o}, where a € Uy,(u, G). Thus,
we have 6(G) > 2.

Now we assume that v € V(G) is a vertex of degree 2 with neighbors u; and wus.
Let G’ be a graph obtained from G — v by adding an edge ujus. As A(G') < 4, by
the minimality of G, G’ admits a proper conflict-free L-coloring ¢. For each i € {1,2},
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we define a color ¢; as follows: If [U,(u;, G — v)| = 0, then all neighbors of u; in G — v
receive the same color, so let ¢; be the color. Otherwise, since |Uy,(u;, G — v)| > 1, we
choose a color ¢; € Uy(u;, G — v). Let p(v) be a color in L(v) \ {¢(u1), ¢(u2),c1,c2} to
extend ¢ to an L-coloring of G. It is easy to verify that U,(z,G) # (0 for every vertex
z € V(G)\{v,u1,us}, and U, (v, G) # 0 since ¢(u1) # ¢(u2). For each i € {1,2}, we have
¢ € Up(u, G) if Uy(u;, G —v) # 0 and ¢(v) € Uy(ui, G) otherwise. Thus, ¢ is a proper
conflict-free L-coloring of GG, a contradiction. O

Let C' = wovy - - - vg_1v9 be a shortest cycle of G, and let G’ = G — V(C). For each
i€ [0,k —1], let Ng(v;) \ V(C) = {us, w;} if dg(v;) = 4, and let Ng(v;) \ V(C) = {u;} if
dG(Ui) = 3.

In the rest of the proof, we will first give an L-coloring (not necessarily a proper
conflict-free) ¢ of G’, and then we extend ¢ to a proper conflict-free L-coloring of G. For
a coloring ¢ of G', a pair of colors (a, 8) and a vertex v; € V(C), we say v; blocks (., 3)
with respect to p if one of the following holds.

« dg(vi) =4, a # fand {p(ui), p(wi)} = {e, B},
o dg(vi) =4, a =B and p(u;) = p(w;), or
o dg(vi) =3 and p(u;) = a = .

If (e, B) is not blocked by v;, then we say («, () is feasible for v;. Observe that if v; blocks
(a, B), then we cannot extend ¢ to G as {¢(vi—1),¢(viy1)} = {a, 8} because such an
extension forces the vertex v; to have Uy, (v;, G) = 0.

By the definition, we have the following observation.

Observation 2. Every vertex blocks at most two color pairs. If v; blocks both (aq, 1)
and (aw, B2), then either (aq, 1) = (B2, 2), or a; = f1 # ag = fPo.

Claim 3. k£ > 4, i.e., G contains no triangle.

Proof. Assume k = 3. By the minimality of G, G’ admits a proper conflict-free L-coloring
@. If a vertex u € V(G’) is an isolated vertex of G’, then we have Ng(u) = {vo,v1,v2},
which implies that U,(u, G) # 0 for any proper L-coloring ¢ of G. For each vertex u €
Uwiev(c) Ner(vi) which is non-isolated in G, we arbitrarily choose a color ¢, € Uy (u, G').
Let Lo be a list assignment of C' defined by

Lo(vi) = L(vi) \ ({cu | u € Ngr(v5), u is non-isolated in G’} U {p(u) | u € Ngr(v;)})

for each i € {0,1,2}. Note that |Lco(vi)| > |L(vi)| —2dg (v) > (dg(v)+3) —2(dg(v) —2) =
7 —dg(v) > 3 for each i € {0,1,2}. Without loss of generality, we may assume that one
of the followings holds.

(a) Le(vo) = Le(vi) = Lo (va);

(b) Le(vg) N Le(vy) N Lo(ve) # 0 and Lo (vg) # Lo (v);
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(C) Lc(vg) N LC(Ul) N Lc(vg) = and LC(UO) N Lc(vl) 75 @; or
(d) Le(vo) N Le(vr) =0 and Le(vi) N Le(ve) = 0 and Lo (ve) N Le(vg) = 0.

For each case, we show that ¢ can be extended to an L-coloring of G such that ¢(v;) €
Lc(vi) and Uy (vi, G) # O for each i € [0,2], which derives a contradiction. If (a) occurs,
then we extend ¢ to an L-coloring of G such that the restriction of ¢ to V(C) is a proper
L¢-coloring of G. Since ¢(v1) and ¢(v2) are two distinct colors that do not appear in
N¢r(vg), there are at least three distinct colors that appear in the neighborhood of vy in
G, which implies that U, (vo, G) # (). Similarly, we have Uy, (v1, G) # 0 and U, (ve, G) # 0,
and thus ¢ is a proper conflict-free L-coloring of GG, a contradiction.

When (b) occurs, we may assume that 1 € Lo (vo) N Le(v1) N Le(va). Let o(vg) =
1. Since |Lo(wo) \ {1} = 2, [Lo(u) \ {1}] > 2 and Le(wo) \ {1} # Leor) \ {1}, by
Observation 2, we can choose p(vg) € Lo(vo) \ {1} and ¢(vi) € Leo(vr) \ {1} so that
©(vg) # (v1) and the pair (p(vo), p(v1)) is feasible for ve. By the choice of colors, we
have Uy, (ve, G) # 0. As 1 € Uy(v;, G) for i = 0,1, ¢ is a proper conflict-free L-coloring of
G, a contradiction.

When (c) occurs, we may assume that 1 € Lc(vg) N Le(vr). We let p(vg) = 1
and choose a color ¢(v1) € Le(vi) \ {1} so that the pair (1,¢(v1)) is feasible for vy
Since 1 ¢ L¢(v2), we can choose a color in Le(va) \ {1, ¢(v1)} as ¢(v2) so that the pair
(p(v1), p(v2)) is feasible for vy. By the choice of colors, we have U, (v;, G) for each i € [0, 2],
and thus ¢ is a proper conflict-free L-coloring of GG, a contradiction.

When (d) occurs, for each ¢ € [0, 2], let ¢(v;) € Lo(vi) be a color that does not appear
in Ngr(vi+1) where the indices are on modulo 3. Then the resulting L-coloring of G is
proper, and we have (v;) € U, (vit1, G) for each i € [0,2]. Thus, ¢ is a proper conflict-free
L-coloring of GG, a contradiction. O

By Claim 3, we conclude that G’ has no isolated vertices. Indeed, if u is an isolated
vertex of G’, then since §(G) > 3, there exist vertices vg,vp, v. € V(C) N Ng(u) with
0<a<b<ec<k-—1 ~Claim 3 implies that b —a > 2 and ¢ — b > 2, and thus
VaUUcUet1 * * - Ug—1Vq 18 a shorter cycle than C', a contradiction.

Let G” be the graph obtained from G’ by adding all the edges u;w; for each i € [0, k—1]
if dg(vi) = 4, and removing the multiple edges. Then we have A(G”) < 4. By the
minimality of G, G” admits a proper conflict-free L-coloring ¢ with ¢(u;) # ¢(w;) for
every ¢ € [0,k —1] with dg(v;) = 4. Note that for each u € Ng(V(C)), Uy(u, G") # 0, but
it is possible that U,(u,G’) = (). For each u € Uwiev(c) Ner(vi), we define a color ¢, as
follows: If U, (u, G") # 0, then let ¢, be an arbitrary color in it. Otherwise, only one color
appears in N¢/(u), and let ¢, be the color.

Let L¢ be a list assignment of C' defined by L¢(v;) = L(v;) \ UueNG, () 1P(u), cu} for
each ¢ € [0,k — 1]. Note that |Lc(v;)| > 3 for each ¢ € [0,k — 1] and that |Lc(vi)| > 4
if dg(v;) = 3. Since p(u;) # p(w;) for every v; € V(C) with dg(v;) = 4, the following
observation holds.

Observation 4. Every vertex of C' blocks at most two color pairs. If v; blocks two distinct
pairs (a1, f1) and (az, B2), then oy # fy and (a1, f1) = (B2, a2).
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In order to consider the case k = 4, we prepare the following two observations.

Observation 5. Let C' = zzywz, and let L(xz) C Le(x) and Li-(y) € Le(y) be two
nonempty sets of colors. If |Li(x)| + |Li:(y)| > 4, then there exists a pair of colors in
L (x) x Li(y) that is feasible for both z and w.

Proof. If z blocks two pairs of colors (av, 1), (a2, f2) € Lim(z) x L (y), then by Observa-
tion 4, we have a1 # 1 and (a1, 81) = (B2, @2). Then we have {a1, 51} C Ly (x) N L (y),
and thus at least one of (a1,1) and (B1, 1) is feasible for both w and z. By the sym-
metry of z and w, we may assume that both z and w block at most one color pair in
L(x) x L(y). Since the condition |Ly(x)| + |Li(y)| > 4 implies |L(x) x Ly (y)| > 3,
there is a desired pair in Li-(z) x L (y). O

The following observation immediately follows from the definition of feasibility.

Observation 6. Let C' = zzywz. If there is a color pair (o, 8) € Lo(x) x Leo(y) that is
feasible for both z and w (possibly a = 3), and a color pair in (Lo (2) \ {e, 8}) X (Lo(w) \
{a, B}) that is feasible for both = and y, then ¢ can be extended to a proper conflict-free
L-coloring of G.

Claim 7. k£ > 5, i.e., GG contains no cycle of length 4.

Proof. Suppose to the contrary, k = 4. By Observation 4 and the fact that Lo (v1) X Le(v3)
contains at least six pairs of distinct colors, there must be a pair of distinct colors, say
(1,2) € Le(vi) x Le(vs), which is feasible for both vy and ve. By Observations 4, 6 and
the fact that |Lo(v;)| > 3, we have 1 < |Leo(v;) \ {1,2} < 2 for 7 € {0,2}, and at least
one of |La(vg) \ {1,2}| and |Le(v2) \ {1,2}] is equal to 1. Without loss of generality,
we may assume that 1 € Lo(vg) and {1,2} C Le(va). We deduce that dg(vs) = 3 and
e(usz) = 1, for otherwise (1,1) € Lco(vg) X Leo(ve) is feasible for both v; and vs and
|Lc(vi) \ {1} + |Lc(vs) \ {1} > 4, a contradiction by Observation 6. Thus, we have
1 ¢ Lc(vs). Observe that (1,2) is feasible for both vy and vs, this implies that 2 € Lo (vq)
and |Lc(v1)| = 3 again by Observation 6. We deduce that dg(vo) = 3 and ¢(ug) = 2
since (2,2) € Leo(v1) x Leo(vs) must be blocked by vg. Therefore, we have 2 ¢ Lc(vo).
Since 2 € Le(vi) and |Lo(vr)| = 3, there exists a color o € Leo(vo) \ Lo(v1). Then
(o, 1) € Le(vo) X Le(ve) is feasible for both vy and v, and |Le(v1) \ {a, 1} + |La(vs) \
{a,1}| > 24 2 > 4, a contradiction by Observation 6. O

By Claims 3 and 7, G has no cycle of length less than 5. This together with the
assumption that C' is a shortest cycle implies that Ngv(v;) N Negr(vj) = 0 for any distinct
i,j €10,k —1].

In the rest of the proof, the indices i € [0,k — 1] are on modulo k. We construct
an auxiliary graph H with V(H) = Ule X, where X; = {v;} x Lo(v;), and E(H) =
EyU E1 U E5, where

Eo = {(vi,a)(vi, B) | o, B € Lo(vs), a0 # B,1 € [0,k — 1]},
F = {(vi,a)(vi+1,a) | o€ Lc(vi) M Lc(vi+1),i € [O, k — 1]},and
By = {(vi, @)(vig2, B) | (. B) € Le () X Le(viga) is blocked by vig,i € [0,k — 1]}
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(a) A cycle C = vgv1v20304050. (b) A list assignment L of C.
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(¢) A graph H. The edges belong to Ey are not drawn. Thick edges represent edges in
F4 and thin edges represent edges in Fs.

Figure 7.4: An example of C' and H.

The edges in Fy (resp. FEs) are called short (resp. long) edges. The edges joining (v;, ) €
X; and the vertices in X;+1UX;42 (resp. X;—1UX,;_9) are called forward (resp. backward)
edges of (v;, ). See Figure 7.4 for an example of C and H.

The next observation follows immediately from the definition of H.

Observation 8. For each i € [0, k—1], there are at most two long edges between X;_; and
Xit1. Furthermore, if there are two long edges between X; 1 and X;11, then they must
be (vi—1,@)(vit1,3) and (vi—1, B)(vit1, @) for some distinct colors a and 5 in Le(vi—1) N
Le(vigr).

Claim 9. H has no independent set of order |V (C)| = k.

Proof. Suppose [ is an independent set of H with |I| = k. We extend ¢ to G so that
for each (v,a) € I, p(v) = a. Since |I| = k and I contains at most one vertex of
X, for each i € [0,k — 1], all the vertices of C' are colored in this way. Clearly, ¢ is
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proper, ¢(v;) € Lo (vi), and Uy(vi, G) # O for each v; € V(C'). By the definition of L,
Uy(u,G) # 0 for each u € V(G) \ V(C), which implies that ¢ is a proper conflict-free
L-coloring of G, a contradiction. O

Claim 10. For every i € [0,k — 1] and every a € L¢(v;), there are at most one forward
edge and at most one backward edge from (v;, ).

Proof. Suppose that there is a forward short edge from (v;, ), thus & € Lo (viq1). Then o
does not appear in Ng/(v;+1), and hence there is no long forward edge with an end vertex
(vi, @) by the definition of H. This implies that there is at most one forward edge from
(vi, ). By symmetry, the statement holds for backward edges as well. O

An extendable structure (U,I) of H is a pair of a set U C X; U X,y for some i € [k]
and integer ¢ € {1,2}, and an independent set I of H satisfying the followings:

(C1) [UNX;| >3 and |[UNX;14| = 2.

(C2) No backward long edges or no backward short edges incident with the vertices of
UNXiqy.

(C3) If t =1, then [I| =2 and [INX;|=1for j € {i+2,i+3}. If t =2, then |[| =3
and [INX;|=1forje{i+1,i+3,i+4}.

(C4) There is no backward edges from the vertices in I to U U X;_;.

