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Résumé

Dans cette these, on étudie le nombre chromatique a distance 2 des graphes épars, a savoir, les
graphes planaires et les graphes avec degré moyen maximum borné. Les bornes supérieures sont
obtenues en repoussant les limites de la méthode du déchargement. En particulier, on la combine
avec la méthode du potentiel. De plus, on développe un outil d’assistance par ordinateur pour
la procédure de déchargement. On fournit aussi des constructions pour les bornes inférieures sur
le nombre chromatique a distance 2. Finalement, on étudie les variantes, a savoir, la coloration
r-nuancée, la coloration injective et la coloration du carré exact.
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Abstract

In this thesis, we study the 2-distance chromatic number of sparse graphs, namely, planar
graphs and graphs with bounded maximum average degree. Upper bounds are obtained by pushing
the limits of the discharging method. In particular, we combine it with the potential method.
Further, we develop a computer assistance framework for the discharging procedure. We also
provide constructions for lower bounds of the 2-distance chromatic number. Finally, we study
variants, namely r-hued coloring, injective coloring, and exact square coloring.
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Overview of the results in the thesis

In this thesis, we focus on the problem of 2-distance coloring of sparse graphs. Research on
other subjects that was done during the thesis is also summarized in this overview. This manuscript
does not present the proof of every result but the corresponding contribution can be found in the
Appendix.

2-distance coloring of sparse graphs

In 1969, Kramer and Kramer introduced the notion of 2-distance coloring [80, 81]. This notion
generalizes the “proper” constraint (that does not allow two adjacent vertices to have the same
color) in the following way: a 2-distance k-coloring is such that no pair of vertices at distance at
most 2 have the same color. The 2-distance chromatic number of G, denoted by x%(G), is the
smallest integer k such that G has a 2-distance k-coloring. Similarly to proper k-list-coloring, one
can also define 2-distance k-list-coloring. We denote x7(G) the 2-distance list chromatic number
of G.

For a graph G, we denote A(G) the maximum degree of a graph G. One can observe that, for
any graph G, A(G) +1 < x*(G) < A%(G) + 1. The lower bound is trivial since, in a 2-distance
coloring, every neighbor of a vertex v with degree A(G), and v itself must have a different color.
As for the upper bound, a greedy algorithm shows that x?(G) < A%(G) + 1. Moreover, that upper
bound is tight for some graphs like the cycle on five vertices or the Petersen graph.

By nature, (2-distance) list colorings and the (2-distance) list chromatic number of a graph
depend a lot on the number of vertices in the neighborhood of every vertex. More precisely, the
“sparser” a graph is, the lower its (2-distance) chromatic number will be. One way to quantify the
sparsity of a graph is through its maximum average degree. The mazimum average degree mad(G)
is the maximum, over all subgraphs H of G, of 2||‘;E((g))|| Another way to measure the sparsity is
through the girth, i.e. the length of a shortest cycle. We denote g(G) the girth of G. Intuitively,
the higher the girth of a graph is, the sparser it gets. These two measures are actually linked in
the case of planar graphs (see Proposition 2).

A graph is planar if one can draw its vertices with points on the plane, and edges with curves
intersecting only at its endpoints. When G is a planar graph, Wegner conjectured in 1977 that
x%(G) becomes linear in A(G):

Conjecture 1 (Wegner [117]). Let G be a planar graph with maximum degree A. Then,

7, it A<3,
XQ(G)S A+5, if4<ALT,
22| +1,ifAa>8.

The upper bound for the case where A > 8 is tight. Recently, the case A < 3 was proved by
Thomassen [114], and by Hartke et al. [66] independently. For A > 8, Havet et al. [68] proved that
the bound is 2A(14 o(1)), where o(1) is as A — oo (this bound holds for 2-distance list-colorings).

Wegner’s conjecture motivated extensive researches on 2-distance chromatic number of sparse

graphs, planar graphs with high girth or graphs with upper bounded maximum average degree.
Proposition 2 (Folklore). For every planar graph G, (mad(G) — 2)(g(G) —2) < 4.

As a consequence, any theorem with an upper bound on mad(G) can be translated to a
theorem with a lower bound on g(G) under the condition that G is planar. Many results for y?
have the following form: “every graph G of mad(G) < mg and A(G) > Aq satisfies x*(G) <
A(G) + c(mo, Ag) where c(mg,Ng) is a small constant depending only on mgy and Ay”. By
Proposition 2, these results can be restated on planar graphs with girth g > go(mg) where g



0 A+1 | A+2 | A+3 | A+4 | A+5 | A+6 | A+7 | A+8
3 A=3 A=14
1 A=
5 A>10" [A>339 | A>312 | A>15 |A>12 | A#7,8 | A>3
6 A>17 | A>9 A>3
7 A>16] A>10 | A>6 | A=4
8 A>9 | A>6 | A>3
9 A>7 | A>5
10 A>6 | A>4
11
12 A>5 | A>3
13
14 A>4
21 A>3

Bang 1: The latest results with a coefficient 1 before A in the upper bound of x2.

depends on myg. In Table 1, we summarize the latest results on the 2-distance chromatic number
of planar graphs with high girth.

For example, the result from line “7” and column “A + 1”7 reads: “every planar graph G of

girth at least 7 and of mazimum degree A at least 16 satisfies x*(G) < A+ 17. The highlighted
results are the contribution of this thesis, the corresponding statements are listed below.

[85]
[88]
[87]
[36]
[36]
[90]
[82]
[82]

If G is a graph with g(G) > 8, then x?(G) < A(G) + 3 for A(G) > 3.

[84] If G is a planar graph with g(G) > 21, then x?(G) < A(G) + 1 for A(G) > 3.
If G is a graph with mad(G) < £, then x?(G) < A(G) + 1 for A(G) > 7.

If G is a planar graph with g(G) > 8, then x?(G) < A(G) + 1 for A(G) > 9.
If G is a planar graph with g(G) > 10, then x*(G) < A(G) + 2 for A(G) > 4.
If G is a graph with mad(G) < &, then x*(G) < A(G) + 2 for A(G) > 6.

If G is a graph with mad(G) < %!, then x*(G) < A(G) + 2 for A(G) > 10.

If G is a graph with mad(G) < &, then x3(G) < A(G) + 3 for A(G) > 4.
If G is a graph with mad(G) < &, then x3(G) < A(G) + 3 for A(G) > 6.
[89] If G is a planar graph with g(G) > 4 and A(G) = 4, then x3(G) < A(G) + 7.

The details of the proofs and the techniques involved in proving them is discussed in Chapter 2
and Chapter 3 of this manuscript.

In Chapter 4, we discuss the constructions of non 2-distance colorable graphs (for a given
number of colors) when the girth is too small. More precisely, we contribute the following to the

existing constructions.
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[84] There exists a planar graph G with g(G A(G) = 3, and x3(G) > A(G) +2

[87] There exists a planar graph G with g(G A(G) =4, and x%(G) > A(G) + 3

A(G) =3, and x*(G) > A(G) +3.

(G) >

[87] There exists a planar graph G with g(G) > 4 and x*(G) > A(G) + 3
(G) >
(G) >

[90] There exists a planar graph G with g(G

Finally, in Chapter 5, we present the following variants of 2-distance colorings: r-hued coloring,
injective coloring, and exact square coloring.

r-hued coloring

The “2-distance” condition in 2-distance colorings requires that vertices at distance at most
two have different colors. In other words, all neighbors of the same vertex must have different
colors. This condition was generalized recently and the notion of r-hued coloring was introduced
by Montgomery [98]. Let 7,k > 1 be two integers. An r-hued k-coloring of the vertices of G is
a proper k-coloring of the vertices, such that all vertices are r-hued. A vertex is r-hued if the
number of colors in its open neighborhood Ng(v) = {z|zv € E} is at least min{dg(v),r}. The
r-hued chromatic number of G, denoted x,(G), is the smallest integer k so that G has an r-hued
k-coloring.

It is indeed a generalization of 2-distance colorings which corresponds to the case r > A, as all
vertices in the same neighborhood have different colors. More generally, its link to proper coloring
and 2-distance coloring resides in the following equation:

X(G) = x1(G) < x2(G) <+ < xalG) = xa+1(G) =+ = X2(G) (1)

Similar to the 2-distance chromatic number, the r-hued chromatic number is linear in r when
it comes to planar graphs. In 2014, Song et al. proposed a generalization of Wegner’s conjecture:

Conjecture 3 (Song et al. [108]). Let G be a planar graph. Then,

r+3, ifl<r<2,
xr(G) << r+5 if3<r<T,
13 +1,ifr > 8.

One can note that the case r = 1 corresponds to the Four Color Theorem [3, 4] ; additionally,
by taking r = A(G), Conjecture 3 implies Wegner’s conjecture except for the case r = 3. Moreover,
the only extremal known examples reaching the upper bounds of Conjecture 3 are the same as for
Wegner’s conjecture.

The case of r = 2 was proved by Chen et al. in [33]. Song and Lai [109] proved that, if r > 8,
then every planar graph verifies x,(G) < 2r + 16. Similar to 2-distance coloring, the coefficient
before 7 in this upper bound becomes 1 for planar graphs with a higher girth (or graphs with
lower mad).

Our contribution to the existing knowledge about r-hued coloring is the following.

‘Theorem 4 ([88]). If G is a planar graph with ¢g(G) > 8, then x,(G) <r+ 1 for r > 9.

Injective and exact square colorings

This work was done in collaboration with Kenny gtorgel.

An injective coloring of a graph G is a coloring of the vertices of G in which every pair of
vertices with a common neighbor receive distinct colors. An exact square coloring of a graph G
is a coloring of the vertices of G in which every pair of vertices at distance exactly two receive
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distinct colors. This can also be extended to list-coloring. We denote X};, the list injective chromatic
number, and ng the list exact square chromatic number.

Unlike the 2-distance coloring, both the injective coloring and the exact square coloring are
not necessarily proper, i.e. adjacent vertices can receive the same color, provided that they satisfy
certain conditions. For instance, in the exact square coloring two vertices can be colored with
the same color if they are adjacent, and in the injective coloring two vertices can be colored with
the same color if they are adjacent and do not share a common neighbor. It is therefore easy to

observe that every 2-distance coloring is an injective coloring, and every injective coloring is an
exact square coloring. Thus, for every graph G we have the following chain of inequalities:

XP(G) < X(G) < X*(G).

Moreover, x72(G) = x*(G) in the case of triangle-free graphs, i.e. graphs in which adjacent
vertices cannot share a common neighbor.

The injective coloring was first introduced in 2002 by Hahn et al. [64]. The authors proved
that for every graph G, A(G) < x(G) < A%(G) — A(G) + 1. They also characterized the regular
graphs which achieve the lower bound and the graphs which attain the upper bound. In 2005,
Doyon et al. [49] presented the first results on injective colorings of planar graphs and later, Chen
et al. [32] proved that for every Ky -minor free graph G, x*(G) < [2A(G)] and in the same paper
posed the following conjecture.

Conjecture 5 (Chen et al. [32]). Let G be a planar graph with maximum degree A. Then,

(@) < EA} .

In 2015, the conjecture was disproved in general by Luzar and Skrekovski [95]. As a result,
they proposed a new conjecture.

Conjecture 6 (Luzar, Skrekovski [95]). Let G be a planar graph with maximum degree A. Then,

5, it A <3,
Xi(G)S A+5, if4<ALT,
Al +1,ifA>s.

Note that since the injective coloring is a relaxation of the 2-distance coloring, proving
Conjecture 1 would prove Conjecture 6, except in the case of subcubic graphs, i.e. the class of
graphs with maximum degree 3. Brimkov et al. [21] proved that 5 colors suffice for subcubic planar
graphs with girth at least 6. If true, then the conjectured upper bound for subcubic graphs is also
tight (see, e.g., [95]).

Finally, the study of the exact distance p-powers of graphs was started by Simié¢ [107] and
exact p-distance colorings have first been studied in [101]. This parameter received an increasing
attention in the last decade (see [20, 59, 70, 103]).

The following is our contribution to injective and exact square coloring.

Theorem 7 ([89]). If G is a planar graph with A(G) = 4, then x}(G) < A(G) + 7.

Theorem 8 ([89]). If G is a planar graph with g(G) > 4 and A(G) = 4, then XfQ(G) =
X)(G) < A(G) + 5.

Theorem 9 ([89]). If G is a planar graph with A(G) = 4, then XfQ(G) < A(G) +6.
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Research on other topics

During the three years of my Ph.D., I had the opportunities to collaborate with researchers
from France, Slovenia, and Spain. During these collaborations, I worked on other research topics
that are not related to 2-distance coloring.

The 3-color Problem and precoloring extensions

This work was done in collaboration with Kenny étorgel and Borut Luzar.

The Four Color Theorem provides an upper bound on the chromatic number of any planar graph,
but determining which graphs achieve the equality is an NP-complete problem [43]. Consequently,
searching for properties of (planar) graphs that guarantee 3-colorability is a very vibrant field
(see, e.g., [13] for a survey). It turns out that triangles play an important role in this decision
problem. Indeed, a cornerstone theorem of Grotzsch [62] states that every triangle-free planar
graph is 3-colorable. Consequently, the focus turned to investigating ways in which triangles can
appear in 3-colorable planar graphs. For example, for any planar triangulation, Heawood [69]
showed that it is 3-colorable if and only if all of its vertices have even degrees.

Some triangles can be allowed in general planar graphs while maintaining 3-colorability:
Havel [67] conjectured that a 3-colorable planar graph can contain arbitrarily many triangles as
long as they are sufficiently far apart and Steinberg [111] conjectured that allowing triangles while
forbidding cycles of length 4 and 5 is a sufficient condition for a planar graph to be 3-colorable.
While Havel’s conjecture has been proved by Dvorak et al. [50], Steinberg’s conjecture has been
refuted by Cohen-Addad et al. [35].

Another direction of research is focused on planar graphs with a small number of triangles.
Griinbaum [63], Aksenov [1], then Borodin et al. [15] all provided proofs that a planar graph may
contain three triangles and still retain 3-colorability.

The authors of [15] also presented short proofs of several other extensions of the Grotzsch
Theorem, which guarantee 3-colorability of graphs being close to triangle-free planar graphs,
improving upon multiple previous results.

We introduce new results about 3-colorability of planar graphs with small number of triangles
and some precolored vertices, improving further on the results in [15].

Theorem 10 ([83]). Let G be a planar graph with at most one triangle. Then each coloring of
any two non-adjacent vertices can be extended to a 3-coloring of G.

The result is tight in terms of the number of precolored vertices and in terms of the number of
triangles

Theorem 11 ([83]). Let G be a planar graph with at most one triangle and let H be a graph
such that G = H — v for some vertex v of degree at most 3 in H, which is adjacent with at
most two vertices of the triangle in G if it exists. Then H is 3-colorable.

Again, the result is tight in terms of the number of precolored vertices and in terms of the
number of triangles as well as in terms of the number of neighbors of v on the triangle.

Theorem 12 ([83]). Let G be a planar graph with at most one triangle and let f be a face of
G of length at most 4. Then each 3-coloring of f can be extended to a 3-coloring of G.

This result is tight in terms of the size of f.

Let K} be the graph obtained from K, by subdividing once the three edges incident with a
vertex v. We call a graph K} -free if it does not contain K} as a subgraph in such a way that the
vertex v of K has degree 3 also in G. It is easy to see that the vertices in the neighborhood of v
cannot be colored with a same color.
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Theorem 13 ([83]). Let G be a K)-free planar graph with at most one triangle. Then, for every
vertex of degree at most 3 with an independent neighborhood, a precoloring of its neighbors
with the same color can be extended to a 3-coloring of G.

This result is tight in terms of the degree of a vertex and in terms of the number of triangles.

Other than improving upon existing results, one motivation for the above-mentioned results
was a conjecture on adynamic coloring of planar graphs with one triangle. An adynamic coloring
is a proper vertex coloring of a graph G such that, for at least one vertex of degree at least 2
(denoted 2T-vertex), all of its neighbors are colored with a same color. Clearly, to admit such a
coloring, G must have at least one 2"-vertex v with an independent neighborhood, i.e. v is not
incident to a triangle.

In [116] by Surimova et al., it was proved that every triangle-free planar graph admits an
adynamic 3-coloring. On the other hand, there are planar graphs with two triangles that need
4 colors. Regarding planar graphs with one triangle, the authors of [116] conjectured that they
are 3-colorable as soon as they contain a 27-vertex with an independent neighborhood. Using the
previous results, we answer the conjecture in affirmative.

Theorem 14 ([83]). Every planar graph with at most one triangle and a 2*-vertex with an
independent neighborhood is adynamically 3-colorable.

Cops and Robber

This work was done in collaboration with Valentin Bartier, Laurine Bénéteau, Marthe Bonamy,
and Jonathan Narboni.

Cops and Robber is a pursuit-evasion two-player turn-based game between the cops and the
robber. In the first round, each cop chooses a starting vertex, then the robber chooses its starting
vertex. Then, at each round, each cop chooses to move to an adjacent vertex, or to stay on its
current vertex, then the robber has a similar choice. The cops win if after a finite number of
rounds, a cop occupies the same vertex as the robber. The robber wins if he can indefinitely avoid
the cops. The cop number of a graph G, which is denoted by ¢(G), is the minimum number of
cops needed to guarantee that they have a winning strategy. Albeit being very simple, this game
is related to fundamental questions regarding the structural properties of graphs (see [10], [11]
and [9] for a survey, and additional background on this game).

Here, we consider a new variant of this game, namely Zombies and Survivor, defined in [58] by
Fitzpatrick et al. as follows: zombies take the place of the cops and the survivor takes the place
of the robber. The zombies, being of limited intelligence, have a very simple objective in each
round — to move closer to the survivor. Therefore, each zombie must move along some shortest
path joining itself and the survivor. We say that the zombies capture the survivor if one of the
zombies moves onto the same vertex as the survivor. In this version, zombies may have a choice
as to which shortest path to follow, if there are multiple ones. Similarly to Cops and Robber,
the zombie number of a graph G is the minimum number of zombies needed to ensure that the
survivor will be eventually captured, and is denoted by z(G).

Recall that a Cartesian product GOH of graphs G = (V(G), E(G))and H = (V(H),E(H))isa
graph such that the vertices is the Cartesian product V(G) x V(H) = {(u,v)|u € V(G),v € V(H)}
and the edges is the set {((u, ), (v,v’))|lu = v and (v/,v") € E(H), or ' =" and (u,v) € E(G)}.

We proved the following theorems.

Theorem 15 ([5]). For all graphs G and H, z(GOH) < 2(G) + z(H).

Theorem 16 ([5]). Over all graphs G, the ratio iggg can be arbitrarily large.

These answers two questions asked as well as improved upon multiple results in [58].
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Feedback vertex sets in (directed) graphs of bounded degeneracy or treewidth

This work was done in collaboration with Petru Valicov and Kolja Knauer.

A set F' C V(G) of vertices of a (directed) graph G, is a feedback vertex set if deleting F' results
in a (directed) graph without (directed) cycles. The complement of a feedback vertex set is called
acyclic set. Deciding whether a graph has a feedback vertex set of a given size is NP-complete [73].

Because of its hardness, a natural class to study the minimum size of a feedback vertex set are
sparse (directed) graphs. A particular example are planar graphs. The size of a minimum feedback
vertex set in a planar graph is (famously) conjectured to be at most half the vertices by Albertson
and Berman [2]. Up to date the best-known upper bound is %n achieved through acyclic colorings
with Borodin’s result [12]. This conjecture remains open even in the directed setting. Note that,
in this setting, it is a weakening of the Neumann-Lara conjecture.

Conjecture 17 (Neumann-Lara [100]). Every planar oriented graph can be vertex-partitioned
into two acyclic sets.

Further, it is known that if true this bound is best-possible [78]. Moreover, it is noteworthy
that the best known upper bound coincides with the above mentioned %n from the undirected
setting [12].

Another class that has received attention in the directed setting are tournaments. Already
Stearns [110] and Erdés and Moser [53] have shown that any tournament on n vertices admits
a feedback vertex set of size n — [logy(n)| — 1, while there are tournaments where no feedback
vertex set on less than n — 2|logy(n)| — 1 vertices exists. More precise bounds for small values of n
have been obtained by Sanchez-Flores [105, 106], Neiman et al. [99], and Lidicky and Pfender [93].

We focus on the class of (directed) graphs of bounded treewidth or degeneracy. Here, the
treewidth or degeneracy of a directed graph is simply the treewidth or degeneracy of its underlying
undirected graph. Recall that every graph of treewidth k also has degeneracy k. In the undirected
setting, the minimum feedback vertex set of graphs of bounded treewidth has been determined
by Fertin et al. [57]: for a graph of order n, treewidth k, the size of a minimum feedback vertex

k—1

set Is at most ;77n and this bound is best-possible. Moreover, for odd degeneracy k it is easy to

achieve the same upper bound. However, for even degeneracy the same argument only yields an
upper bound of k—_’iQn, and a lower bound of ﬁ—j&n Indeed, Borowiecki et al. [17] show that the

true value for k = 2 is %n which lies strictly between the above bounds.
Our main contribution here is to construct for any even k a family of graphs of degeneracy k,

whose members of large order n have minimum feedback vertex sets whose size comes arbitrarily
close to %n. Let n(G) be the number of vertices of G and f(G) be the size of a minimum

feedback vertex set of G.

Theorem 18 ([77]). For every even k there exists a family of k-degenerate graphs (G;);en such
that n(GZ) — 3k:2+6 _|_Z~3k2+4 and f(Gz) — 3k2—2 —l—’i3k2_2.

On the other hand we know that there exists no graphs of order n and even degeneracy k
whose minimum feedback vertex set is of size kiwn

Proposition 19 ([77]). For every even k > 2 there is a graph G with degeneracy k, n(G) =

42F 4 1 and £(G) = £.

In the directed setting, to our knowledge, apart from the above mentioned results in planar
digraphs and tournaments, no classes of given degeneracy or treewidth have been studied previously.
We give an upper bound for the smallest feedback vertex sets of n-vertex graphs of degeneracy k.

Theorem 20 ([77]). Let D be a k-degenerate directed graph, we have f(D) < %n(D) and
the inequality is strict when & is odd.
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For k = 2 and k = 3, this yields tight bounds %n and %n, respectively. For k = 2, the directed
triangle is a simple example reaching the upper bound and for k = 3, the construction from [78]
yields %n for degeneracy 3. Unlike the undirected setting, we know that there exists no graph of
order n and odd degeneracy k& whose minimum feedback vertex set is of size %n

We also present constructions [77] for digraphs with large minimum feedback vertex set
and given small degeneracy or treewidth that improve on the bounds obtained from using just
tournaments from [105, 106, 99].

For general treewidth, by taking disjoint unions of the tournaments, one can find n-vertex
digraphs of treewidth k and f > ]Wn [53]. However, we show that on general graphs of
treewidth k£ one can force slightly larger minimum feedback vertex sets.

Theorem 21 ([77]). For every k, there exists a family of directed graphs (D;);en of treewidth
k, such that n(D;) =k +2+i(k+ 1) and f(D;) > (i + 1)(k — 2[log(k)]).

On the other hand, we show that every n-vertex digraph of treewidth &k has a feedback vertex
set of size at most

k
37

Theorem 22 ([77]). If G has treewidth k, then f(G) < Ean(G).
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Chuong 1

Introduction

We start out with some definitions and an introduction to the motivation behind the study of
2-distance coloring on sparse graphs as well as the discharging method, the main tool that we will
be using throughout the thesis.

1.1 Definitions and notations

A (simple) graph G is a pair (V, E) of finite sets such that E is a set of pairs of elements of V.
The elements of V' are called the vertices of G, and the elements of E are called the edges of G.
The set of vertices of a graph G is denoted by V(G). The set of edges of a graph G is denoted by
E(G). The order of a graph G is |[V(G)|, the number of elements of V(G). The size of G is |E(G)|.

Consider a graph G and let v and v be two vertices in V(G). We also say that u and v are two
vertices of G. An edge {u, v}, denoted by wv, is incident to the vertices u and v, and these vertices
are the endpoints of uv. We say that u and v are adjacent if they are incident to the same edge. The
neighbors of u are the vertices that are adjacent to u. The set of neighbors of u is called the open
neighborhood of u and is denoted by N¢(u). The closed neighborhood of u is Nglu] = Ng(u) U {u}.
By default, when we say the neighborhood of u, we mean the open neighborhood N¢g(u) unless
specified otherwise. For all set S C V(G), Ng[S] = Useg Nals] is the closed neighborhood of S,
and Ng(S) = Ng[S] \ S is the open neighborhood of S. The degree of u is dg(u) = |Ng(u)|. For
an integer k, a k-vertex, k' -vertex, or k™ -vertex denote a vertex with degree k, at least k, or at
most k respectively. Similarly, given a vertex u, a d-neighbor, d*-neighbor, or d~-neighbor denote
a neighbor of v with degree d, at least d, or at most d respectively. For two integers k, [ with k <1
and a vertex u, a (k<> ()-vertex ((k<>1)-neighbor) is a vertex (neighbor of u) with degree between
k and [ included. The minimum degree of G is 0(G) = min,ey () dg(u). The mazimum degree of

G is A(G) = max,cy(g) de(u). The average degree of G is ad(G) = 2|‘VE((GG))‘| A graph where every
vertex has degree d is called a d-regular graph.

A subgraph H of a graph G is a graph such that V(H) C V(G) and E(H) C E(G). For a set
S C V(G), the subgraph induced by S in G is G[S]| = (S, E(G) N (S x S)). We denote G — S the
graph G[V(G)\ S]. For simplicity, we denote G — {u} by G —u for a vertex u of G. For conciseness,
we will also use G — s1s3... s, instead of G — {s1, s2,...,$,} when there is no ambiguity. For
a set T C E(G), we denote G — T the graph (V(G),E(G) \ T). Similarly, for simplicity, we
denote G — {e} by G — e for an edge e € E(G). For a set T of pairs of elements of V' such that
FNE(G) =0, we define G+ T = (V(G), E(G) UT). Sometimes, we abuse this previous notation
when we add a set of vertices S to G by writing G + S; in such a case, we define exactly the edges
that are added to G. The maximum average degree of G, denoted by mad(G), is the maximum
over ad(H) for all H subgraph of G.

A path P in G is a sequence of distinct vertices ug, u1, ..., urr1 such that w;u;4;1 is an edge
for every 0 < i < k. The vertices ug and w1 are called the endvertices of P. A d-endvertex, d* -

2
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endverter, or d~-endverter denote an endvertex with degree d, at least d, or at most d respectively.
The vertices u; for 1 < ¢ < k are the inner vertices of P. The length of a path is k + 1 if it has k
inner vertices. The graph consisting of only one path of length k is denoted by Pi. The distance
between two vertices u and v is the length of a shortest path (i.e. path with minimum length)
with endvertices u and v. A graph G is connected if there exists a path between every pair of
vertices of G. The components of a graph are its maximum connected subgraphs. The maximum
distance in a connected graph is called the diameter of the graph. A path is a thread when the
inner vertices are all 2-vertices. For an integer k, a k-thread, k*-thread, or k™ -thread denote a
thread with exactly k, at least k, or at most k inner vertices respectively. A (k1, ko, ..., kq)-vertex
is a d-vertex that is incident with d different threads where the ith thread is a k;-thread for all
1 <i<d. A cycle C in G is a sequence of distinct vertices u1, ug, ..., ux such that u;u; 41 is an
edge for every 0 < 7 < k and ujuy is an edge. For an integer k > 3, a k-cycle, k*-cycle, or k™ -cycle
denote a cycle on exactly k, at least k, or at most k vertices respectively. The length of a k-cycle
is k. The graph consisting of only one k-cycle is denoted by Cf. The girth of G, denoted by g(G),
is the length of its smallest cycle.

An independent set (resp. a clique) of a graph G is a set of vertices such that no (resp. every)
pair of vertices are adjacent to one another. The size of the biggest independent set (resp. clique)
of G is denoted a(G) (resp. w(G)). A graph whose set of vertices is a clique is a complete graph.
For an integer k > 1, the complete graph on k vertices is denoted by Kj. A graph is bipartite if
its set of vertices can be partitioned into two disjoint sets A and B where every edge has exactly
one endpoint in A (the other is in B). A forest is a graph with no cycles. The girth of a forest is
considered to be infinite. A tree is a connected forest. A rooted tree is a tree where exactly one
vertex is called the root of the tree. In a rooted tree, we can define a parent-children relationship
recursively between two adjacent vertices. The root is the parent of all of its neighbors. Once a
vertex u has a parent v, u is called the child of v and w is in turn the parent of all vertices in
N(u) \ {v}. The grandparent (resp. a grandchild) of a vertex in a rooted tree is the parent of its
parent (resp. a child of one of its child). These notions are well-defined in a tree since there are no
cycles.

Let £ > 1 be an integer. A k-coloring ¢ of a graph G is a function from V(G) to the set
of integers {1,2,...,k}, called set of colors, that assigns to each vertex of V(G) a color from
{1,2,...,k}. A coloring also defines a natural vertex partition of V(@) into disjoint sets called
color classes. A proper coloring is a coloring where every color class is an independent set. For
an integer d > 1, a d-distance coloring is a coloring where each color class is a set of vertices
where every pair of vertices are at distance at least d + 1 from one another. Hence proper coloring
corresponds to 1-distance coloring. The chromatic number of a graph G, denoted by x(G), is
the smallest integer k£ such that G has a proper k-coloring. The d-distance chromatic number of
G, denoted by x%(G), is the smallest integer k such that G has a d-distance k-coloring. Given a
graph G, a list assignment L is a function that maps each vertex u € V(G) to a list of colors L(u)
which is a set of integers. We say that G is L-list-colorable or L-choosable if there exists a proper
coloring ¢ of G such that ¢(u) € L(u) for all u € V(G). A k-list assignment is a list assignment
L where |L(v)| > k for every vertex v € V(G). If G is colorable for every k-list assignment, then
we say that G is k-list-colorable or k-choosable. The list chromatic number or choice number of a
graph G, denoted by x¢(G), is the smallest integer k such that G is k-choosable. The notion of
d-distance colorings can be extended to a list version. We say that G is d-distance k-list-colorable
or d-distance k-choosable if for every k-list assignment L, there exists a d-distance coloring ¢ of G
such that ¢(u) € L(u) for all u € V(G). The d-distance list chromatic number of G, denoted by
X?(G), is the smallest integer k such that G has a d-distance k-list-coloring.

A notion that is closely related to distance coloring is the power of graphs. We denote by G¢,
the dth power of G, the graph on V(G) where u and v are adjacent if they are at distance at most
d in G for all w and v in V(G). Given a graph G and a type of coloring (for example a d-distance
coloring), we can define the conflict graph of G as the graph with the same vertices of V(G) and
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there exists an edge between two vertices u and v if they must have different colors. Observe that
the conflict graph of G for a proper coloring is G itself. The conflict graph of G for a 2-distance
coloring is G2, also called the square of G. In general, the conflict graph of G for a d-distance
coloring G%. We say that two vertices of G see each other in a type of coloring if they are adjacent
in the corresponding conflict graph.

Since we are paying special attention to 2-distance coloring, we will also define the following
notions. Given a graph G, for each vertex u € V(G), the 2-distance (open) neighborhood of v,
denoted by N¢(v), is the set of vertices at distance at most 2 from v not including v. We also
define df,(v) = |N&(v)].

Fach graph has an embedding on a surface where its vertices can be represented with distinct
points and its edges with curves between its endpoints. A graph is planar if it has an embedding
on the plane where its edges only intersect at their endpoints. A plane graph is a planar embedding
of a planar graph. In a plane graph, a face f is a maximum connected surface that do not contain
any edges or vertices. The set of edges and vertices that are in contact with f is the boundary
of f. Vertices and edges in the boundary of f are incident to f. Two faces are adjacent if their
boundaries share an edge. The degree of a face f, denoted by d(f), is the number of edges in its
boundary and the edges that are not in the boundary of any other faces are counted twice. A
d-face, d™-face, or d”-face denote a face with degree d, at least d, or at most d respectively. The
set of faces of a graph G is denoted by F(G). For convenience, starting now, we will identify a
face f with its boundary. Of course, this definition of a face also holds for surfaces other than a
plane but for this thesis, we are concentrating on plane graphs.

For all of the notations defined above, we will drop the subscript and/or the argument when it
is clear from context. And for general drawing conventions, black vertices will have their degree
represented and white vertices may have a higher degree than what is drawn unless specified
otherwise. Some figures will also contain extra information, in which case, their meaning will be
specified.