As k > 5 by Claim 7, an extendable structure is a local structure contained in (J;<; 4 Xj
for some i € [0,k — 1]. If H contains an extendable structure, then it can be extended to
an independent set of H with k vertices as in the proof of the next claim.

Claim 11. H contains no extendable structure.

Proof. Suppose, to the contrary, (U, I) is an extendable structure of H. Without loss of
generality, we may assume that U C XU X, for some ¢ € {1,2}. Since every vertex of H
has at most one forward edge by Claim 10 and |L¢(v;)| > 3 for each ¢ € [0,k — 1], we can
greedily add vertices to I from each of X;y3, X;14, ..., Xr_1, X0 to obtain an independent
set J~ of size k — 1. Observe that J~ N X; = (). By the condition (C2), at least one of the
two vertices in X; N U has no neighbors in I N (X;—1 U X;_5). We add one of such vertex
to J~ to have a set J of vertices. By the condition (C4), J is still an independent set of
H and |J| = k, a contradiction by Claim 9. O

The following observation is frequently used in the sequel.

Observation 12. Suppose that «, 3 € La(v;) for some i € [k] and o # . Then there
exist a color v € Lo(vi1) \ {o, B} and a color 7 € Lo(vig2) \ {7} such that (viio,7) is
adjacent to neither (v;, @) nor (v;, 8). (Possibly T € {«, 5}.)
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Proof. Suppose that one of (v;,«) and (v, 3), say (v;, ), has a neighbor in X;io. As
|Lc(vite)| > 3, there exists a color 7 € Lo (viy2) such that (viy2,7) is adjacent to neither
(vi, @) nor (v;, 8). By Claim 10, we know o ¢ L (vi4+1), and thus we can choose a color 7
from Lo(vipr) \{o, 5,7}, as desired. Hence, we may assume that neither (v;, a) nor (v;, )
has neighbors in X; 9. Then we can arbitrarily choose a color v € Lo (viy1) \ {«, 8} and
a color 7 € Lo(vit2) \ {7}, as desired. O

Claim 13. Every vertex of H is incident with exactly one forward edge and one backward
edge.

Proof. Suppose, to the contrary, (vg, a) has no backward edge for some a € Lo (vg). The
argument for the forward edge is symmetric. First, we assume that there exists a color
B € Lco(v1) \ {a} such that (v, 8) has no neighbors in X3_1. As |Lc(vg—1)| > 3, by the
Pigeon-Hole principle, there exist two colors, say 1,2 € Lo (vg—1), such that backward
long edges or backward short edges are missed from (vg_1,1),(vk—1,2) € Xg_1. Then
U= Xp2U{(vg-1,1), (vk-1,2)} and I = {(vo, ), (v1,5)} form an extendable structure
with ¢ = 1: The conditions (C1) and (C3) are obvious. The condition (C2) follows from
the choice of (vg_1,1) and (vg_1,2), and the condition (C4) is satisfied since (vg, ) has
no backward edge and (vy, #) has no backward edge to Xj_1, a contradiction.

Thus, by the definition of H, we deduce that there exist two distinct colors, say 1
and 2, such that Lo(v1) = {«, 1,2} and both (v1,1) and (v1,2) are incident with long
backward edges to Xj_1. By Observation 12, there exists a color v € L¢(v2) \ {1,2}
and 7 € Lo(vs) \ {7} such that (vs,7) has no neighbors in {(v1,1), (v1,2)}. Then U =
Xi—1U{(v1,1), (v1,2)} and I = {(vo, @), (v2,7), (v3, )} form an extendable structure with
t = 2: The conditions (C1), (C2), and (C3) are obvious. The condition (C4) is satisfied
since (v, &) has no backward edge, and both (vz,~) and (vs, 7) have no backward edge to
{(v1,1), (v1,2)}, a contradiction. O

Claim 14. For every i € [0,k — 1], there is at most one forward short edge from vertices
in Xz"

Proof. Suppose that there are two forward short edges from the vertices of Xy. Without
loss of generality, we assume that {1,2,3} C Lc(vp) and both (vg, 1) and (v, 2) incident
with forward short edges. Let U = {(vo, 1), (vo,2), (vo,3), (v1,1), (v1,2)}. If (vg,3) is
incident with forward short edge, then no vertex of {(vo, 1), (vo, 2), (vo, 3)} has a neighbor
in Xo. By Observation 12, there exist colors v € Le(va2) \ {1,2} and 7 € Le(vs) \ {7} such
that neither (v, 1) nor (vy, 2) is adjacent to (vs, 7). Then U and I = {(v2,7), (v3, 7)} form
an extendable structure with ¢ = 1, a contradiction. Hence (vg, 3) is adjacent to (vg, )
for some color o € Lo (v2) \ {1, 2}.

We first assume that there exists a color 8 € Lo(ve) \ {1, 2, a}. Clearly, (ve, 3) has no
neighbors in U. If there exists a color v € Leo(vs) \ {5} such that (vs,7) has no neighbors
in {(v1,1), (v1,2)}, then U and I = {(v2, ), (v3,7)} form an extendable structure with
t = 1, a contradiction. Thus, we deduce that Lo(vs) = {1,2,6} and {¢(ug2), p(we)} =
{1,2}, and hence 1,2 ¢ Lc(v2). As there is a color 8/ € Lo(ve) \ {1,2,,8}, U and
I ={(ve, ), (vs, B)} form an extendable structure with ¢t = 1, a contradiction.
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Hence, we have Lco(ve) = {1,2,a}. By using the same argument sequentially to
X1, X9,..., X1, we conclude that {1,2} C L¢(v;) for every i € [0,k — 1]. Then I =
{(vam11,1) [0 <m < [(k—1)/2]} U{(vam,2) | 0 <m < [(k—1)/2]} U{(v,3)} is an
independent set of H with |I| = k, a contradiction. O

If | X;| > 4 for some i € [0, k—1], then by Claims 13 and 14, there are at least three long
edges between X; and X9, a contradiction by Observation 8. Thus, for each i € [0, k—1],
|.Xi| = 3, two of X; incident with forward long edges, and the rest incident with a forward
short edge.

If all the short edges form a matching of H, then we can easily find an independent set
I of H with |I| = k by choosing vertices incident with forward short edges, a contradiction
by Claim 9. Therefore, without loss of generality, there must exist a color, say «, which
appears in Lo (vg) N Lo (v1)NLe(vz). Then there are two distinct colors in Le(vg) \ {a}, say
1 and 2, and there are two distinct colors in Le(v1) \ {a, 1,2}, say 3 and 4 such that all of
{(vo, 1), (vo, 2), (v1,3), (v1,4)} are incident with forward long edges. By Observation 8 and
the fact |Lo(v;)| = 3 for every i € [0,k — 1], we know that Lo(vg) = Lo(ve) = {a, 1,2}
and Lo(vi) = {«,3,4}, Lo(vs) = {B,3,4} for some color 8 ¢ {3,4}. If 8 # «, then
U = XoU{(v1,3),(v1,4)} and I = {(v2, ), (v3, )} form an extendable structure with
t = 1: The conditions (C1), (C2) and (C3) are obvious by the choice of vertices, and the
condition (C4) is satisfied since (vg, ) has a backward short edge to (v, ) ¢ U and the
long edges between X; and X3 are (v1, 3)(vs,4) and (v, 4)(vs, 3), which are not joined to
(vs, B), a contradiction. Thus, Leo(vs) = {«, 3,4}. Using the same argument sequentially
to X4, X5,...,Xj—1, we conclude that k is even, Lo(vj) = {«,1,2} if j is even, and
Lo (vj) = {«,3,4} if j is odd. Then I = {(vj,1) | j € [k] and j is even} U {(v;,3) | j €
[k] and j is odd} is an independent set of H with |I| = k, a contradiction. This completes
the proof of Theorem 7.11.
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Part 11

Degree conditions for some vertex
partition problems
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Chapter 8

Fundamental properties of
minimum degree sum on large
independent sets

In Part II, we investigate new types of degree conditions named “minimum degree sum on
large independent sets”, which was partly introduced in Furuya, Kashima, and Ota [31].
As preparations for Chapters 9 and 10, in this chapter, we introduce concepts of minimum
degree sum on large independent sets and see some fundamental properties of them. We
define minimum degree sum on large independent sets and see relations to other degree
conditions in Section 8.1. In Section 8.2, we give a proof of Theorem 8.3, which is a result
on the complexity of determining the minimum degree sum on large independent sets. In
Section 8.3, we give a proof of Theorem 8.4, which is on an extremal problem of minimum
degree sum on large independent sets.

8.1 Minimum degree sum on large independent sets

For a graph G, let Z(G) denote the family of independent sets of G. For each independent
set I of G, let 0g(I) = min{dg(v) | v € I} and let wg(I) = > ;da(v). For a graph G,
we define two invariants o(j(G) and o7 (G) as

00(G) =min{wg(I) | I € Z(G), |I| > (1)} and

o1(G) = minfwe(1) | I € Z(G), 1] = a(l) +1}.
If every independent set I € Z(G) satisfies |I| < dg(I) — 1, then we define o(G) = oc.
Similarly, if every independent set I € Z(G) satisfies |I| < d¢(I), then we define o5 (G) =
oo. For ¢t € {0, 1}, when o/ (G) have a finite value, i.e. there is an independent set I € Z(G)

such that |I| > dg (1) + t, we write o} (G) < oo.
The following relations between ojj(G) and o} (G) follow directly from the definitions.

Proposition 8.1. For every graph G, o3(G) < 0](G). In particular, if o§(G) = oo, then
01 (G) = oo.
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Recall that 0(G) denotes the minimum degree of a graph G and m(G) denotes the
minimum degree product of a graph G. The minimum degree sum on large independent
sets is bounded by some functions of the minimum degree and the minimum degree product
as follows.

Proposition 8.2. For every non-complete graph G, o((G) > 6(G)? and 0(G) > ma(G) +
(G) — 7;2((5;). For every non-complete graph G, ¢7(G) > §(G)(0(G) + 1) and oj(G) >
m2(G) + 4(G).

Proof. We first show the former statement. Let G be a non-complete graph, and let
I € Z(G) be an independent set such that |I| > 0g(I). The statement is trivial when
0(G) < 1. Thus, we assume that 6(G) > 2. Let u be a vertex in I such that dg(u) = da(1).
Since |I| > 6¢(I) > da(u) > §(G), we have wg(I) = 3, crda(v) > |I]-6(G) > §(G)>.
Since every vertex v € I\ {u} satisfies dg(u) - dg(v) > m2(G), we have dg(v) > gz((Gg and
thus

well) = dofa) + 3 da(v) > dafu) + (11] - "2
vel\{u} G(U)

2(G) _ m2(G) m2(G)

> de(u) + (de(u) - 1hm() m(G) + da(u) — Goa 2 m(G) +8(G) — S

The choice of an independent set I is arbitrary, which implies that ofj(G) > §(G)? and
5(G) > m(G) +8(G) — S

Now we show the latter statement. Let G be a non-complete graph, and let I € Z(G)
be an independent set such that [I| > dg(l) + 1. By the relation between 6(G) and
m2 (@), it suffices to show that of(G) > m(G) + §(G). Let u be a vertex in I such that
dg(u) = d¢(I). Using the same argument as above, we have

m(G) m2(G)
we(I) = 1&%@ ) > de(u) + wpnéwz@@+@@£w
> 7T2(G) + (S(G)

Thus we have o (G) > ma(G) + §(G). O

Hence, the assumption on the minimum degree sum on large independent sets can be
regarded as a relaxation of a minimum degree condition or a minimum degree product
condition.

While a graph G satisfies 02(G) = oo or m2(G) = oo only when G is a complete graph,
there are wide varieties of graphs with o(G) = 0o or 0] (G) = co. To support this fact, in
the rest of this section, we see two results on the graphs with og(G) = oo or o] (G) = oc.

The first result is on the complexity to determine whether a given graph G satisfies
03(G) = oo (07(G) = o0) or not. We introduce two decision problems SIGMA STAR-0 and
SIGMA STAR-1 as follows.

o SIGMA STAR-0 asks whether a given graph G satisfies o(G) < oo or not.
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o SIGMA STAR-1 asks whether a given graph G satisfies 0] (G) < oo or not.
Then it follows that both SIGMA STAR-0 and SIGMA STAR-1 are NP-complete problems.
Theorem 8.3. Both SIGMA STAR-0 and SIGMA STAR-1 are NP-complete.

Thus, if we believe P £ NP, then it is difficult to give an easy characterization of the
graphs with of(G) < oo or 0 (G) < 0.

The second result is an extremal problem on the minimum degree sum on large inde-
pendent sets. The assumption that o] (G) = co implies that G has many edges, but the
minimum number of edges of a graph G of order n with o§(G) = oo is far from that of
K,.

Theorem 8.4. Let G be a graph of order n > 3. If 0f(G) = oo, then |E(G)| >
%n L\/n 1J.

The lower bound in Theorem 8.4 is almost tight. Indeed, for a positive integer k, let
G be a disjoint union of k copies of the complete graph Ky 1. Then G satisfies 6(G) = k
and a(G) = k, and thus |I| < o(G) = k = §(G) < 0¢(I) for every independent set
I € Z(G). Thus, 0f(G) = co. On the other hand, we have n = |V(G)| = k(k + 1) and
E(G)| =k (*1") = 1k (k + 1) = In(yvn — o(1)).

8.2 Proof of Theorem 8.3

To prove Theorem 8.3, we give a reduction from a well-known decision problem INDE-
PENDENT SET. An instance of INDEPENDENT SET is a pair of a graph G and a positive
integer k with k£ < |V(G)|, and an output of INDEPENDENT SET is whether a(G) > k or
not. The following proposition is well known. (For example, see Theorem 3.3 in Garey
and Johnson [33].)

Proposition 8.5 (Garey and Johnson [33]). The problem INDEPENDENT SET is NP-
complete.

Now we give a proof of Theorem 8.3. We first show that both SiGMA STAR-0 and
SIGMA STAR-1 belong to NP. Suppose that GG is an yes-instance of SIGMA STAR-0 and
an independent set I € Z(G) is given. Then, it can be checked in polynomial time that
I satisfies |I| > 0¢(I), thus SIGMA STAR-0 belongs to NP. Similarly, we can show that
SIGMA STAR-1 belongs to NP.