1.2 Proper coloring

When talking about graph coloring, one has to mention the famous Four Color Theorem.
Theorem 1.1 (Appel et al. [3, 4]). Every planar graph is 4-colorable.

This theorem started as a conjecture by Francis Guthrie in 1852 who was trying to color a
map of English counties such that no regions sharing a border can be colored the same. This
question was brought, by Francis’ brother, to the attention of De Morgan and subsequently the
mathematical community at large. Many attempted to prove this conjecture but failed. One such
famous attempt was due to Kempe in 1879 and for a decade, the Four Color Conjecture was
accepted as the Four Color Theorem. However, in 1890, it returned to being a conjecture when
Heawood pointed out an error in Kempe’s proof but his method was still valid to prove that any
planar graph is 5-colorable. This problem remained open for almost a century until 1976 when
it was proven by Appel et al. [3, 4] using the discharging method with computer assistance. In
1997, Robertson et al. simplified the proof using the same method [104]. Later on, this proof was
verified by Gonthier using Coq [61].

The Four Color Conjecture and in turn the Four Color Theorem motivated a lot of research in
graph colorings and also popularized the discharging method.

For proper colorings, we have the following upper bound for any graph G: x(G) < A(G) + 1.
This upper bound is trivial as one can color the vertices greedily by picking for a vertex, a color
that is not present in its neighborhood. This bound is easily reached for any graph G containing a
clique of size A(G) + 1. A more refined version of this upper bound is Brooks’ Theorem.

Theorem 1.2 (Brooks [22]). Every connected graph G satisfies x(G) < A(G) excepted when
G = Ka(g)+1 or G is an odd cycle for which A(G) + 1 colors are necessary.
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The upper bound in Brooks’ Theorem is also reached for an infinite amount of graphs (any
graph containing a clique of size A). Intuitively, the “proper constraint” means that the chromatic
number of a graph depends on the number of vertices in the neighborhood of every vertex. This
was illustrated above by the upper bound using the maximum degree. Thus, the question of
coloring “sparser” graphs comes very naturally.

Proper coloring in sparse graphs

An initial observation one can have is that the maximum degree might not be a good measure
of the “density” of the graph as it might only have one vertex with very high degree for example.
A slightly better measure of “sparseness” is the average degree which is simply a ratio of number
edges over number of vertices in the graph. One can be even more precise with the maximum
average degree which guarantees a better “distribution” of the edges (avoiding cases where there
is a “dense” subgraph and a very sparse rest of the graph which decreases the average degree).
This intuition is confirmed by the following result by Szekeres and Wilf.

Theorem 1.3 (Szekeres, Wilf [112]). Let G be a graph and A(G) be any real valued function on
G with the following properties:

o MG) > 0(G).
o For any subgraph H of G, A\(H) < A(G).
Then, x(G) < MG) + 1.

The maximum average degree clearly verifies the two properties of A in Theorem 1.3. Thus, we
have the following corollary.

Corollary 1.4. For every graph G, x(G) < mad(G) + 1.

In this sense, the class of planar graphs is the most famous class of sparse graphs. Intuitively,
the constraint of not having edge crossings in a planar drawing of the graph limits the number of
edges you can have given the number of vertices. Euler’s formula quantifies this sparseness exactly
using an object that is specific to graphs that are embeddable on surfaces without edges crossing:
its faces. Euler’s formula applied to a connected plane graph G says:

V(&) + [F(G)] = |E(G)] = 2. (1.1)

This equation means that the number of edges is basically equal to the number of vertices and
faces in a connected planar graph G. One intuitive way to understand this equation is by drawing
G starting with the vertices. Then, whenever we draw a new edge between two vertices, we either
visit a new vertex or close off a region which becomes a new face.

Using Euler’s formula, when |V (G)| > 3, the fact that every face of a planar graph has degree
at least 3 (as we only consider simple graphs), and that 3 rc p() d(f) = 2|E(G)|, we can deduce
that |[E(G)| < 3|V(G)| — 6. This yield an average degree less than 6 and the same holds for the
maximum average degree as any subgraph of a planar graph is also planar by definition. In other
words, on average, a vertex in a planar graph has less than 6 neighbors.

While a planar graph can have an arbitrary maximum degree, its bounded maximum average
degree drops the upper bound on the chromatic number from A + 1 to at most 7 by Corollary 1.4.
The Four Color Theorem suggests that there exists something more than just bounded maximum
average degree (mad < 6) for planar graphs since we drop from 7 to 4 colors. Moreover, Kj is a
non-planar graph (|E(K5)| = 10 > 3|V (K5)| — 6 = 9) with x(K5) = mad(K5) +1 =5 < 6. So,
even though bounding maximum average degree is a good way to decrease the chromatic number,
planar graphs contain more structural properties than just bounded mad.
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Proper list-coloring

Another recurring notion of coloring throughout this thesis is list-coloring. Since a proper
coloring is a proper list-coloring where every list is the same, we obtain the following inequality:

X(G) < xe(G).

At first glance, it is unclear that y, can be much larger than x as one might think that it is easier
to obtain a proper coloring if our vertices have very different list of colors. However, Erdos et al.
showed that the gap between the chromatic number and the choice number can be arbitrarily
large.

Theorem 1.5 (Erdés et al. [55]). For every integer k, there exists a bipartite graph G with
xe(G) = k.

By definition, a bipartite graph is 2-colorable where the two classes of colors constitutes the
partition of the set of vertices. However, Theorem 1.5 shows that we can obtain a very large choice
number despite the graph being 2-colorable.

For planar graphs, Vizing conjectured that every planar graph is 5-choosable in 1975, and this
statement was proved by Thomassen in 1994:

Theorem 1.6 (Thomassen [113]). Every planar graph is 5-choosable.

Theorem 1.6 along with the Four Color Theorem implies that we have a gap of at most 1
between the chromatic and the choice number for planar graphs. This gap was confirmed to be
exactly 1 around the same time. In 1979, Erdos et al. conjectured that there are planar graphs
which are not 4-choosable and this was proven by Voigt in 1993.

Theorem 1.7 (Voigt [115]). There exists a planar graph G with x,(G) > 5.

1.3 2-distance coloring

In 1969, Kramer and Kramer introduced the notion of d-distance coloring [80, 81] for an
integer d > 1. This notion generalizes proper coloring which can be seen as 1-distance coloring.
Throughout the years, an extensive amount of research has been done on distance coloring, most of
which concentrated on the first interesting case after d = 1, which is naturally 2-distance coloring,
one of the focus this thesis.

Similarly to proper coloring, one can also bound the 2-distance chromatic number by using the
maximum degree of the graph. Observe that, for any graph G, A(G) +1 < x%(G) < A(G)? + 1.
The lower bound is trivial since, in a 2-distance coloring, every neighbor of a vertex v with degree
A, and v itself must have a different color. For the upper bound, a greedy coloring algorithm
shows that x2(G) < A(G)? + 1, i.e. it suffices to color a vertex differently from every colored
vertex in its 2-distance neighborhood which is of size at most A(G)?. This bound is reached by
Moore graphs of type (A, 2), which are A-regular graphs with diameter 2 and A2 + 1 vertices. In
other words, Moore graphs are the graphs whose square are complete graphs. For example, the
cycle C5 and the Petersen graph are graphs of type (2,2) and (3, 2) respectively (See Figure 1.1).

However, Hoffman and Singleton proved that there exists only a finite number of such graphs
[71]. Similar to Brooks’ Theorem for proper coloring, there exist Brooks-like results for powers of
graphs [102] showing that the number of graphs reaching this trivial upper bound is finite for a
a given power and maximum degree. For the case of 2-distance coloring, Cranston and Rabern
proved the following.

Theorem 1.8 (Cranston, Rabern [39]). If G is not a Moore graph, then x*(G) < A(G)? — 1.
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(i) The Moore graph of type (ii) The Moore graph of type (iii) The Moore graph of type
(2,2): the odd cycle Cs. (3,2): the Petersen graph. (7,2): the Hoffman-Singleton
graph.

Hinh 1.1: Examples of Moore graphs for which y2 = A% + 1.

While there is a finite number of graphs reaching the trivial upper bound, Mckay et al. built a
family of graphs of diameter 2 of order %(A +12)2 [97] for an infinite number of A. Any graph
containing such subgraphs will have a 2-distance chromatic number that is quadratic in the
maximum degree.

2-distance choosability

As a 2-distance coloring is also a proper coloring of the square, we have x?(G) = x(G?). The
same can be said for list coloring. Thus, we also have the same inequality between the 2-distance
chromatic number and the 2-distance choice number:

YAG) < X3(G).

Given what we know about the gap between the chromatic number and the choice number, one
might suspect that the same will hold for their 2-distance version. However, it is unclear that this
is true as constructions of bipartite graphs like in Theorem 1.5 fail when we consider a coloring of
the square of the graph. In 2001, Kostoshka and Woodall even conjectured that these two numbers
are one and the same [79]. This was known as the List Square Coloring Conjecture. In 2013, Kim
and Park gave infinitely many counterexamples to the conjecture, going as far as showing that
X7 — x? can be arbitrarily large.

Theorem 1.9 (Kim, Park [74]). For every prime number p > 3, there exists a graph G such that
X{(G) = x*(G) zp—1L.

While we also get a big gap between the choice number and the chromatic number for 2-distance
coloring, the construction proposed in [74] is very dense and is far from being planar. Up to our
knowledge, the List Square Coloring Conjecture is still open for planar graphs.

2-distance coloring of sparse graphs

Corollary 1.4, which gives a Brooks-like result for proper coloring, bounds the chromatic
number in terms of the maximum average degree. This justifies the intuition of studying sparser
graphs. However, we do not have an equivalent version for 2-distance coloring. Indeed, a tree,
which has mad < 2, can have an arbitrarily large maximum degree and thus an arbitrarily large
2-distance chromatic number (x? > A + 1) compared to the maximum average degree.

Despite this observation, in 1977, Wegner conjectured that x?(G) becomes linear in A(G) for
a planar graph G.



8 CHUONG 1. INTRODUCTION

Conjecture 1.10 (Wegner [117]). Let G be a planar graph with maximum degree A. Then,

7, it A<3,
XQ(G)S A+5, f4<ALT,
22| +1,ifA>8.

These conjectured upper bounds would be tight due to the constructions in Figures 1.2 and 1.3.
Recently, the case A < 3 was proved by Thomassen [114], and by Hartke et al. [66] independently.
For A > 8, Havet et al. [68] proved that the bound is 3A(1+ o(1)), where o(1) is as A — oo (this
bound even holds for 2-distance list-colorings). These results confirmed the intuition for sparse
graphs where the upper bound on x? dropped by a factor of A.

(iv) 6 <A <7and
(i) A=3and x?>7. (i) A=4and x*>9. (iii) A=5and x> >10. x> > A+5.!

Hinh 1.2: Constructions by Wegner in [117].

% — 1 vertices 1 vertices % vertices 5 Vertlces
5 Vertlces = Vertlces
(i) A graph with glrth 3and x2 = [32] +1 (ii) A graph with glrth 4 and x* = |32
(drawn for A = 38). (drawn for A = 8).

Hinh 1.3: Graphs with x? ~ 3A [117].

While planarity seems to not be reduced to bounded maximum average degree in the case of
proper coloring, the same is not trivial for 2-distance coloring. However, we can also show that
structural properties of planar graphs, even when “squared”, contributes more than just bounded
mad. Indeed, consider the Petersen graph where we remove one vertex. The resulting graph has
A =3, mad = % and x? = 8 while it was proven that planar graphs with A = 3 are 2-distance
7-colorable. Moreover, the graph in Figure 1.2(i) where we add an edge between two 2-vertices is
planar, has A = 3, mad = 2—70 > %, and x2? = 7. This seems to indicate that we need to exploit the
difference between planar graphs and general graphs with bounded mad. One such difference is
the presence of faces. This is one of the driving ideas of results that will be discussed in this thesis.

!The dashed edges are included for A = 7 and are not for A = 6.
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Although the passage from general to planar graphs decreased the quadratic bound to a linear
bound in A, there is still a gap between the lower bound of A+ 1 and the upper bound of L%AJ +1.
The study of graph classes that fit in this gap became an extensive field of research in 2-distance
coloring (see Table 1.1). The most natural next step in this direction is to decrease the maximum
average degree even further, or alternatively restrict the class of planar graphs by increasing its
girth, to obtain sparser graphs. Intuitively, in a planar graph, the higher the girth is, the further
away the vertices are from one another. This intuition is quantifiable through Proposition 1.11,
which also links the two measures of sparseness, girth and mad, in the case of planar graphs: the
higher the girth of our planar graph is, the smaller its mad is.

Proposition 1.11 (Folklore). For every connected planar graph G with finite girth, (mad(G) —
2)(9(G) - 2) < 4

Chitng minh. Let H be a subgraph of G such that mad(G) = ad(H) = 2||‘f/‘3(%)|| Euler’s formula
states that: |E(H)| — |V(H)|+ 2 = |F(H)|. Since

Y gH)< Yo d(f)
)

fEF(H) fEF(H

F(H)|g(H) < 2|E(H)|

2\E(H)|

ey < 2200

We have

) 2| E(H)
|- )] < 225
29(H) ) A|E(H)]
V) FH =200 < o)

mad(G)g(H) —2¢g(H) < 2mad(G)
mad(G)g(H) — 2g(H) —2mad(G) +4 < 4
(mad(G) —2)(g(H) —2) <4

Since g(H) > g(G) and mad(G) — 2 > 0 as G has finite girth, (mad(G) —2)(¢(G) —2) <4. O

One might think that a high girth plays a big role in the sparseness of the graph but the proof
of Proposition 1.11 relies heavily on Euler’s formula, in other words, the planarity of the graph. In
fact, in 1959, Erdés already proved that there is no relationships between the chromatic number
and the girth of the graph in the general case.

Theorem 1.12 (Erdés [54]). For every integers k and [, there exists a graph G with g(G) > k
and x(G) > 1.

Theorem 1.12 implies that a high girth alone does not suffice to decrease the mad of a graph
or it would contradict Corollary 1.4.

Before moving on, we will take a look at some easy cases. Proposition 1.11 only holds for graphs
with finite girth. To be exhaustive, we turn our attention to graphs with infinite girth, which
are forests by definition. In this case, their 2-distance chromatic number reaches the minimum
possible value.

Proposition 1.13. For every forest T, x*(T) = A(T) + 1.

Ching minh. Suppose by contradiction that there exists a vertex-minimal forest T' for which
X3(T) > A(T) + 2. Since T is a forest, there exists a 1-vertex t. We can color T' — t with A(T) + 1
colors by the minimality of T. We can extend this coloring to ¢ by choosing a color that does
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not appear in its 2-distance neighborhood. This is possible as ¢ only sees at most A(T') colored
vertices. Thus, we obtain a 2-distance A(T') + 1-coloring of T', which is a contradiction. So, for
every forest T, x>(T) < A(T) + 1. Combining this with the lower bound on x? for every graph,
we obtain the desired result. a

The case when A = 2 is also easily solved by Proposition 1.14 and its upper bound is reached
by 05.

Proposition 1.14. For every graph G with A(G) < 2, x*(G) < 5.

Chitng minh. Suppose by contradiction that there exists a vertex-minimal graph G with A(G) < 2
and x2(G) > 6. If G is a forest, then x?(G) < 3 due to the previous proposition. Thus, G is a cycle
as it is connected by minimality. However, there is a contradiction as every cycle is 2-distance
5-colorable.

Indeed, we argue by induction on the order of the cycle. If a cycle C' has at most 5 vertices, then
x2(C) < 5. Now consider a cycle C with at least 6 vertices, we remove one vertex u and connect its
two neighbors with an edge. By induction hypothesis, there exists a 2-distance 5-coloring 1 of that
smaller cycle. Now, we define the following coloring ¢ for C'. For every vertex v of C'—u, we choose
¢(v) = (v) and for ¢(u) we choose a color that does not appear in its 2-distance neighborhood.
This is possible since we have 5 colors and d*(u) = 4. Moreover, since 1) is a 2-distance 5-coloring
of C' — u where we added an edge between the neighbors of u, ¢ is a 2-distance 5-coloring of C' by
construction. O

To fill the gap between A + 1 and L%AJ + 1, many results are of the following form: every
graph G of mad(G) < mg and A(G) > Ag satisfies x2(G) < A(G) + c(mg, Ag) where ¢(mg, Ag) is
a small constant depending only on mg and Ay. Moreover, for a planar graph GG, any theorem with
an upper bound on mad(G) can be translated to a theorem with a lower bound on g(G) thanks to
Proposition 1.11. More precisely, planar graphs with girth at least g has mad < %92. Thus, as a
corollary, we have the same results on planar graphs of girth g > go(mg) where gy depends on
myo. Table 1.1 shows the state of the art (of positive and negative results), up to our knowledge,
on the 2-distance chromatic number of planar graphs with fixed girth, either proven directly for
planar graphs with high girth or came as a corollary of a result on graphs with bounded maximum
average degree.

The positive results in Table 1.1 are read as follows. For example, the result from line “7” and
column “A 4+ 17 reads: “every planar graph G of girth at least 7 and of maximum degree A at
least 16 satisfies x*(G) < A+ 17.

Below, we list all of the negative results corresponding to the crossed out cases in Table 1.1.
e Girths 3 to 6 in column “A + 1” correspond to Proposition 1.15.

e Girth 11 in column “A + 1”7 correspond to Proposition 1.16.

e Girths 3 and 4 in column “A 4+ 2” correspond to Proposition 1.17.

e Girths 5 and 6 in column “A 4+ 2” correspond to Propositions 1.18 and 1.19.

e Girth 3 in column “A + 3” correspond to Figure 1.2(i).

e Girth 3 in column “A 4 4” correspond to Figures 1.2 and 1.3.

e The remaining crossed out values in rows “3” and “4” correspond to Figure 1.3.

Every highlighted result in Table 1.1 are part of our contribution to this field of research.
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“(G)

g A+1 A+2 A+3 A+4 A+5 A+6 A+7 A+38
0
A =3 [114, 66] N 3 5 A = 4[18]
A =4 [89]
4 4 4
1 | a=# A>T Atz | AT Astg | ATS
A > 107 [6]° , . 6 / 5
5 / A1 [37] A>339[48] | A>312[47 | A>15[26]° | A>12[25]° | A#7,8 47 | A > 3 [46]
A>17 8] 6 )
4 > P
6 / A= [90] A > 9 [25) A >3 (28]
7 A>16[72]5 | A>10([86)° | A>6 (82 A =4136]"
8 A >9 [88]° A > 6 [86]° A > 3 [90]
9 A>T7[B5° | A>5[24]"
10 A>6[72]° A > 4 [87]
11 A—3 [84]
12 A >5[72]° A>3 [16]°
13
14 A>4 78
21 A>3 [84]

Béang 1.1: The latest results with a coefficient 1 before A in the upper bound of x?2.

Below are the statements of our (positive) results, some are proven for larger graph classes
(bounded mad instead of planar graphs with high girth) or for the list version of the problem.

[84] If G is a planar graph with g(G) > 21, then x?(G) < A(G) + 1 for A(G) > 3.
[85] If G is a graph with mad(G) < %, then x?(G) < A(G) + 1 for A(G) > 7.
[88] If G is a planar graph with g(G) > 8, then x?(G) < A(G) + 1 for A(G) > 9.
[87] If G is a planar graph with g(G) > 10, then x2(G) < A(G) + 2 for A(G) > 4.
[86] If G is a graph with mad(G) < §, then x*(G) < A(G) + 2 for A(G) > 6.

[86] If G is a graph with mad(G) < £, then x*(G) < A(G) + 2 for A(G) > 10.
[90] If G is a graph with g(G) > 8, then \*(G) < A(G) + 3 for A(G) > 3.

[82] If G is a graph with mad(G) < %, then x(G) < A(G) + 3 for A(G) > 4.

[82] If G is a graph with mad(G) < £, then x7(G) < A(G) + 3 for A(G) > 6.

[89] If G is a planar graph with g(G) > 4 and A(G) = 4, then x?(G) < A(G) + 7.

These results were proven using the discharging method for which the basics will be presented
in Section 1.4. In Chapter 2 and Chapter 3, we will present some of these results that will highlight
more interesting ideas and nuances in 2-distance coloring as well as the discharging method in
general. However, every proof will be available in their corresponding articles in the Appendixes.

In Chapter 4, we will discuss the negative results presented below along with their implications
on the hardness of some related decision problems. Finally, in Chapter 5, we will present some
variants of 2-distance colorings along with our contributions.

2Figure 1.2

3Figure 1.3(i)

“Figure 1.3(ii)

®Corollaries of more general colorings of planar graphs.

SCorollaries of 2-distance list-colorings of planar graphs.

"Corollaries of 2-distance list-colorings of graphs with a bounded maximum average degree.
8Corollaries of 2-distance colorings of graphs with a bounded maximum average degree.
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Proposition 1.15 (Dvorak et al. [51]). For every integer d > 2, there exists a planar graph G
with g(G) = 6, A(G) = d, and \*(G) > d + 2.

Proposition 1.16 ([84]). There exists a planar graph G with ¢g(G) > 11, A(G) = 3, and
YA(G) > A(G) + 2.

Proposition 1.17 ([87]). There exists a planar graph G with g(G) > 4 and x?(G) > A(G) + 3.

Proposition 1.18 ([87]). There exists a planar graph G with g(G) > 5, A(G) = 4, and x?(G) >
A(G) + 3.

Proposition 1.19 ([90]). There exists a planar graph G with g(G) > 6, A(G) = 3, and x*(G) >
A(G) +3.

1.4 The discharging method

The method that is employed to obtain almost all upperbounds in Table 1.1 and all of our
(positive) results is the discharging method.

The discharging method is a very common tool used for proving coloring results on sparse
graphs. At heart, it is a counting argument that guarantees the existence of (easily) colorable
structures in a given sparse graph. Such structures are commonly named reducible configurations
as they cannot appear in a minimal counterexample to a desired theorem. A typical counting
argument in the discharging method consists in translating the global sparseness of the graph into
local weights, called charges. For instance, a charge can be the degree of a vertex or the size of
a face (when the graph is planar). The goal then is to obtain, through a clever redistribution of
these charges, a contradiction by showing that there exists a reducible configuration in a minimal
counterexample. This redistribution is done via discharging rules. See the survey of Cranston and
West [40] for more detailed explanations.

To illustrate the method, we will prove the following result.

Theorem 1.20 ([82]). If G is a graph with mad(G) < §, then x7(G) < A(G) + 3 for A(G) > 4.

The first step is to assume by contradiction that there exists a counterexample to Theorem 1.20.
More precisely, we consider a graph G, minimizing the number of vertices, with mad(G) < %,
A(G) > 4, and x3(G) > A(G) +4.

Using the fact that GG is a minimal counterexample, we can deduce some structural properties
of G and more precisely, some reducible configurations. Since we will always consider 2-distance
list-colorings, we will omit “2-distance” for conciseness. For this section, as a drawing convention,
next to each vertex, we will indicate a lower bound on the number of available colors given a
certain precoloring from the context.

Structural properties of ¢

Lemma 1.21. Graph G is connected.

Ching minh. If G is not connected, then a component of G would be a smaller counterexample,
which contradicts its minimality. O

We start by lower bounding the minimum degree of G.
Lemma 1.22. §(G) > 2.

Chitng minh. By Lemma 1.21, §(G) > 1 or G would be a single isolated vertex which is (A + 3)-
list-colorable. If G contains a 1-vertex v, then we can simply remove such vertex and color the
resulting graph, which is possible by minimality of G. Then, we add v back and color v (at most
A constraints and A + 3 available colors in its list). O
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By Lemma 1.22, G cannot have vertices with too low degrees, we will also see (Lemmas 1.23
to 1.25) that G cannot have adjacent vertices with low degrees.

Lemma 1.23. Graph G has no 2" -threads.

Chitng minh. Suppose that G contains a 2-thread uvvwz (see Figure 1.4). We color G — {v,w} by
minimality of G. Observe that v and w each sees at most A + 1 colors so they have at least two
available colors left each. For example for v, u and its colored neighborhood forbid at most A(G)
colors and x forbids one more; hence there remains two available colors for v. Thus, we can easily

extend the coloring to v and w. O
u v w x
O 4 @ O
2 2

Hinh 1.4: A 2 -thread.

In the same vein, we inspect sparse structures where a lot of vertices with low degree are close
together.

Lemma 1.24. Graph G has no (1,1, 1)-vertices.

Chiing minh. Suppose by contradiction that there exists a (1, 1, 1)-vertex u with three 2-neighbors
uy, ug, and ug (see Figure 1.5). We color G — {u, u1,u2,us} by minimality of G, then we extend
this coloring to the remaining vertices by coloring w1, ug, ug, and u in this order. Observe that

this possible since each u; has 3 available colors and u has A > 4 available colors. O
us @ 3
Ul u us
O @ @ O
3 4 3

Hinh 1.5: A (1,1, 1)-vertex.

Lemma 1.25. Graph G has no (1,0, 0)-vertices that are adjacent to a (1,1,0)-vertex.

Chaing minh. Suppose by contradiction that there exists a (1,0T,0)-vertex u with a 2-neighbor v
and a (1,1,0)-neighbor w. Let the 2-neighbors of w be w; and wy (see Figure 1.6).

First, observe that if two adjacent 3-vertices share a common 2-neighbor, for example, if u is
also adjacent to wi, then we color G — {u,w,w;} by minimality of G and finish by coloring u, w,
and wi in this order. This is possible since we have A + 3 colors and A > 4. Hence, all named
vertices are distinct.

Now, we color G — {u, v, w,wy,ws} by minimality. Let L(x) be the list of available colors left
for a vertex z € {u,v,w, wi,ws}. Since we have A + 3 colors and A >4, |L(v)| > 2, |L(u)| > 2,
|L(w)| >4, |L(wy1)| > 3, and |L(w2)| > 3. We remove the extra colors so that |L(x)| reaches the
lower bound for each z € {u, v, w,wy,ws}. Consider the two following cases.

o If L(u) # L(v), then we color u with ¢ € L(u) \ L(v). We finish by coloring w;, wa, w, and v
in this order.
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o If L(u) = L(v), we color w; with ¢ € L(wy) \ L(u) (which is possible since |L(w;)| = 3 and
|L(u)| = 2). Then, we color w with d € L(w) \ (L(u) U{c}) (which is possible as |L(w)| = 4).
Finally, we finish by coloring ws, u, and v in this order.

We thus obtain a valid coloring of GG, which is a contradiction. O
w1
) w; @ 3
U w v U w2
O O O L 4 @ O
2 2 2 2 4 3

(i) Two 3-vertices sharing a 2-neighbor. (ii) A (1,07, 0)-vertex u that is adjacent to a (1,1,0)-vertex w.

Hinh 1.6: Reducible configurations from Lemma 1.25.

Lemma 1.26. Graph G has no 3-vertices with two (1,1, 0)-neighbors and another 3-neighbor.

Chiing minh. Suppose by contradiction that there exists a 3-vertex u with two (1,1, 0)-neighbors
v and w and another 3-neighbor ¢. Let v; and vg (resp. w; and wg) be v’s (resp. w’s) 2-neighbors
(see Figure 1.7).

If v and w share a common 2-neighbor, say v; = wi, then we color G — {u, v, w, vy, vy, we} by
minimality of G and finish by coloring u, v, w, vy, ws, and v; in this order. This is possible since
we have A + 3 colors and A > 4. Note that this coloring also works when vy = wo. Hence, all
named vertices are distinct.

Now, we color G — {u,v,w,w;, ws} by minimality. Let L(x) be the list of available colors left
for a vertex = € {u, v, w, wy, wa}. Since we have A + 3 colors and A >4, |L(u)| > 2 (as d(t) = 3),
|L(v)| > 2, |L(w)| >4, |L(wy)| > 3, and |L(wz)| > 3. Note that we obtain the same lower bounds
on the lists of colors as in Lemma 1.25. Thus, the exact same proof holds and we have a valid
coloring of GG, which is a contradiction. O

t
U1 w1 e 3
V9 w2 V9 v u w w2
O @ @ O O @ @ O
3 3 2 2 4 3

(i) (i)
Hinh 1.7: A 3-vertex u with two (1, 1,0)-neighbors v, w, and another 3-neighbor ¢.

After studying the structural properties of G, we have eliminate sparse (colorable) structures
from G. Now, we aim to prove that G is sparse enough to contain at least one of these structures,
which is a contradiction. To do so, we will use a discharging procedure which is the main tool of
the discharging method.
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Discharging rules

First, we translate G’s sparseness into local charges as follows. Since mad(G) < %, we have

> (3d(u) —8) <0 (1.2)

ueV(G)

We assign to each vertex u the charge p(u) = 3d(u) — 8. To prove the non-existence of G, we
will redistribute the charges preserving their sum and obtaining a non-negative total charge, which
will contradict Equation (1.2). This redistribution will be done via the following discharging rules:

RO Every 37-vertex gives 1 to each of its 2-neighbors.
R1 Every 4"-vertex gives 1 to each of its 3-neighbors.

R2 Every (0,0, 0)-vertex gives 1 to each of its (1,1, 0)-neighbors.

(B ()
1

1 1 "
(O ® ()
RO. R1. R2.

Hinh 1.8: Discharging rules (the white vertices are labeled with their degree).

Verifying that charges on each vertex are non-negative

Let u* be the assigned charges after the discharging procedure. In what follows, we will prove
that:
Yu € V(Q), p*(u) > 0.

Let u € V(G).
Case 1: If d(u) = 2, then u receives charge 1 from each endvertex of the 1-thread it lies on by
RO (as there are no 2*-threads by Lemma 1.23). Thus, we get

pru) =p(u)+2-1=3-2-8+2=0.

Case 2: If d(u) = 3, then p(u) = 3-3—8 = 1. Since there are no 2" -threads due to Lemma 1.23
and no (1,1, 1)-vertices due to Lemma 1.24, we have the following cases.

o Ifuisa (1,1,0)-vertex, then u gives 1 to each of its two 2-neighbors by RO. At the same
time, u also receives 1 from its 3T-neighbor v by R1 or R2 as v is either a 4T-vertex or a
(0,0,0)-vertex by Lemma 1.25. To sum up,

p(u) >1-2-1+1=0.
o Ifuisa (1,0,0)-vertex, then u only gives 1 to its 2-neighbor by RO. Hence,
p(u) >1—-1=0.

e Ifuisa (0,0,0)-vertex, then u only gives charge to (1,1,0)-vertices by R2. Let ¢, v, and w
be u’s 3T-neighbors.

If u is adjacent to a 4T-neighbor, then it receives 1 by R1 and at worst, it gives 1 to each of
the two other neighbors by R2. As a result,

pruy>1+1-2-1=0.
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If u is adjacent to three 3-vertices, then at most one of them can be a (1,1,0)-vertex due to
Lemma 1.26. So, u only gives at most 1 to a (1,1, 0)-neighbor by R2. Consequently,

wu)>1-1=0.

Case 3: If 4 < d(u) < A, then, at worst, u gives 1 to each of its neighbors by RO and R1. As
a result,
w(u) > 3d(u) —8 —d(u) >2-4—8=0.
To conclude, we started with a charge assignment with a negative total sum, but after the

discharging procedure, which preserved this sum, we end up with a non-negative one, which is a
contradiction. In other words, there exists no counter-examples to Theorem 1.20.
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The potential method

In this chapter, we discuss one of the limits of the discharging method and how we push this
limit further with the potential method.

The idea with the discharging method is to show that a graph with bounded mad is sparse
enough to contain a colorable structure. In practice, we try to color sparse structures to prove
that they are reducible configurations. For dense structures, the vertices in the graph naturally
contain more charges as our charge assignment often increases with their degree. This allows a
redistribution of charges in order to obtain a non-negative final sum more easily. Hence, the limit
of this method comes from structures that are not sparse enough to be reducible but also not
dense enough to have sufficient charge. In this context, the potential method helps reducing denser
structures.

Reducing a configuration (with set of vertices) S, in a minimal counter-example G, often
implies the extension a precoloring of G — S. Until now, we have always assumed the worst case
scenario for the precoloring of G — S. In order to avoid the worst case scenario, we need to add
some vertices and edges, say a set T, to G — .S but we might run into the risk of increasing our
maximum average degree, i.e. G — S 4 T is not in the same class of bounded mad. The potential
method introduces a potential function that quantifies precisely the maximum average degree of
G — S and G — S + T. This helps with introducing constraint on the precoloring to avoid the
worst case scenario while staying in the same class of graphs.

With the help of the potential method, we will prove the following theorem.

Theorem 2.1 ([85]). If G is a graph with mad(G) < +2, then G is 2-distance (A(G) + 1)-colorable
for A(G) > 7.

Since Bonamy et al. has already proven in [7] that:

Theorem 2.2 (Bonamy et al. [7]). If G is a graph with mad(G) < £, then G is list 2-distance
(A(G) + 1)-colorable for A(G) > 8.

We will prove the following, which is a stronger version with mad(G) < *2 instead of mad(G) <
18,

s

Theorem 2.3. If G is a graph with mad(G) < 22, then G is 2-distance (A(G) + 1)-colorable for
A(G)=T.

To prove Theorem 2.3, let us define the potential function, which is the key to the potential
method.

Definition 2.4. Let A C V(G), we define pg(A) = 9|4| — 7|E(G[A])|.

Definition 2.5. We define the potential function p§(A) = min{pg(S)|A C S C V(G)} for all
A CV(G).

17
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Note that pf(A4) > 0 for all A C V(G) if and only if mad(G) < 22. Thus, we will prove the
following equivalent version of Theorem 2.3.

Theorem 2.6. Let G be a graph such that pf(A) > 0 for all A C V(G), then G is 2-distance
(A(G) + 1)-colorable for A(G) = 1.

First, let us start by studying some elementary operations with the potential function.

2.1 Elementary operations with the potential function

In this section, we will prove some useful inequalities, that will be used repeatedly in our proof,
involving this potential function on a graph G with mad(G) < 2.
We start with some simple observations that come as a consequence of the definition of the
potential function.
Let A, S C V(G) such that A C S. Since any K C V(G) that contains S will also contain A,
by definition of pg;, we have:
pc(S) = pe(A). (2.1)

Let A C V(G) and H be a subgraph of G that contains A. Since any subset S C V(H) that
contains A is also a subset of V(G), by definition of p{,, the following ensues:

pr(A) = pg(A). (2.2)

Let A, B C V(G). Since |A|+ |B| = |[AUB| + |AN B| and |E(G[A])| + |[E(G[B])| < |[E(G[AU
B])| + |E(GIAN B))], we have pa(A) + pa(B) > pa(AU B) + pg(An B).

Now, let A C S CV(G) and B C T C V(G) such that pg(S) = p&(A) and pg(T) = p&(B).
By the previous observation, we have pf(A) + p&(B) = pa(S) + pa(T) > pa(SUT) + pa(SNT).
Since (AUB) C (SUT) and (ANB) C (SNT), by definition of pf,, we have the following:

p5(A) + p5y(B) > pi(AU B) + ply(AN B). (2.3)

Now, we come to the most important property of the potential function. Let A and S be
disjoint subsets of V(G) such that S contains (at least) every vertex (not in A) that is adjacent to
a vertex in A. We denote F(A, S) the set of edges between vertices of A and S (see Figure 2.1).

By definition, pg(AUS) = 9|AUS|—T7|E(G[AUS])| = 9(|A| +|S|) — T(|E(G[A])| + | E(G[S])| +
[E(A, S)]) = (915 = 7T[E(GIS]]) + (9[A] = T[E(G[AD]) = TIE(A, S)| = pa(S) + pa(A) = T|E(A, S)|.
Since mad(G) < &, we know that pe(A U S) > 0. Thus, p(S) > 7|E(A, S)| — pg(A). Observe
that S C V(G — A) and the previous inequality holds for any K C V(G — A) that contains S.
Moreover for every K that contains S we have |E(A, S)| = |E(A, K)| by definition of S. Hence,
the following also holds:

pG-a(S) = T|E(A, S)| = pc(A). (2.4)

In practice, when we remove a certain structure A from a minimal counterexample G. We try
to color G — A then extend this coloring to G to prove that A is a reducible configuration. However,
sometimes, there exists a worst case scenario where the coloring of G — A is not extendable to G.
Equation (2.4) quantifies the increase of potential (which is the interesting case) of Ng(A) when
we remove A. In other words, we know how much “sparser” the “surrounding” of A gets when
we remove A. This allows us to replace A with another “good” structure, say A’ (see Figure 2.1),
that can decrease that potential while staying non-negative which means that we stay in the same
class of mad. In terms of coloring, it means that H = G — A + A’ has mad < 1—78, is smaller than
G, and is thus colorable. Moreover, the presence of A’ imposes some constraints on the coloring of
N¢g(A) which might allow us to avoid the worst case scenario and to extend the coloring to G.
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G H
S S

) (D

Hinh 2.1: Replacing a configuration A with a “good” structure A’.

The following lemmas show how we can add threads between two vertices depending on their
(positive) potential.

Lemma 2.7. Suppose graph H verifies mad(H) < 8. Let k > 0 and u,v € V(H). Moreover
assume that p};({u,v}) > 7—2k. Let H' = H + P be the graph obtained from H in which we add
a k-thread P between u and v (P is just an edge when k = 0), then mad(H’) < 2 (equivalently,
VI CV(H), pg(T) > 0).

Chitng minh. Indeed, every subset S C V(H') that does not contain any vertex or edges of P is a
subset of V(H) so pg/(S) = pu(S) > 0. Now, consider a vertex set T', intersecting with P, with
the minimum potential. Observe that vertices in T have degree, in H'[T], at least 2. Otherwise, it
suffices to remove a vertex of degree 0 or 1 from 7" and we obtain a set with lower potential (which
contradicts the minimality of p(T')) as removing an isolated vertex decreases the potential by 9 and
removing a vertex of degree 1 decreases the potential by 9 — 7 = 2. Consequently, 7" must contain
the whole thread P as well as u,v. Observe that T'— P is a subset of V(H) that contains u, v and
pu'(T) = pua(T—P)+9k—7(k+1) = pg(T—P)+2k—7 > p5;({u,v})+2k—7 > 7—2k+2k—7 = 0.

O

Observation 2.8. Let 0 < k < 3, observe that in the proof of Lemma 2.7, adding a k-thread P
between u and v in H decreases the potential of every set containing {u,v} by at most 7 — 2k in
H+P. In other words, for every S C V(H+P) such that {u,v} C S, pj;, p(S) > pj(S—P)—(7—2k)
(S — P still contains {u,v}).

Lemma 2.9. Let H be a graph, u,v € V(H) and 0 < k < 3. Let H' = H+ P be the graph obtained
from H in which we add a k-thread P between u and v (P is just an edge when k = 0), then for
every A C V(H), py(A) = pip(A) or pi(A) < pir(A) < pi(AU{u,v}) < pjp(A) + (7 = 2k).

Chaing minh. First, by Equation (2.2), pj;(A) > pj;4p(A). Let us consider S C V(H + P) such
that A C S and ppp(S) = pjyyp(A). Note that prip(S) = pir,p(9) since puip(S) > piry p(S)
by definition of p*, and pr4 p(S) < pjr, p(S) or else, it means there exists 7" such that A C .S C T
and pryp(T) < pa4p(S) = pjy,p(A) which is a contradiction.

If {u,v} € S, then S C V(H) as S cannot intersect P by minimality of pg4p(S) (or else it
would contain a vertex, of degree 0 or 1 in H'[S], whose removal would decrease the potential).
Thus, psr(S) = prr+p(S). As a result, g (4) < pi(S) = prr4p(S) = plyy p(A).

If {u,v} C S, then S contains P by minimality of pr4p(S) (or else by adding P to S, we would
decrease the potential by 7(k+1) —9k = 7—2k > 1). By Observation 2.8, p};(S — P) — (7T—2k) <
Pir4p(S). So, by Equation (2.1), pj;(A) < pj(AU{u,v}) < pjy (S = P) < ppyy p(S) + (7= 2k) =
pr+P(S) + (7 —2k) = pi, p(A) + (7 — 2k).

O

From now on, we will write pf(vov; . .. v;) instead of pf({vo,v1,...,v;}) for conciseness. Also,
for a graph H, we will say mad(H) < * instead of “for all S C V(H), p};(S) > 0" which is
equivalent.
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2.2 Structural properties of a minimal counterexample

)

Since the whole chapter will be about 2-distance coloring, from now on, when we say “to color’
a vertex, it means to color such vertex differently from all of its colored neighbors at distance at
most two. Similarly, any considered coloring will be a 2-distance coloring. As a drawing convention,
dashed edges and vertices represent threads that we might add after removing some structure from
the graph in the context. We will also label some white vertices with information about its degree.

Let G be a counterexample to Theorem 2.6 with the fewest number of vertices plus edges. In
other words, G has A(G) =7, mad(G) < %, and x?(G) > A(G) + 2 = 9. Once again, we start by
studying the structural properties of G to find reducible configurations.

We start by lower bounding the minimum degree in G.

Lemma 2.10. Graph G is connected.
Ching minh. Otherwise a connected component of G would be a smaller counterexample. O
Lemma 2.11. §(G) > 2.

Ching minh. By Lemma 2.10, 6(G) > 1. If G contains a 1-vertex v, then we can simply remove
the unique edge incident to v and color the resulting graph, which is possible by minimality of G.
Then, we add the edge back and recolor v (at most 7 constraints and 8 colors). O

Here, we show that a vertex cannot have too many neighbors with a small 2-distance neighbor-
hood or it would be reducible.

Lemma 2.12. Let w be a vertex of V' that is adjacent to k vertices u; (k < d(w)), each satisfying
d*(u;)) < A+i—1for 1 <i<k. Then we have d*(w) > A+ k+ 1.

Chitng minh. Suppose by contradiction that w is adjacent to u; with d(u;) < A+i—1 for
1 < i <k, but di(w) < A+ k (see Figure 2.2). We remove the edges wu; for 1 < i < k. By
minimality of G, let ¢ be a coloring of H = (V, E'\ {wuy, ..., wug}).

Hinh 2.2: Next to each vertex is the number of available colors left when G — {w, uy,ua ..., u;} is
already colored.

We extend ¢ to G as follows :
1. We define ¢g(v) = ¢y (v) for all v € V \ {w, uq, ..., ux}.

2. We choose ¢g(w) a color that does not appear in F,, = N&(w) \ {u1,...,u;}. We have
|Fy| = d&(w) — k. By hypothesis, we have d,(w) < A+ k and thus |Fy,| < A. Thus, we can
color w since we have A + 1 colors.

3. One by one, from k to 1, we choose ¢¢(u;) a color that does not appear in F,,, = N&(u;) \
{ur,...,ui—1}. Since df:(u;) < A+i—1, we have |Fy,,| = df(u;)—(i—1) < (A+i—1)—(i—1) =
A. So, there remains at least one color for u;.
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Hence the obtained coloring ¢¢ is a 2-distance coloring of GG, which is a contradiction. O

Observation 2.13. Let w be a vertex of V that is adjacent to k vertices u;, each satisfying
d*(u;)) <7T=A (K A+i—1)for 1 <i<k. Then we have d*(w) > A+ k+1 =8+ k due to
Lemma 2.12.

Using Observation 2.13, we can deduce some properties of sparse structures like threads in G.
Lemma 2.14. Graph G has no 4" -threads.

Chitng minh. Suppose G contains a 4-thread vgv; ... vs (see Figure 2.3). Then, d*(vs) = d*(v3) =
4 < A which contradicts Observation 2.13. O

Vo U1 V2 U3 V4 U5
o ® ® ® ® O

Hinh 2.3: A 4-thread.

Lemma 2.15. A 3-thread has two distinct endvertices and both have degree A.

Chitng minh. Suppose that G contains a 3-thread vov; . ..vs (see Figure 2.4).

If vg = vy, then we color H = G — {v1,v2,v3} by minimality of G and extend the coloring to
G by coloring greedily v; and vs who has two available colors each and finish with vy who only
sees three colors.

Now, suppose that vy # vy, since d*(v2) = 4 < A, we have d*(v3) > A + 2 due to Observa-
tion 2.13. Moreover, d*(vs) = d(v4) + 2, so d(v4) > A. The same holds for vy by symmetry. [

Vo U1 V2 U3 V4
o @ ® ® O

Hinh 2.4: A 3-thread.

Lemma 2.16. At least one of the endvertices of a 2-thread has degree A or both of them have
degree A — 1. The endvertices of a 2-thread are also distinct.

Chitng minh. Consider a 2-thread vovivavs (see Figure 2.5) where d(vg) < d(vs).

If vg = v3, then we color H = G — {v1,v2} by minimality of G and extend the coloring to G
by coloring greedily v; and v who has two available colors each.

Now, suppose that vy # v3. Suppose by contradiction that d(vs) < A —1 and d(vg) < A — 2.
Since d(vg) < A —2, d*(v1) = d(vg) +2 < A. So, by Observation 2.13, d*(ve) = d(vs) +2 > A +2
meaning that d(vs) > A, which is a contradiction.

O

Vo U1 V2 U3
o ® ® O

Hinh 2.5: A 2-thread.

Lemma 2.17. Let uvwz be a 2-thread. If d(u) = 7 and d(z) < 6, then u cannot be adjacent to x.
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Chiing minh. Suppose by contradiction that u is adjacent to z. Let H = G —{v, w}. By minimality
of G, we color H, then we finish by coloring v then w in this order. O

Lemma 2.18. Let v € V such that 3 < d(v) < [2§L|. Then v cannot be a (2,17,1%,...,1F)-
vertex.

Chitng minh. Suppose that G contains a vertex v with 3 < d(v) < [£41] thatisa (2,1%,1F,...,17)-
vertex. Let w be a neighbor of v that belongs to a 2-thread (see Figure 2.6). We have d*(w) = d(v)+2
and d*(v) = 2d(v). Moreover, as d(v) < |2F], it follows that d*(w) < A since A > 3. Thus,

2
d*(v) > A 4 2 by Observation 2.13. Since d(v) is an integer and 2d(v) > A + 2, d(v) > [%1
which contradicts d(v) < L%J O
w v
O L L L4 O
A+l

Hinh 2.6: A (2,17F,...,1%)-vertex v with 3 < d(v) < [ 55+ ].

Now, we reduce some sparse structures surrounding high degree vertices.

Lemma 2.19. Let uw be a 7-vertex that is incident to six 2-threads where the other endvertices
are 5~ -vertices. Then, u cannot be incident to a 3-thread, a (2,2,0)-vertex or another 2-thread
where the other endvertex is a 6~ -vertex.

Ching minh. Suppose by contradiction that u is incident to six 2-threads where the other end-
vertices are 5~ -vertices and that v is also incident to a 3-thread, or a (2,2, 0)-vertex, or another
2-thread where the other endvertex is a 6™ -vertex (see Figure 2.7).

Hinh 2.7: The order in which the coloring will be extended to G is indicated above the vertices.

First, observe that u is distinct from the other endvertex of its incident 3-thread due to
Lemma 2.15 and from the endvertices of the 2-threads incident to its (2,2, 0)-neighbor due to
Lemma 2.17.

Consider H = G — ({u} U NA(u)). By minimality of G, there exists a coloring of H that we
will extend to G by coloring the vertices in the order indicated in Figure 2.7 with the specification
that in the case where u is incident to another 2-thread with a 6~ -endvertex ¥, u’s 2-neighbor x
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on this thread will be colored with the same color as a colored neighbor of y. The indicated order
verifies at each step that the considered vertex sees at most seven colors. Thus, we obtain a valid
coloring of GG which is a contradiction. O

Observe that until the proof of Lemma 2.19, all lemmas hold for a list version of the coloring.
However, when we repeat a color on x that appears on some other colored vertex, we need a
non-list version of the coloring. The same type of arguments will be used in future lemmas, thus
the result is restricted to non-list 2-distance coloring.

Lemma 2.20. A 6-vertex cannot be incident to six 2-threads where the other endvertices are
6-vertices.

Ching minh. Consider H the graph GG where we removed the 6-vertex u and all 2-vertices on the
2-threads incident to u. Consider the internal 2-vertices p; and ps on a 2-thread incident to u (see
Figure 2.8). We color the 2-vertex py at distance 2 from wu, which has at least two available colors,
and a 2-neighbor z of u (at distance 3 from ps), which has seven available colors, with the same
color by the pigeonhole principle (as we have 8 colors in total). Now, we color all other 2-vertices
at distance 2 from u, then u. Finally, we color all vertices of Ng(u) by finishing with p; which
now sees eight colored vertices but two of them share the same color. O

Hinh 2.8: A 6-vertex w incident to six 2-threads with 6-endvertices.

Now, we take a look at a sparse structure that is right at the limit of not being sparse enough
to be reducible directly but not dense enough to have enough charges for our future discharging
procedure. The configuration at issue is 3-threads. We start by showing that 3-threads in G form
a forest-like structure.

Lemma 2.21. Graph G has no cycles consisting of 3-threads.

Chitng minh. Suppose that G contains a cycle consisting of k 3-threads (see Figure 2.9). We
remove all vertices vg;11, V4542, v4i+3 for 0 < i < k — 1. Consider a coloring of the resulting graph.

We color v1,v3,vs, .. .,v4:—1, which is possible since each of them has at least two choices of colors
(as d(vo) = d(v4) = - -+ = d(vg(4—1)) = A due to Lemma 2.15) and by 2-choosability of even cycles.
Finally, it is easy to color greedily wvo, vg, . . ., V45— since they each have at most four forbidden

colors. O
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V4 U4j
U3
V2
U1
Vo
V4k—1 ’U4(j+1)

Hinh 2.9: A cycle consisting of consecutive 3-threads.

Without the use of the potential function, results that came before ours had to deal with
arbitrarily large forests of 3-threads. However, we show that the size of these structures are
relatively “small” with the following three lemmas.

Lemma 2.22. Let 1 < k < 3 and up; ...pgv be a k-thread in G and let P = {p1,...,px}. If
pG—p(u) < pg_p(v), then pg_p(v) = 1.

Chiing minh. Suppose by contradiction that pf_p(v) = p&_p(u) = 0 (recall that pf_p(u) >0
since mad(G) < +2). Then, by Equation (2.3), 0 = p};_p(v) + p&_p(u) > pf_p(uv). However,
by Equation (2.4), p5_p(uv) > 7|E(P,{u,v})| — pa(P) > 7-2—-(9-3—-7-2) =1, which is a
contradiction. ]

Lemma 2.23. Let upipopsv and vp)phphw be two consecutive 3-threads in G and let P =
{p1,p2,p3} and P' = {p}, ph, p5}. Then pf;_p(u) = pg;_pi(w) = 0.

Ching minh. Note that by Lemma 2.15 and Lemma 2.21, u, v, and w are pairwise distinct and
d(u) =d(v) =d(w) =A=7.Let H=G — (PUP’). We add the 3-thread up}pipsw in H and let
P" ={p{,ph,ps} and let H + P” be the resulting graph (see Figure 2.10).

Suppose that p};(uw) > 1. Then, by Lemma 2.7 with £ = 3, mad(H + P") < %. Observe
that [V(H + P")| + |E(H + P")| < |[V(G)| + |E(G)|, so H + P" is colorable with a coloring ¢ by
minimality of G. We define ¢ a coloring of G as follows:

o If x € V(H), then ¢(x) = ¢(z).

o Let ¢(p1) = ¥(p{) and ¢(ps) = (pf).

o Observe that p3 and p) can be colored. Otherwise, they have to see the same seven colors
at distance at most 2. Since they see the same 6 colored vertices in v U Ng(v) \ {ps,p}}
(as d(v) = A =7 by Lemma 2.15), ¢(p1) must be the same as ¢(p4), which is impossible

because ¢(p1) = P (pf) # V(Py) = d(ph).

o Finally, ps and p,, can be colored greedily since they see at most 4 different colors at distance
2 each.

As 1) is a valid coloring of H + P”, ¢ is a valid coloring of G, which is a contradiction.

Suppose that pj;(uw) = 0 (recall that pj;(uw) > 0 since H is a subgraph of G). By Equa-
tion (2.1), pj(uw) > pj(u) and by Equation (2.2), pj;(u) = pg_(PUp,)(u) > pé_p(u). Hence,
0 < pé_p(u) < p(uw) = 0. Symmetrically, the same holds for pf_ p (w). O



2.2. STRUCTURAL PROPERTIES OF A MINIMAL COUNTEREXAMPLE 25

U b1 b2 b3 v w
O—®o @ @ O L L L —O
IR pY 1 p3 ,/'/
Ce. 2 i T

Hinh 2.10: Two consecutives 3-threads.

Lemma 2.24. Graph G has no three consecutive 3-threads.

Chitng minh. Suppose by contradiction that G has three consecutive 3-threads up; papsv, vp) phpsw,
", 1.1

and wpfpiphx. Let P' = {p}, p5, ps}. By applying Lemma 2.23 to up;pepszv and vp)phpsw, we get
/)

pta_pr(w) = 0. By applying Lemma 2.23 to vp)phpsw and wpfpypsz, we get pf_ p/(v) = 0. This is
impossible due to Lemma 2.22. O

Due to Lemma 2.24, the 3-threads in G have a “star-like” structure. Moreover, with Lemma 2.23,
we know that the extremities of these stars must be dense. Thus, we can avoid some sparse
configurations in their surroundings.

Before moving on, we make an useful coloring observation that comes as a consequence of
Hall’s Theorem.

Theorem 2.25 (Hall [65]). A bipartite graph with partition sets A and B admits a matching (set
of non incident edges) that covers every vertex of A if and only if for every set S C A, |[N(S)| > |S|.

Observation 2.26. Let uy,us,...,u; be k vertices that are pairwise at distance at most two and
let L; be the list of available colors of u; for 1 < ¢ < k. Consider the bipartite graph H where
V(H)={ui,...,ux} U{1,2,...,8} and E(H) = {(u;, k)|k € L;} (see Figure 2.11 for an example).
By Hall’s Theorem, if for all 1 <[ < k, for all i1,19,...,17, | Ué-:l Li;| > 1, then uy,ug, ..., uy are
colorable, each with a color from its list.

ug 8
uy 7
Ug 6
Uus )
Uyg 4
ug 3
U9 2
u1 1

Hinh 2.11: The thick edges form a matching that gives a valid coloring of {u1,...,ug}.

In other words, if there are more available colors for any subset of vertices than the size of
that subset, then we can color every vertex with a different color. Such a coloring is, in particular,
a 2-distance coloring.
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Lemma 2.27. Let u be a 7-vertex and upipav be a 2-thread incident to w and let P = {py,p2}. If
pe_p(u) < p&_p(v), then u cannot be incident to six other 2-threads where the other endvertices
are 5 -vertices.

Chitng minh. Suppose by contradiction that u is incident to seven 2-threads, say ug;qlv; for
1 <4 < 6 and uppav. Note that by Lemma 2.16, u is distinct from v. Let H = G — ({gi, ¢}|1 <
i < 61U {p1,pa, ).

Consider A = {¢;,¢}|1 <i <6} U{p1,p2,u} and S = {v,v1,v2,...,vs}. Using Equation (2.4),
we can lower bound the potential of S when we remove A. This potential is high enough (equivalently,
S is “sparse enough” in G — A) that when we add a 2-thread P between vertices of S, we still
stay in the same class of bounded mad and we can use a coloring of G — A 4+ P (which is smaller
than G) to define a coloring for G (avoiding the worst case scenario given by a coloring of G — A).
See Figure 2.12.

Hinh 2.12: A 7-vertex incident to 2-threads, six of which have 5~ -endvertices.

More formally, we claim that:

Claim 2.28. For all 1 <1i <6, pj;(vv;) < 2.

Ching minh. W .l.o.g. suppose by contradiction that p}; (vv1) > 3. We add the 2-thread vp|phv; in
H and let P' = {p},ph} and let H + P’ be the resulting graph. Since pj;(vv1) > 3, by Lemma 2.7
with & = 2, mad(H + P') < 1—78. By minimality of G, there exists a coloring ¢ of H + P’. We define
¢ a coloring of GG as follows:

o If x € V(H), then ¢(x) = ().

o Let ¢(p2) = ¥(p)).

» Note that df;(q}) < 7 since dg(v;) < 5 for all 1 <4 < 6. As a result, we can always color
them last.

o Let L(x) be the list of available colors left for a vertex x. Observe that we have |L(p1)| > 6
and |L(u)l,|L(q1)|, ..., |L(gs)| > 7. By Observation 2.26, the only way these eight vertices
are not colorable is if |L(p1) U L(u) UL(q1)U---U L(ge)| < 7. As a result, |L(u) U L(q1)| =7
and |L(u)|,|L(q1)| > 7. In other words, L(u) = L(q1) . However, u sees ¢(p2) = ¥ (p}) #
¥(v1) = ¢(v1) which g1 sees. So L(u) # L(q1).

We obtain a valid coloring of G' which is a contradiction. O

First, recall that p,_p(u) < p&_p(v) and by Lemma 2.22, p&,_p(v) > 1. As a result, pj;(v) >
p&_p(v) > 1 by Equation (2.2).
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Now, by Claim 2.28, we have ¢, pir(vv;) < 2-6 = 12. However, by Equation (2.3), then
Equation (2.4) and the fact that p%;(v) > 1, we have 328, p%, (vv;) > pi;(vvr ... vg) + 5ply(v) >
124 5-1 = 17. That contradiction completes the proof of Lemma 2.27.

O

Lemma 2.29. Consider u a 7-vertex that is incident to a unique 3-thread wupipopsv and let

P = {p1,p2,p3}. If pii_p(u) < p&_p(v), then u is incident to at most two 2-threads where the
other endvertices are 5~ -vertices.

Chitng minh. Note that by Lemma 2.15, u and v are distinct vertices and d(u) = d(v) = 7. Suppose
by contradiction that u is incident to at least three 2-threads ugiqjv1, ugaghve, and ugsqhvs where
v1, v2, and vz have degree at most 5. Note that by Lemma 2.16, u is distinct from v; for all
1 <i<3. Let H=G —{p1,p2,:P3, 91,41, 92, @5, 43, ¢35 }. Recall that p§_p(u) < p&_p(v) and by
Lemma 2.22, pf_p(v) > 1. As a result, pj;(v) > p&_p(v) > 1 by Equation (2.2).

, P2
Py - ®-__
.-® PG
L7 q1 q

Hinh 2.13: A 7-vertex incident to a 3-thread and three 2-threads which have 5 -endvertices.

We claim the following:
Claim 2.30. For all 1 <i <3, pj;(vv;) <2 and pj;(uv) <6

Ching minh. Let us prove Claim 2.30 by contradiction.

First, suppose w.l.o.g. that p};(vv1) > 3. We add the 2-thread vpiphvy in H, let P' = {p},ps},
and let H+ P’ be the resulting graph. Since pj;(vv1) > 3, by Lemma 2.7 with & = 2, mad(H+P’) <
1—78. By minimality of G, there exists a coloring 1) of H + P’. We define ¢ a coloring of G as follows:

o If x € V(H), then ¢(x) = ¢(x).
« Let ¢(ps) = 9(ph)-

« Note that dé(qé) < A = Tsince dg(v;) <5 for all 1 <14 < 3. As a result, we can always color
them last. The same holds for py since d,(p2) = 4.

e The only vertices left uncolored are p1, q1, g2, g3 and each of them has at least three available
colors left. By Observation 2.26, they can be colored unless they have exactly the same
three available colors each. Since they all see the same four colors in Ny (u) U {u} and
od(p3) = Y (p}) # ¥(v1) = ¢(v1), p1 and ¢ cannot have the same three available colors.

We obtain a valid coloring ¢ of G, so pj;(vv;) <2 forall 1 < < 3.

Now, suppose that pj;(uv) > 7. We add the edge e = uv in H. Since pj;(uv) > 7, by Lemma 2.7
with £ =0, mad(H +e) < %. By minimality of GG, there exists a coloring 1 of H 4+ e. We define ¢
a coloring of G as follows:
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o If z € V(H), then ¢(x) = ¢(x).
« Let ¢(p3) = ¢(u).

« Note that d(¢;) < A =7 since dg(v;) <5 for all 1 <i < 3. As a result, we can always color
them last. The same holds for ps since df(p2) = 4.

e We color q1, g2, g3 which is possible since they have at least three available colors each.

o We finish by coloring p; which sees eight colored vertices but since it sees ¢(u) = ¢(p3) twice,
it has at least one available color left.

We obtain a valid coloring ¢ of G, so pj;(uv) < 6. Thus, Claim 2.30 is true. O

By Claim 2.30, we get p%; (uv)+>2_; p%; (vv;) < 6+3-2 = 12. However, by Equation (2.3) then by
Equation (2.4) and recall that p¥(v) > 1, we get ply(uv)+325_ piy(vvi) > piy(wvvivavs)+3p% (v) >
10 4+ 3 - 1 = 13 which is a contradiction. That completes the proof of Lemma 2.29.

O

Lemma 2.31. Consider u a 7-vertex that is incident to a unique 3-thread upipopsv and let
P = {p1,p2,p3}. If pi_p(u) < pt_p(v), then u has a neighbor that is neither a (2,2, 0)-vertex
nor a 2-vertex belonging to a 2-thread.

b3 D2 p1

(O

Hinh 2.14: A 7-vertex that is incident to a 3-thread, k 2-threads, and [ (2,2, 0)-vertices where
k+1=6.

Chiatng minh. Suppose by contradiction that u is incident to &k 2-threads ug;qjv; for 1 <14 < k and
adjacent to [ (2,2, 0)-vertices wj for 1 < j <l where k+1=06. Forall 1 <j </, let wjrjr§w§ and
szjs;w;’ be the 2-threads incident to w;. Due to Lemma 2.15, Lemma 2.16, and Lemma 2.17, u
is distinct from v, vi,..., v, wi,...,w, Wi, ..., w,w!,...,w/ and for all 1 < j <, w; is distinct
from wi,...,wj,w{,...,w.

We claim that:

Claim 2.32. For all subgraph H of G — P, pj;(v) > 1

Ching minh. Indeed, recall that pf_p(u) < p&_p(v) and by Lemma 2.22, pf,_p(v) > 1. As a
result, pj;(v) > p&_p(v) > 1 by Equation (2.2). O
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Now we will prove the lemma for each possible value of 0 < k < 6.

Suppose that k = 0.
Let H = G — ({u,p1,p2} U {wj,rj,s]1 <j <6}). By minimality of G, there exists a coloring of
H. We will extend this coloring to G:

If x € V(H), then ¢(z) = ¢(x).

Note that df(p2) = 4 and di(r;) = di(s;) = 5 for all 1 < j < 6, so we can always color
them last.

We color w1, wo, ..., ws since they have six available colors each.

We color p; then w.

We obtain a valid coloring of G so k # 0.

Suppose that k = 1.
Let H = G — ({u, p1,p2,p3,q1, 41} U {wj,7j,55]1 < j < 5}). We add the 3-thread vp)phpsv; in
H, let P' = {p|,ph,p5} and let H + P’ be the resulting graph. Since pj;(vv1) > pi;(v) > 1 by
Equation (2.1) and Claim 2.32, we get mad(H + P') < 18 by Lemma 2.7. By minimality of G,
there exists a coloring v of H. We will extend ¢ to a coloring ¢ of G:

If x € V(H), then ¢(z) = ¢(z).

Let ¢(p3) = ¥ (p}) and ¢(q;) = (ph).

Note that df,(p2) = 4 and d(rj) = di(sj) = 5 for all 1 < j < 5 so we can always color them
last.

We color wi,we,...,ws, and ¢ since they have six available colors each.

We can color u and p; unless they have exactly the same color left which is impossible since
they see the same six colors in {¢(w1), p(w2), ..., d(ws), d(q1)} and p; sees ¢(p3) = P(p)) #
Y (ph) = ¢(q}) which u sees.

We obtain a valid coloring of G so k # 1.
Suppose that k > 2.
Let H =G — ({u,p1,p2,p3} U{q,q}|1 <i<k}). Note that mad(H) < 1—78 since H is a subgraph

of G.

First, observe that by minimality of GG, there exists a coloring v of H. If we can define a coloring
¢ that extends ¢ to GG, then we obtain a contradiction. So, let us see the potential problems.

First, if z € V(H) \ {wj, 7,51 < j <1}, then we repeat the same colors for z. Thus, let

¢(z) = P().

For all 1 <4 < k, we might have only one choice of colors for ¢; so we color them accordingly.
The same holds for ps.

Since d(p2) =4 and d(r;) = di(s;) =5 for all 1 < j <[, we can always color them last.