Now we show that there is a polynomial-time reduction from INDEPENDENT SET to
SIGMA STAR-0 and SIGMA STAR-1. Let a pair (G, k) of a graph G of order n and a
positive integer k at most n be an instance of INDEPENDENT SET. We define two new
graphs Hy and H; as follows:

o A graph Hj is obtained from G by adding new vertices {u; | 1 <i <n+ 1} U{v}
such that {u; | 1 < i < n+ 1} is a clique of Hy joined to all vertices of G and
Np,(v) ={u; | 1 <i < k+1} (Figure 8.1).
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+ +
Figure 8.1: A graph H) Figure 8.2: A graph H;

o A graph H, is obtained from G by adding new vertices {u; | 1 <1i < n} U {v} such
that {u; | 1 <1i <mn} is a clique of H; joined to all vertices of G and Ny, (v) = {u; |
1 <i <k} (Figure 8.2).

We shall show that ojj(Hp) < oo if and only if a(G) > k. If G contains an independent set
I of order k, then TU{v} is an independent set of Hy with g, (IU{v}) < dp,(v) = k+1 =
|I U {v}|, and hence it follows that oj(Hp) < co. Conversely, suppose that «(G) < k. By
the definition of Hp, we have 6(Hp) = k + 1 and a(Hp) = a(G) + 1. Thus, for every
independent set I of Hy, |I| < a(Hp) = o(G) +1 < k = 6(Hp) — 1 < 6p,(I) — 1, which
implies that of(Hp) = co. Thus, there is a polynomial reduction from INDEPENDENT SET
to SIGMA STAR-0, and hence SIGMA STAR-0 is NP-complete. Similarly, it follows that
oj(H1) < oo if and only if «(G) > k. Thus, SIGMA STAR-1 is NP-complete as well.

8.3 Proof of Theorem 8.4

In our proof of Theorem 8.4, we use the following fundamental result in extremal graph
theory. For positive integers n and r with n > r—1, the Turdn graph T"~'(n) is a complete
(r — 1)-partite graph with n vertices such that any two partite sets differ in size at most
by 1. An upper bound of the number of edges of the Turdn graph is known as follows.
(For example, see p.201 in Diestel [22].)

Proposition 8.6 ([22]). For any positive integers n and r with n > r — 1,

n2
|E(Tr—1(n)) < > (1 - i 1) . (8.3.1)

Proof. For a given pair (n,r) of positive integers with n > r—1, let p and ¢ be integers such

that n = p(r—1)+¢and 0 < ¢ < r—2. We shall show that n? (1 - ﬁ) > 2|E(T™Y(n))|.
The Turan graph T"~!(n) consists of q partite sets of order p 4+ 1 and (r — 1 — q) partite
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sets of order p. Thus, we have
AB(T" ()= > dw)=p(r—1-q)(n—p)+{p+1gn—p-1)
veV(ITm=1(n))

=p(r—1)(n—p)+qn—2p-1)
=(n—q)(n—p)+qln—2p—1)
=n® —pn—pg—q
=n® —p*(r—1) - 2pq —q,

and hence

2

Cnt (= 1)+ 2pg + g

r—1 r—1
as desired. ]

1 q
=p2(?"—1)+2pq+q—(pz(r—1)2+2pq(r—1)+q2):q<1— ) > 0,

Turdn showed the following in [60].

Theorem 8.7 (Turan [60]). Let G be a graph graph of order n without a clique of order
at least r. Then |E(G)| < |E(T™"1(n))|. The equality holds only when G is isomorphic to
T7=1(n).

Taking a complement of a graph, we immediately have the following corollary.

Corollary 8.8. Let G be a graph graph of order n with a(G) < r. Then |E(G)| >
(5) =[BT (n))].

Now we prove Theorem 8.4. Let G be a graph of order n with ¢} (G) = oo, and let
r= L\/n—i—lJ > 2.

Let ¢ be the minimum degree of G, and let vg be a vertex with dg(vg) = 6. If § > r,
then it follows that |E(G)| = %ZUGV(G) de(v) > $nd > inr, as desired. Hence, we assume
that § <r—1. Let G’ = G— Ng[vo]. Then we have |[V(G’')| = n—0—1. By the assumption
that 07 (G) = 0o, we have a(G’) < §; for otherwise, there is an independent set I’ € Z(G')
of order d, and hence I := I'U{vg} € Z(G) satisfies |I| =0 +1 =dg(vo) +1 > dg(I)+1, a
contradiction. Let G” be a disjoint union of G’ and the complete graph K of order § + 1.
Obviously, V(G") =(n—96—-1)+ (6 +1) =nand a(G") = a(G')+1 < d+1<r. By
Corollary 8.8, we have |E(G")| > (3) — |[E(T"!(n))|.

Since every edge with an end point in Ng[vg] is contained in E(G) \ E(G’), we have
IE(G)\ E(G")| > 3 Y engiu] de(v) = 36(6 +1) = (°3'). This together with (8.3.1)
implies that

B = B+ 1@\ BE)] = 5@+ ("3 1) = 186

-1 2 1
2 2 2 r—1 2\r—-1
Since (r +1)(r — 1) =% — 1 < n, we have - — 1 > r, and thus |E(G)

v
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Chapter 9

Vertex partition into 2-connected
subgraphs

Ferrara, Magnant, and Wenger investigated the existence of a vertex partition into highly
connected subgraphs in [30]. The concept was later named k-proper partition, and some
degree conditions for a graph to have a k-proper partition have been studied. In this chap-
ter, we focus on degree conditions for a graph to have a 2-proper partition. In Section 9.1,
we see results on k-proper partition, and in Section 9.2, we see the relationship between
theorems on the existence of a 2-proper partition. In Section 9.4, we give a proof of The-
orem 9.7, which implies all the known results on the existence of a 2-proper partition. All
the new results in this chapter are based on [31].

9.1 Studies on k-proper partitions of graphs

For a graph G and an integer k > 2, a k-proper partition of G is a partition P of V(G)
such that G[P] is k-connected for every P € P. This concept was introduced in Ferrara,
Magnant and Wenger [30] with a motivation from a classical result that every graph G
with the average degree at least 4k contains a k-connected subgraph, which was shown in
Mader [49]. The first result on k-proper partition is the following, which was shown in
Ferrara, Magnant, and Wenger [30].

Theorem 9.1 (Ferrara, Magnant and Wenger [30]). Let G be a graph of order n and
let k be an integer at least 2. If 6(G) > 2k+/n, then G has a k-proper partition P with
Pl < &

Later, the minimum degree condition for a graph to have a k-proper partition was
improved in Borozan et al. [10].

Theorem 9.2 (Borozan et al. [10]). Let G be a graph of order n, and let k£ be an integer
at least 2. If 6(G) > /c(k — 1)n, then G contains a k-proper partition P with |P| < %,

_ 2123
where ¢ = 556 -
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1 2 t+1

+
Figure 9.1: A graph G Figure 9.2: A graph Go
The constant ¢ = % depends on the following result in Yuster [66] on the edge

density of graphs without k-connected subgraphs.

Theorem 9.3 (Yuster [66]). Let k& be an integer at least 2, and let G be a graph of
order at least §(k — 1). If G does not contain a k-connected subgraph, then |E(G)| <
ek —1)(n—k+1).

This is a partial result towards the conjecture that every graph of order n without k-
connected subgraphs has at most (3k — 2) (n—k+1) edges, which was posed in Mader [50].
Borozan et al. posed the following conjecture in [10], which states that the constant ¢ in
Theorem 9.2 can be reduced to 1.

Conjecture 9.4 (Borozan et al. [10]). Let G be a graph of order n, and let k be an integer

at least 2. If 6(G) > /(k — 1)n, then G has a k-proper partition P with |P| < 5(%?)%.

Both the lower bound of 6(G) and the upper bound of |P| in Conjecture 9.4 is almost
best possible. Indeed, for a given integers k > 2 and s > 2, let G1 be a graph obtained from
a disjoint union of s copies of the complete graph K;_1) by adding a new vertex v that
is adjacent to the exact k — 1 vertices of each copy of K1) (Figure 9.1). Then we have
ny = |V(Gy)| = s*(k—1)+1and §(Gy) = s(k—1)—1 = /(k — 1)(n — 1)—1, but G; does
not have a k-proper partition since there is no k-connected subgraph of G; which contains
v. For given integers k > 2 and ¢t < 2, let G5 be a graph obtained from a disjoint union
of (t + 1) copies of the complete graph K(;_1)—1) by joining the complete graph Kj_4
(Figure 9.2). Then we have ng := |V (Go)| = (t+1)(t —1)(k—1)+ (k—1) = t?(k—1) and
0(G2) = (t—1)(k—1)—1+(k—1) = t(k—1)—1. It is easy to see that every k-proper partition
of G4 has at least ¢t + 1 parts, and thus a(nGQ;)Egiz = ti@ﬁ?;ﬁ; +12 = (55:11))(%:11)) =t+1.

Borozan et al. showed the following result on the existence of 2-proper partition.

Theorem 9.5 (Borozan et al. [10]). Let G be a graph of order n. If §(G) > y/n, then G

has a 2-proper partition P with |P| < %.

As a result, Conjecture 9.4 holds for the case k = 2. Their proof of Theorem 9.5 gives
a method to construct a 2-proper partition from the block decomposition of a given graph.
Using the same idea, in [15], Chen, Guo, and Yang extended Theorem 9.5 to a result with
a minimum degree sum condition as follows.
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Theorem 9.6 (Chen, Guo and Yang [15]). Let G be a non-complete graph of order n
with the minimum degree 6. If either 6 > y/n or 1 < < /n—1and 02(G) > § +6 — 1,

then G has a 2-proper partition P with [P| < 20(;1(51)).

It is easy to see that Theorem 9.6 implies Theorem 9.5, which we see in the next section.
The original paper does not assume the condition that G is non-complete. However, if
G is complete, then we have 09(G) = oo and the upper bound of |P| is incorrect. In
particular, since their proof of Theorem 9.6 uses an induction on the order, it needs a
small modification when a reduced graph is complete. Hence, we added the assumption
that G is non-complete. Note that Theorem 9.6 says nothing about a graph G with
VIV(G)| -1 < 6(G) < +/|V(G)|, and there are infinitely many graphs with the inequality.

We extend these results by giving a condition on the minimum degree sum on large
independent sets for a graph to have a 2-proper partition. For a graph GG, we say that an
independent set I € Z(G) is light if wg(I) < |V(G)|— 1. The light independence number
of G, denoted by o*(G), is the maximum order of a light independent set of G. We show
the following.

Theorem 9.7. Let G be a graph of order n. If 07(G) > n, then either G has a 2-proper
partition P with |P| < o*(G), or G is isomorphic to a graph in { Ko, F5} U F11 UFi12 UH,,
where the exceptional graphs are defined below.

We define exceptional graphs in Theorem 9.7 (Figure 9.3).

o A graph Fj is defined by V(F5) = {a} U{b; | i € [4]} and E(F5) = {ab; | i €
[4]} @) {blbg, b3b4}.

o Let F be a graph having the vertex set V(F) = {a,b1,b2} U {c; | ¢ € [8]} and
the edge set E(F) = {ac; | i € [8]} U{bici | i € [4]} U{bac; | i € [8 \ [4]} U
{c1¢2, c304, c5C6, 78} U L where L is a subset of {aby,abs}. Let F11 be the family of
such graphs F'. Note that Fj; consists of three graphs up to isomorphic.

o Let F be a graph having the vertex set {a,b1,ba} U{c; | i € [9]} and the edge set
E(F) = {aci ‘ 1€ [8]}U{b10i | 1 € [4]}U{bgci ’ 1€ [8]\[4]}U{0162,0364,0566,0769,0809}U
L where L is a subset of {aby, aby, acg,baco} with L N {acg,bacy} # 0. Let Fia be
the family of such graphs F'. Note that Fj5 consists of twelve graphs.

e Let s and t be two integers with 2 < s < t. Let S; and S5 be vertex disjoint complete
graphs of order s — 1 and ¢ — 1, respectively. Let H,; be the graph obtained from
Sp and S by adding four new vertices a,b, c; and cp and the edge set {ax,bzx | z €
V(S1)UV(S2)}U{ab,acy,acz, cica}. Let Hoy = Hgp—ab. Note that |H | = [H | =
s+t + 2. For an integer n > 6, let H,, = {H&t,H;t |2<s<ts+t+2=n}.

We remark that the case o] (G) = oo is allowed in Theorem 9.7. The lower bound of
07 (G) and the upper bound of |P| in Theorem 9.7 are both tight. Indeed, for a positive
integer [, let G3 be a graph obtained from [ disjoint copies Hi, Ho, ..., H; of the complete
graph K;.1 by adding a new vertex v which is adjacent to a vertex w; € V(H;) for each

98



b1 ba

bs ba
(a) A graph Fj

(b) Graphs in Fp; (¢) Graphs in Fio

(d) A graph H,,

Figure 9.3: Exceptional graphs in Theorem 9.7. Dotted edges may or may not exist.

H1 H2 Hl Hl H2
+

o
v v
(a) A graph Gs. (b) A graph Gy.

Figure 9.4: Graphs to show the tightness of Theorem 9.7.
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i € [l] (Figure 9.4a). Then we have ng := |V(G3)| = (Il + 1) + 1 and §(G3) = I. By
Proposition 8.2, we have 07 (G3) > I(l + 1) = n3 — 1, and the equality is attained by an
independent set consisting of v and w; € V(H;)\{w;} for each i € [d]. Since no 2-connected
subgraph of G5 contains v, G5 has no 2-proper partition. Thus, the lower bound of o5 (G)
in Theorem 9.7 is tight. For a positive integer [, let G4 be a graph obtained from [ disjoint
copies Hy, Ho, ..., H; of the complete graph K;,; by adding a new vertex v that is joined
to all vertices in Uli:1 V(H;) (Figure 9.4b). Then we have ny := |V(G4)| =1(l+1)+1 and
0(G4) =1+ 1. Letting I € Z(G4) be an independent set that contains exactly one vertex
of H; for each ¢ € [d], we have wg,(I) = 1(l+1) = ng — 1, and thus o*(G4) = |I| =1. Tt
is easy to verify that every 2-proper partition of G4 consists of at least [ parts. Thus, the
upper bound of |P| in Theorem 9.7 is tight.