The remaining uncolored vertices are exactly Ng(u) U {u}. Let L(z) be the list of avail-
able colors left for a vertex xz. Observe that |L(u)| > 8 —k > 2, |L(q1)|,...,|L(qr)| > 6,
[L(w1)], ..., [L(wg)| = 6, and [L(p1)| = 7.

Due to Observation 2.26, the only two reasons that make these eight remaining vertices
uncolorable are the following:
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— We have seven vertices in Ng(u)U{u}\{p1} but |L(u)UL(g1)U---UL(qr)UL(w1)U---U

L(wy)| < 6. Since |L(q1)|, - -, |L(qr)|, |[L(w1)], ..., |L(wg)| > 6, we have L(q) = --- =
L(qr) = L(w) = -+ = L(w;) and |L(q1)| = 6. In other words, ¢i,...,qk, w1, ..., wk
all see the same two colors. More precisely, {¢(¢}), p(v1)} = -+ = {d(q).), d(vi)} =
{o(r1), o(s1)} = -~ = {(r7), 6(s7)}-

— Or, we have eight vertices in Ng(u)U{u} but |L(u)UL(p1)UL(q1)U---UL(qx)UL(w;)U
-+ -UL(wy)| < 7. 8Since |L(p1)| > 7, we have |L(p1)| = 7. Moreover, L(q1), - .., L(qx), L(w1), ..., L(wg) C
L(p1). In other words, qi,...,qx,w1,...,w; all see ¢(p3). More precisely, ¢(ps) €
{6(q;), ¢(vi)} for all 1 <4 <k and ¢(p3) € {p(r}), ¢(s;)} forall 1 <j <.

To solve these two problems, the idea is to add two threads (or edges) to H, each one preventing
one problem. If we can add these two threads, then we can define a valid coloring ¢ of GG, thus
obtaining a contradiction. As a consequence, we cannot add both threads. However, it results in
an upper bound on the potential of the endvertices of the added threads. In Claims 2.33 to 2.36,
we show these upper bounds by using this technique of adding two threads to the graph H and
constructing a valid coloring of G. Once we obtain all of these inequalities on the potential in H
of v,v1,...,v%,w1,...,w;, we show, for each value of k, that the obtained set of inequalities is not
feasible, thus obtaining a contradiction.

Claim 2.33. For k > 2 and j > 1, if there exists 1 < ¢ # i < k and 1 < j < [ such that
pi(vivir) > 3 and pj(vw;) > 7, then pj(vw;vivy) < 9.

Chitng minh. Suppose by contradiction that, w.l.o.g., pj;(viv2) > 3, pj;(vwy) > 7, and pj; (vwv1v2) >
10. We add the 2-thread v1p)phvs in H, let P’ = {p},ph}, and let H + P’ be the resulting graph.
Since pj;(vive) > 3, we get mad(H + P') < 2 by Lemma 2.7. Observe that Php(vwi) > 7,
otherwise, by Lemma 2.9, we get 6 > p}; p/(vw1) = pj;(vwi) > 7or 10 < pj(vwivive) < 643 =9
which are both contradictions. Now, we add the edge e = vw; in H + P’ and by Lemma 2.7, we
have mad(H + P’ +e) < g. By minimality of G, there exists a coloring ¢ of H + P’ + e. We
define ¢ a coloring of G as follows:

o Ifx e V(H)\ {wj,rj,s4]1 <j <1}, then ¢(z) = ().
o We color ¢ for all 3 <i < k since they all have at least one available color each.

« Let ¢(ps) = op(w1) = P(w1), ¢(q1) = ¥(p1), and ¢(g) = ¥ (p).

« Note that d(p2) = 4 and di(r;) = di(s;) =5 for all 1 < j <[, so we can always color

them last.
» We color u who has at least two available colors left as u sees ¢(q}), ..., #(q),), and ¢(wr).
e Then, we color wo,...,w; and gs,..., g since there are three of them and each one has at

least three available colors left.

e Now, we color ¢; and ¢o which each has at least one color left. These colors are different
since ¢; and ¢y see the same five colors in {¢(u), ¢(w1),...,d(w;)} and {P(q3), ..., d(qx)}
and q1 sees {¢(q1), p(v1)} = {¥(v1), ¥ (p1)} # {1 (Ph), ¥ (v2)} = {S(a3), d(v2)} which gz sees.

e We color p; since it sees eight colored vertices but two of them, namely w; and p3 have the
same color.

We obtain a valid coloring of G' which is a contradiction. O

Claim 2.34. For k > 1 and j > 2, if there exist 1 < i < k and 1 < j # j/ < [ such that
p(vwy) > 7 and pir(viw;) > 7, then pj (vwjvywy) < 13.
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Chatng minh. Suppose by contradiction that, w.l.o.g., pj;(vwe) > 7, pjy(viwr) > 7, and pj; (vwaviwy) >
14. We add the edge e = vwy in H and let H + e be the resulting graph. Since pj; (vwz) > 7, we

get mad(H + ¢) < 1—78 by Lemma 2.7. We have p7; (viw1) > 7, otherwise, by Lemma 2.9, we get

6 > pirye(viwr) = pjr(viwr) > 7or 14 < pj(vwaviwy) < 647 = 13 which are both contradictions.
Now, we add the edge ¢/ = vjw; in H + e. So, by Lemma 2.7, we have mad(H + e + €’) < ?. By
minimality of G, there exists a coloring 1 of H + ¢ + ¢/. We define ¢ a coloring of G as follows:

o Ifx e V(H)\ {wj,rj,s4]1 <j <1}, then ¢(z) = ().
e We color qz’~ for all 2 <14 < k since they all have at least one available color each.

o Let ¢(p3) = d(w2) = ¥(wa) and ¢(w1) = ¢(q1) = ¥(q1)-

o Note that d(p2) = 4 and d (1) = d§(sj) =5 for all 1 < j <[, so we can always color
them last.

o We color u who has at least two available colors.

e Then, we color ws,...,w; and qo, ..., g since there are three of them and each one has three
available colors left.

o Now, we color ¢; which sees eight colored vertices but two of them, namely w; and ¢} have
the same color.

e Similarly, we can color p; since it sees eight colored vertices but two of them, namely wy
and p3 have the same color.

We obtain a valid coloring of G which is a contradiction. O

Claim 2.35. For k > 3, if there exist three distinct integers 1 < i,7',7" < k, pt(vog) > 3 and
p*H(Uivi’) > 3, then p}(vvivi/viu) < 5.

Chitng minh. Suppose by contradiction that, w.l.o.g., i = 1,7 = 2,9 = 3. In other words,
pir(vus) > 3, pi(vive) > 3, and pi;(vuivaus) > 6. We add the 2-thread vipjphve in H and let
P" = {p}, ph}. Since pj; (viv2) > 3, we get mad(H +P’) < 32 by Lemma 2.7. We have p}; p/(vvs) >
3, otherwise, by Lemma 2.9, we get 2 > pj;, p/(vv3) = pjy(vv3) > 3 or 6 < pj(vivevvs) <243 =5
which are both contradictions. Now, we add the 2-thread vp{phvs in H + P’ and let P" = {p{,p4}.
So, by Lemma 2.7, we have mad(H + P’ + P") < 1—78. By minimality of G, there exists a coloring
1 of H+ P’ + P”. We define ¢ a coloring of G as follows:

o Ifx e V(H)\ {wj,rj,si]1 <j <1}, then ¢(x) = ¢(x).
o We color qg for all 4 <+ < k since they all have at least one available color each.

o Let o(p3) = ¥(p)), ¢(q5) = »(03), ¢(q1) = ¥(p}), and ¢(q3) = ¥(p3).

« Note that df(p2) = 4 and d§(r;) = d(sj) =5 for all 1 < j <[, so we can always color
them last.

o Let L(z) be the list of available colors left for a vertex x. Observe that we have |L(u)| > 2,
|L(wi)l, ..., |L(w)|, |L(q1)|,- -, |L(gx)| > 6 and |L(p1)| > 7. By Observation 2.26, the only
two ways these eight vertices are not colorable is the following;:

— We have seven vertices u, w1, ..., wy, q1,. .., q but | L(u)UL(w;)U- - -UL(w;)UL(q1)U- - -U
L(q)| < 6. However, this is not possible since g1 sees {¢(q}), p(v1)} = {¥(v1),¥(p})} #
{1b(p3), (v2)} = {#(q3), p(v2)} which g2 sees. So, |L(g1) U L(g2)| = 7.



32 CHUONG 2. THE POTENTIAL METHOD

— We have |L(u) U L(p1) U L(wy) U -+~ U L(w;) U L(g1) U--- U L(q;)| < 7. However, this

is not possible since p1 sees ¢(p3) = P(pY) & {¥(p5), P(v3)} = {d(g3), d(v3)} which g3
sees. So, |L(p1) U L(g3)| > 8.

We obtain a valid coloring of G' which is a contradiction. O

Claim 2.36. For k > 2 and j > 1, if there exists 1 < ¢ # i < k and 1 < j < [ such that
pir(vvy) > 3 and py(viw;) > 7, then p(vvyvw;) < 9.

Chitng minh. Suppose by contradiction that, w.l.o.g., pj;(vve) > 3, pj;(viwi) > 7, and pj; (vvaviwy) >
10. We add the 2-thread wvpiphvs in H and let P’ = {p},p5}. Since pj;(vv2) > 3, we get
mad(H + P') < 12 by Lemma 2.7. We have Pip(Viw1) > 7, otherwise, by Lemma 2.9, we
get 6 > pi, p/(vwr) = pp(viwy) > 7 or 10 < pp(vvgviwy) < 6+ 3 = 9 which are both contradic-
tions. Now, we add the edge e = vyw; in H+ P’. So, by Lemma 2.7, we have mad(H + P’ +¢) < 1—78.
By minimality of G, there exists a coloring 1) of H + P’ + e. We define ¢ a coloring of G as follows:

e 162 € V(H)\ {wy,rj,55/1 < j <1}, then ¢(x) = ().
o We color ¢ for all 3 <i < k since they all have at least one available color each.

o Let ¢(p3) = ¥(p)), #(g5) = ¥(p3), and ¢(q}) = ¢(w1) = Y (w1).

« Note that d(p2) = 4 and di(r;) = di(s;) =5 for all 1 < j <[, so we can always color
them last.

o Let L(x) be the list of available colors left for a vertex z. Observe that we have |L(u)| > 2,
|L(w2)|, ..., |L(w)|,|L(q1)]|,--.,|L(gx)| > 5, and |L(p1)| > 6. By Observation 2.26, the only
two ways these seven vertices are not colorable is the following:

— We have six vertices u, wa, ..., w,q1,...,q but |L(u)U L(w;) U---U L(w;) U L(q1) U
-+ U L(q)] <5. However, this is not possible since ¢; sees only three colored vertices:
v1, ¢}, and wy and ¢(q}) = ¢(w1). So, |L(q1)| > 6.

— We have |L(u) U L(p1) U L(wy) U -+ - U L(w;) U L(q1) U--- U L(q)| < 6. However, this

is not possible since p; sees ¢(ps) = Y (p)) ¢ {L(ph), Y (va)} = {d(gh), d(v2)} which gy
sees. So, |L(p1) U L(g2)| > 7.

We obtain a valid coloring of G which is a contradiction. O

Given Claims 2.33 to 2.36, we can show upper bounds on the potential on some subsets of
vertices of G. However, due to Equation (2.4), the lower bounds on the potential of these subsets
exceed the upper bounds, which is a contradiction.

First, recall that H = G — ({u, p1,p2,p3} U{¢, ¢;|1 < i < k}) and observe that:

Observation 2.37. For 0 < i < k and 0 < j < [, by applying Equation (2.4) to the graph
G — {up1,ugis1, ..., uqy, vwji1,...,vw with A= {u} U{gz,¢,|1 <z <i}and S = {v1,...,v;,
wi, ..., wj}, we have p3;(S) > 3i + 75 — 9. Similarly, by applying Equation (2.4) to the graph
G — {ugit1, ..., uqg, uwjy1,. .., uw} with A = {u,p1,p2,p3} U{qz,¢;]1 < z < i} and S =
{v,v1,.. ., v, wr, .., ws ), pE(S) > 30+ 75 — 8.

Indeed, by Equation (2.4), we obtain the first inequality through the following calculations:

P (S) > 7(i+37) — (9(2i +1) — 7 2i)
> 7i+7j — (18i + 9 — 144)
> Ti+7j — 18i — 9 + 14
>3i+7j—9
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Similarly, we can obtain the second equation through the same kind of calculations.
Now, we consider the different values of 2 < k < 6.
For k = 2:

» Suppose that pj;(vw;) <6 forall 1 < j < 4.
As aresult, forall 1 <1i <2, pj;(vwy)+- - -+pj (vwa)+pjy(vvy) < 6-44pf(vvy) = 24+ pjy(vy).
We also have pj;(vw1) + - - + pi;(vwa) + pi(vv;) > ply(vvjwy ..o wy) +4pjy(v) >3-1+7-
4 —8+4pj;(v) > 23 +4-1 =27 where the first inequality corresponds to Equation (2.3),
the second one to Observation 2.37, and the third one to Claim 2.32 (from now on, we will
repeat the same scheme). So, pj;(vv;) > 27 —24 =3 for all 1 <i < 2.

Suppose there exist 1 < i < 2 and 1 < j < 4 such that pj;(v;w;) > 7. Say w.lo.g. that
pi(vawz) > 7, then by Claim 2.36, pj; (vvivews) < 9. Thus, we get p}; (vvivaws) + py (vwr) +
pir(vws) + pi(vws) < 9+ 3 -6 = 27. However, by Equation (2.3), Observation 2.37 then
Claim 2.32, we have pj; (voivaws) + pi(vw1) + piy(vws) + piy(vwa) > piy(vvivaws ... wa) +
3p%(v) > 3-24+7-4— 8+ 3p%(v) > 26+ 3 = 29.

So, forall 1 <i<2and 1< j <4, pj(viwj) < 6. Thus, we get pj;(viwr) + piy(vows) +
pir(vws) + pi(vwy) < 4 -6 = 24. However, by Equation (2.3), Observation 2.37 then
Claim 2.32, we have pj;(viwr) + pi(vawz2) + pi(vws) + pi(vwe) > ply(vvrvows ... wa) +
pi(0) >3-24+ 74— 8+ ply(v) > 26+ 1 = 27.

o Suppose w.Lo.g. that pj;(vwy) > 7.

— Suppose that for all 1 <i <2 and 2 < j <4, we have pj;(v;w;) < 6.
As a result, pj;(vows) + piy(viws) + pi(viws) + pj(viwr) < 36+ pjy(viw) = 18 +
pi;(viwy). Moreover, by Equation (2.3) then Observation 2.37, pj; (vaws) + pj;(viws) +
pir(viwa) + pi(viwr) > pi(vivews ... wa) +2p3(v1) > 3-2+7-4—9 = 25. So, we get
p(viwy) > 25 —-18 =T1.
Suppose there exists 2 < j < 4 such that pj;(vw;) > 7. Say w.l.o.g. that pj;(vws) > 7,
then by Claim 2.34, p}; (viwivws) < 13. We get pj; (viwivws) + piy (vaws) + pfy (vawy) <
13 + 2 -6 = 25. However, by Equation (2.3) then Observation 2.37, pj; (viwjvws) +
pir(vaws) + pir(vaws) > pir(vvivawn ... wy) + pjp(v2) >3-2+7-4 -8 = 26.
So, pi(vw;) <6 forall 2 < j < 4. We get pj;(vwsa) + piy(viws) + pjy(vaws) < 3-6 = 18.
However, by Equation (2.3) then Observation 2.37, pj;(vws) + pj(viws) + pgr(vaws) >
P (vuvawawswy) > 3-247-3 -8 =19.

— Suppose that there exist 1 <4 < 2 and 2 < j <4 such that pj;(viw;) > 7. Say w.lo.g.
pir(vawz) = 7.
By Claim 2.34, p};(vwivewsz) < 13. As a result, by Equation (2.3) then Observation 2.37,
we get pj(vwivaws) + pp(viws) + py(viws) = pp(vvivaws ... wa) + pp(v1) =23 -2+
7-4—8=26. So, pi(viwz) + pi;(viwg) > 26 — 13 = 13 and pj;(viws) > 7 w.lo.g.
By Claim 2.34, pj;(vwiviws) < 13. As a result, by Equation (2.3) then Observation 2.37,
we get pi(vwivaws) + pi(vwiviws) + pi(viws) > pl(vvivaws ... wa) + piy(vwr) +
pi(v1) >3-24+7-4—-8+7=33. S0, pj;(viwg) >33 -2-13="71.
By Claim 2.34, pj;(vwiviwyg) < 13. Finally, we have p}; (vwivaws) + pjy(vwiviws) +
pi(vwimws) < 3-13 = 39. However, by Equation (2.3) then Observation 2.37,
P (vwivawa) + ppy (vwiviws) + ppy (vwiviws) = pir(vvivaws . .. wa) +2pf (vwr) + ppy (v1)
>3-247-4—84+2-7=140.

For k = 3:
Suppose that pj;(vw;) <6 for all 1 < j < 3.

Let {i,4',7"} be any permutation of {1,2,3}, p;(vw1) + pj;(vwe) + pj(vws) + pi(vivy) <
36 + pir(vivy) = 18 + pjy(vivyr). Moreover, by Equation (2.3), Observation 2.37 then Claim 2.32,
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pir(vw1) + pi(vwa) + piy (vws) + piy (vivir) > ppy (vvivgwiwaws) +2p3 (v) > 3-2+7-3-8+2 =21,
So, we get pi;(vivy) > 21 — 18 = 3.

If pj;(vvp) > 3, then by Claim 2.35, pj; (vvjvyvir)
we get pp(vwi) + pp(vwz) + ppy(vws) + pyy(vorvavs)
tion (2.3), Observation 2.37 then Claim 2.32, p};(vw;)
P (vurvavswiwews) + 3pfy(v) > 3-34+7-3 -8+ 3 =25.

Observe the previous argument holds for any permutation of {i,¢,"} = {1,2,3}. So p}; (vv;r) <
2 for all 1 < 4" < 3. Thus, we get pj;(vwy) + piy(vwa) + piy(vws) + pi(vor) + piy (Vo) + piy (vos) <
3-6+3-2 = 24. However, by Equation (2.3), Observation 2.37 then Claim 2.32, p}; (vw1 )+ pj; (vws)+
pir(vws) + pip(vor) + piy(vv2) + pi(vus) > ply(vorvevswiwaws) +5p3(v) > 3-34+7-3—-8+5 = 27.

Now, suppose there exists 1 < j < 3 such that pj;(vw;) > 7. Say w.l.o.g. that pj;(vw) > 7.

< 5. Since pj(vvjvpvg) = pi(vorvavs),
< 3-6+ 5 = 23. However, by Equa-
+ pi(vw2) + piy (vws) + ppy(vorvevs) >

 Suppose that there exist 1 <i <3 and 2 < j < 3 such that p};(v;w;) > 7. Say w.l.o.g. that
pir(vsws) > 7. By Claim 2.34, pj; (vwivzws) < 13.

— If pj;(vive) < 2, then pj;(vwivsws) + pip(vive) + pi(vews) < 13 4+ 2 + piy(vaws) =

15 + pj;(vows). By Equation (2.3) then Observation 2.37, pj;(vwivsws) + pjy(vive) +
pi(vawe) > pi(vorvguswiwaws) + pir(ve) > 3-34+7-3 —8 = 22. So, pjy(vaws) >
22 —-15=1"7.
By Claim 2.34, pj;(vwivowse) < 13. Thus, we get pj(vwivows) + pjy(vwivsws) +
pi(vive) < 2-13 + 2 = 28. However, by Equation (2.3) then Observation 2.37,
P (vwi1vaws) + g (vwivsws) + pi(vive) > pir(vorvevzwiIwaws) + piy (vwr) + pg(v2) >
3:3+7-3—-84+7=29.

— If pj(viv2) > 3, then by Claim 2.33, pj;(vwiviv2) < 9. So, we get pj(vwivive) +
P (vwivsws) + pi(vawe) < 9+ 13 + pjy(vawe) = 22 + pj;(vawz). By Equation (2.3)
then Observation 2.37, pj; (vwiv1v2) +pjy (vwivsws)+pip(vawe) > pir(vvrvaV3WIWRWS)+
pi(vwi) + piy(ve) >3-3+7-3—8+7=29. As a result, pj;(vawg) >29 —22 =7.
By Claim 2.34, pj; (vwivews) < 13. Thus, p}; (vwivsws) + pi (vwivaws) + piy (vwivive)
<2-13+49 = 35. However, by Equation (2.3) then Observation 2.37, p}; (vwivsws) +
pir(vwivaws) + pi (vwivive) > piy(vorvevzwiwews) + 2p%; (vwy) + pjy(ve) >3-3+7-
3—8+42-7=236.

« Suppose that pj;(v;w;) <6 forall 1 <i<3and2<j<3.

If p3;(v1ve) > 3, then by Claim 2.33, pj; (vuwivive) < 9. Thus, pj; (vwivive) + pjy(vaws) +
P (vsws) < 9+42-6 = 21. However, by Equation (2.3) then Observation 2.37, p}; (vwiviva) +
pir(vawe) + piy(vaws) > piy(vvgvavswiwows) + piy(v2) >3-3+7-3 -8 =22.

So, pir(vive) < 2. Thus, pj(vive) + pir(vaws) + pi(vsws) < 2+ 2 -6 = 14. Moreover, by
Equation (2.3) then Observation 2.37, pj;(viv2) + pjy (vows) + piy (vsws) > piy(v1vevswaws) +
pi(v2) > 3-34+7-2—=94pj;(v2) = 144 pjy(v2). As a result, pjy(v2) < 14 —14 = 0. However,
pir(viwe) + pi(vsws) + pir(v2) < 2-6+0 =12 and by Equation (2.3) then Observation 2.37,
P (viwe) + piy(vsws) + pir(v2) > pi(v1vevswaws) > 3-3+7-2—9 = 14.

For k = 4:
If pjy(viv2) < 2 and pjy(vsva) < 2, then pjy(vive) + pjy(vsva) + Py (w1) + ppy(w2) < 4+ py(wr)
pi;(w2). Moreover, by Equation (2.3) then Observation 2.37, pj;(viv2) + pjy(vsva) + pi(wi) +
pir(w2) > pir(vivgugvgwiwe) >3-4+ 7-2—9=17. As a result, pj;(w1) + pj(we) > 17— 4 =13.
So, pj(w1) > 7 w.lo.g. and by Equation (2.1), pj;(wiv;) > 7 for all 1 < i < 4.

At the same time, pj;(viv2) + pj;(v3va) + pjr (vwe) < 44 pj(vws). Moreover, by Equation (2.3)
then Observation 2.37, pj; (viv2) + pi;(vave) + piy(vwe) > pi(vorvevzvgws) >3-4+ 7 — 8 = 11.
As a result, pj(vwp) > 11 -4 =T7.
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By Claim 2.34, we get pj;(vwawiv;) < 13 for all 1 < i < 4. As a result, we have pj;(viv2) +
pir(vsvs) + pi(vwiwavr) < 2- 24 13 = 17. However, by Equation (2.3) then Observation 2.37,
pir(viv2) + pi(vsve) + pip(vwiwavy) > pi(vorvavzvawiws) + pj(v1) >3-4 +7-2 -8 =18.

Thus, we can suppose w.l.o.g. that p};(vive) > 3.

o Suppose that pj;(vw;) < 6 and pj;(vws) < 6.

— Suppose that pj;(vvz) < 2 and pj;(vvg) < 2.

Then pj;(vwr) + ppy(vws) + pjy(vvs) + pi(vva) + pp(v1) + pp(v2) < 2-6+2-2+
pir(v1) + pi(v2) = 16 + pjy(v1) + pj(v2). Moreover, by Equation (2.3), Observa-
tion 2.37 then Claim 2.32, pj; (vw1) + pj; (vwa) + piy (vus) + piy(vvsa) + piy(v1) + pip(v2) >
P (vvrvavsvsWIW2) +3p5 (V) > 3-44T7-2—8+3-1 = 21. As aresult, pj;(v1)+pjy(v2) >
21—-16 = 5. So, pj;(v1) > 3 w.lo.g. and by Equation (2.1) pj;(v1v;) > 3 forall 2 <i < 4.
If pj(vve) > 3, then pj(vvguivz) < 5 and pj(vvgvivg) < 5 by Claim 2.35. As a
result, 22 = 2-6 + 2 -5 > pj(vwr) + pi(vwe) + pj(vvavivs) + pjy(vvevivg) >
pir(vrvovsvgwiwe) + pi(vvive) + 203 (v) > 3-44+7-2—-8+4+3+2-1 = 23 by
Equation (2.3), Observation 2.37 then Equation (2.1) and Claim 2.32.

If p* (vv2) < 2, then 18 = 3-2+2:6 > py; (vv2)+pY (vvs)+pf; (voa) +ppy (vwr) +pf (vws) =
pir(vvavsvgwiwe)+4p3 (v) > 3-34+7-2—8+4-1 = 19 by Equation (2.3), Observation 2.37
then Claim 2.32.

— Suppose w.l.o.g. that pj;(vvz) > 3.

Then, by Claim 2.35, p%;(vugvive) < 5. As a result, pi; (vugvive) + pi (vwr) + piy (vwe) +
prr(vvg) < 5426 + pj(vvg) = 17 + pjy(vve). Moreover, by Equation (2.3), Ob-
servation 2.37 then Claim 2.32, pj;(vvsviva) + pj(vwr) + piy(vws) + piy(vvg) >
pir(vvivavsvswWIwWe) 4+ 3pfy(v) > 3-4+7-2—-8+3-1=21. So, pjy(vvg) > 21 — 17 =4.
Thus, by Claim 2.35, pj;(vvgvive) < 5. Finally, 22 = 2-6+2-5 > pj(vwr) +
pir(vwa) + pir(vogvive) + ply(vvav1v2) > Pl (VurvaVsVIWIWS) + Py (VU1V2) + 207 (V) >
3-447-2—-8+4+3+2-1=23 by Equation (2.3), Observation 2.37 then Equation (2.1),
and Claim 2.32.

o Suppose w.lo.g. that p};(vw;) > 7, by Claim 2.33, pj; (vwiv1v2) < 9.

If pj;(vsve) > 3, then by Claim 2.33, pj(vwivzve) < 9. As a result, pj(vwivive) +
P (vwrvsvg)+pjy (vws) < 2-9+4pj; (vwe) = 184 pj; (vws). Moreover, by Equation (2.3), Obser-
vation 2.37 then Claim 2.32, p}; (vwiviva) + pjy(vwivsva) + piy(vwse) > ply(vorvvzvswiwe) +
pi(vwy) + py(v) > 3-44+7-2-8+7+1 = 26. So, pj(vwz) > 26 — 18 = 8. Thus,
by Claim 2.33, pj;(vwavzvs) < 9. Finally, 18 = 2 -9 > pj(vwiviva) + pjy(vwavzvy) >
prr(vvivavsvsWIW2) + piy(v) >3-4 —T7-2 -8+ 1 =19 by Equation (2.3), Observation 2.37,
and Claim 2.32.

If pj;(vavg) < 2, then we get pj(vwivive) + piy(vava) + pi(vwa) < 94 2 + pj(vwe) =
11+ p}; (vws). Moreover, by Equation (2.3), Observation 2.37 then Claim 2.32, p}; (vwivive) +
pir(v3vg) + pi(vwae) > piy(vorvgvgvgwiwe) + pp(v) >3-44+7-2 -8+ 1=19. As a result,
pi(vwe) > 19 — 11 = 8 and by Claim 2.33, p};(vwavive) < 9. Finally, 20 = 2-9+2 >
prr(vw1v1v2)+pi (Vwaviva)+ i (v3va) > Py (vV1V2V3V W WR)+pTy (VO1V2) > 3-44-T-2—843 =
21 by Equation (2.3), Observation 2.37, and Equation (2.1).

For k = 5:

o Suppose that pj;(vw;) < 6.
As a result, pj;(vwr) + pi (vo1v2vzvavs) < 64 iy (VV1V2V3V4v5). Moreover, by Equation (2.3),
Observation 2.37 then Claim 2.32, pj;(vwi) + pj(vvivevzvavs) > pip(vorvevzvavswy) +
pi(v) >3-5+7—-8+1=15. So, pj(vvivavzvavs) > 15 -6 = 9.
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By Equation (2.3), Observation 2.37 then Claim 2.32, 327, p*(vv;) > pi; (vvivaugvgvs) +
4p3;(v) > 9+ 4 = 13. So, there exists 1 < ¢ < 5 such that pj; (vv;) > 3.

Say w.l.o.g. that p*(vv) > 3.

If p*(vivj) < 2 for all 2 < i # j <5, then pj;(vavs) + pir(vavs) + pf(vwr) < 2-2 46 = 10.
However, by Equation (2.3), Observation 2.37 then Claim 2.32, pj;(vav3) + pjy(vavs) +
pi(vwr) > pi(vvavsvgvswy) >3-4+ 7 -8 =11.

So, there exist 2 <1 # j <5 such that pj;(v;v;) > 3. Say w.lo.g. that pj;(vav3) > 3.

By Claim 2.35, pj;(vvivavs) < 5. Moreover, by Equation (2.3), Observation 2.37 then
Claim 2.32, pj;(vvrvovs) + piy(vwi) + piy(vavs) > pjy(vvrvausvavswy) + pjy(v) >3- 547 —
8+ 1 = 15. As a result, 5+ 6 + pj;(vavs) > pi(vvivavs) + pi(vwi) + pir(vavs) > 15. In
other words, pj;(vavs) > 15 — 11 = 4.

By Claim 2.35, pj;(voivavs) < 5. As a result, pj(voivevs) + pi(vvivavs) + pjp(vwy) <
2546 = 16. However, by Equation (2.3), Observation 2.37 then Claim 2.32, p}; (vv1vev3) +
P (vv1vavs) + pi(vwi) > pi(vorvevgvavsw) + pi(vor) + pj(v) > 3-54+7—-8+34+1 = 18.

« Suppose that pj;(vwy) > 7.
If pj(viv;) < 2 for all 1 < i # j <5, then pj(viva) + pir(vava) + pj(vsv1) < 3-2 = 6.
Moreover, by Equation (2.3) then Observation 2.37 pj;(viv2) + pj(vava) + pjy(vsv1) >
pir(v1v2vsvavs) + piy(v1) > 3 -5 — 94 piy(v1) = 6 + pjy(v1). So, pi(v1) <6 —6 =0. Sym-
metrically, pj;(v;) <0 for all 2 < ¢ < 5. However, by Equation (2.3) then Observation 2.37,
0> 50 pt(v) > phy(vivaugvgvs) > 3-5 — 9 = 6. So, w.l.o.g. pi(viv) > 3.

By Claim 2.33, pj;(vwivive) < 9. Moreover, by Equation (2.3), Observation 2.37 then
Claim 2.32, pj; (vwiv1v2)+ i (v3va)+pr (v3vs) > pir(vvivavzvavswy ) +pip(v3) > 3-54+7—-8 =
14. As a result, 9 + pj;(v3va) + pi;(v3vs) > pi(vwivive) + pir(vsvs) + phy(vsvs) > 14. In
other words, pj;(vsvsa) + pj(vavs) > 14 — 9 = 5. So, w.l.o.g. pj(v3ve) > 3.

By Claim 2.33, pj;(vwivsvg) < 9. Moreover, by Equation (2.3), Observation 2.37 then
Claim 2.32, p};(vwivive) + pi(vwivsva) + pi(vsvs) > pi(vvivausvavswy) + pip(vwy) +
pir(v3) >3-54+7—8+7=21. As a result, 2- 9+ pj;(v3vs) > pj(vwivive) + pjy(vwivavg) +
pir(vsvs) > 21. In other words, pj;(vsvs) > 21 — 18 = 3.

By Claim 2.33, pj;(vwivzvs) < 9. As a result, pj;(vwiv1v2) + piy(vwivava) + pjp(vwvgvs) <
3 -9 = 27. However, by Equation (2.3), Observation 2.37 then Claim 2.32, p}; (vwivive) +
pr(vwivzva) + piy (vwivzvs) > piy(vor1vvsVLVsWL ) 4207 (Vwr )+ piy (v3) > 3-5+T—8+2-7T =
28.

For k = 6:

By Equation (2.3), Observation 2.37 then Claim 2.32, 3% p% (vv;)
5p7(v) >3-6 —8+5 = 15. So, there exists 1 < ¢ < 6 such that pj;(vv;)

Say w.l.o.g. that pj;(vv1) > 3.

If pj;(vivj) < 2forall 2 <i # j <6, then pj;(vavs) + piy(vavs) + piy(vv2) < 3-2 = 6. Moreover,
by Equation (2.3) then Observation 2.37, pj;(vavs) + pi(vavs) + pir(veva) > piy(vavsvavsve) +
pir(v2) > 3-5 =9+ pjy(v2). So, piy(v2) < 6 —6 = 0. Symmetrically, pj;(v;) <0 for all 2 < i <6.
However, by Equation (2.3) then Observation 2.37, 0 > 329, p%(v;) > pl; (vavsvavsvg) > 3-5—9 =
6. So, there exist 2 <1 # j < 6 such that pj;(v;v;) > 3.

Say w.l.o.g. that pj;(vovs) > 3.

By Claim 2.35, p}; (vvivavs) < 5. Moreover, by Equation (2.3) then Observation 2.37, p}; (vv1vovs)+
pir(vavs) + pir(vave) > pir(vv1v20304v5v6) + pir(va) > 3 -6 — 8 = 10. As a result, pj(vavs) +
pi(vav) + 5 > piy(vurvgus) + pi(vavs) + pir(vave) > 10. In other words, pi;(vavs) + piy(vave) >
10 — 5 =5. So w.Lo.g. pj;(vqv5) > 3.

> pi(vvrvauzvavsVE) +
> 3.
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By Claim 2.35, pj;(vvivavs) < 5. Moreover, by Equation (2.3) then Observation 2.37, pj; (vvivavs)+
P (vv1v4vs) + Py (vave) > P (vV1V2V3V4V5V6) + P (V1) + pir(va) > 3-6 —8+3 = 13. As a result,
pir(vave) + 2 -5 > pir(vvivavs) + pir(vurvavs) + pg(vave) > 13. So, pir(vave) > 13 — 10 = 3.
By Claim 2.35, pj;(vvivave) < 5. As a result, pj; (vo1v2v3)+ pj (vo1vavs) +pf (vvrvavs) < 3-5 =
15. However, by Equation (2.3) then Observation 2.37, p}; (vuivavs) 4 pf; (vv1v4vs) + piy (vo1v406) >
pir(vv1v2v3V4U5V6) + 2p7 (V1) + pi(ve) > 3-6 —8+2-3 = 16.
O

Lemma 2.38. Consider u a 7-vertex that is incident to a unique 3-thread wupipopsv and let
P = {p1,p2,p3}. Suppose that p5,_p(u) < pi_p(v), that u is adjacent to at least one 2-thread
where the other endvertex is a 5~ -vertex, and that u is adjacent to exactly one vertex x where
df,(x) < 12. Then, u has another neighbor that is neither a (2,2, 0)-vertex nor a 2-vertex belonging
to a 2-thread.

Ching minh. Suppose by contradiction that w is incident to a unique 3-thread upipapsv, to a unique
neighbor x where df;(z) < 12, to k 2-threads ug;qjv; for 1 <4 < k where k > 1 and d¢(v1) < 5, and
(2,2,0)-vertices w; for 1 < j <[ where each wj is incident to two 2-threads w;r;riw} and w;s;sjw?,
and finally k+1 =5 (see Figure 2.15). Due to Lemma 2.15, Lemma 2.16, Lemma 2.17, and the fact
that we have no multi-edges, w is distinct from v, z,t,v1, ..., v, wi,. .., w, Wy, ..., wj,wy, ..., w/,
and the endvertices of the 1-thread and 2-thread incident to  when x is a (2, 1, 0)-vertex. Similarly,
for all 1 < j <, w; is distinct from wi, ..., wj,w!,...,w}.

Let H =G — ({u,p1,p2,p3} U{a, qj|]1 <i < k}).

Hinh 2.15: A 7-vertex that is incident to a 3-thread, k 2-threads, [ (2,2, 0)-vertices, and a vertex x
where k +1 =5 and d§(z) < 12.

We claim that:
Claim 2.39. Forall 1 <i < kand 1 <j <, pj(vv;) <2, pj(vw;) <6, and pjy(ve) < 6.

If Claim 2.39 holds, then we have the following. Recall that pf,_p(u) < p&_p(v) and by
Lemma 2.22, pf,_p(v) > 1. As a result, pj;(v) > p&_p(v) > 1 by Equation (2.2). By Claim 2.39,
we have Y8, p*H(vvi)+Z§~:1 pir(vw;)+pi(ve) < 2k+60+6 = 16+41. However, by Equation (2.3),
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then by Equation (2.4) and the fact that p¥(v) > 1, we also have S8 p¥; (vv;) + 22:1 prr(vw;) +
pir(vx) > pi(vevy .. ovgwy ... wy) + 5pjp(v) > 144+ 41+ 5 = 19 + 41 which is contradiction.

Now, let us prove Claim 2.39.

First, suppose that pj;(vvy,) > 3 for 1 < igp < k. We add the 2-thread vp)phv;, in H,
let P' = {p),p5} and let H + P’ be the resulting graph. Since pj;(vvi,) > 3, by Lemma 2.7,
mad(H + P') < 1—78. By minimality of G, there exists a coloring 1) of H + P’. We define ¢ a coloring
of G as follows:

Ity e V(H)\ ({z} U{wj,rj,5[1 < j <1}), then ¢(y) = ¢(y)-
o Let gﬁ(qgo) = (p)) unless ig = 1 and ¢(p3) = ¥ (p}).

e We color qg for all ¢ # ig and 2 <4 < k since they all have at least one available color each.

Note that df;(p2) = 4, d&(q)) = dg(v1) +2 <542 =7, and d;(r;) = d(sj) = 5 for all
1 <7 <1 so we can always color them last.

Let L(y) be the list of available colors left for a vertex y. Observe that we have |L(u)| >
8—(k—1)—3>1,|L(z)| > 3 (since z sees d;(x) —7 < 5 colored vertices), | L(p1)|, | L(q1)| > 7
and |L(wy)|, ..., |L(w)|, |L(g2)|,---,|L(gx)| > 6. By Observation 2.26, these eight vertices
are colorable unless |L(u) U L(x) U L(p1) U L(q1) U --- U L(gg) U L(wy) U--- U L(wy)| = 7.

However, p1 sees ¢(ps) = ¥(p1) ¢ {v(p3), v(vie)} = {¢(g,), ¢(vio)} which g;, sees when
iop # 1. And when ig = 1, p1 sees ¢(p3) = ¥(p}) # ¥(v1) = ¢(v1) which ¢; sees. In both
cases, we have |L(p1) U L(gi,)| > 8.

We obtain a valid coloring of G so pj;(vv;) <2 forall 1 <i <k.

Now, suppose that pj;(vz) > 7 for z =z or z = wj, for 1 < jo < [. We add the edge e = vz in
H and let H + e be the resulting graph. Since p};(vz) > 7, by Lemma 2.7, mad(H +e) < 1—78. By
minimality of G, there exists a coloring 1) of H + e. We define ¢ a coloring of G as follows:

« My e V(H)\ ({}U{wjrj sl <j<1}), then ¢(y) = (y).
o Let ¢(ps) = ¢(2) = ¥(2).
o We color ¢ for all 2 < < k since they all have at least one available color each.

» Note that di(p2) =4, d&(q}) = dg(vi) +2 < 5+2 =7, and d§(r;) = di(s;) = 5 for all
1 < j <1 so we can always color them last.

o Hence, it remains to color Ng(u)U{u}\{z}. Let L(y) be the list of available colors left for a ver-
tex y. Observe that we have |L(u)| > 8—(k—1)—1-2> 1, |L(x)| > 2 if z = wj, (since z sees
df(x) — 6 < 6 colored vertices), |L(q1)| > 6 and |L(w1)l, ..., |L(w)], |L(g2)],- -, |L(qx)| > 5.
Since there are six uncolored vertices without counting p;, by Observation 2.26, we can color
all of these vertices except p;.

» Finally, we can color p; since it sees eight colored vertices but it sees ¢(p3) = ¢(z) twice.

We obtain a valid coloring of G so pj;(vw;) < 6 for all 1 < j <1 and pj(vr) < 6. O

2.3 Discharging procedure

In this section, we will define a discharging procedure that contradicts the structural properties
of G (Lemmas 2.12 to 2.38) showing that G does not exist. First, we will give a name to some
special vertices in G.

Definition 2.40 (Small, medium, and large 2-vertex). A 2-vertex v is said to be
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e large if it is adjacent to two 3T -vertices,
o medium if it is adjacent to exactly one 2-vertex,

o small if it is adjacent to two 2-vertices.

Definition 2.41 (Bridge vertices). We call a large 2-vertex, a 1-thread bridge if it has a 3-
neighbor and a 6*-neighbor. We call two adjacent medium 2-vertices, a 2-thread bridge if one has
a 5~ -neighbor and the other a 7-neighbor.

Definition 2.42 (Sponsor vertex). Due to Lemma 2.21 and Lemma 2.24, the 3-threads in G form
a forest of stars. We can thus define the root of each tree in the forest as follows:

o If a tree is a star with at least two 3-threads, then the root will be the center of the star.

o If a tree has only one 3-thread, then let sp1papsr be such a 3-thread and P = {p1, p2,p3}.
Suppose w.l.o.g. that pi,_p(r) > p5_p(s). Then, r will be the root (chosen arbitrarily if

pG—p(r) = pG_p(s)).
We call a vertex a sponsor if it is a non-root endvertex of a 3-thread. To each sponsor is assigned

the small 2-vertex on the 3-thread connecting it to the root.

Observation 2.43. In Definition 2.42, the root of a star and the root of a matching are chosen
“differently”. However, if we consider a 3-thread belonging to a star, due to Lemma 2.22 and
Lemma 2.23, the center of the star will always have a higher potential than the sponsor endvertex
in the subgraph where we removed the internal 2-vertices of the 3-thread.

Since we have mad(G) < 18, we must have

> (7d(v) —18) <0 (2.5)

veV(Q)

We assign to each vertex v the charge p(v) = 7d(v) — 18. To prove the non-existence of G, we
will redistribute the charges preserving their sum and obtaining a positive total charge, which will
contradict Equation (2.5). We will do so via the following discharging rules:

RO (see Figure 2.16):
(i) Every 3T-vertex gives 2 to each adjacent large 2-neighbor, and 4 to each adjacent
medium 2-neighbor.
(ii) Every sponsor gives 4 to its assigned small 2-neighbor.
(iii) Every 6'-vertex gives 1 to each adjacent 1-thread bridge.

(iv) Every 7-vertex gives % to each adjacent 2-thread bridge.
R1 (see Figure 2.17):

(i) Every 6"-vertex gives 4 to each adjacent (2,2,0)-neighbor.
(ii) Every 5*-vertex gives 2 to each adjacent (2,1,0)-neighbor.

(iii) Every 4*-vertex gives 1 to each adjacent (1,1,0)-neighbor and % to each adjacent
(2,0,0)-neighbor.

(iv) Every 1-thread bridge gives 1 to its 3-neighbor.

R2 (see Figure 2.18):
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(i) Every 5T-vertex gives % to each (2,2,2,0)-neighbor.
(ii) Every 2-thread bridge gives % to its 5~ -neighbor.

sponsor
: 4 4 : : ; :

(i) (ii) sponsor case.
1
(iii) 1-thread bridge case. (iv) 2-thread bridge case.

Hinh 2.16: RO.

(2,2,0) case. (ii) (2,1,0) case.

1

2 e bridge
> 1
Oxa®

(iii) (1,1,0) and (2,0,0) case. (iv) 1-thread bridge case.

Hinh 2.17: R1.

@{i

(2,2,2,0) case. (ii) 2-thread bridge case.

1
2

Hinh 2.18: R2.
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In the following two subsections, we will first prove that every vertex ends up with a non-
negative charge after the discharging procedure. Thus, by Equation (2.5), every vertex must have
exactly charge 0 which will be proven to be impossible.

Verifying that charges on each vertex are non-negative

Let u* be the assigned charges after the discharging procedure. In what follows, we prove that:
Yo e V(G), p*(v) > 0.

Case 1: d(v) = 2.
We have p(v) = —4. Vertex v receives 4 by RO(i) and R(0ii). Now if v belongs to a 1-thread (resp.
2-thread) bridge, then it also gives 1 (resp. 3) to a 3-vertex (resp. 5 -vertex) by R1(iv) (resp.
R2(ii)), but it also receives 1 (resp. 3) from RO(iii) (resp. RO(iv)). In all cases, pu*(v) = 0.

Case 2: d(v) = 3.
Vertex v only gives away charges by RO(i): 4 (resp. 2) in the case of a 2-thread (resp. in the case
of a 1-thread) and receives charges by R1 and R2(ii). Recall u(v) = 3. By Lemma 2.18, v is not a
(2,17, 1%)-vertex. Let us examine all possible configurations for v.

« Suppose that v is a (2, 2,0)-vertex. Let vy, vo, and u be the two 2-neighbors and 3*-neighbor
of v respectively. Since v; and vy satisfy d*(v1) = d*(v2) =5 < A, by Observation 2.13,
d*(v) > 10 and d*(v) = d(u) + 4, so d(u) > 6. By R1(i), v receives 4 from u. Due to
Lemma 2.16 and by R2(ii), v also receives charge % twice from incident 2-thread bridges. In
total, we have

1
u*(v)23—4-2+4+2-§:0.

e Suppose that v is a (2,1,0)-vertex. Let vy, ve, and u be the two 2-neighbors (where v;
belongs to the 1-thread and vs belongs to the 2-thread) and the 3*-neighbor of v respectively.
As previously, due to Lemma 2.16 and by R2(ii), v receives % from the incident 2-thread
bridge. Vertex vp has d*(ve) = 5 < A. By Observation 2.13, d*(v) > 9 and d*(v) = d(u) + 4,

so d(u) > 5. Hence, v receives 3 from u by R1(ii). So,

1 5
) >3-4-24 -4+ 2 =0.
pr(v) > t5tg

e Suppose that v is a (2,0,0)-vertex. Let uj, ug, and v; be the two 3*T-neighbors and the
2-neighbor of v respectively. Since d*(v1) = 5 < A. By Observation 2.13, d*(v) > 9 and
d*(v) = d(u1) + d(u2) + 2, so d(ui) + d(uz) > 7. We can assume w.l.o.g. that d(u;) > 4, thus
v receives & from uy by R1(iii). Due to Lemma 2.16 and by R2(ii), v also receives 3 from
the incident 2-thread bridge. So,

1 1
) >3-4+ -+ - =0.
pr(v) > t5ts

e Suppose that v is a (1,1, 1)-vertex. Let vv'v” be a 1-thread incident to v. We have d*(v) =
6 < A. It follows that d*(v) > 9 by Observation 2.13 and as d*(v') = d(v"") + 3, we have
d(v") > 6, meaning that v’ is a 1-thread bridge. Thus, vertex v gives 2 to each 2-neighbor
by RO(i) and receives 1 from each 2-neighbor by R1(iv). We have

p'(v)>3-3-2+3-1=0.
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o Suppose that v is a (1,1, 0)-vertex. Let vvjw; and vvews be the two 1-threads incident to v
and let u be the 3T-neighbor of v.

If d(u) = 3, then d*(v) =7 < A. By Observation 2.13, d*(v1) > 9. As d*(v1) = d(w1) + 3,
we have d(w;) > 6 meaning that v receives 1 from v; by R1(iv) (and from vy by symmetry).
Hence,

prv)>3-2-24+2-1=1.
If d(u) > 4, then v receives 1 from u by R1(iii). And so,

p'(v)y>3-2-2+1=0.

o Suppose that v is a (17,0, 0)-vertex, then at worst, we have

pr(v)>3—-2=1.

Case 3: d(v) = 4.
Vertex v may give 4 (resp. 2, 1, 3) by RO(i) in the case of a 2-thread (resp. RO(i) in the case of a
1-thread, R1(iii) in the case of a (1,1,0)-neighbor, R1(iii) in the case of a (2,0,0)-neighbor). Recall
w(v) = 10.

By Lemma 2.18, v is not a (2,17, 17, 17)-vertex. Hence, v is incident to at most three 2-threads:

o Ifvisa(2,2,2,0), then let vi,ve,v3 be the 2-neighbors along the three 2-threads and
the last neighbor. Since d(v;) =6 < A for all 1 < i < 3, by Observation 2.13, d*(v) > 11.
Moreover, d*(v) = d(u) + 6 so d(u) > 5. By R2(i), v receives 3 from u. Due to Lemma 2.16
and by R2(ii), v also receives % from each incident 2-thread bridge. So,

1 1
u*(v)210—3-4+§+3~520.

o Ifvisa(2,2,17,0), then let v1,vs be the 2-neighbors along the two 2-threads and wuy, ug
the other two neighbors. Since d(v1) = d(v2) = 6 < A, by Observation 2.13, d*(v) > 10.
Moreover, d*(v) = d(uy1) + d(uz) +4 so d(uy) + d(uz) > 6. Due to Lemma 2.16 and by R2(ii),
v also receives % from each incident 2-thread bridge.

If d(u1) = 2, then d(usz) > 4. So,
N 1
1 (0)210—2-4—2-1-2-5:1.
If d(u1) > 3 and d(uz) > 3, then at worst,
N 1
W) 210-2-4-2.142. 5= 1.
o Ifvisa (2,17,17,0), then at worst
pr(v)>10-4-2-2—1=1.

o Ifvisa (17,17,17,17), then at worst

pw(v)>10—-4-2=2.
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Case 4: d(v) = 5.
Vertex v may give 4 (resp. 2, g, 1, %, %) by RO(i) in the case of a 2-thread (resp. RO(i) in
the case of a 1-thread, R1(ii), R1(iii) in the case of a (1,1,0)-neighbor, R1(iii) in the case of a
(2,0,0)-neighbor, R2(i)). Recall p(v) = 17.

If visa (2,2,2,2,07), then let v1,vs,v3,v4 be the 2-neighbors along the four 2-threads and
u the last neighbor. Since d(v;) = 7 < A for all 1 < i < 4, by Observation 2.13, d*(v) > 12.
Moreover, d*(v) = d(u) + 8 so d(u) > 4. Finally,

1 1

(W) >17—4-4— - = -
pt(v) > 17 5= 5

Ifvisa (2,27,27,17,17), then v may give at most 4, 4, 4, %, % along incident edges ; so

5
u*(v)217—3-4—2~§:0.

Ifvisa (17,17,17,17,17), then v may give at most % along each incident edge ; so

5
,u*(v)217—5-§:

| ©

Case 5: d(v) = 6.
Observe that v never gives away more than 4 along any edge. Indeed, it may give 4 (resp. 3, 4,
5,1, 3, 4) by RO(i) in the case of a 2-thread (resp. RO(i) and RO(iii) in the case of a 1-thread,
R1(i), R1(ii), R1(iii) in the case of a (1,1,0)-neighbor, R1(iii) in the case of a (2,0,0)-neighbor,
R2(i)). Recall that pu(v) = 24. So, at worst we have

w(v)>24—-6-4=0.

Case 6: d(v) =T.
Observe that every rule except for R1(iv) and R2(ii) may apply to v and recall that p(v) = 31.
Observe that, when v is not a sponsor, the largest amount of charge that v can send away along
an edge is § which only happens in the case of a 2-thread bridge by R0(i) and RO(iv).

e Suppose that v is not incident to a 3-thread. The case where v is incident to seven 2-thread
bridges is impossible due to Lemma 2.19. It follows that,

9
,u*(v)231—6-§—4:0.

e Suppose that v is incident to a 3-thread, then:

— Suppose that v is not a sponsor. Then, v gives only 4 to a medium 2-neighbor on a
3-thread and nothing to the small 2-neighbor at distance 2. Due to Lemma 2.19, v
cannot be also incident to six 2-thread bridges. So, at worst, we have

. 9 1
o (v)231—4—5-§—4—§.

— Suppose that v is a sponsor. Then, by definition, v is incident to a unique 3-thread. So,
v gives 4 to its medium 2-neighbor and 4 to its small 2-neighbor at distance 2, which is
a total of 8 that v sends away along the 3-thread.

Suppose that v is not incident to any 2-thread bridge. Observe that v gives 4 to a
neighbor only by RO(i) in the case of a 2-thread and R1(i) in the case of a (2,2,0)-
neighbor. By Observation 2.43 and Lemma 2.31, a sponsor has a neighbor different
from a (2,2,0)-vertex, a 2-vertex on a 2-thread and a 2-vertex on a 3-thread. In other
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words, v gives less than 4 to a vertex, which is at most 3 (by RO(i) and RO(iii) in the
case of a 1-thread bridge and less than 3 in the other cases). Thus, at worst, we have

pf(v) >31-8-3-5.-4=0.

Suppose that v is incident to a 2-thread bridge. Vertex v is incident to at most two
2-thread bridges due to Observation 2.43 and Lemma 2.29 (v gives away % along each
of these 2-thread bridges). Due to Observation 2.43 and Lemma 2.31, at least one of v’s
neighbors is not a 2-vertex belonging to a 2-thread or a 3-thread, nor a (2,2, 0)-vertex.
So v gives less than 4 to at least one neighbor.

If v gives less than 4 to two neighbors, then we have
. 9
w(v) 231—8—2'5—2-3—2-4:0.

So v gives less than 4 to exactly one neighbor. If that amount is at most 2, then at
worst, we have

9
u*(v)231—8—2-5—2—3-420.

So that amount must be more than 2, so it must be % by R1(ii) in the case of a

(2,1, 0)-neighbor, or 3 by RO(i) and RO(iii) in the case of a 1-thread bridge. Both of
these cases cannot occur by Lemma 2.38.

Proving the non-existence of G.

In the previous subsection, we have proven that every vertex has a non-negative amount of
charge after the discharging procedure. Since the discharging rules preserve the total amount of
charge and the total is non-positive by Equation (2.5), every vertex must have exactly charge 0.
Consequently, we have the following:

There are no 3-threads since the endvertex of a 3-thread that is not a sponsor always has at
least charge % due to Case 6.

There are no 7-vertices. Indeed, since there are no 3-threads, a 7-vertex v, with final charge
0, must be incident to six 2-thread bridges (where v gives away % along each thread) and be
adjacent to a (2,2,0)-vertex or a 2-vertex belonging to a 2-thread (where v gives 4 in each
case). The former is impossible due to Lemma 2.19. In the latter, the endvertex u of the
2-thread, which is not a bridge, must be a 7-vertex by Lemma 2.19. Since u also has charge
0, » must also be incident to six 2-thread bridges, which is not possible due to Lemma 2.27.

There are no 4-vertices or 5-vertices. Indeed, since there are no 7-vertices, due to Lemma 2.16,
a 4-vertex or 5-vertex cannot be incident to a 2-thread. So by Case 3 and Case 4, they
always have at least charge 2.

There are no 6-vertices. Indeed, by Case 5, a 6-vertex, with final charge 0, must give 4
to each of its neighbors. In other words, its neighbors must be (2,2, 0)-vertices (which is
impossible by Lemma 2.16 and the fact that we have no 7-vertices) or 2-vertices belonging
to 2-threads (where the other endvertices are 6-vertices for the same reason). However, by
Lemma 2.20, we cannot have a 6-vertex that is incident to six 2-threads with 6-endvertices.

There are no 3-vertices. Indeed, if we take a closer look at Case 2, we can observe the
following:

— There are no 3-vertices incident to a 2-thread by Lemma 2.16 and the fact that we
have no 7-vertices.
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— There are no (1, 1, 1)-vertices since the other endvertices of the 1-threads are 61-vertices
and we have no 6"-vertices.

— There are no (1,1,0)-vertices. Indeed, the 3™-neighbor must be a 3-vertex since there
are no 4*-vertices, and as a result, the (1,1,0)-vertex has at least charge 1 left.

— There are no (17,0, 0)-vertices since they always have at least charge 1 left.

Finally, G has only 2-vertices so G must be a cycle which is 2-distance 8-colorable. That completes
the proof of Theorem 2.6.



Chuong 3

Computer assisted discharging
procedures

One of the limits of the discharging method is achieved when one needs to consider a large
amount of case distinctions in a proof. This happens essentially for two main reasons: the coloring
of a configuration involves a complicated case analysis, or the set of reducible configurations
needed in the proof is too large. Using computer assistance seems to be the most natural way to
overcome this hurdle.

The most famous example of computer assistance in the discharging procedure is the proof of
the Four Color Theorem. Showing that a configuration is reducible is very dependent on the type
of coloring. On the other hand, generating a set of unavoidable configurations is more dependent
on the class of graphs. In this chapter, we present an algorithm that, given a particular set of
discharging rules, generates all to-be-reduced configurations for planar graphs. We implemented
this algorithm and applied it to show the following theorem. The source code can be found at
https://gite.lirmm.fr/discharging/planar-graphs.

Theorem 3.1. Let G be a planar subcubic graph with girth g > 8. Then x?(G) < 6.

We wish to highlight that, even though a large part of this chapter deals with the technicality
of this particular problem, our algorithm is independent from the coloring problem. Indeed, we
propose an efficient encoding of local structures of planar graphs with respect to a discharging
procedure. Using this encoding we show how to filter out the “problematic” configurations in
order to obtain a proof. We first show how to use these ideas in the case of 2-distance coloring
(see Section 3.3.2) and then give the general idea of how to use our algorithm and computer
program for other problems (see Section 3.4).

The main idea of the proof is to use a charge distribution that concentrates the charges on
vertices and the only faces with negative charge are of length 8. With the assistance of a computer
program, we list each possible close neighbourhoods around a face of length 8. For each of these
neighborhoods, our algorithm shows that either it contains a reducible configuration or it can get
enough charge from its incident vertices (Section 3.3.2).

In this chapter, we always consider a 2-distance 6-coloring. Thus, for a vertex v, we denote
L(v) the set of available colors from {a, b, c,d, e, f}. We also use Hall’s Theorem (Observation 2.26)
very often.

3.1 Useful observations and lemmas

Before diving into the proof of Theorem 3.1, we show some colorable and non-colorable config-
urations, that is graphs together with lists of available colors for each vertex. These observations
will be extensively used in Section 3.2.
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For this section, a vertex v will be labeled with its name. Additionally, when a lower bound on
|L(v)| is known, it will be depicted on the figure. For example, the graph depicted in Figure 3.1i
is a path vjvavsvy with the following size of lists of available colors: |L(v1)| > 2, |L(va)| > 3,
|L(v3)] = 2, [L(v4)] = 2.

Lemma 3.2. The graphs depicted in Figures 3.1i to 3.1xv are 2-distance colorable.

Chitng minh. In the proofs of this section, whenever the size of a list |L(v)| > k we assume that
|L(v)| = k by arbitrarily removing the extra colors from the list. One can easily observe that these
proofs will hold for the case when |L(v)| > k.
We will give the proofs for each figure in order:

Proof of Figure 3.1i. If v; and v4 can be colored with the same color, then finish by coloring vs,
v in this order. Otherwise, since L(v1) N L(vy) = () we have |L(vy) U L(vs)| > 4, so one can apply
Hall’s Theorem.

@)

Proof of Figure 3.1ii. If L(vs) # L(vs), then color vs with x ¢ L(v4) and get Figure 3.1i, so we are
done. Otherwise, color vg with a color y ¢ L(vs)U L(v4). Then color vy, va, v4, vs, in this order. o)

Proof of Figure 3.1%i. If L(vi) # L(vs), then color vy with ¢ L(vs) and get Figure 3.1ii.
Otherwise, color vy with a color y ¢ L(vs) U L(vy), then color vs, vy, vs, ve using Figure 3.1i and
finish by coloring vertex vy. @)

Proof of Figure 3.17v. Observe that L(vs) = L(v4) because if not we color vy with « ¢ L(v3) and
we get Figure 3.1i. Thus color v§ with y ¢ L(vs) and get Figure 3.1i again. ©)

Proof of Figure 3.1v. If L(va) # L(v4), then one could color vy with x ¢ L(vs), then by Figure 3.1i
we are done. Otherwise, since |L(v)| > 3, color vg with a color y ¢ L(vg) U L(vg). Then again by
Figure 3.1i we are done. (@)

Proof of Figure 3.1vi. Observe that there exists x € L(v}) \ L(vz). Thus = € L(v4) as otherwise
one could color v with = and get Figure 3.1ii. Hence x € L(v3), as otherwise one could color vy
with x, color vertices vy, va, v3, v4 by Figure 3.1i and finish by coloring vertex vs. Therefore, we
color v and vs with = and we get Figure 3.1i. =)

Proof of Figure 3.1vii. First observe that L(vi) C L(v}). Otherwise, we define the following
coloring ¢. By coloring v3 with @ ¢ L(v;) and coloring v4, v5 and ve in this order, if we cannot
finish the coloring, then both v1 and v}, must have the same remaining color y. Moreover, it means
L(o1) = {5, 6(v2)} C L(vh) = {y, 6(va), 2} while L(v1) ¢ L(uh).

Now, suppose L(vs) # L(v) and color vertex vs with y ¢ L(vh) D L(v1). Then color vg, v5, va,
v1, vh in this order. Therefore L(vs) = L(vh) D L(v1) and we color vy with z ¢ L(vs) and finish
by coloring vy, v4, vs, v1, v4 in this order. ©)

Proof of Figure 3.1vigi. First note that L(vs) = L(vs) as otherwise by coloring vs with x ¢ L(v4)
we get Figure 3.1vii. If L(vs) C L(v4), then we color vertex v with y ¢ L(v4) and vy, vh, va, v4, vs,
vy in this order. We conclude that |L(vs) \ L(vs)| > 2. Thus by replacing L(v4) with L(v5) \ L(vs)
and L(vs) with L(vs) \ L(vs), we can color vertices vi, va, vh, vs, v5 by Figure 3.1v and finish by
coloring vertices v4 and ws. =)

Proof of Figure 3.1iz. Suppose L(va) # L(v4). Then restrict the list of colors of vg to L(vs) \ L(v1),
color vertices vs, v4, v}, vs, and vg by Figure 3.1v and finish by coloring v%, ve, and v; in this
order. Therefore, we have L(vg) = L(v§). Now, if L(vs) # L(vs), then we color vertex vy with
x ¢ L(v}), color vs and vg (because theirs lists are different) and finish by coloring v}, vs, v1, v,
and v4 in this order. Thus we have L(vs) = L(vg). Color vertex vz with y ¢ L(ve) = L(v5). If
y € L(vg), then color vertex vg with y and finish by coloring vs, v}, v4, v1, va, v4 in this order. If
y ¢ L(vg) = L(vs), then color v}, v4, vs, vg by Figure 3.1i and finish by coloring vy, va, v5 in this
order. ()
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V2
2

V4

(xiii)

(xvi)

Hinh 3.1: Useful 2-distance colorable configurations (Lemma 3.2).



3.1. USEFUL OBSERVATIONS AND LEMMAS 49

Proof of Figure 3.1z. If L(v1) ¢ L(v2), then by coloring v; with y ¢ L(v2) we get Figure 3.1viii.
Hence, we have w.l.o.g. L(v1) = {a,b} and L(vs) = {a,b, c}.

If L(v2) ¢ L(vs), then we restrict L(vs) to L(vs) \ L(vz). Observe that |L(vs) \ L(v2)| > 3.
Now, we look at the two following cases:

o When L(v) = L(v§), we color vg with « ¢ L(v4) and then vs, vlj, v4, v§, V5, vo, v1 in this
order.

o When L(v) # L(vf), we color v§ with y ¢ L(vj) and we obtain Figure 3.1v. We color vg
and v last.

So, L(v2) C L(vs). We can thus assume w.l.o.g. that L(vs) = {a,b,c,d,e}.

If d ¢ L(vs) U L(vg), then we color vs with d, then vs, v}, va, v§, V4, va, v; in this order. The
same holds for e. So, we must have {d,e} C L(v}) U L(v%).

If L(v) = L(vY), then due to the previous observation, L(vj) = L(v4) = {d,e}. In this case,
we color vg with ¢, then vs, v}, vy, v4, v5, ve, v1 in this order. As a result, L(vj) # L(v5).

If L(v4) C L(v2), then we must have L(v4§) = {d, e}. We then color v3 with d, then v, vs, v},
V4, V5, U2, v1 in this order.