As corollaries of Theorem 9.7, we have the following two results on the existence of a
2-proper partition. For an even integer n > 6, we define H,, by H;, = {H, ¢, H s <} where
5 = ”?_2 Note that #,, is a subset of H,,. The first corollary is on a minimum degree
product condition for a graph to have a 2-proper partition.

Corollary 9.8. Let G be a graph of order n with the minimum degree 6. If m2(G) > n—9,
then either G has a 2-proper partition P with |P| < a*(G), or G is isomorphic to a graph
in {KQ, F5} UFii UF2 UH,.

Proof. Let G be a graph of order n with the minimum degree §. Suppose that ma2(G) >
n — d. By Proposition 8.2, we have o] (G) > m3(G) + 0 > n. Then, Theorem 9.7 implies
that either G contains a 2-proper partition P with |P| < o*(G), or G is isomorphic to
a graph in {Kos, F5} U F11 U Fi2 U H,,. It suffices to show that G is not isomorphic to a
graph in H, \ H,,. Suppose that G is isomorphic to H,; for some integers s and ¢ with
2<s<tand s+t =n—2. Since G contains two non-adjacent vertices  and y such that
da(z) = 2 and dg(y) = s, we have n — 2 < ma(G) < dg(z)dg(y) = 2s, which implies that
n—

s=t= TQ Thus, G € H,;. The case G is isomorphic to H, for some integers s and ¢

goes similarly. O

The second corollary is on the lower bound of ogj(G) for a graph G to have a 2-proper
partition.

Corollary 9.9. Let G be a graph of order n. If ¢5(G) > n, then G has a 2-proper
partition P with |P| < o*(G).

Proof. Let G be a graph of order n and suppose that of(G) > n. Since we have
01(G) > 03(G) > n by Proposition 8.1, it suffices to show that G is not isomorphic
to any exceptional graphs in Theorem 9.7. We label the vertices of G as in the definition
of exceptional graphs. If GG is isomorphic to Ko, then a single vertex is an independent
set that violates the assumption. If G is isomorphic to F5, then Iy = {b;, b3} satisfies
dc(lh) =2 < |I1| and wg(I1) = 4 < n, a contradiction. If G is isomorphic to a graph in
F11UFi, then Iy = {cq, c3, c5} satisfies 0g(1l2) = 3 < |I2] and wg(Il2) = 9 < n, a contradic-
tion. If G is isomorphic to H; for some positive integers s and t such that 2 < s <t and
s+t =n—2, then Iy = {c1, b} satisfies 0g(Il4) = 2 < |I4] and wg(1y) = 2+ (s+t—1) = n—1,
a contradiction. O
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It is easy to see that every exceptional graph in Theorem 9.7 can be partitioned into
2-connected subgraphs except for one part which is isomorphic to Ks. (In particular, if
G is isomorphic to Hsy or Hg,, then G has a partition P = {{c1,c2}, V(G) \ {c1,c2})}
with o*(G) = 2 parts.) Thus, we introduce the following relaxed concept of the 2-proper
partition. An almost 2-proper partition of a graph G is a partition P = {Py, P5,..., P.}
of V(G) such that

o G[Py] is either 2-connected or isomorphic to Ko, and
o G[P;] is 2-connected for every i € {2,3,...,7}.

By the definition, every 2-proper partition of a graph G is also an almost 2-proper partition
of G. By the observation above, Theorem 9.7 immediately implies the following.

Corollary 9.10. Let G be a graph of order n. If of(G) > n, then G has an almost
2-proper partition P with |P| < o*(G).

9.2 Relationship between results

In this section, we see the relationship between Theorems 9.5, 9.6, 9.7 Corollaries 9.8 and
9.9. First, we see the relationship between the degree conditions in the results.

Proposition 9.11. Let G be a graph of order n with the minimum degree § > 1.
o If 6 > /n, then 02(G) > % +6 — 1.
o If § > \/n, then oj(G) > n.
o If 02(G) > % + 0 — 1, then m(G) > n — 4.
o If m(G) > n — 4, then o] (G) > n.
o If 05(G) > n, then o] (G) > n.

Proof. The statements are trivial when G is complete. We assume that G is non-complete.
The second, fourth and fifth statements follow directly from Propositions 8.1 and 8.2. We
show only the first and the third. Suppose that 6 > y/n. Then we have § +1 > > %,
which implies that 26 > % 4§ — 1. Since 02(G) > 20 by the definition of 02(G), we have
02(G) > 20 > % +0 — 1, as desired.

We suppose that 02(G) > % +6 — 1. Let u and v be non-adjacent vertices of G
such that dg(u) < dg(v) and dg(u)dg(v) = m(G). If dg(u) < GQgG), then we have
d <dg(u) < @ and

de(u)de(v) > da(u)(02(G) — dg(u)) > 6(0a(G) — 6).

Otherwise, we have




m(G) >n—9 oy(G) >n
\ /
o (G)>n

Figure 9.5: Relationship between degree conditions for a graph G of order n with the
minimum degree § to have a 2-proper partition. An arrow from an assumption A to an
assumption B means assumption A implies assumption B.

In either case, we have m(G) = dg(u)dg(v) > 6(02(G) —6) > 6 (% —1) = n— 6, as
desired. O

We show the relationship between the degree conditions of the theorems and the corol-
laries in Figure 9.5. As we can see in the figure, the degree condition o3 (G) > n is implied
by any other degree conditions. Furthermore, there are infinitely many graphs G that
satisfy o7 (G) > |V(G)| but do not satisfy ma(G) > |V(G)| — 6(G) or o(G) > |[V(G)|.
For an integer n > 6, let G5 be a graph obtained from the complete graph K,,_3 with
vertices {vy,v,...,v,—3} by adding three new vertices uj, uz and ug such that both
urugviuy and ujugviug are triangles of Gs (Figure 9.6). Then we have |V(G5)| = n
and 6(Gs) = 2. Since dg,(u2) = dg,(u3) = 2, we have m(G5) < dg,(u2)dg,(uz) = 4
and o((Gs) < wg,({ug,usz}) = das(u2) + das(us) = 4, and thus G5 satisfies neither
m2(G5) > n — 2 nor o3(Gs) > n. Suppose that I € Z(G5) is an independent set with
|I| > 6 (1) + 1 and 05 (G5) = weg,(I). Since dg; (1) > §(G5) = 2, we have |I| > 3, and
thus I = {ug, us,v;} for some i € {2,3,...,n — 3}. Thus, we have 0}(G5) = wg,(I) =
da, (u2) + dgs (u3) + dg; (v;) =2+ 2+ n—4 = n, and hence G5 has a 2-proper partition
by Theorem 9.7.

Next, we see the relationship between the upper bounds of the number of parts in the
theorems and the corollaries.

Proposition 9.12. Let G be a non-complete graph of order n with the minimum degree

§ > 1. Then a*(G) < 2] < 5L,

Proof. The second inequality follows from the fact oo(G) > 2. We show the first inequal-

ity. Since 02(G) < 2(n — 1), i.e. 2;;1(_01)) > 1, the statement holds when o*(G) = 1. Hence,
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Figure 9.6: A graph Gs.

we assume r := a*(G) > 2. Let I = {ug,u1,...,ur—1} € Z(G) be an independent set with
wg(I) <n —1. Then we have

r—1 r—1
2(n—1) > 2wa(l) = Y (do(w) + da(uip1)) = > 02(G) = roa(G)
1=0 1=0
_ * _ 2(n—1)
where u, = ug. Thus, a*(G) =71 < R OR O

By Propositions 9.11 and 9.12, Theorem 9.7 implies both Theorems 9.5 and 9.6.

9.3 Lemmas

Before we go to the next section, we see some properties of o7 (G) and o* that are used in
our proof of Theorem 9.7.

Lemma 9.13. Let G be a graph and G1,Gao,...,G be the components of G. Then
01 (G) < min{o(G;) | i € [k]}.

Proof. Fix i € [k] and we prove of(G) < o7(Gi). If 0](G;) = oo, then we are done.
Otherwise, let I € Z(G;) be an independent set such that |I| > ¢, (I) + 1 and wg, () =
07(G;). Then I is an independent set of G as well, and I satisfies |I| > dg,(I) +1 =
da(I) + 1. Hence 07 (G) < wg(I) = wg, (I) = o1 (Gi). O

For the light independence number o*(G), we can easily verify the following properties.

Lemma 9.14. Let G be a graph, and let G1,Go, ..., G be the components of G. Then
a*(G) > Zle a*(Gj). As a result, if a graph G has k components, then o*(G) > k.

Proof. For each i € [k], let I; be a light independent set of G; with |I;| = a*(G;). Then,
I =Y, I is an independent set of G with wg(I) = S8 we, (I) < S8 ([V(Gy)| 1) <
V(G)| = 1. Hence o*(G) > |I| = S0, L] = S, o*(Gy). O
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If a*(G) < 1, then either G is complete, or dg(u) + dg(v) > |V(G)| for every non-
adjacent pair of vertices u,v € V(G), and hence G is hamiltonian by Ore’s theorem in
[52]. Thus, the following lemma holds.

Lemma 9.15. Let G be a connected graph. If G has a cut vertex, then o*(G) > 2.

9.4 Proof of Theorem 9.7

Let F be the set of exceptional graphs in Theorem 9.7. Suppose that the statement is
false. Let G' be a counterexample of the minimum order, and let n = |V(G)|. If n = 1,
ie. G ~ Kj, then ¢](G) = 0 < n, which is a contradiction. Thus n > 2. If G has a
vertex u with degree at most 1, then there is a vertex v € V(G) \ Ng(u) since G % Ko.
However, I = {u,v} is an independent set of G with |I| = 2 > dg(u) > d¢(I), and thus
01(G) <wg(I) = dg(u) + dg(v) <1+ (n—2) < n, a contradiction. Thus the minimum
degree of G is at least 2.

Claim 1. G is connected.

Proof. Suppose that G is disconnected and let G1,Go, ..., G be the components of G.
First, we show that G; is not isomorphic to any exceptional graph for each i € [k].
Suppose that G; is isomorphic to a graph in F for some i € [k]. As §(G) > 2, G; is
isomorphic to a graph in F \ {K3}. Then we can take an independent set I; of G; such
that ’Iz‘ = 5Gi(Iz') = (5g<IZ') and wg(li) = wqg,; (Iz) S ‘V(Gz)’ Let u € V(G)\V(Gz) and set
I = I;U{u}. Then I is an independent set of G with |I| = |;|+1 = d¢(L;)+1 > da(I)+1.
This forces 07 (G) < wg(I) = wa(L;) +dg(u) < |V(G)|+ (n—|V(Gi)|—1) =n—1, a
contradiction. Hence G; is not isomorphic to any graph in F for each i € [k]. Since
oi(G;) > 0{(G) > n > |V(G;)| by Lemma 9.13, G; has a 2-proper partition P; with
1P;| < a*(G;). Then P = J¥_| P; is a 2-proper partition of G. By Lemma 9.14, P satisfies
Pl =S8 [P < 8 a*(Gy) < o*(G), a contradiction. O

When G is 2-connected, {V(G)} is a desired 2-proper partition. Hence G has a cut
vertex. Let B be the family of blocks of GG, and let U be the set of cut vertices of G. The
block-cut vertex graph T of G is defined by V(T') = BUU and E(T) = {Bu | B € B,u €
U,u € V(B)}. By the definition of 7', the graph T is a tree and every leaf of T' belongs to
B. A block B € B which corresponds to a leaf of T is an end-block of G. Since 6(G) > 2,
every end-block of G has at least 3 vertices.

Claim 2. Every end-block B € B has at least 4 vertices.

Proof. Suppose that B is an end-block of G and |V (B)| = 3. As §(G) > 2, B is isomorphic
to K3. Write V(B) = {u1, ug, ug} where ug is a cut vertex of G. If G—V(B) is 2-connected,
then P = {V(B),V(G) \ V(B)} is a 2-proper partition of G and |P| = 2 < o*(G) by
Lemma 9.15, a contradiction. Hence G — V(B) is not 2-connected. Since G # Fj, we
have G — V(B) # Ky. Now we define two subsets S; and Sz of V(G) \ V(B) as follows.
If G — V(B) is disconnected, then let S; be the vertex set of a component of G — V(B)
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and let So = V(G) \ (V(B)US)); if G — V(B) is connected, then let x be a cut-vertex
of G — V(B), and let 51,5, C V(G) \ V(B) be such that G[S1] and G[Ss] are distinct
components of G — (V(B) U {z}). Let v; € S; for i € {1,2}, and define I = {uy,v1,v2}.
Then I is an independent set of G with |[I| = 3 = dg(u1) +1 > dg(I) + 1. Tt follows
that wg(I) > 0f(G) > n, and thus dg(vi) + dg(v2) = wa(l) —2 > n — 2. Note that
|[Na—v(p)lv1] N Ng_v(p)lve]] < 1, and the equality holds if and only if G — V(B) is
connected and vix, vox E E(G). Furthermore, for each i € {1,2}, [Ng_v(p)[vi]| = da(v:)
and the equality holds if and only if v;us € F(G). Hence

n—2=|V(G — {u1,u2})| > |[Ng_v(p)[v1] U Ng_v(p)lva] U {us}]
= |Ng_vB)vill + [Na—vy[v2]l = [Na—v(B)[v1] N No—v(plva]| + 1 = d(v1) + da(ve).

This forces dg(v1) + dg(v2) = n — 2, and all equalities hold in the above inequalities. As
we mentioned above, G — V(B) is connected, vix, viug, vaz, vous € E(G). Since |V (G —
{ul, ’LLQ})‘ = |NG—V(B) [’Ul] UNG—V(B) [’Ug] U{U3}’, we have V(G) = V(B) U.sSt USQU{x} and
S; C Ng[v;] for each i € {1,2}. Since v; € S; is arbitrary, we conclude that both S; U {z}
and Sy U {z} are cliques of G and S1 U S2 C Ng(us3). By the symmetry of S; and Sa, we
may assume that |S7| < |S2|. Let s = [S1| + 1 and t = |S2| + 1. Then G is isomorphic to
either Hs or Hg, according to uzx € E(G) or not. In particular, G is isomorphic to a
graph in H,, which is a contradiction. O

For each B € B, let Xp =V (B)\U.

Claim 3. Let B € B with Xp # (). If there is a vertex u € V(B) \ X for which no block
of B — u contains Xp, then G — V(B) is isomorphic to a graph in F \ {K>}.

Proof. Suppose that Xp # () and that no block of B — u contains Xpg for some u €
V(B) \ Xp. Then, there are distinct vertices z1,x2 € Xp such that z1ze ¢ E(G) and
INp_u[z1] N Np_y[z2]| < 1. Without loss of generality, we assume that dg(z1) < dg(z2).
Considering these two vertices, we have

[V(B)| = [Np—u[z1] U Np_y[z2] U {u}| > [Np_y[z1]| + |[Np—u[z2]| — 1 +1
> dg(l‘l) + dg(l?) > 2dg(r1). (9.4.1)

Let G’ = G — V(B). Then dg/(v) > dg(v) — 1 for every v € V(G'). We shall show that
o (G") > |V(G")]. Let I' = {uj,ua,...,u;} € Z(G') be any independent set of G’ with
|I'| > ¢ (I') + 1. We may assume that dg(I') = dgr(u1). Let | = min{dg(u1),dg(x1)}.
Since t = [I'| > dg/(u1) +1 > dg(ur) > 1, the set I = {uy,ug,...,u;,z1} is well-defined.
Since I is an independent set of G with |I| =+ 1 = min{dg(u1),dg(z1)}+1 > da(I)+1,
we have wg(I) > n. Consequently, it follows from (9.4.1) that

l l
wG/ II ZdG/ uz ZZ uz ZZ dG U;) —1)>w(;< )—l—dg(xl)

> wg (1) — 2dg(r1)
>n—|V(B)| = |[V(G)],



and we conclude that o} (G’) > |V (G')].

Suppose that G’ is not isomorphic to any graph in F. Then G’ has a 2-proper partition
P’ with |P'| < o*(G"). Since B is 2-connected, P = P'U{V(B)} is a 2-proper partition of
G. We shall show that |P| < o*(G). Let J' = {v1,v2,...,v,} be a light independent set of
G’ with r = o*(G"). If r > dg(21), then Jp, := {x1,v1,v2,...,V4,(z,)} 15 an independent
set of G with |Jz, | > dg(Jz,) + 1. Then by (9.4.1),

da(@1) dg(21)
UT(G) < w(;(JI ) =da(z1) Z de( 1), < dG xl + dG’ v;)
i=1 i=1

<dg(z1) +we (J') + dg(z1) < V(G| =1+ 2dg(z1) <n—1,

which contradicts the assumption of the theorem. Thus, r < dg(z1)—1. Let J = J'U{z1}.
Again by (9.4.1),

wa(J) = dg(z1) +ZdG (v;) < dg(z1) —|—Z der (v; +1)—dg(x1)+wG/(J)+r
=1 =1

< | V(G| =14 2dg(z1) =1 <n—1,

and in particular, J is a light independent set of G. Thus, o*(G) > |J| =r+1 = a*(G’)+1
and hence |P| = |P'|+1 < a"(G') + 1 < o*(G), contradicting the fact that G is a
counterexample of the theorem. Therefore, G’ is isomorphic to a graph in F. Moreover,
Claim 2 implies that G’ 2 K, and thus G’ is isomorphic to a graph in F \ {K>}. O

Claim 4. For every B € B and every u € V(B)\ Xp, Xp is contained in a block of B —u.

Proof. Let By € B and u € V(B1) \ Xp,. Suppose that no block of By — u contains Xp,,
and let B; = By —u. By Claim 3, G — V(By) is isomorphic to a graph in F\ {K>}. Since
every graph in F is connected, By is an end-block of G, which implies that Xz, = V(B]).
This together with the assumption of the proof implies that B is not 2-connected. Now
we prove the following subclaims.

Subclaim 4.1. If G—V/(B;) is isomorphic to a graph in {F5, Hz 2, Hy » }, then u is adjacent
to all vertices of G — V(B1) having degree 2.

Proof. We may assume that G — V(Bj) belongs to F \ {Ks}. (For example, if G —V(Bj)
is isomorphic to a graph in F1;, then we may assume that V(G — V(B1)) = {a1, b2, b3} U
{ci | © € [8]}.) Since Bj is not 2-connected, there is a vertex v € V(B ) such that
dg(v) < |V(By1)| — 2.

Suppose that G — V(B;) € {F5,H2 2, Hyo}. Then [V(G) \V(Bl)| > 5. Suppose that
there exists a vertex x € V(G) \ V(Bi) such that dg_y(p,)(r) = 2 and zu ¢ E(G).
Then we can easily verify that there exists a vertex y € V(G) \ (V(B1) U{z}) such that
da—v(B)(y) = 2 and zy ¢ E(G). Let I = {x,y,v}. Then I is an independent set of G
with |I| > ég(I) + 1, and hence

01(G) Swg(l) = dg(z) +da(y) + da(v) <2+ 3+ ([V(B1)] - 2)
<|V(G)\V(B)|+ |V(B1)| —2=n-2,
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a contradiction. Thus u is adjacent to all vertices of G — V(B;) having degree 2. O
Subclaim 4.2. The graph G — V(By) is a block of G.

Proof. We assume that G — V(By) belongs to F \ { K>}, and let v be a vertex of By such
that dg(v) < |V(B1)| — 2. If G — V(B)) ~ F5, then it follows from Subclaim 4.1 that
G — V(B7) is a block of G. Thus, we may assume that G — V(By) is isomorphic to a
graph in F \ {K2, F5}.

Case 1. G — V(Bl) € Fi1 U Fio.

Suppose that c;u ¢ E(G) for some ¢ € [8]. Then there exist two distinct indices j and k
with j,k € [8] \ {¢} such that {¢;, ¢j, cx} is an independent set of G (for example, if i =1,
then j = 3, k = 5 are desired indices). Let I = {¢;,¢j,cx,v}. Then I is an independent
set of G with |I| =4 =dg(c¢;) +1 > 6g(I) + 1, and hence

UT(G) <wg(l) =da(e) + dg(Cj) +dg(ek) +da(v) <3+44+4+(|V(By)| —2)
<|\V(@\V(B)|+|V(B1)|—2=n-2,

a contradiction. Thus, {¢; | ¢ € [8]} € Ng(u), which implies that G — V(B ) is a block of
G.

Case 2. G —V(By) € H;, where | =n — |V(B1)|.

Let s and t be integers such that 2 < s <t,l=s+t+ 2 and G — V(B;) is isomorphic to
either Hy, or H_,. By the definition of Hs; and Hg,, we have V(G)\ V(B1) = V(S1) U
V(S2) U{a,b,c1,c2}. Suppose that c;u ¢ E(G) for some ¢ € {1,2}. Let I = {¢;,b,v}.
Then I is an independent set of G with |I| =3 = dg(¢;) +1 > 0g(I) + 1, and hence

01(G) Swg(I) 2+ (s +1) + (V(B1)| = 2) = V(G)\V(B)| + [V(B1)| =2 = n =2,

a contradiction. Thus, {c1,ca} € Ng(u).

Suppose that (V(S1) UV (S2)) N Ng(u) = 0. Let I' = {c1,x1,x2,v}, where z; is a
vertex in V(S;) for each j € {1,2}. Then I’ is an independent set of G with [I'| = 4 =
dg(c1)+1>06¢(I’) + 1, and hence

01 (G) < ’wg(fl) =dg(c1) +dg(z1) + dg(x2) + dg(v) <3+ s+t + (|[V(By1)| — 2)
=([VI)\V(B)|+ 1)+ |V(B)|—-2=n—-1,

a contradiction. Thus, (V(S1) UV(S2)) N Ng(u) # 0, which implies that G — V(B) is a
block of G. t

Let B =G — V(B )€ Band B, = By —u (=G —V(By)). Since B, is isomorphic
to a graph in F \ {K>}, B, is not 2-connected. It follows from Subclaim 4.2 that Bs is
an end-block of G, and hence, Xp, = V(B2) \ {u}. This implies that no block of By —u
contains Xp,. Applying Claim 3 with B = B, we conclude that G — V(Bs) (= By ) is
isomorphic to a graph in F \ {K>}. In particular, the roles of By and By are symmetric.
Furthermore, by exchanging the role of B; and By, the following subclaim holds.
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Subclaim 4.3. If G — V(Bz) (= By ) is isomorphic to a graph in {F5, Ha 2, Hy,}, then u
is adjacent to all vertices of G — V(Bz) having degree 2.

We may assume that [V (B;)| < |[V(By)|.

Subclaim 4.4. If B is isomorphic to F5, then B, is isomorphic to a graph in F \
{K2, F5, Hap, Hy o }.

Proof. If By is isomorphic to F5 and B, is isomorphic to a graph in {F5, Ha2, Hy,},
then by Subclaims 4.1 and 4.3, G is isomorphic to a graph in Fj; U Fi2, which is a
contradiction. O

Subclaim 4.5. If By is isomorphic to a graph in {Ha 2, H,,}, then B, is isomorphic to
a graph in f\ {Kg, F5, H272, HQ_,2}

Proof. Assume that By is isomorphic to a graph in {Hz2, Hy,}. Since 6 = [V(By )| <
V(B3 )|, By # F5. Suppose that By is isomorphic to a graph in {Hs2, Hy,}. Then
(1)

for i € {1,2}, there exist tWO non-adjacent vertices azg) and ajg) of B;” with dgy-(x;") =

dp-(23)) =2. Let I = {z{" |i € {1,2},j € {1,2}}. Note that dg(2!") < dpp- (2 §.>)+1:
3. Then I is an independent set of G with |I| > dg(I) + 1, and hence

o (G) <we()= Y de(z)<4.-3<13=n,
1e{1,2},5e{1,2}

a contradiction. O

Since |V(By)| < |V(By )|, it follows from Subclaims 4.4 and 4.5 that B, is isomorphic
to a graph in F \ {Kj, F5, Ha2, Hy 5}. Now we define an independent set I of B, as
follows. If B, is isomorphic to a graph in Fi; U Fi2, then let I be the set of vertices of
By corresponding to ¢1 and c3; If By is isomorphic to a graph in {Hj,, Hg,} for some s
and t with 2 < s < ¢, then let I3 be the set of vertices of B, corresponding to ¢; and a
vertex in V(S1). In the former case, we have wp- (I) = 6 < |[V(By )| — 3; in the latter

case, since ¢t > 3, we have wp- (Is) =s+2<s+t—1=|V(B;)|— 3. In either case, we
obtain wp- (I2) < |V(By)| — 3.

Next, we define the independent set Iy of B as follows. If B ~ F5, then let I; be
the set of vertices corresponding to by and bs; if B, is isomorphic to a graph in Fi; U Fia,
then let I; be the vertices corresponding to c1, c3 and cs; if B is isomorphic to a graph
in {Hg,, H;t} for some s and t with 2 < s < t, then let I; be the vertices corresponding
to b and c;. Then we have |I1| = d, (Il) and Wy~ (L) <|V(By)| — || + 1.

Let I = I;UI,. Then I is an mdependent set ofGWith 1| = |I1|+2 > (5B;(I1)+1)+1 >
da(I1) +1 > d6a(I) + 1, and hence

O'T(G) < wg(I) = wg(fl) + wg(fz) < wa (Il) + ‘11’ + wB; (IQ) + ‘IQ’
< (VB =L+ 1) + L]+ (V(By)| =3) +2=n—1,
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which is a contradiction. This completes the proof of Claim 4. O

Claim 5. For every u € V(G), Ng(u) N X # (). In particular, for every B € B, if Xp # 0,
then |XB| > 2.

Proof. Let u € V(G). Suppose that Ng(u) N X = 0. Write Ng(u) = {v1,v2,...,v,}. For
each i € [r], let D; be a component of G — v; which does not contain u. Then

V(D) NV (D;) =0 for all i, j € [r] with i # j. (9.4.2)

Let y; be a vertex of D; for each i € [r]. Then we have |V(D;)| > da(y;). Let I =
{u,y1,92,...,yr}. The condition (9.4.2) implies that I is an independent set of G with
|I| > dc(I)+ 1, and hence wg(I) > n. Again, by (9.4.2), we have

V(@) = [Nalu]l + D IV(Di)| = (da(u) +1) + Y da(yi) = wa(l) +1>n+1,
=1 =1

a contradiction. O

Fix an end-block By of G. We regard the block-cut vertex graph T of G as a rooted
tree with the root By. For each B € B\ {By}, let up be the parent of B in 7. By Claim 4,
for each B € B\ {By} with Xp # (), there is a block Ag of B — up that contains Xp.

Claim 6. Let B € B\ {By} with Xg # 0. If u e V(B) \ (V(Ap) U{up}), then Ng(u)N
(X \ Xp) #0.