If L(vs) ¢ L(vs), then f € L(v}). We color vy with f, then v4 and vs. We can then finish
coloring v, va, vs, v4, vy by Figure 3.1ii. We can thus assume w.l.o.g that d € L(v}).

If ¢ ¢ L(v4), then we color vg with ¢, vy with 2 € L(v4) \ L(v4), and vs, v}, v3, v; in this order.
We can finish by coloring v4 and v since L(vs) # L(v4). So, ¢ € L(v}).

To summarize the previous observations, we have L(vi) = {a,b}, L(v2) = {a,b,c}, L(vs) =
{a,b,c,d,e}, L(vy) = {c,d} and e € L(vY). We color v§ with e. We restrict L(vs) to {c,d}. We
color v§, v3, v4, v}, vs by Figure 3.1v. Finally, we finish by coloring vy and vy in this order. (@)

Proof of Figure 3.1xi. If L(va) # L(v1), then color ve with 2 ¢ L(v;), color vertices v}, va, vs, vg
by Figure 3.1i and finish with vs and vy. If L(vy) = L(v1), then by restricting the list of colors of
vz to L(vs) \ L(v2), we color vertices vs, v4, v}, v5, vg by Figure 3.1v and finish with ve and v;. @)

Proof of Figure 3.1zii. Observe that L(vi) = L(vz) since otherwise one could color v; with
x ¢ L(ve) and get Figure 3.1vi. Therefore, we restrict the list of colors of vs to L(vs) \ L(v2). We
color then vs, vg, v}, vs, vg by Figure 3.1v and finish with ve and v;. (@)

Proof of Figure 3.1xiii. If L(vs) # L(vg), then by coloring vg with & ¢ L(vs), one could finish by
Figure 3.1ii. Thus L(vs) = L(vg) and we restrict the list of colors of v4 to L(vs) \ L(vs), color
vertices vy, v2, v3, v4 by Figure 3.1i and finish with vs and wvg. (o

Proof of Figure 3.1ziv. Observe that L(v1) = L(vs) as otherwise by coloring vy with « ¢ L(vy),
one could color vs, v4, vs, vg, v7 by Figure 3.1ii and finish by coloring v1. Therefore, color v with
y & L(v2) U L(v1), color vy, vs, v, v7 by Figure 3.1i and finish by coloring v, v in this order. (o)

Proof of Figure 3.1zv. Note that L(vs) = L(v7) as otherwise by coloring vy with x ¢ L(vg) one
could finish by Figure 3.1xiii. Hence color vs with y ¢ L(v7) U L(vg), then color vy, va, v3,v4 by
Figure 3.1i and finish with vg, v7. (@

Proof of Figure 3.1zvi. If it is possible to color v; and vs with the same color, then after coloring
ve, we get Figure 3.1x. Hence L(v1) N L(vs) = . If it is possible to color vs and v5 with a common
color, then after coloring vg, we get again Figure 3.1x. Hence L(v}) N L(vs) = (). Symmetrically,
we have L(v5) N L(vs) = 0 and L(v§") N L(vs) = 0.

Now, since we are considering a 6-coloring, we restrict the list of colors of vz to L(vs) = L(vs)
and color vertices vs, v4, v}, vs, vg by Figure 3.1v. We finish by coloring the remaining vertices in

the following order: vy, va, vh, v4, v§, vy’ =)

O
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In Figures 3.2 to 3.5 we provide several useful non-colorable configurations. The important
fact is that the non-colorable configurations can force the lists of colors on some vertices.

Lemma 3.3. The graphs depicted in Figure 3.2(i) to Figure 3.5(i) are 2-distance colorable
unless their lists of available colors are exactly as indicated (up to renaming) in Figure 3.2(ii) to
Figure 3.5(ii) respectively.

1 2 2 L(vl) < {a7 b} {a7 b} {a’ b}
2 1 2 {a,b} L(v2) C{a,b} {a,b}
(i) Initial configurations. (ii) Forced lists of colors.

Hinh 3.2: A non-colorable graph on 3 vertices.

L(vy) C{a,b,c}

2
2
2

NS
3 {a,b,c} {a,b,c¢}  L(v4) C {a,b,c}
L(v1) C {a,b,c}

NG
3 3 2 {a7 b7 C} L(Ug) c {a*, b,C} {a7 b,C}
(i) Initial configurations. (ii) Forced lists of colors.

Hinh 3.3: A non-colorable graph on 4 vertices.

2 L(vy) € {a,b,c}
3 3 2 2 {a,b,c} {a,b,c}  L(vy) S {a,b,c}

(i) Initial configuration. (ii) Forced lists of colors.

Hinh 3.4: A non-colorable graph on 5 vertices.

2 2 4 2 2 {a,0}  {ab} {abc;d} {c,d}  {cd}
(i) Initial configuration. (ii) Forced lists of colors.

Hinh 3.5: A non-colorable graph on 5 vertices.

Proof of Figure 3.2. By Hall’'s Theorem, if |L(v1)U L(v2) U L(v3)| > 3, then the graph is 2-distance
colorable. Hence the forced lists in Figure 3.2ii follow. ()
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Proof of Figure 3.3. By Hall’s Theorem, if |L(v1) U L(v2) U L(v3) U L(vg)| > 4, then the graph is
2-distance colorable. Hence the forced lists in Figure 3.3ii follow. @)

Proof of Figure 3.4. First, observe that if |L(v1)| > 4 or |L(v2)|
by Figure 3.1i and finish with v; or ve respectively. If L(vy)
Similarly, if |L(vs)| > 4, then we obtain Figure 3.1v.

> 4, we can color the other vertices
> 4, then we obtain Figure 3.1iv.

Also note that if |L(vs)| > 3, then either vy, ve, v3, v4 can be colored and we color v last. Or
they cannot be colored and by Figure 3.3ii, we have Figure 3.4ii.

We will show that if vy, ve, vs, v4 are colorable, then the whole configuration is colorable (v
included). Thus, they cannot be colored and by Figure 3.3 (since all four vertices see each other at
distance two), we obtain Figure 3.4ii.

So, let us assume that vy, ve, v3, v4 are colorable, in which case, |L(v1)UL(v2)UL(v3)UL(vy4)| > 4
and |L(vs)| = 2.

If L(vs) € L(vs), then we restrict L(vz) to L(vs) \ L(vs) and observe that |L(vy) U L(v2) U
(L(v3) \ L(vs)) U L(vg)| = |L(v1) U L(v2) U L(vs) U L(vg)| > 4 since L(vs) C L(vy). So, we can color
v1, V2, V3, U4 and finish by coloring vs.

If L(vs) € L(vs), then we restrict L(vs) to L(vs) \ L(vs). If |L(v1) U L(ve) U L(vs) U (L(v4) \
L(vs))| > 4, then we can color vy, v2, v3, v4 and finish with vs. Thus, |L(v1)UL(va)UL(v3)U(L(v4)\
L(vs))| = 3 and we can assume w.l.o.g. that L(v1) C L(ve) = L(vs) = {a,b,c} and d € L(vg)NL(v5)
(which exists otherwise L(v4) \ L(vs) = L(v4) and |L(v1) U L(v2) U L(vz) U (L(va) \ L(vs))| =
|L(v1) U L(vg) U L(vg) U L(vg)| > 4). Now, it suffices to color vy with d, then color vs, v1, vs, v in
this order. (©)

Proof of Figure 3.5. First, observe that if |L(v;)| > 3, then we can color the other vertices by
Figure 3.1i and color v; last. If [L(v2)| > 3, then we obtain Figure 3.1ii. Symmetrically, the same
holds for L(vy4) and L(vs). If |L(v3)| > 5, we can color vy, va, v4, vs, vz in this order.

Now, let us try to color the configuration. If L(vy) # L(vz), then color v; with a ¢ L(vy) and
get Figure 3.1i. Therefore we have L(vi) = L(v2) and symmetrically L(v4) = L(vs). Finally, if
L(v1) U L(vs) # L(vs), then one could color vz with b ¢ L(vy) U L(vs) and finish by coloring vy,
V9, U4, v in this order. Hence the lists in Figure 3.5ii follow. ()

Lemma 3.4. If there exists a coloring ¢ of the configuration from Figure 3.5i where ¢(v1) # ¢(vs),
then there exists a coloring ¢ such that ¢(vy) # ¢'(v1) or ¢(vs) # ¢ (vs).

Ching minh. Suppose that the configuration from Figure 3.5 is colorable with ¢ where ¢(v1) = a,
¢(vs) = b and a # b. Suppose by contradiction that for every coloring ¢ of Figure 3.51, ¢'(v1) = a
and ¢'(vs) = b.

Let L(v1) = {a,z}. We color v; with x. Since there exist no valid colorings ¢’ where ¢/(v;) = =,
the remaining configuration must not be colorable. So x € L(v2), otherwise, we can color vy, vs,
v4, v5 by Figure 3.1i. Let L(vs) = {x,y}. Moreover, x,y € L(vs). Otherwise, we color v; with z,
v9 with gy and finish by coloring vy, vs, v3 in this order.

Symmetrically, the same holds for vs. Let L(vs) = {b,2’}, then we must have L(vq) = {2/, 3/}
and 2/, y" € L(vs).

Observe that when we color v; with x and vy with y, the remaining configuration is not
colorable so by Figure 3.2, the remaining list of colors for vs must be the same as L(vs), thus
L(vs) = {x,y,b, 2’ }. Symmetrically, if instead we color v with 2’ and v4 with 3/, then the remaining
list of colors for v3 must be the same as L(vs), thus L(vs) = {2/,y,a,2}. We conclude that
{z,2',b,y} = {x,2',a,y’}. In other words, a = y and b = . Thus, we have L(v1) = L(v2) = {a, z},
L(vy) = L(vs) = {b,2'} and L(vs) = {a, z,b,2'}. By Figure 3.5, we know that this configuration
is not colorable, which is a contradiction as there exists a valid coloring ¢. O
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3.2 Structural properties of a minimal counterexample

Let G be a counterexample to Theorem 3.1 with the minimum number of vertices, namely
a planar subcubic graph with ¢(G) > 8 and x%(G) > 7. For this and the following sections, the
degree of a vertex will always be represented exactly in the figures so every vertex will be labeled
with their name instead of being black or white.

First, G clearly verifies the following properties.

Lemma 3.5. Graph G is connected.
Lemma 3.6. 6(G) > 2.
Lemma 3.7. Graph G has no k-threads with k& > 2.

Chitng minh. Assume by contradiction that G has a k-thread with k > 2. We remove the 2-vertices
of this thread and color the resulting graph. One can easily see that such coloring is greedily
extendable to the removed 2-vertices. O

In order to simplify the reading of this chapter later on, the figures of the reducible configurations
contain captions that will be explained later in Section 3.3.2.

In each of the reducible configurations, we define S as the set of all vertices labeled v;, v},
v or v, where i is a positive integer. In order to prove the reducibility of S we consider a
2-distance coloring ¢ of G — S (by induction hypothesis) and show how to extend ¢ to G leading to
a contradiction. In each figure, the number drawn next to a vertex of S in the figure corresponds
to the number of available colors in the precoloring extension of G — S.

Since G has girth g > 8, one can easily observe that G[S]? = G2[S] for each configuration in
Figure 3.6. In other words, there are no extra conflicts between vertices in S than the conflicts in
G[S]. Unlike the configurations of Figure 3.6, in those of Figure 3.8, some pair of vertices may
see each other in G while they are at distance at least 3 in the subgraph induced by S, that is

sometimes G[S]? # G2[S].
Lemma 3.8. Graph G does not contain the configurations depicted in Figure 3.6.

Ching minh. We will give the proofs for each figure in order:

Proof of Figure 3.6i. Color arbitrarily vertex v} and then get Figure 3.1ii. @)
Proof of Figure 3.67i. Direct implication of Figure 3.1viii. )
Proof of Figure 3.67ii. Direct implication of Figure 3.1vii. @)

Proof of Figure 3.6iv. To prove this configuration, we redefine the set S to be {v1, va, v3}. Consider
a 2-distance coloring ¢ of G — S. If ¢ is extendable to GG, then we are done. Thus the available
colors of vertices in S correspond to Figure 3.2. More precisely, L(va) C L(vi) = L(v3) = {a, b}.
Now, uncolor vertices vy, v, vg, and vf and observe that the numbers of available colors of the
non-colored vertices of G are the ones depicted in Figure 3.6iv.

Without loss of generality we may assume that ¢(v4) = ¢ and ¢(vs) = d. Consequently, after
the uncoloring of vertices vy, vs, vg, and v§, we have L(vs) = {a,b,c,d} and L(vy) = {a,b}. If
we can choose a color = ¢ {¢,d} for vy and color vertices vs, vg and vf, then due to Figure 3.2,
we can finish the coloring of vy, v9, and v3. Observe that when v, is colored x, the remaining
number of available colors for v}, vs, and vg are at least 2 for each vertex. By Figure 3.2), we
know that vf, vs, and v must all have the same two remaining colors {y, z}. Thus, initially,
L(v) = L(vs) = L(ve) = {z,y, 2} € {a,b,c,d,e, f}. Note that ¢(vs) = ¢ ¢ {x,y, z}, otherwise ¢
would not be a valid coloring of G — S. Now, we color vy with ¢, vs with a color different from d,
then v} and vg. Finally, due to Figure 3.2 we can finish by coloring v1, ve, vs since the lists of
available colors for v; and vs are not the same anymore. @

Proof of Figure 3.6v. Direct implication of Figure 3.1xi. @)
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Proof of Figure 3.6vi. Color v with a color a ¢ L(v3), and color v4, vs in order. Then color

vertices vy, va, v3, vy, vy, v4 by Figure 3.1vii and finish by coloring v4" and v4 in this order. @

Proof of Figure 3.6vii and Figure 3.6viii. Direct implication of Figure 3.1xvi for Figure 3.6viii.
As for Figure 3.6vii, it suffices to see that by adding an imaginary vertex vg adjacent to vs with
any list of colors that verifies |L(vg)| > 2, Figure 3.1xvi gives us a valid coloring for vertices of
Figure 3.6vii. (@)

O]

%
2 2 3
(i) 1clal, 1clc. (ii) 1c0cOal, 1c0cOc, 1a0bl, 1bOc.
| f | |
3 4 4 3 2 2 4 3 3 3
(iii) 1cOcl, 1b1. (iv) 1alaOcl, cla0cl, lalb, cib.

308 3

2

N R N NG N o
2 2 4 2 3 5 5 2 2
(v) 1alcOal, clcOal, 1alcOc, clcOc. (vi) 1b0bOal, 1bObOc, 1c0cObOal,

1c0cObOc.

2

3 3 4 6 4 2
(vii) 1cObOcl. (viii) 1cObOcOal, 1cObOcOC.

Hinh 3.6: Reducible configurations in Lemma 3.8.

Lemma 3.9. Graph G does not contain the configurations depicted in Figure 3.7.

Ching minh.

Proof of Figure 3.7i. Here, we redefine S = {vg, v1,v2,v3,v4}. By Figure 3.5, L(vg) = L(v1) =
{a,b}, L(vs) = L(v4) = {c,d} and L(vs) = {a,b,c,d}. Therefore, we can assume w.l.o.g that vg is
colored e. Since |L(vg)| = 2, all of the colored vertices that vg sees must be colored differently.
The same holds for vy. However, it means that vs does not see the color e, which is impossible
since L(v2) = {a, b, c,d}. @)

Proof of Figure 3.7ii. Note that G[S]? = G?[S]. We first prove three important observations.
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o L(v7) # L(vj). Suppose the contrary and color vz, vg, vg, vs, V5, v4, v3 by Figure 3.1viii.
Now if vg, v1, and v are colorable, then we are done. Thus according to Figure 3.2, we can
assume that L(v;) C L(vg) = L(ve). But then, since by our assumption L(vy) = L(vg), we
permute the colors of vg and v7 so that L(vg) # L(v2) and we are done.

o L(vs) C L(va) D L(vyq). If not, then color vs and vy such that |L(ve)| > 3. Recall that
L(v7) # L(vg). Hence we color v, vs, ve, vg, v7 by Figure 3.4. We finish by coloring vy, vg,
V9 in this order.

o L(vi1) N L(vs) = 0. By contradiction, suppose a € L(v1) N L(vy). We will show the following
observations.

— a ¢ L(vg). If a € L(vg), then we color vy, vg and vy with a. Then, we color vs. After
that, we color v§, vs, vg, v7 by Figure 3.1i and we finish by coloring vy and v in this
order.

—a € L(vy). If a ¢ L(v7), then we color v; and vy with a. Then, we color vs. After
that, we color v§, vs, ve, vg, v7 by Figure 3.4 (recall that L(vg) # L(vy)) and finish by
coloring vy and w9 in this order.

— a € L(v}). If a ¢ L(v'5), then we color vy and v7 with a. Then, we color v3. Finally, we
finish by coloring vy, va, vo, ve, vs, Vg, v5 in this order.

|L(v3) \ {a}| = 1. Otherwise, we color v4 and v; with a. Then, we color vs in such a
way that vs has at least 2 colors left. After that, we color vg, vs, vg, v7 in this order.
Finally, we finish by coloring vs, ve, v1, vg by Figure 3.1i.

Thus, we color vf, vs, and v7 with a, then we color the remaining vertices in the following
. /
order: vy, v2, V1, Vo, Ve, Us, Vg.

Since L(v1) N L(vy) = 0, we assume w.l.o.g. that L(vs) C {a,b,c} and L(v1) = {d,e, f}. As
L(vs) C L(vg) D L(vyg), there exists a color, say d, in L(v1) such that after coloring vq with d, we
have |L(vg)| > 4 and |L(vs)|,|L(vs)| > 2. In conclusion, we color v; with d, vz, ve, vg, vs, V5, v4,
vy by Figure 3.1viii and finish by coloring vg and vy in this order.

@)

Proof of Figure 3.7ii. If v} sees vg, then they are at distance exactly 2 and share a common
neighbor, say vg. Then vertices vg, vs, vh, v2, U3, V4, U5, Vg correspond to the reducible configuration
of Figure 3.7i.

Therefore, we can assume that G[S]? = G2[S]. Color vy with x ¢ L(v}) and color greedily v;.
Then color vertices v4, vs, V§, vg, Vg, U7, Vo by Figure 3.1viii and finish by coloring vs and v} in
this order. @)
Proof of Figure 3.7iv. If v sees vy by sharing a common neighbor, say vs, then vertices vf’, v,
v, vs, v1, v2, v form the reducible configuration of Figure 3.6iv. The case when v’ sees v; is
symmetric.

Therefore, we can suppose that G[S]? = G2[S]. First we show that L(v1) N L(v7) = 0. Suppose
the contrary and color v; and v7 with a same color. Then restrict L(vs) to L(vs) \ L(vf) and color
vertices vg, vs, V4, vy, v3 by Figure 3.1v. Finish by coloring vertices vf, v, v, vz, va, vo in this
order.

Observe that L(vi) C L(vg). Therefore, since L(vi) N L(vy) = () and since we are doing a
6-coloring, we conclude that L(v}) ¢ L(vp).

We color v} with « ¢ L(vY) and vg, vs, v4, v}y, v3 by Figure 3.1liv. Then we color vf" and vy
in this order. Observe the remaining uncolored vertices are v%, v7, v, vi, and vy. If the lists of
available colors of these vertices, do not correspond to Figure 3.5, then we are done. And it is

indeed the case, since the only colored vertex seen by both vy and v} is vg, and since initially
L(Ué) ¢ L(vo)- (@)



3.2. STRUCTURAL PROPERTIES OF A MINIMAL COUNTEREXAMPLE 95

Proof of Figure 3.7v. We have G[S]? = G2[S]. Color vertices vg and vy with the same color by
pigeonhole principle and then vs, vy, and vy in this order. The remaining vertices can be colored
by Figure 3.1x.

©)

Proof of Figure 3.7vi. If v} sees v%, then they must be at distance exactly 2 since G has girth
8. Say vg is their common neighbor, then vy, vz, v, vs, v, vs, ve, and v; form the reducible
configuration from Figure 3.7i.

Thus, we have G[S]? = G?[S]. First, observe that |L(v})| = |L(v})| = |L(v)| = 3 and we will
prove the following;:

o L(vg) = L(v%). Otherwise, color vg differently from L(v%), then color v; and ve in this order.
Color v, vs, v4, v3, and v4 by Figure 3.1xiii. Finish by coloring v7, vg, and v% in this order.

o L(vg) = L(v). Otherwise, color vg differently from L(vf), then color v%, v7, vg, v1, and vo
by Figure 3.1ii. Finish by coloring v§, vs, vs, v4, and v§ in this order.

o L(v1) N L(vh) = (. Otherwise, color v; and v% with = € L(v1) N L(v%). Then, color ve and vg.
Color v§, vs, v4, v3, and v by Figure 3.1xiii. Finish by coloring v7 and v in this order.

Using the equalities above, we have the following. Color v7 differently from L(vg) and L(v%). Now,
color v1 and vg with the same color, which is possible since v4 has all six colors available. Observe
that, since L(v1) N L(v4) = 0 and L(v}) = L(ve) = L(v}), ve and vs still have the same amount of
available colors remaining. Finish by coloring ve, v4, vs, vs, ve, v§, vg, and v% in this order.

©)

Proof of Figure 3.7vii. Note that G[S]? = G?[9]. Here, we redefine S = {vg, v1,v],v2}. Consider
¢ a coloring of G — S. Note that if ¢ is extendable to G, then we have a contradiction. Thus,
L(vg) = L(v1) = L(v}) = L(v2) = {a,b, c} by Figure 3.3. Now, we uncolor vs, v4, v}, vs, Vg, Vg,
vy and note that the number of available colors correspond to what is depicted in Figure 3.7vii.
We assume w.l.o.g. that L(vg) = {a,b,c,d,e} where d = ¢(v7) and e = ¢(vg). Observe that
L(vg) # L(v7), otherwise, we can permute the colors of v§ and v7 in ¢ and extend ¢ to G as L(uvp)
would no longer be {a,b, c}. Symmetrically, L(vs) # L(v}).

If d ¢ L(vg), then we can color vy with d, vg with x # e, vs, then vs, v4, v} by Figure 3.2 since
L(vs) # L(v}y), and finish by coloring vg. As L(vg) # {a,b,c}, ¢ is extendable to G.

Now, d € L(vj). In which case, there exists y € L(v7) \ L(vg). So we color v7 with y, vg
with z # d, vs, then v, vy, v} and finish by coloring vg. Finally, ¢ is extendable to G because
L(UO) 7& {CL, b, C}'

©)
]

Lemma 3.10. Graph G does not contain the configurations depicted in Figure 3.8.

Ching minh. Proof of Figure 3.8i. If v1 does not see vy, then the proof is a direct implication of
Figure 3.1xv. If vy sees vy, then they must be at distance exactly 2 since G has girth at least 8
and therefore |L(v1)| > 3 and |L(v7)| > 3. We color v; such that ve has at least 2 colors left. We
then obtain Figure 3.1xiii. (=)

Proof of Figure 3.8ii. If vy sees vg;, then they must be at distance exactly 2 since G has girth at
least 8. Say wp is their common neighbor, then vg, vg, v1, ..., vs form the reducible configuration
from Figure 3.7i. If v1 sees v7, then they share a common neighbor vy and vy, va, v3, v4, vs, V§, Ve,
v, V7, Vs, v form the reducible configuration from Figure 3.7ii. If vy sees vg, then they share a
common neighbor v} and vs, vh, va, v1, V3, V4, Vs, V5, Vs, Vs, v7 form the reducible configuration
from Figure 3.7iii.
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(iv) 1ala0cObOalc. (vi) 1a0a0c1cOalc.

(vii) 1c1a0c0a0cOa.

Hinh 3.7: Reducible configuration in Lemma 3.9.

If v1 sees vg, they must be at distance exactly 2 since both are 2-vertices and there are no
2-threads due to Lemma 3.7. Thus, 3 < |L(v1)|, |L(vs)| < 4. If we can color vy such that v; has at
least 3 colors left, then we can color vy, vs, V5, vg, Vg, V7, vg by Figure 3.1viii and finish by coloring
vz and vy in this order. Therefore, |L(vi)| = 3 and L(vz2) C L(v1). We color vz with = ¢ L(v1).
Then, we color vy, vs, Vg, Vg, v, v7 by Figure 3.1vii and finish by coloring vg, ve, and v; in this
order.

Now, G[S]? = G?[S]. If we can color vy such that vy has at least 2 colors left, then we can color
V4, Vs, V5, Vg, UG, V7, vg by Figure 3.1viii, and finish by coloring vs and v; in this order. Therefore,
L(v1) = L(ve) and |L(v1)| = 2. We restrict L(vs) to L(vs) \ L(v1). Then, we color vz, v4, vs, vf,
v6, Vg, U7, Ug by Figure 3.1ix and finish by coloring v and v; in this order.
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Proof of Figure 3.8ii. If v§ sees vz, then they must be at distance exactly 2 since G has girth 8.
Say vg is their common neighbor, then v4, v, v§’, vs, v7, vg, vg form the reducible configuration
from Figure 3.8i. Note that the cases when v4’ sees vz, or vf sees vg, or v§ sees vy are symmetric.

Observe that since vy cannot see both vg and v7, we can assume that v; does not see vg. Note

that in this case |L(vg)| = 3. Thus we restrict L(vs) to L(vs) \ L(vg) and L(vs) to L(vs) \ L(v)).
We color vertices vs, v4, v3, V2, V1, U3, V3, v4 by Figure 3.1x. Then finish by coloring vf, v}, v},

()

O]

vy, Ve, v7, UG in this order.

JORNCY
@) (—C—®) ) —)—®)

2 2 4 3 4 2 2 2 2 4 3 4 4 2 2
(i) 1alalc, lalalal, clalc. (ii) c1a0c0cOc.

3 (v) 3

2 5 6 5 4 3
(iii) 1a0b0b0cOc1, 1a0b0bOb1, cObObOb1, cObObOcOCL.

@

2

Hinh 3.8: Reducible configurations in Lemma 3.10.

Lemma 3.11. Consider the configuration in Figure 3.9. If v3, vy, vs, vg, and v7 are colorable,
but the configuration as a whole is not, then L(vs) = L(vq) = L(vg) = L(v7) = L(v1) \ L(v}) and
[L(v3)| = 2.

Hinh 3.9: 1cla0alaOa.

Chimg minh. First, observe that we have G[S]? = G2[S]. We color vs3, vy, vs, vg, and vy. Observe
that |L(vo)| = |L(v2)| = |L(v})| = 3 and |L(v1)| > 3. So, the remaining vertices are not colorable
if and only if L(vg) = L(v1) = L(v}) = L(v2) = {a,b,c} w.l.o.g. due to Figure 3.3.

Now, let {d,e} = L(v1) \ L(v]) and uncolor vs, vy, vs, vg, and v7. Due to our previous
observations, we can assume w.l.o.g. that v3 and v7 must have been colored d and e respectively.
Moreover, due to Lemma 3.4, since we know that vs, vy, vs5, vg, and v7 are colorable, there exists
another coloring of these vertices where v3 is not colored d or v; is not colored e. As vy, vy, v},



58 CHUONG 3. COMPUTER ASSISTED DISCHARGING PROCEDURES

and v9 must remain uncolorable, we know that v3 must have been colored e and v7 colored d. So,
we know that {d,e} C L(v3) and {d,e} C L(v7). In addition, when v3 was colored d (resp. e), d
(resp. €) must be in L(vg) or we would have had |L(ve)| > 4 after the coloring of vs, vy, vs, vs,
and vy7. In other words, L(vs) = {a,b, ¢, d,e}. Symmetrically, the same holds for L(vp). Knowing
that L(vy) = {a,b,c,d, e}, when vs was colored d (resp. e), v4 must have been colored e (resp. d).
So we get {d,e} C L(vy). Similarly, the same holds for L(vg). Finally, if any of vs, v4, vg, or v7 has
another available color = ¢ {d, e}, we could have colored that vertex with z, and finish coloring
the rest of the configuration due to Figure 3.5 and Figure 3.3, which is impossible. Consequently,
we have L(vs) = L(vq) = L(vg) = L(v7) = L(v1) \ L(v}) = {d, e}. O

Lemma 3.12. The configurations in Figure 3.10 are colorable.

(iii)

Hinh 3.10: Reducible configurations in Lemma 3.12.

Ching minh. The outline of each proof uses the same conventions as before.
Proof of Figure 3.10i. If v} = ug, then |L(v])| = |L(vs)| = |L(v1)| = 6. Now, consider the two
following cases:

o If there exists € L(vs) N L(v7), then color v and vy with z. Color v such that ug still
has 3 colors remaining, then v and vg in this order. Color vy, v}, v, and ujf by Figure 3.1i.
Finish by coloring vs, vs, ug, v (= ug), vo, v2, and v; in this order.
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o If L(vs) N L(v7) = (), then we show the following. Suppose that there exists a coloring ¢ of
vy, vy, ulf, vs, v, vg, and ug such that vs, vy, vs, ve, and vy are colorable afterwards. Then,
we obtain the configuration from Lemma 3.11 where vs, v4, vs, vg, and vy are colorable but
L(v3) N L(v7) = (0. Thus, we can finish the coloring.

Now, we show the existence of ¢. We can start by coloring v} such that ujj still has 3 colors
remaining. Similarly, color vg such that v7 still has 3 colors remaining. Then, we can color
VY, V4, U3, Vs, Vg, U7, UG, ug, v, and uj in this order. This coloring restricted to vjj, v}, uj,
vs, vg, vy, and ug gives us ¢ such that vs, vy, vs, v, and vy are colorable afterwards.

Now, v} # ug. Observe that v] might see uj and if it does, then they must be at distance
exactly 2 since G has no 2"-threads due to Lemma 3.7. Symmetrically, the same holds if v} sees
ug. The following colorings will still work when v} sees u/] or ug.

Consider the two following cases:

o If |L(vs) N L(v7)| > 2, say {d,e} C L(vs) N L(vy), then let z € L(uvz) \ {d, e}. We restrict

L(v)) to L(vy) \ {z} and we color vf differently from {d,e}. Color v}, v}, u}, vs, us, v¢, and
ug by Figure 3.1viii.
Observe that we obtain the configuration from Figure 3.7vii where vs, v4, vs, vg, and v7
are colorable by Figure 3.5 since L(vs3) and L(v7) will have at least one color in common.
Moreover, we will have either L(vy) = {d,e} and = € L(v3) \ {d, e}, or |L(v7)| > 3, both of
which means that the remaining configuration is colorable by Lemma 3.11.

o If |L(v3) N L(vy)| <1, then we show the following. Suppose that there exists a coloring ¢
of v}, vy, ulf, vs, ug, vg, v¢, and ug such that vs, v4, vs, ve, and vy are colorable afterwards.
Then, we obtain the configuration from Lemma 3.11 where vs, vy, vs, vg, and v7 are colorable
but |L(vs) N L(v7)| < 1. Thus, we can finish the coloring.

Now, we show the existence of ¢. We can start by coloring v} such that ujj still has 3 colors
remaining. Similarly, color vg such that vz still has 3 colors remaining. Then, color vg. Color
ug, vg, vs, and ug by Figure 3.1i. Finish by coloring v}, ufj, v4, v3, vs, and vy in this order.
This coloring restricted to vjj, v}, ulf, vs, us, v, vg, and ug gives us ¢ such that vs, vy, vs,
vg, and vy are colorable afterwards.

()

Proof of Figure 3.10ii. If v} sees v}, then they must be at distance exactly 2 since G has girth 8.
Say v is their common neighbor, then v}, v1, vo, ve, v3, v4, vs, v}y, v), and v form the reducible
configuration from Figure 3.7vii. Symmetrically, the same holds if v] sees vg.

So we have G[S]? = G?[9)].

We redefine S = {vg,v1,v],v2} and let ¢ be the coloring of the rest of the graph. Now we
uncolor the rest of the configuration and we have the corresponding list of colors as in Figure 3.10ii.

After coloring v}, v}, vs, v¢, and vy with ¢, the remaining colors for vs, vy, vg, v7 must
be the same two colors, say {d,e} (determined by L(v1) \ L(v})), or the whole configuration
would be colorable by Lemma 3.11. We can also deduce that L(vs) = {d,e, ¢(v))}. Similarly,
L(v7) = {d, e, ¢(vg)}. Now, thanks to Lemma 3.4, we know there exists another coloring ¢’ of v},
vy, vs, vg, and vg such that ¢ (v)) # ¢(vy) or ¢ (vg) # d(vg). Say w.lo.g. that ¢'(v)) # ¢(v}). As
a result, vs, vg, vs, vg, and v7 is colorable by Figure 3.5 and L(vs) # {d, e} so the configuration is
colorable by Lemma 3.11. (©)

Proof of Figure 3.10ii. If v} sees v}, then they must be at distance exactly 2 since G has girth
8. Say v is their common neighbor, then v}, v, v{, vi, va, v3, vg, and v} form the reducible
configuration from Figure 3.7i.