Proof. Let B be a block in B\ {Bg} and let u € V(B) \ (V(Ap) U{up}). Write Ng(u) =
{v1,v2,...,v.}. Suppose that Ng(u)N(X\Xp) = 0. By Claim 5, we have Ng(u)NXp # 0.
Since u ¢ V(Ap) and Xp C V(Ap), we have |[Ng(u)NXpg| = 1. Without loss of generality,
we may assume that v, € Xp and v; ¢ X for all ¢ € [r — 1]. By Claim 5, there is a vertex
z € Xp\{v,}. Since u ¢ V(Ap), we have

|INg(u) N Ng(x)| < {up, v} = 2. (9.4.3)

Fix i € [r — 1]. Let D; be a component of G — v; which does not contain u. Since B
is a block of G, B — v; is a connected graph containing w if v; € V(B). This leads to
V(D;)NV(B) =0. Let y; € V(D;) be a vertex. Then we have

IV(Di)l = [Nelyi] \ {vi}| = da(yi)- (9.4.4)

Let I = {u,z,y1,%2,...,Yr—1}. Then I is an independent set of G with |I| > da(I) + 1,
and hence wg(I) > n. Recall that V(D;) N V(B) = 0 for all ¢ € [r — 1]. Hence by (9.4.3)
and (9.4.4), we have
r—1 r—1
n=|V(G)| = [Nglu] U Ngle]| + Y [V(Dy)| = [Nglul| + [Nglz]| = 2+ Y _ da(y)
i=1 L i=1
= da(u) + dg(2) + Y da(yi) = we(I) = n.
i=1
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This together with (9.4.4) forces y;v; € E(G) and V(D;) = Ng[yi]\{v:} for each i € [r—1].
Since y; € V(D;) is arbitrary, V(D;) U {v;} is a clique of G. Furthermore, V(G) is the
disjoint union of V/(B), Ng(u) \ V(B), and J;—] V(D;). For each i € [r — 1], we define V;
as V; = V(D;)U{w;} if v; ¢ V(B) and V; = V(D;) otherwise. By Claim 2, |V;| > 3 for each
i € [r —1]. In addition, since wg(I \ {z}) < wg(I) =n, I\ {z} is a light independent set
of G, and hence o*(G) > |I \ {z}| = r. Combining these, we obtain a 2-proper partition
P :={V(B),Va,Vs,...,V,.} of G with |P| =r < a*(G), a contradiction. O

Claim 7. For every B € B\ {By} with Xp # (), Ap has at least 3 vertices. In particular,
Ap is 2-connected.

Proof. If B € B\ {By} is an end-block of G, then |V (Ap)| = |V(B—ug)| > 3 by Claims 2
and 4. Suppose that B € B\ {By} is not an end-block, Xp # 0 and |V (Ap)| < 2. By
Claim 5, we know that V(Ap) = Xp and |Ap| = 2. Write Xp = {x1,z2}. Since Ap is a
connected graph, we have z1z9 € E(G). Since B is not an end-block of G, one of x; and xa,
say x1, is adjacent to a vertex v; € V(B)\(XpU{up}). Write Ng(z2) = {1, v2,v3,...,0,}
where r = dg(z2). Since v1 ¢ V(Ap), v1 is not adjacent to xo. For each i € [r], let D;
be a component of G — v; which does not contain o, and let y; € V(D;). Then we have
\V(D;)| > da(y;). Since V(D;) NV (B) = () for every i € [r] and V(D;) NV (D;) = () for all
distinct 4,5 € [r], I = {®2,y1,Y2,...,¥yr} is an independent set of G with |I| > d5(I) + 1.
Hence

V(@) > [Nalaal + 37 V(D) > (dales) + 1)+ Y delys) = wa(l) + 12 n+1,
i=1 i=1

which is a contradiction. O

For each B € B, let G(B) be a subgraph of G induced by the vertices of B and its
descendant blocks with respect to T'. In addition, for each B € B, let B(B) = {B' € B |
B'C G(B)} and let B(B) ={B' € B(B) | Xp # 0}.

Claim 8. Let B € B\ {Bo}. Then G(B) — up has a 2-proper partition Py with [Py| =
|B(B)|. Furthermore, if Xp # (), then G(B) has a 2-proper partition Pp with [Pp| =
1B(B)|-

Proof. The proof goes by induction on the height h of the block-cut vertex graph of G(B)
with the root B. When h = 0, B is an end-block of G, which implies that G(B) = B,
Xp =V (B)\{ug} # 0 and |B(B)| = 1. By Claim 4, {Xp} is a desired 2-proper partition
of G(B) — up, and {V(B)} is a desired 2-proper partition of G(B). Hence, we assume
h > 1, that is, B has a child in T. For each x € V(B) \ (Xp U {up}), let C(x) be the
family of blocks in B\ {B} containing z, and let C(B) = U,cv(p)\ (xpufup}) € (@)-

By the induction hypothesis, the statements of the claim hold for every B’ € C(B). For
each block B’ € C(B), let Py, be a 2-proper partition of G(B') —up with |Pg,| = |B(B’)|.
In addition, for each block B’ € C(B) with Xp/ # (), let P be a 2-proper partition of
G(B') with |Pg/| = |B(B")|.
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First, we assume Xp = ). For each « € V(B) \ {up}, there is a block B, € C(x) with
Xp, # 0 by Claim 5. Then,

Ps= U Pe,U |J  Pm

€V (B)\{up} BreC(a)\{Ba}

is a 2-proper partition of G(B) — up with |Pg| = 3 picc(p) \B(B")| = |B(B)|.
Next, we assume that Xp # (). Then B is 2- connected and hence

Pe={ViB)}u| |J Pm

B'eC(B)

is a 2-proper partition of G(B) with [Pg| =1+ > pcc(p) |B(B')| = |B(B)|, which proves
the second statement of the claim. For each x € V(B) \ (V(Ap) U{ug}), there is a block
B, € C(x) with Xp, # 0 by Claim 6. By Claim 7, Ap is 2-connected, and hence

Py ={V(4p)}U U Ps, | U U Py
zeV(B\(V(Ap)U{us}) B'eC(B)\{Bz|zcV (B)\(V(Ap)U{us})}

is a 2-proper partition of G(B) —up with [Pz =1+ Y pcc(p) |B(B')| = |B(B)|, which

proves the first statement of the claim. ]

Claim 9. For every B € B, |B(B)| < o*(G(B)).

Proof. Let B € B. For each B’ € B(B), take a vertex zp € Xp. Let I = {zp | B' €
B(B)}. Then

wop ()= Y del@p)< Y (V(B)-1)< DY (V(B) -1

B'€B(B) B'cB(B) B'eB(B)
= |[V(G(B))| - 1.

This together with the definition of X/ implies that I is a light independent set of G (B).
Consequently, o*(G(B)) > |I| = |B(B)|. O

Recall that By is an end-block of G. Let up be the unique cut-vertex of G belonging
to By, and let By be the family of blocks in B\ { By} of G containing ug. For each B € By,
let Py be as in Claim 8. Then Py := {V(Bo)} U (Upep, Pp) is a 2-proper partition
of G. Since By is an end-block of G, Xp, # (. This together with Claim 9 leads to
Pol =1+ peg, |B(B)| = |B(By)| < a*(G(By)) = a*(G), which is a contradiction. This
completes the proof of Theorem 9.7.
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Chapter 10

2-factors

For a positive integer r, an r-regular spanning subgraph of a graph is called an r-factor.
Finding an r-factor in a given graph is a classical problem in graph theory and has been
intensively studied for a long time. In particular, a 2-factor of a graph is a relaxation of a
hamilton cycle, and thus sufficient conditions for a graph to have a 2-factor are important
towards the studies of the hamiltonicity of graphs. In this chapter, we focus on degree
conditions for a graph to have a 2-factor. We introduce results on degree conditions for a
graph to have a 2-factor in Section 10.1, and we show the relationship between the degree
conditions in Section 10.2. In Section 10.3, we give proofs of Theorems 10.5 and 10.6,
which are assumptions on the minimum degree sum on large independent sets for a graph
to have a 2-factor. In Section 10.4, we give a proof of Theorem 10.9, which is a result on
the existence of a 2-factor with a bounded number of components. All the new results in
this chapter are based on [38].

10.1 Studies on degree conditions for the existence of a 2-
factor

Let G be a graph. A 2-factor of G is a 2-regular spanning subgraph of G. In other words,
a 2-factor of G is a union of pairwise vertex-disjoint cycles that cover all vertices of G. A
hamilton cycle of G, which is a cycle that passes through all vertices of G, is a 2-factor
of G with exactly one component. A graph with a hamilton cycle is called hamiltonian.
The following well-known theorems, respectively, in Dirac [23] and Ore [52] give degree
conditions for a graph to have a 2-factor.

Theorem 10.1 (Dirac [23]). Let G be a graph of order n. If §(G) > %, then G has a
hamilton cycle.

Theorem 10.2 (Ore [52]). Let G be a graph of order n. If 02(G) > n, then G has a
hamilton cycle.

The degree conditions in Theorems 10.1 and 10.2 are tight even for the existence of a 2-
factor. Indeed, the complete bipartite graph K, 11 satisfies n := |V (Kpmy1)| = 2m+1,
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I Kmmy1) = m = "771, and o9(Kpm+1) = 2m = n — 1, but K,y ;41 does not have a

2-factor.
Another well-known result on a sufficient condition for a graph to have a hamilton
cycle is the following, which was shown in Chvatal and Erdds [18].

Theorem 10.3 (Chvatal and Erdés [18]). Let G be a 2-connected graph. If o(G) < k(G),
then G has a hamilton cycle.

While the assumption o(G) < k(G) is not a degree condition, it is well known that
Theorem 10.3 implies Theorem 10.2 as follows. The following proof was given in Bondy [8].

Proposition 10.4. Let G be a graph of order n. If 02(G) > n, then a(G) < k(G).

Proof. Let G be a graph of order n. Suppose that o9(G) > n. If G is complete, then the
statement is trivial. We assume that G is not complete. Let S C V(G) be a minimum cut
set of G, and let U and V' be two disjoint sets of vertices such that UUV = V(G)\ S and
E(U,V) =10. Let I be a maximum independent set of G, and assume that || > |S|. Note
that |S| = k(G) and |I| = a(G). Since |I| > |S|, we have (UUV) NI # (). By symmetry,
we may assume that I NU # (.

We first suppose that TNV = (). Let u be a vertex in U NI and v be a vertex in V.
Since [I N (U US)| = |I], we have

02(G) < dg(u) +dg(v) < ([UUS|—[IN(WUUS))+(VUS|-1)
=|Ul+|S| =1+ |V|+]S] -1
<|U|+|S|=|S|+|V|+|S|—-1=n—1,

a contradiction. Next, we suppose that TNV # (). Let u be a vertex in U NI and let v be
a vertex in VNI. Since [IN(UUS)|+|IN(VUS)| = [INU|+2/INS|+[INV|>|I| > |S],
we have

02(G) < dg(u) +dg(v) < ([ UUS| = INUUS|)+ ([VUS|—=[INn(VUS)|)
=|U|+|S| = INnWUS)|+|V|I+|S|—|INn(VUS)|
<|U[+[S|+ V| +[S] = [S| =n,

a contradiction. Thus, a(G) = |I]| < |S| = k(G). O

From the perspective of vertex partitions, a 2-factor can be regarded as a special
2-proper partition. If a graph G has a 2-factor consisting of pairwise disjoint k& cycles
c,c®@ . .. . c® then a partition P = {V(CW),V(CP),...,V(C¥))} of V(G) is a
2-proper partition of G. This motivates us to investigate the assumption on the minimum
degree sum on large independent sets for a graph to have a 2-factor. We prove the
following two theorems. Recall that oj(G) = oo if every independent set I € Z(G) satisfies
|I| < éaq(I) —1, and 0] (G) = oo if every independent set I € Z(G) satisfies |I| < dg ().

Theorem 10.5. Let G be a graph. If o3(G) = oo, then G has a 2-factor.
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Figure 10.1: A graph in G;. A graph H is an arbitrary graph of order k.

Theorem 10.6. Let G be a graph. If 07(G) = oo, then either G has a 2-factor, or G is
isomorphic to a graph in G where the exceptional graphs are defined as below.

We define the set of exceptional graphs of Theorem 10.6. For an integer k£ > 0, let G,
be a set of graphs G with 3k+2 vertices {v; | ¢ € [k]}U{u; | j € [k+1]}U{w; | j € [k+1]}
such that

o H = G[{v; | i€ [k]}] is an arbitrary graph of order k, and

e E(G)=EH)U{ujwj|jelk+1]}U{vu;|ic[k],jek+1]}U{vyw;|i€k],je€
[k + 1]} (Figure 10.1).

We let G = Uy Gr. Thus, G is a class of infinitely many graphs. Note that every
graph in G does not have a 2-factor. Indeed, suppose that G is a graph in G for some
integer k > 0 labeled as in the definition of G;. Suppose that G has a 2-factor consisting
of pairwise disjoint cycles C), C®?) ... C®. Since G — V(H) is a disjoint union of k + 1
copies of Ky, if a cycle C' of G covers s vertices of {u; | j € [k+1]}, then C covers at least
s vertices of V(H). This implies that

l l
k= V()| = Y VEO) nVE) 2 S IVIED) N {u ] § € k+ 11}
t=1 t=1
— {uy |j € k+1} = k+1,

a contradiction.

As we mentioned before, a hamilton cycle is a 2-factor with exactly one component.
Thus, we are interested in the existence of a 2-factor with a bounded number of compo-
nents. Considering Theorem 9.7 and Corollary 9.9, which are on the existence of a 2-proper
partition with bounded number of parts, we pose the following two conjectures. Recall
that a*(G) is the order of a maximum independent set I € Z(G) with wg(I) < |V(G)| —1.

Conjecture 10.7. Let G be a graph. If o§(G) = oo, then G has a 2-factor with at most
a*(G) components.

Conjecture 10.8. Let G be a graph. If 07(G) = oo, then either G has a 2-factor with at
most o*(G) components, or G is isomorphic to a graph in G.

The number of components in Conjectures 10.7 and 10.8 are best possible. Let k > 3
be an integer. Let Hy, Ho, ..., Hop_o be pairwise disjoint copies of the complete graph Ky,
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Figure 10.2: A graph Gj.

and let G1 be a graph obtained from a disjoint union of Hy, Ho, ..., Hop_o by adding new
k vertices {v1,va,...,vr} which are joined to all vertices of Ufiﬁ V(H;) (Figure 10.2).
Then we have n := |V(G1)| = k + k(2k —2) = k(2k — 1) and §(G1) = 2k — 1, which
is attained at the vertices of U?ﬁIQ V(H;). Since a(G1) = 2k — 2, every independent
set I € Z(G) satisfies |I| < a(G1) = 2k —2 = 0(G1) —1 < g, (I) — 1. Hence, we
have o((G1) = oo and 0](G1) = oco. For any independent set I € Z(G;) of order at
least k, we have wg, (I) > |I]-6(G1) > k(2k — 1) = n. Thus, we have a*(G1) < k — 1,
and the equality is attained by taking an independent set consisting of u; € V(H;) for
each i € [k — 1]. Suppose that G; has a 2-factor consisting of pairwise disjoint cycles
oW . c@ ... .cO. For each j € [l], let s; = |[{H; | i € 2k —2],V(H;) NV (CV)) #£ 0}
and t; = [V(CU) N {v1,va,...,0}|. Then we have s; = 1if t; = 0 and s; < t; otherwise.
Note that t; > 1 for at least one j € [I]. Since 22:1 s; > 2k — 2 and 22:1 tj =k,

l
2k—2§28]’: Z Sj+ Z Sj§ Z 1+ Z tjg(l—l)—i-k‘,
j=1

1<j<1,t;=0 1<j<lt;>1 1<j<lt; =0  1<j<lt;>1

which implies that [ > k — 1. Thus, every 2-factor of G; has at least k — 1 = o*(G1)
components.