Now, we have G[S]? = G?[S5].
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We redefine S = {vg,v1,v],v2} and let ¢ be the coloring of the rest of the graph. Now we
uncolor vs, vy, vy, v}, vs, vg, and v7 and we have the corresponding list of colors as in Figure 3.10iii.

Let {d,e} C L(vg).

If {d,e} C L(vs), then we color v} differently from L(v3) \ {d, e} and color v}. As a result, vs,
v4, U5, Vg, and vy are colorable by Figure 3.5 and L(vs) # {d,e} C L(vg) so the configuration is
colorable by Lemma 3.11.

If {d,e} € L(vs), then since vs, vy, vlj, v), vs, vg, and v; was colorable with ¢, we recolor v/
and v} with ¢(v}) and ¢(v)) respectively. Now, observe that vs, v4, vs, vg, and v7 are colorable
but L(vs) # L(vg) so the configuration is colorable by Lemma 3.11. o)

d

The rest of the configurations along with their proofs can be found in (Lemma 10 of) our
paper [90] that is in the Appendix. It follows the same scheme as Lemma 3.9 and uses Section 3.1
as well as the previous lemmas. There are more than 30 configurations and their proofs are
quite tedious, but do not contribute extra value to what we already know, even though they are
necessary.

Due to the large amount of configurations, we have started out by coloring these configurations
by computer (by testing all precoloring of the set of vertices separating our configuration from the
rest of the graph) but this process was very time consuming. Moreover, there are tricks that can
be done manually (restricting the considered set of vertices in the configurations, uncoloring then
recoloring part of the configuration) that can hardly be replicated by computer. Concretely, it
means that not all precoloring is a possible precoloring of a proper subgraph of G and we cannot
know which precoloring to test, which not to with our naive approach. Thus, we opted to prove
the reducibility of every configuration “manually”.

3.3 Discharging procedure

Charge distribution: FEuler’s formula can be rewritten as

> (Jaw-9)+ ¥ w@n-9=-1s 31)
veV(G) fEF(G)

We assign to each vertex v the charge pu(v) = Zd(v) — 9 and to each face f the charge

p(f) =d(f) —9. To prove the non-existence of G, we will redistribute the charges preserving their
sum and obtaining a non-negative total charge, which will contradict Equation (3.1).

To do so, we will divide the discharging procedure into multiple rounds. In the first round, we
will redistribute the charges only between the vertices of G, resulting in a non-negative amount
of charge on each vertex. For the second round, first observe that u(f) = d(f) —9 > 0 for every
face f of size at least 9. Therefore, since g(G) > 8 and p(f) = —1 for every 8-face f, we will
redistribute the remaining charges on each vertex over the non-reducible 8-faces to obtain a
non-negative amount of charge on faces. The third round is there to patch up some remaining
problems surrounding faces that still have a negative charge after the second round. Thus, we
will get a non-negative total of charge, which is a contradiction to Equation (3.1). In our proof,
we have to consider a large number of non-reducible 8-faces. To handle this, we will provide a
computer procedure that checks the remaining charge on each non-reducible 8-face. In order to
define this procedure, we will present an encoding of the 8-faces, the reducible configurations, and
the discharging rules.

3.3.1 First round: vertices to vertices

We define the following discharging rules on the vertices of G :
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RO A 3-vertex gives 1 to a 2-neighbor.

R1 A 3-vertex gives % to a (1,1,0)-neighbor.

R2 A 3-vertex gives 1 to a (1,1,1)-vertex at distance 2.
We will now calculate the exact amount p*(v) of charges that v ends up with after applying

RO, R1, and R2.

Case d(v) = 2: Recall that the initial charge for v is u(v) = £d(v) — 9 = —2. By Lemma 3.7,
v can only have 3-neighbors. According to the discharging rules, v receives 1 from each of its
neighbor by RO and does not give any charge away. Thus, v ends up with

p(v)y=-242-1=0.

Case d(v) = 3: Recall that the initial charge is u(v) = Zd(v) —9 =

N

e Suppose v is a (1,1, 1)-vertex.
Every neighbor of v is a 2-vertex so only R0 and R2 may apply. However, due to Figure 3.6i,
there is no (1,1,0")-vertices at distance 2 from v. So, v does not give away any charge to
distance 2 3-vertices but only receives instead by Lemma 3.7. Thus, by RO and R2, we have

3 1
vy==-3-1+3-==0.
wiv) =3 +3-5
e Suppose v is a (1,1, 0)-vertex.
Due to Figure 3.6i, there is no (1,1, 1)-vertices at distance 2 from v so R2 does not apply.
Due to Figure 3.6iii, v cannot have a (1, 1,0)-neighbor. So, v does not give away any charge
to 3-vertices but only receive by R1 instead. Thus, by RO and R1, we have
3 1

)=2-92.14+==0.
w(v) 5 +3

e Suppose v is a (1,0, 0)-vertex.

— If v has a (1,1,0)-neighbor, then v cannot have another (1,0",0)-neighbor due to
Figure 3.6ii. By Figure 3.6iv, v cannot share a common 2-neighbor with a (1,1,0")-
vertex at distance 2 so R2 does not apply. Hence, by RO and R1, we have

3 1
“W)=2—1—==0.
piv) =3 5

— If v sees a (1,1, 1)-vertex at distance 2, then v can only see exactly one such vertex. By

Figure 3.6iv, v cannot have (1,1, 0)-neighbor so R1 does not apply. Thus, by RO and

R2, we have

.3 1

— If v does not have a (1,1, 0)-neighbor and does not see a (1, 1, 1)-vertex at distance 2,
then only RO applies and we have

e Suppose v is a (0,0, 0)-vertex.
Observe that RO and R2 cannot apply since v does not have any 2-neighbor and cannot see
a (1,1, 1)-vertex at distance 2. So, only R1 can apply and by Figure 3.6vii, v cannot have
three (1,1, 0)-neighbors. Consequently,
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— If v has exactly two (1, 1,0)-neighbors, then we have

3 1
* =—-——=-=1.
pwv)=5-3
— If v has no (1, 1, 0)-neighbors, then we have
. 3
p(v) = 9

Below, we recapitulate the remaining charges of each type of 3-vertex v (as 2-vertices are at
0) after applying RO, R1, and R2. In Figures 3.11 to 3.17, the 2-vertices will be filled while the
3-vertices will not be.

o Q oz

Hinh 3.11: (1,1,1). Hinh 3.12: (1,1,0). Hinh 3.13: (1,0,0).

w1, w2, W3 7é (1, 1,0+). ui 7é (1, 1,0). w1 7é (1, 1, 1).

p(v) =0. wa, w3 # (1,1,1). uz,u3 # (1,1,0).
(1) = 0. i (v) = 3.

17 170+)' (ll) Uz, U3 7& (17 170)

Hinh 3.14: (1,0,0).
p*(v) = 0.

Hinh 3.15: (0,0,0). Hinh 3.16: (0,0,0). Hinh 3.17: (0,0,0).
ul,ug,ug# (1,1,0). ul,U37é(1,1,0). ul ;ﬁ (1,1,0).
pHv) = 3. prv) =1. prv) = 3.
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p(v) 3 1
v 2 1 2 0
(1,1,1) — — — fig. 3.11
(1,1,0) — — — fig. 3.12
(1,0,0) — — | fig. 3.13 | fig. 3.14
(0,0,0) fig. 3.15 | fig. 3.16 | fig. 3.17 | —

Bang 3.1: Available amount of charges for each type of 3-vertex after applying RO-R2.

3.3.2 Second round: vertices to faces

Recall that p*(v) is the remaining charge of v after applying rules RO-R2. We define the
following discharging rules between the vertices and 8-faces of G:
R3 If a 3-vertex v is not a (1,0, 0)-vertex, then it gives %(lv) to each incident 8-face, where nq is
the number of incident 8-faces.

R4 For a (1,0,0)-vertex v, let ng be the number of 8-faces incident to v and to its 2-neighbor.

%(v) to each of these ny 8-faces.

Vertex v gives .

Observe that 0 < n; < 3 and 0 < ny < 2. Recall that, given a face f, the initial amount

of charge is u(f) = d(f) — 9. So, all k-faces with k£ > 9 have a positive charge. Moreover, after
B (v) =0

applying R3-R4, every 3-vertex v will have a remaining charge of at least p*(v) —n; - -

for 1 <3 <2.

As a result, it remains to verify that every 8-face f will receive at least charge 1 so that its
final charge will be p*(f) > pu(f) —9+1=8—-8=0.

To generate every possible 8-face efficiently, we introduce the following encoding of a configu-
ration around an 8-face.

Encoding a face f:

e For every pair of consecutive 3-vertices in clockwise order, count the number of 2-vertices
in between. We obtain a circular sequence of integers in clockwise order of length equal to
the number of 3-vertices of f. Since G has no 2*-threads by Lemma 3.7, each integer is in
{0,1}. Observe that there are at most as many ways to write this sequence of integers as
the number of 3-vertices of f. Indeed, we can choose any 3-vertex v as a starting point and
start counting the number of 2-vertices between v and the next 3-vertex in clockwise order.
We choose as representative the first one in the lexicographic order where 1 precedes 0 and
call it the number-word of f.

(i) 110000. (i) 100100.

Hinh 3.18: Examples of number-words on 8-faces.
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Examples:

— Take the 8-face in Figure 3.18i as an example. We consider the 3-vertices in clockwise
order starting at any 3-vertex, say vi. We get v1, v3, vy, vs, vg, v7. Now, we count the
number of 2-vertices between two consecutives vertices in that sequence. More precisely,
there is one 2-vertex (v2) in between v, and vs, then none between vs and vy, and so
on. This gives us the sequence of numbers 100001. Had we chosen another starting
3-vertex (say v3) we would have obtained another sequence (000011). Among all of
these different sequences, we choose the one that comes first in the lexicographic order
where 1 comes before 0. And that sequence is 110000, the number-word of f, which
corresponds to the starting 3-vertex vy.

— We can do the same with the 8-face in Figure 3.18ii. The number-word for f is 100100.
Observe that this sequence can be obtained by taking, in clockwise order, either v; or
v3 as a starting point.

e Due to our discharging rules, we are interested in configurations around 3-vertices. So, given
a 3-vertex v on f, we choose the following letters to encode the neighborhood outside f of v:

— ¢ means that v has a 2-neighbor outside f.
— b means that v has a (1,1, 0)-neighbor outside f.

— a represents the rest of the possible neighbors of v. In other words, the neighbor of v
outside f is a 3-vertex that is not a (1,1, 0)-vertex.

Observe that there may be multiple starting 3-vertices that give the same number-word
for f. Given one possible starting 3-vertex of the number-word nw, we insert between each
pair of consecutive integers of nw the letter encoding of the neighborhood outside f of the
corresponding 3-vertex. We obtain an alternating sequence fw of integers and letters for
each starting 3-vertex.

Among the possible alternating sequences fw, we choose the one where the subsequence of
letters is the smallest in alphabetical order. We call this alternating sequence the full-word
of f and the corresponding subsequence of letters the letter-word of f.

(i) 1a1a0bOcOalc. (ii) 1a0a0c1cOa0a.

Hinh 3.19: Examples of full-words on 8-faces.

Examples:

— Take the 8-face f in Figure 3.19i as an example. It is the same face as in Figure 3.18i,
this time with more information about the neighborhood of the 3-vertices outside of
f. Observe that when we do not have extra information about the neighborhood of a
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3-vertex outside of f (it could be a, b, or ¢), we will denote it a for now and explain it
later on. We consider the neighborhood of each 3-vertex, starting with the one that
comes right after the first number, which is the 3-vertex v;. In order, they corresponds
to the letters a, a, b, c, a, ¢, which give us the letter-word aabcac. Finally, we combine
these the number-word and the letter-word into the full-word 1a1aOb0c0Oa0lc.

— We can do the same with the 8-face in Figure 3.19ii, which is the face in Figure 3.18ii
with extra information. When we choose the letter-word for f, we need to consider two
encodings, one that starts with the 3-vertex that comes right after vy in clockwise order,
namely v1, or the one after vs, namely vs. These give us two sequence of letters aaccaa
and caaaac respectively. For our letter-word, we choose the first one in alphabetical
order, which is aaccaa. Finally, we get the full-word 1a0aOc1c0Oa0a.

Observation 3.13. Each face has a unique encoding full-word and each full-word uniquely defines
a face.

Under each 8-cycle of Figures 3.7 and 3.9, you have the corresponding encoding of the reducible
configuration if it were an 8-face.

In what follows we explain the generation of all possible 8-faces, how to check which ones are
reducible and which ones will obtain enough charge from its incident 3-vertices by R3 and RA4.
The corresponding pseudocode is summarized in Algorithm 1.

Algorithm 1: Filtering forbidden and dischargeable full-words corresponding to faces
with a given size.

Data: forbidden_subwords, dictionary_of_charges, number_words, alphabet,
target_charge.
Result: The list of full-words that are not forbidden nor dischargeable.
1 foreach number_word € number_words do

2 n = length of number_word;
3 letter_words = set of words of size n in alphabet;
4 foreach letter_ word € letter_words do
5 build full_word from number_word and letter_word;
6 if full_word does not contain a subword in forbidden_subwords then
7 Compute the charge of full_word using dictionary_of_charges;
8 if charge < target_charge then
9 ‘ Write full_word to output;
10 end
11 end
12 end
13 end

Since G has no 2"-threads and f has length 8, there can be at most four 2-vertices on f.
On the other hand, given a number-word nw of f, the number of 2-vertices of f is given by the
number of 1s in nw. Therefore, one can easily check the following observation:

Observation 3.14. The only possible number-words for 8-faces in G are 1111, 11100, 11010,
110000, 101000, 100100, 1000000, and 00000000.

Since the process of generating these number-words is done naively and it is not the main
focus of the algorithm, we will not go into technical details. However, the script is available at
https://gite.lirmm.fr/discharging/planar-graphs. For this case, the set of number-words
is small enough that it can even be checked manually.

Now, for each number-word nw, we can generate all possible sequences of letters in {a, b, c}
with the same length as nw that we will then interlace with nw to create an alternating sequence
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corresponding to a full-word (line 5 of Algorithm 1). Observe that during this process of generation,
we may obtain several words representing the same face and only one of them is the unique
full-word encoding f. This has no influence on the correctness of our algorithm, only on the time
complexity, as some faces might be checked multiple times. Here, it is possible to identify the
symmetries in the generated words in order to keep the unique full-words. However, in practice, at
least for our case, this subroutine adds complications with minimal time gain.

The list of full-words described above corresponds to all possible neighborhoods at distance at
most 2 of an 8-face. We filter out every neighborhood that either contains a reducible configuration
(line 6 of Algorithm 1), or has enough charge available for its 8-face by R3 and R4 (line 8 of
Algorithm 1).

In order to check that the corresponding subgraph of a full-word contains a reducible configura-
tion, we encode the latter using similar conventions as for the neighborhood of the 8-faces. Indeed,
the considered configuration is encoded as seen from an incident face. Thus, one configuration may
have multiple different encodings (depending on the incident faces) and we call these encodings
forbidden subwords. A full-word that contains a forbidden subword is forbidden.

Since we always consider the worst case scenario, if a forbidden subword contains a letter a,
then one can always build two other (“weaker”) forbidden subwords by replacing this a by b or c.
Therefore, whenever we consider a forbidden subword containing a, we also implicitly consider the
other “weaker” subwords. See Figures 3.6 to 3.8 where the captions contain all possible forbidden
(“strong”) subwords of each reducible configuration. In a general case, one can define a different
symbol (another letter, say d for example) that can be rewritten as multiple different letters (here
a, b, and c¢). Our choice was a for simplicity.

In the code implementation of Algorithm 1, we define a forbidden subword as a regular
expression and rewriting rule (formal grammar) in which a can be rewritten as b or c.

Observation 3.15. In a forbidden subword, a can mean a, b, or ¢ in a real encoding.

Now, recall that a full-word is actually circular and is read in clockwise order. Thus, in order to
check whether it is forbidden, one has to check if it contains a forbidden subword or its mirror. Once
we removed the forbidden subword, we are ready to move on to the next step of the algorithm.

The next step (lines 7-8 of Algorithm 1) is to check, for every full-word fw, whether the
3-vertices of the corresponding subgraph give enough charge to f according to R3 and R4 (at
least a total charge 1). If it is the case, then we say that fw is dischargeable. Similar to the
encoding of the reducible configurations, we can also encode into a dictionary the configurations
from Figures 3.11 to 3.17. The encoding of each entry of the dictionary corresponds to a possible
neighborhood of a 3-vertex, along with %(v) for the worst case scenario in R3 (Figures 3.11, 3.12
and 3.15 to 3.17) and %(v) for R4 (Figures 3.13 and 3.14). To work with integers, we multiply by
12 the charge of each vertex and each face of G. In Table 3.2, we detail the dictionary entries for
each configuration.

fig. 3.11 | fig. 3.12 | fig. 3.13 | fig. 3.14i | fig. 3.14ii | fig. 3.15 | fig. 3.16 fig. 3.17
1c1:0 1al1:0 1a0: 3 10 : 0 Oalcl1:0 | 0a0:6 0b0 : 4 0bOc1l : 2
1c0: 0 0cO:0 | 1a0c1:0 0alOcl : 4 | 1c0alcl : 2

Bang 3.2: The dictionary of charges. Each entry is written as “<encoding> : <charge>".
Every value was multiplied by 12 to get an integer.

Observe that, in our case, every encoding in a dictionary entry starts and ends with a number.

Thus, we have the following observation.

Observation 3.16. The encoding in a dictionary entry always has odd length.
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As a consequence, the 3-vertex v that holds the charge in the encoding of a dictionary entry
corresponds to:

o either the letter in the middle when it has length 3 or 7,
e or the letter in second position when it has length 5.

Once again, each encoding can be read from left to right or right to left. Note that one has to
be mindful of the position of v when reading an encoding of length 5 from right to left.

In order to count the total amount of charge that an 8-face will receive from its 3-vertices, the
algorithm consists of sliding a window of odd length across the circular full-word. We start with
the window of the largest possible length (7 according to our dictionary) in order to have the most
information about the neighborhood of v. At each step, it searches for the corresponding encoding
(or its mirror) in the dictionary and if it exists, it marks the position as “discharged” and adds the
corresponding amount of charge to its total amount. For a given window size, if the corresponding
subword is not in the dictionary, then it means that the dictionary entry corresponding to v must
have an encoding of smaller length (recall that the dictionary entries are exhaustive). Then, it
suffices to verify that the total amount is at least 12 (target_charge) since we multiplied every
charge by 12. In such a case, we know that our 8-face will end up with a non-negative amount of
charge.

3.3.3 Third round: faces to faces

We ran Algorithm 1 to compute the outcome of the second round of discharging. The only
remaining type of face which was output by the algorithm corresponds to the face f in Figure 3.20
with full-word 1cla0ala0a. We define another discharging rule R5 to take care of this last case.

R5 Let f and f’ be as depicted in Figure 3.20. If f’ is an 8-face, then f’ gives % to f.

Hinh 3.20: vj, v}, vg, vh # (1,1,0).

We show that after applying R5, we get p*(f) > 0 and p*(f’) > 0. Recall that 8-faces have
starting charge —1.
First of all, by Figure 3.13 and R4, if f’ is not an 8-face, then vy and vg each give % to f. So,

1
W)z -1+2-5 =0
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If f" is an 8-face, then vy and vg each give % to f by Figure 3.13 and R4, and f’ gives f % by R5.

Thus,

1 1
(F)>—-142-=4+==0.
wi(f) > -1+ 1T5=0

Now, let us show that p*(f’) > 0. We know that f’ is an 8-face so u(f’) = —1 and f’ gives 3
to f by R5.

Let f' = vjvqvsvgvgugvsvy. By Figure 3.10iii, v cannot be a 2-vertex so it must be a 3-vertex.
Symmetrically, v must also be a 3-vertex. By Figure 3.10ii, v must also be a 3-vertex. Observe
that R5 can thus only apply once to f’. Let u, ug, and ug be the neighbors that do not lie on f
of v}, vg, and vg respectively.

Observe that v4 and vg each give i to f’ by Figure 3.13 and R4. Moreover, since v} cannot
have a 2-neighbor by Figure 3.10iii, v} gives at least % to f’ by Figures 3.15 and 3.16 and R3.
Symmetrically, the same holds for v§. We conclude with the following cases:

o If uf (or uf) is a 3-vertex, then v (or vf) gives at least & to f’ by Figures 3.15 and 3.16

and R3. To sum up,
(f)y> -1 14—2 1—1—3 1—O
A= 2 4 37
o If uj and uf are 2-vertices, then ug must be a 3-vertex by Figure 3.10i. In that case, vg gives

at least % to f’ by Figures 3.15 and 3.16 and R3. To sum up,
1 1
fY2-1—=4+2-=4+3--=0.
pr(f) = 5 T2 7133
To conclude, we started with a negative total amount of charge on the vertices and faces of
G by Equation (3.1) and after our discharging procedures, which preserve the total amount of

charge, we ended up with a non-negative amount of charge on each vertex and face of G. This is a
contradiction, so G does not exist and this ends the proof of Theorem 3.1.

3.4 Generalization of the discharging algorithm

In Section 3.3.2, we presented an algorithm (Algorithm 1) that automates the discharging
procedure with a given set of reducible configurations. This becomes extremely helpful for proofs
where the discharging procedure involves a large case analysis. For the input we efficiently encode
a face, the set of reducible configurations, as well as the amount of charge of a vertex depending
on its neighborhood. The corresponding computer program was written in Python 3.7. The source
code and its documentation is publically available on https://gite.lirmm.fr/discharging/
planar-graphs. In the case of Theorem 3.1, the execution time takes few seconds on a standard
machine. In order to show how to use our computer program, we provide another example on the
public repository proving the 2-distance 8-choosability of planar graphs with maximum degree 4
and girth at least 7, one of the results by Cranston et al. in [36].

Our approach can be applied to other problems on planar graphs by concentrating charges
on the vertices of the graph when the distribution of charges is made (according to the Euler
formula). First, one can try to obtain a non-negative sum of charges on the vertices (by realizing
an easy discharging procedure for example). This concentrates the difficulty of the problem on
the second round of discharging. In that round, one has to redistribute the remaining charge of
the vertices to the faces with negative charge and that is where our algorithm can come in handy.
Note that the way our algorithm is designed, a vertex can also take charge from a face by giving it
a negative charge.

The encoding of a face with a number-word and a letter-word can be done in the same way. In
our case, since G has no 2" -threads, the number-word of a face is composed of integers in {0,1}.
But this alphabet can be extended to {0,1,...,k — 1} if G has no kT-threads. Observe that one
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can partition a face into i-threads (0 < i < k — 1) and consider that each thread contains only
one endvertex. Therefore, in order to obtain the starting number-words for a face of size d(f), it
suffices to decompose d(f) into sums where each term corresponds to the number of vertices in an
i-thread. As for the letter-words, it suffices to choose a letter for each different neighborhood of
interest outside the considered face. In our case, three letters are sufficient but one can always
work with a larger alphabet to suit the considered problems. Once the convention for the encoding
of a face is fixed, the reducible configurations and entries of the dictionary of charges can be done
in the same way.

There are a few details to note about the entries of the dictionary. First, the position of the
vertex v holding the charge must be in the center of the entry (or just left of the center). Second,
the encoding has to start and end with a number. These properties can be guaranteed by extending
the encoding with every possible sequence up to a certain length. Finally, one has to be mindful
that v is in the center when the length of the encoding is congruent to 3 modulo 4, and left of the
center when it is congruent to 1 modulo 4.

Moreover, we would like to note that, when a discharging procedure along with the given
reducible configurations do not prove the desired result, Algorithm 1 returns a sufficient set of
missing configurations (to be reduced). This helps to pinpoint the possible difficulty of the proof
using the discharging method. In practice, start with a simple discharging procedure and reduce
the missing configurations returned by Algorithm 1. If there are non-reducible configurations left,
then refine the discharging procedure. Repeat the process until a sufficient set of discharging
rules and reducible configurations is reached. In particular, this is how we obtained the reducible
configurations in the proof of Theorem 3.1. In that sense, Algorithm 1 is not only a tool to verify
a proof but also a tool to assist the research process.
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Building planar graphs with high g
and y?

Most of the research done in 2-distance coloring of planar graphs with high girth (Table 1.1)
have been focused on providing upper bounds on gg or Aq for the following questions.

Question 4.1. For a given constant ¢y and Ay (resp. go), what is the smallest gg (resp. Ag) such
that every planar graph G with g(G) > go and A(G) > Ag verifies x2(G) < A(G) + ¢o?

However, there is also another approach to Question 4.1, that is to find lower bounds on gg
(resp. Ag) for a fixed Ay (resp. go). These bounds are obtained from constructions with high
girth and high 2-distance chromatic number. Apart from some small graphs initially provided by
Wegner, there are few other constructions improving those lower bounds. That shows that we still
lack a deep understanding of the behaviors of 2-distance colorings despite the simplicity in its
concept.

Proposition 4.2 (Dvorak et al. [51]). For every integer d > 2, there exists a planar graph G with
9(G) = 6, A(G) = d, and 2(G) > d + 2.

A

A — 1 vertices

A — 1 vertices

Hinh 4.1: A graph with girth 6 and x? > A + 2 (drawn for A = 4) [51].

To match these efforts in finding graphs with high girth and high 2-distance chromatic number,
we proved the following negative results.
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Proposition 4.3 ([87]). There exists a planar graph G with g(G) > 4 and x?(G) > A(G) + 3.

Proposition 4.4 ([87]). There exists a planar graph G with g(G) > 5, A(G) = 4, and x?(G) >
A(G) + 3.

Proposition 4.5 ([84]). There exists a planar graph G with g(G) > 11, A(G) = 3, and x*(G) >
A(G) + 2.

Proposition 4.6 ([90]). There exists a planar graph G with g(G) > 6, A(G) = 3, and x?(G) >
A(G) + 3.

The graphs in Propositions 4.3 to 4.4 are provided in Figure 4.2(i) and (ii) respectively.

U
Ll
A — 1 vertices
Ue
v ur
(i) A graph with girth 4 and x? > A + 3. (ii) A graph with A = 4, girth 5, and y* > 7.

Hinh 4.2: Graphs with x? > A + 3.

Building a non 4-colorable subcubic planar graph of girth 11

In [52], Dvordk et al. presented a non 4-colorable, planar, and subcubic graph with girth at
least 9. The main building block of that graph relies upon an interesting property of 4-colorings of
paths of length 5. Using the same property we managed to build a non 4-colorable planar subcubic
graph of girth 11.

Lemma 4.7. Let H be a subcubic graph of girth at least 11 and ¢ a 4-coloring of H. Let
ujugugususug be a path of length 5 in H, if ¢p(u1) = ¢(ug), then ¢(ug) = ¢(us).

Chiing minh. Since H has girth at least 11, all vertices are distinct (see Figure 4.3). Suppose by
contradiction that ¢(u1) = ¢(ug) but ¢(uz) # ¢(us). W.lo.g. we set ¢p(u1) = d(ug) = a, ¢p(ug) = b,
and ¢(us) = c. Since ug sees u1, ug, and us, colored respectively a, b, and ¢, it must be colored d.
Finally, uy4 sees uo, us, us, and ug, colored respectively by b, d, ¢, and a. Thus, u4 is non-colorable,
which is a contradiction since ¢ is a 4-coloring of H. O
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Vo O a
U1 @ cC
u) uy
a a
ul u9 us U4 us Ue Ul u9 U3 Uy us Ue
O O O O O O O O O O
a b d c a a b c d b a
Hinh 4.3: A non-valid coloring of H in Hinh 4.4: A non-valid coloring of H in
Lemma 4.7. Lemma 4.8.

Lemma 4.8. Let H be a subcubic graph of girth 11 and ¢ a 4-coloring of H. Let ujususuqususg,
uguj uhubuyvr, ugujubuyulvy be paths of length 5 in H. Let vy ¢ {u},u}f} be adjacent to vy. If

P(u1) = ¢(us) = ¢(vo), then ¢(uz) = ¢(us) = d(v1).

Ching minh. Since H has girth 11, all vertices are distinct (see Figure 4.4). We assume w.l.0.g.
that ¢(u1) = ¢(ug) = ¢(vg) = a. By Lemma 4.7, since ¢(u1) = ¢(ug), we must have ¢(ug2) = ¢(us).
W.lo.g. we set ¢p(uz2) = ¢(us) = b. As a result, we have {¢p(u3), p(us)} = {c, d}. We assume w.l.o.g.
that ¢(ug) = ¢ and ¢(uq) = d. Now, suppose by contradiction that ¢(v;) = ¢. By Lemma 4.7,
since ¢(uz) = ¢(v1), we must have ¢(u)) = ¢(u}) = a. However, this is impossible since u) sees vy
which is colored a. By symmetry, the same argument holds when ¢(v1) = d. Finally, since v also
sees vy, thus ¢(v1) ¢ {a,c,d}, and so ¢(vi) = b = P(uz) = P(us). O

Lemma 4.9. The graph G(u,v) in Figure 4.51 has the following properties:
o G(u,v) is planar and subcubic.
o G(u,v) has girth 11.
« The distance in G«(u,v) between v and v is 7.

« Every 4-coloring ¢ of G.(u,v) satisfies ¢p(u) # ¢(v).

Chiing minh. One can verify that G(u,v) is planar, subcubic, has girth 11, and that the distance
between u and v is 7 thanks to Figure 4.5i. It remains to prove that ¢(u) # ¢(v) for every 4-coloring
¢ of G(u,v).

Suppose by contradiction that there exists a 4-coloring ¢ such that ¢(u) = ¢(v) = a. We can
assume w.l.o.g. that ¢(uy) = b, ¢(uz) = ¢, and ¢(vs) = d. Since ug sees v which is colored a, we
distinguish the following cases based on ¢(ug):

o If ¢(ug) = b, then ¢(us) = ¢(uz) = ¢ by Lemma 4.7 as ¢(ug) = ¢(u2). As a result,
¢(v1) = d. Since vy and vy both see b and d, we have {¢p(v2), p(v4)} = {a,c}. Now, vs sees
{6(01), B(v2), B(va), &(vs)} = 1d, a,c}, 50 G(vs) = b. Finally, vr sees {(vz), 3(vs), $(01)} =
{a,b,c}, hence ¢(v7) = d. However, this is impossible since ¢(u1) = ¢(ug) = ¢(v3) = b, thus
¢(u2) = ¢(us) = ¢(v7) = ¢ by Lemma 4.8.

o If ¢(ug) = ¢, then we have the two following cases:
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U3

(ii) Simplified draw-
(i) The gadget G.(u,v) in Lemma 4.9. ing of Gx(u,v).

Hinh 4.5: G£(u,v).

— If ¢(v1) = b, then ¢(v2) = ¢(vs) = d by Lemma 4.7 as ¢(v1) = ¢(u1). As a result,
¢(us) = d and ¢(ve) = a. Since vz and vg both see b and d, we have {p(v3), d(vs)} =
{a, c}. Now, v; sees {p(v2), d(v3), d(v4)} = {d, a, c}, so ¢(v7) = b. Since ug sees b, ¢, and
d, ¢(u3) = a and consequently, ¢p(ug) = b and ¢(w;) = c¢. However, this is impossible
since ¢(uq) = P(v7) = ¢(v1) = b, thus ¢(w1) = ¢p(ws) = ¢(ve) = a by Lemma 4.8.