By the definition of o*(G), it follows that a graph G satisfies o*(G) < k if and only if
0k+1(G) > |V(G)|. Thus, Theorem 10.2 implies that every graph G with o*(G) < 1 has
a 2-factor with one component, and hence Conjectures 10.7 and 10.8 hold for graphs with
a*(G) < 1. Focusing on this relation between o*(G) and oy11(G), we prove the following
theorem.

Theorem 10.9. Let k£ > 2 be an integer and let G be a graph of order n. Suppose that
03(G) = oo and o (G) > n. If there is a cut set S C V(@) of G such that w(G — S) >
|S| + k — 2, then G has a 2-factor with exactly k¥ — 1 components.

Note that if a graph G with a 2-factor has a cut set S C V(G) with w(G — S) >
|S| + k — 2, then every 2-factor of G has at least k¥ — 1 components.
The following theorem on a dominating cycle of a graph was shown in Bauer, Veldman,
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Morgana, and Schmeichel [6]. A cycle C of G is called a dominating cycle if G —V (C) has
no edge. A graph G is 1-tough if every cut set S C V(G) of G satisfies w(G — S) < |S].

Theorem 10.10 (Bauer, Veldman, Morgana and Schmeichel [6]). Let G be a graph of
order n. If G is 1-tough and o3(G) > n, then every longest cycle of G is a dominating
cycle of G.

By Theorems 10.9 and 10.10, we have the following corollary, which is a partial result
of Conjecture 10.7.

Corollary 10.11. Let G be a graph. If oj(G) = oo and a*(G) < 2, then G has a 2-factor
with at most o*(G) components.

10.2 Relationship between degree conditions

In this section, we see the relationship between degree conditions for a graph to have a
2-factor or a hamilton cycle. The following proposition holds.

Proposition 10.12. Let G be a graph of order n.

o If §(G) > §, then either oj(G) = oo, or n is even and G contains a spanning
subgraph that is isomorphic to K nn.

o If a(G) < k(G), then o7 (G) = cc.

Proof. First, suppose that 6(G) > § and 05(G) < co. Let I € Z(G) be an independent set

such that |I| > 6¢(I), and fix v € I. We have |I| > 6g(I) > §(G) > [%], and this forces
n n n
3] € dew) = INe@)| < V(@\ 1| =n—|1 <n—[Z] = [5]

Thus, the all inequalities are attained by equalities, which implies that n is even and

G contains a complete bipartite graph with partite sets I and V(G) \ I as a spanning

subgraph. Since |I| = [V(G) \ I| = 3, it is isomorphic to Kz =, as desired.

Next, we assume that a(G) < k(G). Since 6(G) > /ﬁ?(zG), every independent set
I € Z(G) satisfies

Il < a(G) < k(G) <6(G) <da(I).
Thus, we have o7 (G) = oc. O

Note that the situation that n = |[V(G)| is even and G has a spanning subgraph
that is isomorphic to K 2 is easy to deal with in terms of 2-factors or hamilton cycles.
By combining Proposition 10.12 and other relations we have already seen, we show the
relationship between degree conditions for a graph to have a 2-factor in Figure 10.3. As
we see in the figure, the degree condition o] (G) = oo is implied by any other conditions.
Furthermore, there are infinitely many graphs which satisfy o5 (G) = oo but which neither
satisfy a(G) < k(G) nor ojj(G) = oo. Let k > 4 be an integer. A graph G is obtained by
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Figure 10.3: Relationship between degree conditions for a graph G of order n to have
a 2-factor. An arrow from an assumption A to an assumption B means assumption A
implies assumption B.

Ul Uz

Figure 10.4: A graph Gs.

a complete graph H with k vertices {v1,vg,..., v} by adding two new vertices u, uz and
edges {viu1,viug, ujug}. Then we have 6(G2) = 2 and a(G2) = 2. Since every independent
set I € I(G2) satisfies |I| < a(Ga) = 2 = 0(G2) < dg,(I), we have o7 (G2) = co. On the
other hand, since G has a cut vertex v, we have k(G2) = 1 < a(G3). Considering an
independent set I’ = {uy,v2} € Z(G3), we have |I'| = 2 = dg(u1) < dg,(I'), and thus
03 (G2) < 0.

10.3 Existence of a 2-factor

In this section, we give proofs of Theorems 10.5 and 10.6. We introduce some notation
used in the proofs. Let GG be a graph. Let C be a cycle of G. We set one orientation of

the cycle C, and write as the oriented cycle. For a vertex v of 8, let vt (resp. v™)
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denote the vertex which comes after (resp. before) v along the orientation of 8 For two
vertices u and v of 8 let uav be the subpath of 8 from u to v, including its orientation.
We write qu as the subpath of C' from u to v with the opposite orientation to C'. For
a uv-path P} of G and a vw-path P, of G which have no common vertices other than v,
we write Py P> as a uw-path of G which starts from u, goes along P; to v, and then goes
along P to w.

The following lemma is essential in our proof of Theorem 10.5.

Lemma 10.13. Let k be a positive integer and let G be a graph. Suppose that oj(G) = oo.
If there is a set of vertices S C V(G) such that G[S] is a forest and G — S has a 2-factor
with at most £ components, then G has a 2-factor with at most k components.

Proof. Let G be a graph with o(G) = co. Suppose that there is a set S C V(G) such that
G[S] is a forest and G — S has a 2-factor consisting of r disjoint cycles ch c® .. cn
for some positive integer r < k. We set one orientation of C'¥ and write 8(i) for each
i € [r]. The proof goes by induction on the order of S. If S = (), then there is nothing to
prove. Suppose that |S| = s > 1 and that the statement holds for any set of vertices of
order less than s. Since G[S] is a forest, there is a vertex v € S such that dgg(v) < 1. Let

X = Ng(v)\S. For each x € X, we define x1 along a cycle 8( ), where 8 () is a cycle that
contains z. Let XT = {2 | z € X}. Note that |XT| = |X| = [Ng(v) \ S| > da(v) —

If I = {v} U X" is an independent set of G, then we have [I| = |[XT|+1 > (dg(v) -
1)+1 > ég(I), a contradiction by the assumption ojj(G) = co. Hence {v} U X is not an
independent set of G, which implies that one of the following holds.

(i) There is a vertex 2+ € X such that xtv € E(G).

(ii) There are vertices ], x5 € X and an index i € [r] such that 2,z € V(C®) and

zfz € E(G).

(iii) There are vertices x| ,z5 € X * and two distinct indices 4,7 € [r] such that 2] €
V(CW), zf € V(CY)) and z{z5 € E(G).

We shall show that G — (S'\ {v}) has a 2-factor with at most  components for each case.
When é without loss of generality, we may assume that 2™ € V(C(l)). By setting
Wpvat, ¢ U, CY is a 2-factor of G — (S \ {v}) with 7 components.

When (n), Wlthout loss of generahty, we may assume that =], 23 € V(C( )). By setting
C'=u1) +Om )xovay TWaf sxl, C'UUi_y C is a 2-factor ofG (S\{v}) with r components
When (iii), without loss of generality, we may assume that i e V(CW)and zf € V(C?).
By setting C" = z] 80)3:1@9;20( Jagxf, C'UU_; CW is a 2-factor of G — (S'\ {v}) with
r — 1 components. Since G — (S \ {v}) has a 2- factor with at most r components and
G[S \ {v}] is a forest, by the induction hypothesis, G has a 2-factor with at most r
components, as desired. O
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10.3.1 Proof of Theorem 10.5

Let G be a graph with o3(G) = co. If G has a vertex v with dg(v) <1, then I = {v} is
an independent set of G with |I| =1 > dg(v) = dg(v), a contradiction by the assumption
0§(G) = oo. Hence 6(G) > 2 and thus G contains a cycle. Let G’ be a maximal induced
subgraph of G which has a 2-factor, and suppose that V(G) \ V(G') # 0. Let S =
V(G) \ V(G'). By the maximality of G', G[S] is a forest; otherwise, G[S] has a cycle C
and G[V(G') UV(C)] has a 2-factor, a contradiction. Thus, by Lemma 10.13, G has a
2-factor, a contradiction by the maximality of G.

10.3.2 Tutte’s 2-factor theorem

In this section, we introduce a theorem in Tutte [61], which gives an equivalent condition
for a graph to have a 2-factor. Tutte showed a result with a more general setting called
an f-factor, but in this thesis, we only consider a 2-factor. For a graph G and sets of
vertices S C V(G) and T C V(G) with SNT = (), an odd component (resp. an even
component) of (G;S,T) is a component D of G — (S UT) such that e(T, V(D)) is an odd
integer (resp. an even integer). Let H(S,T) be the set of odd components of (G;S,T),
and let h(S,T) = [H(S,T)|. Let 6(S,T) = 2[S| —2|T| = >, cr dg—s(v) — h(S,T). Then
the following holds.

Theorem 10.14 (Tutte [61]). A graph G has a 2-factor if and only if §(S,7") > 0 for
every pair (S,T) of disjoint sets of vertices of G.

For a graph G, a pair (S,T) of disjoint sets of vertices of G is called a barrier of G
if 6(S,T) < 0. Then by Theorem 10.14, every graph without a 2-factor has a barrier.
Furthermore, in Tutte [61] it is observed that 6(S,T') is even for any graph G and any
pair (S, T) of disjoint sets of vertices, and hence every barrier (S, T) of a graph G satisfies
0(S,T) < —2. For a graph G without a 2-factor, a barrier (S, T) is called a minimal barrier
of G if every pair (S’,T") of disjoint sets of vertices of G with |[S’UT’| < |SUT| is not
a barrier of G. The following properties of a minimal barrier is often used in literature.
(See Lemmas 1 and 2 in [3] for example.)

Lemma 10.15 (Aldred et al. [3]). Let G be a graph without a 2-factor, and let (S,T") be
a minimal barrier of G. Then the followings hold.

1. T is an independent set of G,
2. for every even component D of (G;S,T), e(T,V (D)) =0,

3. for every odd component D of (G;S,T) and every vertex v € T, e(v, V(D)) < 1,
and

W

T > |S].
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10.3.3 Proof of Theorem 10.6

Suppose that G satisfies 07 (G) = oo but G does not have a 2-factor. We shall show that
G € G. Let Z(G) be the family of independent sets of G. By Theorem 10.14, G contains
a barrier. Let (S,T) be a minimal barrier of G. Let ¢t = |T| and T = {v1,v2,...,vt}.
Since T' € Z(G) by Lemma 10.15, we have 0g(T") > t, and thus dg(v) > t for every
vertex v € T. Without loss of generality, we may assume that dg_g(v1) < dg—g(v;) for
allie€{2,3,...,t}. Leta=1t—|[S| > 0.
Suppose first that dg_s(v1) > a+ 1. Then we have ) _rdg_s(v) > (a+ 1)t and

—22>6(8,T) =2|S| = 2|T| + > dg-s(v) = h(S,T) > —2a + (a+ 1)t — h(S,T),
veT
which implies that

h(S,T)> (a+ 1)t —2(a—1) = (a — 1)(t —2) + 2t > 2t > |S| + 1, (10.3.1)

where the third inequality holds since 1 < a < t.

If every odd component D € H(S,T') has at least ¢t + 1 vertices, then Lemma 10.15
implies that there is a vertex zp € V(D) \ Ng(T) for every D € H(S,T), and I = TU{xp |
D € H(S,T)} is an independent set of G such that |I| =t + h(S,T) > |S| + h(S,T) >
dg(v1) > d¢(I), a contradiction by the assumption o} (G) = co. Hence, there is an odd
component D; € H(S,T) such that |V(D;)| < t. Let 21 be a vertex of Dy such that
e(T,x1) is minimum among all vertices of D;. Then we have

t
<t,
[V(D1)|

where the last inequality follows from 1 < |V(Dq)| <t. Thus, dg(z1) < |S|+da_s(x1) <
|S| +t. Now we let I' = {z1} U{xp | D € H(S,T)\ {D1}} where zp € V(D) is an
arbitrary vertex for every D € H(S,T)\ {D1}. It is obvious that I’ is an independent set
of G, and by (10.3.1), we have |I'| = H(S,T) > |S|+t > de(z1) > dc(I'), a contradiction
by the assumption o} (G) = oo. Hence, we conclude that dg_s(vi) < a.

Since dg_g(v1) > dg(v1)—|S| > t—|S| = a, we have dg_g(v1) = a and thus dg(v1) = t.
If there is a vertex z € V(G) \ (SUT U Ng(T)), then T'U {x} is an independent set
of G with [T U {z}| > t = dg(v1) > 0g(T U {z}), a contradiction. Hence V(G) =
SUTUNg(T). In particular, there is no even component of (G;S,T") by Lemma 10.15. By
Lemma 10.15, there are odd components D1, Ds, ..., D, of (G;S,T) such that Ng(vo) \
S = {x1,29,...,24} where z; € V(D;) for every i € [a]. Let H'(S,T) = H(S,T) \
{D1,Ds,...,D,}. If there are more than ¢t — 1 odd components in H'(S,T), then {vo} U
{zp | D € H'(S,T)} is an independent set of G where zp is an arbitrary vertex of D,
and it violates the assumption o} (G) = oo, a contradiction. Thus, we have h(S,T) =
a+|H'(S,T) <a+t—1. Since (S,T) is a barrier of G, we have

~2>5(S,T) = 2IS| - 27|+ 3 de-s(v) = h(S.T) > ~2a+ 3 dg_s(v) — (a+1 — 1)
veT veT

=-3a—t+1+ Z dg—s(v),
veT

dg—s(@1) = dp, () + e(T,21) < [V(Dy)| - 1 +
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which implies that ) _rdg_s(v) < t+ 3a — 3. By the choice of vy, we have at <
> werda—s(v) <t +3a— 3, and thus

(t—3)a—1)=at—t—3a+a<0 (10.3.2)

This together with the fact 1 < a < ¢ implies that either a = 1, or (¢,a) € {(2,2),(3,2)}.
Furthermore, if a = 1 or ¢ = 3, then (10.3.2) holds by the equation.

Suppose first that (t,a) = (2,2). Then we have S = () and dg(v1) = a = 2. Let Dy and
D5 be odd components of (G;S,T) such that there is a vertex z; € Ng(vi) NV (D;) for
i € {1,2}. If both D; and D5 have at least 2 vertices, then there is a vertex y; € V(D;)\{z;}
for each i € {1,2} and {v1,y1,y2} is an independent set of G violating the assumption
07(G) = oo, a contradiction. Hence, without loss of generality, we may assume that
V(D;1) = {z1}. Since G has the minimum degree at least 2, x; has a neighbor other
than vy, which must be vy. This implies that e(7,V(D1)) = 2, a contradiction by the
assumption that D; is an odd component of (G; S, T).

Next, we assume that (t,a) = (3,2). Since (10.3.2) holds by equality, we know that
h(S,T) =2+3-1=4and dg_g(v) =2 for every v € T. Let H(S,T) = {D1, D2, D3, D4}.
Then we have e(T, V(D) UV (D) UV (D3) UV (Dy4)) = 6 and one of the odd components,
say D1, satisfies e(T,V(D1)) = 1. Let V(D;) = {x1}, and without loss of generality, we
may assume that viz1 € E(G). Since |S| = 1, we have dg(z1) = 2, and thus {z1, v, v3}
is an independent set that violates the assumption o} (G) = oo, a contradiction.

Thus, we have a = 1. Since (10.3.2) holds by equation, we know that h(S,T) =
a+t—1=tand dg_g(v) =1 for every v € T. Hence, we may assume that H(S,T) =
{D1,Ds,...,D;} and Ng(vi) \ S = {2;} C V(D) for every i € [t]. As J_, V(D;) C
N¢g(T), we know that V(D;) = {z;} for every i € [t]. Since {x1,z2,...,2:} is an indepen-
dent set of G, we have dg(z;) > t for each i € [t]. Thus, each vertex of TU{x1,x2,..., 2}
is adjacent to all vertices of S, implying that G belongs to the class G;—1. This completes
the proof of Theorem 10.6.

10.4 2-factor with bounded number of components

10.4.1 Proof of Corollary 10.11

We first give a proof of Corollary 10.11 by using Theorems 10.9, 10.10 and Lemma 10.13.

Let G be a graph of order n with o(j(G) = oo and o*(G) < 2. As we mentioned before,
if o*(G) = 1, then we have 03(G) > n, and thus it follows from Theorem 10.2 that G has
a 2-factor with one component. We assume that a*(G) = 2. Then we have o3(G) > n.
Note that 6(G) > 2, and thus G has a cycle.

If there is a cut set S C V(G) of G such that w(G — S) > |S| + 1, then Theorem 10.9
implies that G has a 2-factor with exactly 2 components. Hence we may assume that
every cut set S C V(G) of G satisfies w(G — S) < |S|, equivalently, G is 1-tough. By
Theorem 10.10, there is a cycle C' of G such that G—V(C) has no edge. By Lemma 10.13,
we obtain a 2-factor of G with one component from C. This completes the proof of
Corollary 10.11.
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10.4.2 Lemmas for Theorem 10.9

In this subsection, we introduce a well-known result on the hamiltonicity of a graph shown
by Ore. For a graph G, a hamilton path of G is a path that passes through all vertices
of G. A graph G is hamilton-connected if there is a hamilton uv-path of G for every pair
(u,v) of distinct vertices of G. By the definitions, if G is hamilton-connected, then by
considering a hamilton uv-path of G for adjacent two vertices u and v, it follows that G
has a hamilton cycle. If G has a hamilton cycle, then by deleting one edge of the cycle, we
obtain a hamilton path of G. Ore shows the following theorem on these concepts in [52].

Theorem 10.16 (Ore [52]). Let G be a graph of order n. If 02(G) > n — 1, then G has
a hamilton path. If 02(G) > n + 1, then G is hamilton-connected.

The following lemma follows easily from Theorem 10.16.

Lemma 10.17. Let G be a graph of order n. If 02(G) = n — 1 and G is not hamiltonian,
then G has a hamilton zy-path such that dg(x) + dg(y) =n — 1.

10.4.3 Proof of Theorem 10.9

We fix an integer k > 3. Let G be a graph of order n which satisfies the assumptions of
Theorem 10.9. We take a cut set S = {v1,v2,...,v5} of G such that w(G—S) > s+ k—2.
Let G1,Ga,...,Gsrr—24+; be the set of components of G — S where j is a non-negative
integer, and let n; = |[V(G;)| for each i € [s + k — 2 + j].

Claim 1. §(G — S) > k — 1. In particular, for every ¢ € [s +k — 2+ j], n; > k.

Proof. Since w(G —S) > s+ k — 2, for every x € V(G) \ S, there is an independent set I,
of G with s + k — 2 vertices, including z. By our assumption that o;(G) = oo, we have
dg(x) > 6a(I;) > |Ix] +1 = s+ k — 1, which implies dg_g(z) > dg(x) — s > k — 1. Thus,
0(G —95) > k —1 and every component of G — S has at least k vertices. O

Now we consider the case s = 1. Suppose first that j > 1, and thus s+ k -2+ j >
k. For each i € [k|, we arbitrarily choose z; € V(G;) and consider an independent
set {x1,ma,..., 2} of G. Since dg(z;) < m; — 1+ s = n; for each i € [k], we have
0r(G) < Zle da(z;) < Zle n; <n — 1, a contradiction. Hence we have j = 0 and thus
G — S has exactly £ — 1 components. If every component is hamiltonian, then obviously
G — vy contains a 2-factor with exactly kK — 1 components, and G has a k-factor with
at most £ — 1 components by Lemma 10.13. Similarly to a graph G; in Section 10.1,
it is easy to show that every 2-factor of G has at least k — 1 components, and hence
G has a 2-factor with exactly k¥ — 1 components. Thus, we may assume that there is a
non-hamiltonian component. Without loss of generality, we may assume that G is not
hamiltonian. As ny > k > 3, GG1 is not complete, and thus there are non-adjacent vertices
x1 and y; of Gy such that dg, (z1)+dg, (y1) = 02(G1) < n;—1 by Theorem 10.2. For each
i€{2,3,...,k—1}, let z; be an arbitrary vertex of G;. By our assumption of ox(G) > n,
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we have

k—1 k—1
Y ni+l=n<do(®)+do(y)+ > da(x)
= = k— k—1
< (de, (x) + 1) + (day (y Z <Y mi+l
1=2 =1

Thus, every inequality above holds by equality, which derives the followings:
. O'Q(Gl) =n— 1,

o if non-adjacent vertices = and y of G satisfies dg, (z) + dg,(y) =n — 1, then z,y €
NG('Ul), and

o forevery i€ {2,3,...k— 1}, G; is a complete graph of order at least k.

The first two conditions imply that G[V(G1) U{v1}] is hamiltonian by Lemma 10.17, and
the last condition implies that G; is hamiltonian for every i € {2,3,...k —1}. Combining
these, we obtain a 2-factor of G with exactly k — 1 components.

In the rest of the proof, we may assume that s > 2, and thus s+ k—2+j > k.

Claim 2. j = 0 and s < k. Furthermore, if s > 3, then every component of G — S is
hamilton-connected.

Proof. For each i € [k], let x; be a vertex of G;. Since 0 (G) > n, we have

s+k—2+j k k

Z n2+5—n<Zdel §Z i—14s) Zni—k—i—/{:s,

i=1
SO
s+k—2+7
ks—k—s> Y ni>k(s+j—2) (10.4.1)
i=k+1

where the last inequality follows from Claim 1. Thus, we have kj < k — s, which implies
j=0and s <k.

When s > 3, we have s +k —2 > k+ 1, and without loss of generality, we may assume
that n; < ng4q for every i € [s + k — 2]. By the first inequality of 10.4.1, we have

s+k—2 s+k—2
Z(  — k) Znl—k(s—Q)<k8—k—5—k(s—2)—k—s
i=k+1 i=k+1

This together with Claim 1 implies that ngy+1 < k+k—s < 2k —3. By the choice of ng41,
we have n; < 2k —3 for every i € [s+k —2]. Since 02(G;) > 26(G—S) >2(k—1) >n;+1
for each i € [s+ k — 2], we conclude that every component of G — S is hamilton-connected
by Theorem 10.16. O
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We consider the case where there is a component of G — S which is not hamilton-
connected. By Claim 2, we know s = 2, and thus G—.S has exactly k components. Without
loss of generality, we may assume that G is not hamilton-connected. As ny > k > 3, G
is not complete and thus 02(G1) < ny by Theorem 10.16. Let 1 and y; be non-adjacent
vertices of Gy such that dg, (z1) + dg,(y1) = 02(G1) < ny. We fix i € {2,3,...,k}
arbitrarily, and for each j € [k] \ {1,4}, let ; be a vertex of G;. By the assumption that
or(G) > n, we have

k
Y onj+2=n<dg(@)+do(y)+ D dalx)
i=1 Jek\{1.3}
< (day (21) +2) + (dey(y) +2)+ > (nj—1+2)
ek {1}

< zg: n; +k+2,

Jelk\{d}

which forces n; < k. Thus, every inequality above holds by equality, which implies that
02(G1) = ni. By Theorem 10.16, G; is hamiltonian. Furthermore, since the choice of
i is arbitrary, we conclude that G; is complete and V(G;) € Ng(v1) N Ng(ve) for every
i €{2,3,...,k}. Combining a hamilton cycle of G[{vi,v2} UV (G2) UV (G3)] and hamilton
cycles of other components G1, G4, G5, . .., G, we obtain a 2-factor of G with exactly k—1
components.

In the rest of the proof, we assume that every component of G — S is hamilton-
connected. We define a bipartite graph H by V/(H) = SU{u1,us, ..., ustx—2} and E(H) =
{viu; | Ne(vi) NV(G;) # 0}

Claim 3. H has a cycle that contains all vertices of S.

Proof. For each i € [k], let x; be a vertex of G;, and we consider an independent set

{z1,22,..., 21} of G. Since we have dg(x;) < n; —1+dg(u;), by our assumption oy (G) >
n, we have
s+k—2 k k k k
Z ni+s=mn< ch(fm’) < Z(m —1+dp(uw)) = Zm —k+ ZdH(Ui),
i=1 i=1 i=1 i=1 i=1
SO
k s+k—2
du(uwi) > > nitk+s>k(s—2)+k+s=ks—k+s.
i=1 i=k+1
Let ¢t be the number of vertices in {ui,u,...,ur} whose degrees in H are equal to s.

Then we have ks —k + s < Zle di(u;) <ts+ (k—t)(s—1) = ks — k + t, which implies
that ¢ > s. Hence, there are at least s vertices in {uy,us, ...ux}, each of which is adjacent
to all vertices in S. Combining S and such vertices, we obtain a subgraph of H that is
isomorphic to the complete bipartite graph K ,. It is obvious that the subgraph contains
a desired cycle of H. O
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Let C(© be a cycle of H as in Claim 3. Without loss of generality, we may assume
that the vertices of S appear in the order v, vs, ..., vs along C©).

Claim 4. Let C = vjug,v2Uqg,03 - - - Vslg,v1 be a cycle of H where ay,aq,...,as are s
distinct elements of [s + k — 2]. For each i € [s], there is an index b; € [s + k — 2] \ {q; |
J € [s] \ {i}} and a v;vi4q1-path Q; of G such that V(Q;) = {vi,vit1} U V(Gy,), where
V41 = V1.

Proof. By the symmetry of the indices, it suffices to prove for the case i = 1. Let A denote
the set [s+k—2]\{az,as,...,as}. We assume the contrary, that is, for every j € A, G does
not have a vivp-path whose vertex set is {vi,v2} U V(Gj). As G; is hamilton-connected,
G satisfies one of the followings:

(a) either Ng(vi) NV(G;) =0 or Ng(v2) NV (G;) =0,
(b) there is a vertex x; of V(Gj) such that Ng(v1) NV (G;) = Ng(v2) NV (Gj) = {z;}.

In particular, since {v1,v2} C Ng(V(Gq,)), G, satisfies (b). For each j € A, we define a
vertex y; of G as follows: If G; satisfies (a), then let y; be an arbitrary vertex of G;. If G;
satisfies (b), then let y; € V(G;)\{z;}. Then we have dg(y;) <n;j—1+(s—1) =n;—2+s
for every j € A, and in particular, we have dg(ya,) < Mgy — 1+ (s —2) = ng, — 3+ s.
Let yq, be a vertex of Gy,, and consider an independent set I = {y; | j € AU {a2}}. As
[I|=s+k—2—(s—2) =k, we have

s+k—2

domts=n<o(@) < D> daly)
=1 jeAU{az}
< (Mg, —34+8)+ (ng, —1+5) + Z (nj—2+s)= Z nj — 2k + ks,
jeA\{a1} jeAu{as}
SO
k(s—2) < Z n; < ks — 2k — s,
le{as,aq,...,as}

a contradiction. O

Applying Claim 4 to C'(©) for each i = 1,2, ..., s sequentially, we obtain a cycle C%) =

V1 Uy, V2Up, U3 - - - Usup,v1 of H such that for every i € [s], there is a v;v;11-path @Q; of G
with V(Q;) = {vi,vit1} UV(Gs,) (vs+1 = v1). Then a cycle Q@ = v1Q1v2Q2v3 - - - vsQsv1
is a hamilton cycle of G[S U |J;_, V(Gy,)]. Combining @ and a hamilton cycle of each
component G with j € [s+k — 2]\ {b; | i € [s]}, we obtain a 2-factor of G with exactly
k — 1 components. This completes the proof of Theorem 10.9.
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