— If ¢(v1) = d, then ¢(us) = b. Since vq, vs, and vy all see d, {d(ve), p(v3), P(v4)}
= {a,b,c}. As aresult, ¢(v7) = d. Both ug and uy see b and ¢, so {p(us), d(uqg)} = {a,d}.
Since w; sees {¢(u3), p(ua), d(us)} = {a,d, b}, ¢(w1) = c. Due to Lemma 4.8, we must
have ¢(us) = a. Otherwise, ¢(us) = d = ¢(vr) = ¢(v1) and d(w1) = ¢(wa) = ¢(vs) = ¢
which is impossible since vg sees ug colored c. Thus, ¢(us) = d and ¢(t1) = b. However,
this is also impossible since ¢(us) = ¢(v7) = ¢(vs) = d, thus ¢(t1) = P(t4) = ¢(vs) = b
by Lemma 4.8 and vg sees u; colored b.

o If ¢(us) = d, then ¢(v1) = ¢(vs4) by Lemma 4.7 as ¢(us) = ¢(vs). Since vy sees b and d
and vy sees a and d, ¢p(v4) = p(v1) = ¢. As a result, ¢(us) = b and ¢(vg) = a. Both vy and
vs see ¢ and d, so {p(v2), Pp(v3)} = {a,b}. Now, vr sees {d(v2), p(v3), p(vs)} = {a,b,c}, so
¢(v7) = d. Since uy sees d, b, and ¢, ¢(ug) = a and consequently, ¢(us) = d and ¢(t1) = b.
However, this is impossible since ¢(us) = ¢(v7) = ¢(vs) = d, thus ¢(t1) = od(ts) = ¢(vs) = a
by Lemma 4.8.

O

Lemma 4.10. The graph G;é(u, v) in Figure 4.6i has the following properties:
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. G;é(u, v) is planar and subcubic.
o+ G/,(u,v) has girth 11.
o The distance in G/, (u, v) between u and v is 10.

« Every 4-coloring ¢ of G/, (u, v) satisfies ¢(u) # ¢(v).

w3

@ ‘
w2 wy
U :j v
@ ‘

(ii) Simplified draw-
(i) The gadget G, (u,v) in Lemma 4.10. ing of G, (u,v).

O
O

u Q

Hinh 4.6: G/ (u,v).

Ching minh. One can verify that G;é(u, v) is planar, subcubic, has girth 11, and that the distance
between u and v is 10 thanks to Figure 4.6i and Lemma 4.9. It remains to prove that ¢(u) # ¢(v)
for every 4-coloring ¢ of G;é(u, v). Suppose by contradiction that there exists a 4-coloring ¢ of
G, (u,v) such that ¢(u) = ¢(v), say ¢(u) = a. We only need to observe that w3 and w4 cannot
be colored a thanks to G(u,v) and w; and wy cannot be colored a since they see v. This is a
contradiction as we have four vertices at distance two pairwise but only three colors left. O

Lemma 4.11. The graph G=(u,v) in Figure 4.7i has the following properties:
o G_(u,v) is planar and subcubic.
e G_(u,v) has girth 11.
o The distance in G=(u,v) between u and v is 3.

o Every 4-coloring ¢ of G=(u,v) satisfies ¢(u) = ¢(v).
w3

w2 w1

u 1 to v
O O
(@) 2
U v
(ii) Simplified draw-
(i) The gadget G=(u,v) in Lemma 4.11. ing of G=(u,v).

Hinh 4.7: G=(u,v).
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Ching minh. One can verify that G_(u,v) is planar, subcubic, has girth 11, and that the distance
between u and v is 3 thanks to Figure 4.7i and Lemma 4.11. It remains to prove that ¢(u) = ¢(v)
for every 4-coloring ¢ of G—(u,v). Let ¢ be a 4-coloring of G—(u,v), we can assume w.l.o.g. that
d(u) = a, p(t1) = b, ¢(t2) = ¢, and ¢(w1) = d. Observe that v sees t; and w; colored respectively
b and d. Moreover, due to Lemma 4.10, ¢(v) # ¢(t2) = c as G=(u,v) contains G/, (t2,v). As a
result, we must have ¢(v) = a = ¢(u). O

@

Hinh 4.8: A non-4-colorable planar subcubic graph of girth 11.

As a direct consequence of Lemma 4.10 and Lemma 4.11, we get the following lemma.
Lemma 4.12. The graph G in Figure 4.8 is a planar subcubic graph of girth 11 with x?(G) > 5.

In [52], the authors also proved the NP-completeness of the problem of deciding if a planar
subcubic graph of girth 9 is 4-colorable using a gadget that can reproduce colors at a far enough
distance to preserve the girth condition. The same proof can be adapted directly to prove the
NP-completeness of deciding if a planar subcubic graph of girth 11 is 4-colorable by using a
concatenation of G=(u,v) to get a large enough distance. This fact also points out the difficulty
of characterizing planar graphs that are 2-distance colorable (for a given number of colors) even
when we have restrictions on its maximum degree and girth.

The behaviors of 2-distance colorings that we have observed in this chapter raise an interesting
question concerning the plausibility of Conjecture 1.10. Indeed, given a maximum degree, the
number of vertices of a planar graph of diameter 2 is bounded and Conjecture 1.10 comes from
an intuition on that maximum number of vertices. These intuitions were confirmed by Fellows et
al. [56] who proved Conjecture 1.10 for planar graphs with diameter at most 2 and A > 8 and
by Dai et al. [42] who proved the conjecture for the remaining cases (A < 8). Thus, one might
believe that Conjecture 1.10 indicates that the conflicts and difficulties in 2-distance coloring do
not come from vertices that are far away from each other but rather neighborhoods with a small
diameter. This intuition seems to be false as we have seen, in this chapter, that it is possible to
create conflicts between vertices at arbitrary distance.

At the same time, the conjectured bounds could be the right threshold where there are enough
colors for the problem to become easy. To illustrate this phenomenon more clearly, a comparison
with proper coloring can be drawn. Indeed, the maximum number of vertices in a planar graph
with diameter 1 is 4, which is also the sufficient amount of colors to color any planar graph properly
by the Four Color Theorem. However, the problem of deciding if a planar graph is 3-colorable
becomes NP-complete. So, one might believe that the same type of results holds for 2-distance
coloring. More precisely, for a given maximum degree, the maximum number of vertices in a planar
graph with diameter 2 can also be the sufficient amount of colors to 2-distance color a planar
graph of any diameter, but the decision problem on y? is NP-complete when we are below that
threshold. This is already proven for planar subcubic graphs. Indeed, the maximum number of
vertices in a planar subcubic graph of diameter 2 is 7, which is also the sufficient amount of colors
to 2-distance color any planar subcubic graphs [114, 66]. However, as we have seen in this chapter,
the problem of deciding if a planar subcubic graphs is 4-colorable becomes NP-complete even
when we are restricted to graphs with high girth.



Chuong 5

Other variants of 2-distance coloring

In this chapter, we present some works that have been done on other variants of 2-distance
coloring, namely 7r-hued coloring, injective coloring, and exact square coloring.

5.1 r-hued coloring

The “2-distance constraint” in 2-distance colorings requires that vertices at distance at most
two have different colors. In other words, all neighbors of the same vertex must have different
colors. This condition was generalized recently and the notion of r-hued coloring was introduced
by Montgomery [98]. Let 7,k > 1 be two integers. An r-hued k-coloring (also called r-dynamic
k-coloring in the literature) of the vertices of G is a proper k-coloring of the vertices, such
that all vertices are r-hued. A vertex is r-hued if the number of colors in its neighborhood
Ng(v) = {z|zv € E} is at least min{dg(v),r}. The r-hued chromatic number of G, denoted x,(G),
is the smallest integer k so that G has an r-hued k-coloring.

It is indeed a generalization of 2-distance colorings which corresponds to the case r > A, as all
vertices in the same neighborhood will have different colors. More generally, its link to proper
coloring and 2-distance coloring resides in the following equation:

X(G) = x1(G) < x2(G) < - < xalG) = xa+1(G) =+ = XZ(G) (5.1)

Examples of r-hued colorings are given in Figure 5.1.

(i) A 2-hued 5-coloring which is not a 2- (ii) A 5-hued 6-coloring which is also a 2-
distance coloring. distance coloring.

Hinh 5.1: The vertices are labeled with their color.

Similar to the 2-distance chromatic number, the r-hued chromatic number is linear in r when
it comes to planar graphs. In 2014, Song et al. proposed a generalization of Conjecture 1.10:

Conjecture 5.1 (Song et al. [108]). Let G be a planar graph. Then,

re3, ifl1<r<2,
Xr(G) << r+5 if3<r<T,
13 ] +1,if r > 8.

76
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One can note that the case r = 1 corresponds to the Four Color Theorem [3, 4] ; additionally,
by taking r = A(G), Conjecture 5.1 implies Conjecture 1.10 except for the case r = 3. Moreover,
the only extremal known examples reaching the upper bounds of Conjecture 5.1 are the same as
for Conjecture 1.10 (see Figure 1.3(i)).

The case of 7 = 2 has been proven by Chen et al. [33]. Song and Lai [109] proved that, if r > 8,
then every planar graph verifies x,(G) < 2r 4+ 16. Similar to 2-distance coloring, the coefficient
before r in this upper bound becomes 1 for graphs with a higher girth. Table 5.1 shows all latest
results of the following form: let r and rg be integers such that r > ro, every planar graph G of
girth g(G) > go satisfies x.(G) <1+ c(go,70), where c(go,r0) is a constant depending only on go
and rq.

“ T(G) r+1 r+2 r43 r+4 r+5 r+6 r+7 r+ 10
3 r=2[33] r =3 [94]
4
5 r > 15 [26]! all 7 [26]
6 r >3 [91]
7 r =2 [76]? r =3 [75°
8 r>9
9 r > 8 [27)? r=3[75°
10 r > 6 [27)
11
12 r>5 27
13
14 r=3[34]

Bang 5.1: The latest results with a coefficient 1 before r in the upper bound of x,.

The result from the “9” line and “r + 1”7 column reads “for r» > 8, every planar graph G of
girth at least 9 satisfies x,(G) < r + 1”. Since an r-hued coloring is a 2-distance coloring when
r > A, some results for 2-distance colorings come from r-hued colorings. Similarly to 2-distance
colorings, many of these results also come from r-hued list-colorings, or r-hued colorings of graphs
with a bounded maximum average degree.

We are interested in the case x,(G) =r+1 (as r +1 is a trivial lower bound for x,(G) as soon
as the graph contains a vertex of degree at least r). In particular, we were looking for the smallest
integer r such that a planar graph of girth at least 8 can be r-hued colored with r + 1 colors, with
the aim to find a sufficiently good lower bound to obtain a new result on 2-distance coloring.

Our result on r-hued coloring is the following.

Theorem 5.2 ([88]). If G is a planar graph with ¢(G) > 8, then x,(G) <r+1 for r > 9.
Hence for r = A, we obtain the following theorem.

Theorem 5.3 ([88]). If G is a planar graph with g(G) > 8, then x?(G) < A(G) +1 for A(G) > 9.

Proof of Theorem 5.2

Here, we employ more “traditional” discharging proof techniques while also focusing on faces
to exploit the planarity of the graph.

Let us now consider G a counterexample to Theorem 5.2 with the fewest number of edges and
vertices. The purpose of the proof is to prove that G cannot exist.

! Corollaries of results on r-hued list-colorings of planar graphs.
2Corollaries of results on r-hued list-colorings of graphs with a bounded maximum average degree.
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Structural properties of G

When we deal with vertices with degree less than r, the behavior of the r-hued coloring is
similar to a 2-distance coloring, thus we obtain very similar structural results. As for vertices with
degree larger than r, it is often easier to color the configuration as we have have less constraints
than 2-distance coloring.

This can be illustrated with some initial assumptions on G. Without loss of generality, we can
assume that G is connected. Moreover, §(G) > 2. Otherwise, we can simply remove the unique
edge incident to such vertex v and color the resulting graph with an r-hued coloring ¢, which is
possible due to the minimality of |E(G)|. Then, we add the edge back and check the degree of
v’s unique neighbor x in G. If d(z) < r, then we can choose a color for v different from x’s and
all of its neighbors’ to maintain the r-hued property of the coloring. Here, we also need to check
the case where d(x) > r. In this case, z is already r-hued, so it suffices to choose a color for v
different from ¢(z).

In a similar fashion, the proofs of Lemmas 5.4 to 5.9 are very similar to that of Lemmas 2.12
to 2.18 and Lemma 2.21, and will thus be omitted (these proofs can be found in the corresponding
article [88] in the Appendices).

Lemma 5.4. Let w be a vertex of G that is adjacent to k vertices u; (k < d(w)), each satisfying
d*(u;) <r+i—1for1<i<k. Then we have d*(w) >r+k + 1.

Lemma 5.5. Graph G has no 4 -threads.
Lemma 5.6. Both endvertices of a 3-thread have degree r.

Lemma 5.7. At least one of the endvertices of a 2-thread has degree r or both of them have
degree 7 — 1.

Lemma 5.8. Graph G has no cycles consisting of 3-threads.

Lemma 5.9. Let v be a vertex such that 3 < d(v) < |“51]. Then v cannot be a (2,17,1F, ..., 1)-
vertex.

Lemma 5.10. Graph G does not contain the configurations depicted by Figure 5.2.

(iii)

Hinh 5.2: Configurations of Lemma 5.10.

Chitng minh. Recall that the endvertex of a 3-thread always have degree r by Lemma 5.6. Also,
at least one endvertex of a 2-thread has degree r unless they both have degree » — 1 by Lemma 5.7.
Thus, z, y, and v” always have degree r in what follows (r > 9).
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(a) Consider the configuration depicted on Figure 5.2(i) where d(w) < r — 2.

By minimality of G, let ¢ be an r-hued coloring of G’ = G — {a, b, u,v}. Let us start coloring
a and u. Both vertices have r — 2 4+ 1 = r — 1 restrictions coming from z. Additionally, a
(resp. u) has one restriction from ¢ (resp. w). As ¢(c) # ¢(w) (since d(y) = r), one can color a
and v with two distinct colors. Finally, b and v can always be 2-distance colored since b only
has four restrictions on its number of colors, and v always has at least one choice of color as
d(w) < r — 2. The obtained coloring is r-hued. That contradiction completes the proof.

(b) Consider the configuration depicted on Figure 5.2(ii).

By minimality of G, let ¢ be an r-hued coloring of G' = G—{a, b, ¢, u, v, w,a’, ', ¢/, v'}. Observe
first that, since d*(b) < r+1,d*(v) <r+1,d*(b') < r + 1, vertices b,v,b’ can be 2-distance
colored at the end. Vertices a, u, @’ have the same r — 2 restrictions coming from z ; they must
be colored with the last three available colors, say a1, g, ag. Similarly ¢ and w (resp. ¢’ and v')
have the same r — 1 restrictions coming from y (resp. v”) ; they must be colored with the last
two available colors, say 31 and 2 (resp. y1 and 72). Now, if 81 does not occur in {aq, ag, s},
then one can sequentially color ¢ with 81, then w, v/, u, ¢, a/, and a. So by symmetry, we
have {f1, B2} C {a1,a2,a3} and {y1,72} C {a1, a2, as}. It follows that {51, f2} and {y1,72}
have at least one common element, say 81 = ;. Hence we color the vertices as follows : ¢
with 1, w with By, v' with v1 = 81, ¢ with 72 (which may be equal to (2), o’ with 31, a with
B2, and u with the color of {a1, ag, a3} \ {51, 52}. That leads to an r-hued coloring of G, a
contradiction.

(¢) Consider the configuration depicted on Figure 5.2(iii).

By minimality of G, let ¢ be an r-hued coloring of G’ = G — {a,b,c}. Since d*(b) < r + 1,
d*(v) <r+1,d () <r+1, d*(w') <r+1, bcan be 2-distance colored and the vertices v,
u', w’ can be 2-distance recolored at the end if necessary. Vertex a (resp. ¢) has r restrictions
coming from z and u (resp. y and w). If @ and ¢ can be colored differently, then we obtain an
r-hued coloring of G. So, they must have the same available color left, say . Without loss of
generality, say ¢(u) = 5 and ¢(w) = . Since ¢ is r-hued, «a, 3,~ are all distinct. Moreover
at least one of u” and w” has a color distinct from « ; by symmetry say ¢(u”) # . We now
recolor u with «, we color a with 3, ¢ with «, we 2-distance color b and as well v/, v, w' if
necessary. That leads to an r-hued coloring of G, a contradiction.

(d) Consider the configuration depicted on Figure 5.2(iv) where d(w) <r —4.

By minimality of G, let ¢ be an r-hued coloring of G’ = G —{a’, ¥/, ¢'}. Recall that d(w) < r—4
; 80 d*(v) < 1+ 1. The same holds for d*(b) and d*(V'), so vertices v,b,b' can be 2-distance
recolored at the end. Vertex a’ (resp. ¢) has r restrictions coming from x, a,u (resp. v”,v', ).
If ' and ¢ can be colored differently, then we can obtain an r-hued coloring of G. So, they
must have the same available color left, say a. Let 5 be the color of u and ~ the one of a.
Since ¢ is r-hued, «, 3,~ are all distinct. If ¢(c) # «, then we recolor a with «, @’ with 7, and
¢ with a. Tt follows that ¢(c) = a. Now observe that, as d(y) = d(v") = r, we have ¢(w) # «
and ¢(v') # a (as « is the available color for ¢’). So we recolor u with « ; we color @’ with
and ¢ with a. It remains to 2-distance recolor v if necessary and to 2-distance color o’. That
leads to an r-hued coloring of G, a contradiction.

O]

Lemma 5.11. Given a (2,1,0)-vertex v having a 7-neighbor, the endvertex of the 1-thread
(distinct from v) is a 8"-vertex.

Chitng minh. Suppose G contains a (2, 1,0)-vertex v having three neighbors a, b, ¢ such that a
belongs to a 2-thread, b belongs to a 1-thread vbd, and such that ¢ has degree 7 and d has degree
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at most 7. See Figure 5.3. Let ¢ be an r-hued coloring of G’ = G — {a, b, v}. Let us sequentially
2-distance color v, b, and a. The obtained coloring is r-hued, a contradiction. ]

Hinh 5.3: A (2,1,0)-vertex having a 7-neighbor.

Discharging procedure

Before defining our discharging rules, we will define some special vertices.
Definition 5.12 (Small, medium, and large 2-vertex). A 2-vertex v is said to be

o large if it is adjacent to two 3T-vertices,

e medium if it is adjacent to exactly one 2-vertex,

o smallif it is adjacent to two 2-vertices.

Definition 5.13 (Bridge vertex). A large 2-vertex is called a bridge if it has a 3-neighbor and a
8T-neighbor.

Definition 5.14 (Sponsor). Consider the set of 3-threads in G. By Lemma 5.6, the endvertices
of every 3-threads are r-vertices and by Lemma 5.8, the graph induced by the edges of all the
3-threads of G is a forest F. For each tree of F, we choose an arbitrary root. Each small 2-vertex
v is assigned a unique sponsor which is the r-vertex corresponding to the grandson of v. See
Figure 5.4.

sponsor root

Hinh 5.4: The sponsor assignment in a tree consisting of 3-threads.

Definition 5.15 (Special and non-special vertices). A (3<>5)-vertex is said to be special if it has
at least two r-neighbors and non-special otherwise.

We first assign to each vertex v the charge u(v) = 3d(v) — 8 and to each face f the charge

p(f) =d(f) — 8. Since Y pev (e (3d(v) — 8) + X rep(cy (d(f) — 8) = —16 by Euler’s formula, the
total sum of the charges is negative. We then apply the following discharging rules.
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Vertices to vertices:

RO (see Figure 5.5):

(i) Every 3T-vertex gives 1 to its large 2-neighbors, and 2 to its medium 2-neighbors.
(ii) Every sponsor gives 1 to its small 2-neighbors.

(iii) Every 8T-vertex gives 1 to its adjacent bridges.
R1 (see Figure 5.6):

(i) Every 8T-vertex gives 2 to its 3-neighbors.
(ii) Every (5<»7)-vertex v gives 1 to its 3-neighbors.
(iii) Every bridge gives 1 to its 3-neighbor.

R2 (see Figure 5.7):

(i) Every 8T-vertex gives 2 to its 4-neighbors.

(ii) Every (6+>7)-vertex gives 1 to its 4-neighbors.
R3 (see Figure 5.8): Every 8T-vertex gives 2 to its 5-neighbors.
R4 (see Figure 5.9): Every special vertex gives 1 to its r-neighbors.

Vertices to faces:

R5 (see Figure 5.10): Each 8-face f = viva...vg with d(vi) = d(v7) = r, 3 < d(vs) < 5 and
d(vg) = d(v3) = d(vs) = d(vg) = 2, receives charge % from v and vy.

R6 (see Figure 5.13): Let f = xabcywvu be an 8-face where zabcy is a 3-thread.

(i

(ii) If zuv is a 1-thread with d(

) If zuvw is a 2-thread with d(w) > r — 1, then y gives 5 to f.
) > 4, then x gives % to f.
)
)

v)
(i) If zuv is a 1-thread with d(v) = 3 and d(w) < 5, then v gives % to f.
(iv) If zuv is a 1-thread with d(v) = 3 and d(w) > 6, y gives 1 to f.
v) If d(u) > 6 and d(w) > 3, then z gives 1 to f.
(vi) If 4 < d(u) < 5 and d(w) > 3, then u gives 3 to f.
(vii) If d(u) = 3 and d(v) > 3, then u gives  to f.
(viii) If w is a (1,1, 0)-vertex, or a (1,0, 0)-vertex, with d(v) = 2, and d(w) > 3, then u gives
1
s to f.
2

Faces to faces:

—~

R7 (see Figure 5.11): Let f = xabcywvu be an 8-face where xabcy is a 3-thread, and u and w
are (2,1, 0)-vertices (with the 1-thread in common). Let «/, v”, and v" (resp. w', w”, and
w") be, respectively, the 1-distance, 2-distance and 3-distance neighbor of u (resp. w) along
its incident 2-thread. We also suppose that u"” # w”’. Let f’ be the 9"-face incident to

n, .,/ oy ! 1 1
o v voww' w"w™. Face [’ gives 5 to f.

Faces to vertices:

R8 (see Figure 5.12): Each face f gives % to each of its incident small 2-vertices?.

R9 (see Figure 5.10): Each 8"-face f incident to a path v1vs...v7 as described in R5 gives 1 to
V4.

3f gives % twice to a small 2-vertex if that vertex is only incident to f.
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Hinh 5.5: RO.
9 1 bridge
O=ONENE =000
(i) (i) (iii)
Hinh 5.6: R1.
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Hinh 5.7: R2. Hinh 5.8: R3. Hinh 5.9: R4.

I

T2

N[

T3 f

Iq

Ty

Hinh 5.10: R5 and R9. Hinh 5.11: RT7. Hinh 5.12: RS.
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(vii) (viii) w is a (1, 1,0)-vertex,
or a (1,0, 0)-vertex.

Hinh 5.13: R6.

Verifying that charges on vertices and faces are non-negative

Let p* be the assigned charges after the discharging procedure. In what follows, we prove that:

Ve e V(G)UF(G),u"(z) >0

Faces

Let f be a face of G. Recall that u(f) = d(f) — 8. We consider two cases according to the
length of f:

Case 1: d(f) > 9
Note that f may give % (resp. %, 1) by R7 (resp. R8, R9). By R9 (resp. R8, R7), face f may
give 1 (resp. %, %) at most @ (resp. (f) (f)) times. Observe that in Figures 5.10 to 5.12 except
the r-vertices (u”, w”, z1, x5, v1, v7), all other vertices are pairwise distinct. Therefore, assuming
that R9 (resp. R8, R7) is applied i (resp. j, k) times, we must have d(f) > 61 + 4j + 8k.

Observe that: p*(f) > d(f)—38 —z—%—f > 6i+45 + 8k — 8—@—%—5 >5i+1j+2k—8>0
when i >2ork>2o0rj>3or(j>landi=1)or (j>landk=1)o (z—landk:—l).
Now observe that for the remaining cases: p*(f) > d(f) —8 —i — % g >1—i— % - % > 0 when
(1,7,k) = (1,0,0) or (i,4,k) = (0,0,1) or (4,4,k) = (0,27,0). It follows that p*(f) > 0.

Case 2: d(f) =
Suppose f is not incident to a 3-thread. It follows that f is involved only in R5 and R9. Observe that
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if R9 applies, then R5 applies. In all cases, we have either p*(f) > d(f)—S—i—Qé—l =8-8+1-1=0
or w*(f) > u(f) = 0.

Suppose that f is incident to a 3-thread. By Lemma 5.8, f has only one such thread on its
boundaries. Face f gives once % by R8 (and R9 cannot be applied). We show now that f receives
% by R6 or R7. Let f = xabcywvu where zabcy is a 3-thread.

o If f is also incident to a 2-thread of the form zuvw, then f gets 1 by R6(i) (see Figure 5.13(1)).
Note that the case where d(w) < r — 2 does not occur by Lemma 5.10(i).

1 1 1 1
pr(f) >d(f)—38 5135 8—38 513 0
o If f is incident to a 1-thread of the form zuv, then f gets 3 by R6(ii), (iii), or (iv) (see
Figure 5.13(ii), (iii), (iv))).
1 1
“(f)>0—=—+==0.
p(f)20-5+5
o If f is incident to a 1-thread of the form uvw and d(u) > 3, then f gets 1 from R6(v) or (vi)
(see Figure 5.13(v), (vi)). If d(u) = 3, then w is either a (1,1, 0)-vertex, or a (1,0, 0)-vertex,
or a (2,1,0)-vertex. By symmetry, the same reasoning holds for w. If one of them is a
(1,1,0)-vertex, or a (1,0,0)-vertex, then f gets 3 by R6(viii) (see Figure 5.13(viii)). If
both of them are (2,1, 0)-vertices, then we are in Configuration R7 (see Figure 5.11) with
u” # w" by Lemma 5.10(iii). In that case, f also receives 3. So, we have in all cases:
1 1

M*(f)20—5+§:0-

« In the remaining case, f receives 3 by R6(v), (vi) or (vii) (see Figure 5.13(v), (vi), (vii)).

1 1
() >0— =4 - =0.
wr(f) > 515

Vertices

Observation 5.16. Consider a special (34> 5)-vertex u adjacent to an r-vertex v. It follows that
R4 applies, so u gives 1 to v. In return, if d(u) = 3 (resp. d(u) =4, d(u) = 5), then v gives 2 to
u by R1(i) (resp. R2(i), R3). Additionally, u may give 3 (at most twice) along uv to incident
faces by R6(vi), (vii) or (viii) (see Figure 5.14). To sum up, when R4 applies, u does not lose
charge along uv, as in the worst case 2 —-1—2- % = 0. Moreover, when R6 does not apply, u gains

2-1=1

1 (R4)

1 A _—
2,0* (R6(vi-viii))
L d
U (345 =:~ v
1,
2 N

2 (R1(i)/R2(i)/R3)

Hinh 5.14: The charge distribution when R4 applies. Dashed arrows indicate the possible application
of R6.
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Case 1: d(v) > 8.
Suppose first that d(v) # r. Observe that v is involved in RO(i) and (iii), R1(i), R2(i), R3 and v
gives at most 2 to each adjacent vertex by RO(i), R1(i), R2(i), R3 or a combination of RO(i)
and (iii) (in the case of a bridge). Hence,

p*(v) > 3d(v) — 8 —2d(v) = d(v) — 8 > 0.

Suppose now that d(v) = r. Additionally, v also gives charges to faces by R5 and R6 and to
sponsored small 2-vertices by RO(ii). Using the same idea as before, we show that v gives at most
2 along each incident edge.

When RS is applied to v, w.l.o.g. v; = v in Figure 5.10, one sends % to f via the edge vjvg.
The edge vivg belongs to two faces, hence vivg may be involved twice by R5. If vg has degree at
least 6, then no additional charges transit via vyvs. If vg is a (34> 5)-vertex, then v gives 2 to vs
by R1(i), R2(i), and R3, but it receives 1 by R4 since vg would be special as v1, v7 are r-vertices.
If vg has degree 2, then only 1 may transit by RO(i). In all cases, at most 2 transits from v; along
V1VU8.

Consider now that R6 is applied to v. As previously, we show that the charge % is given to
f via a particular edge on which at most 2 transits. Rule R6 is applied to v in the cases R6(i),
R6(ii), R6(iv), and R6(v). Observe that no charges are given to 6™-vertices. Hence charge 3
transits (at most twice) along edge yw in R6(i) and R6(iv), along edge zu in R6(v). In case
R6(ii), charge % transits (at most twice) along edge zu and x = v gives 1 to u by RO(i). Again at
most 2 transits along each incident edge.

Finally, vertex v can sponsor at most one small 2-vertex by the definition of the sponsor
relation and RO(ii). It follows that:

w*(v) > 3d(v) — 8 —2d(v) — 1
dv)—9=r—9>0

v v

Case 2: d(v) =T.
Observe that v may send 1 by R1(ii), R2(ii), and RO(i) in the case of the 1-thread, and may
send 2 by RO(i) in the case of the 2-thread. As u(v) = 13, u*(v) > 0 except in the case where v is
incident to seven 2-threads, but in that case d*(v) = 14, contradicting Lemma 5.4 (that implies
d*(v) > 17).

Case 3: d(v) = 6.
Vertex v may give 1 (resp. 2, 1, 1) by RO(i) in the case of the 1-thread (resp. RO(i) in the case
of the 2-thread, R1(ii), R2(ii)). As u(v) = 10, u*(v) > 0 except in the case where v gives 2 to
each of five of its neighbors and gives at least 1 to its last neighbor, but in that case d*(v) < 14,
contradicting Lemma 5.4 (that implies d*(v) > 15).

Case 4: d(v) = 5.

Vertex v may give 1 (resp. 2, 1, 1, %) by RO(i) in the case of the 1-thread (resp. RO(i) in the case
of the 2-thread, R1(ii), R4 when it is a special vertex, and R6(vi)) and may receive 2 (resp. 1)
by R3(i) (resp. R9). Recall pu(v) = 7.

Suppose that R6(vi) is applied to v (v plays the role of u in Figure 5.13(vi)). Let us use the
notations of Figure 5.13(vi). Hence u gives % to f (let say via the edge uz). It may give 1 to x
by R4 (if u is special), and receives 2 from = by R3. Moreover R6(vi) may be applied to the
two faces incident to ux. When we sum the charges transiting along ux, v may give at most
2- % — 2+ 1 =0. Hence in the following we consider that, if R6(vi) is applied to u, no charges are
transferred along ux.

By Lemma 5.9, visnot a (2,17, 1%, 17, 1")-vertex. Hence v is incident to at most four 2-threads.
If v is incident to four 2-threads, then v receives 1 from three incident faces by R9 and may give
at most 2, 2, 2, 2, 1 along incident edges ; so p*(v) > 7+3—4-2—1 = 1. If v is incident to
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exactly three 2-threads, then v receives at least 1 by R9 and may give at most 2, 2, 2, 1, 1 along
incident edges ; so p*(v) >7+1—-3-2—2-1=0. If v is incident to at most two 2-threads, then
prv)y>7-2-2-3-1=0.

Case 5: d(v) = 4.

Vertex v may give 1 (resp. 2, 1, 3) by RO(i) in the case of the 1-thread (resp. RO(i) in the case
of the 2-thread, R4, R6(vi)) and may receive 2 (resp. 1, 1) by R2(i) (resp. R2(ii), R9). Recall
p(v) = 4. Similar to 5-vertices, if R6(vi) is applied to v, then no charges are transferred along
the edge linking v and the r-vertex. By Lemma 5.9, v is not a (2,17,1%,17)-vertex. Hence, v is
incident to at most three 2-threads.

If v is incident to three 2-threads, then v is not special, v receives 1 from two incident faces by
R9 and gives 2, 2, 2, 0 along incident edges ; so p*(v) =4+2-1-3-2=0.

Suppose now that v is incident to two 2-threads. If v is not incident to a 1-thread, then we are
done as p*(v) =4 —2-2 = 0 whether v is special or not due to Observation 5.16. So consider
that v is incident to exactly one 1-thread by Lemma 5.9 and so is not special. The 3*-neighbor
of v has degree at least 6 (otherwise it contradicts Lemma 5.4, d*(v) < 11 while we must have
d*(v) > 12), then it gives at least 1 to v by R2 and so pu*(v) >44+1—-2-2—1=0.

Finally assume that v is incident to at most one 2-thread. If v gives at most one along each
incident edge, then we are done (as p*(v) >4 —4-1 2> 0). So assume that v gives 2 to one of its
neighbors. In that case, it means that RO(i) applied and v is thus incident to exactly one 2-thread.
Since v is not a (2,17, 17, 17)-vertex, it may be incident to at most two 1-threads. If v is incident to
a 2-thread and two other 1-threads, then v is not special. Hence we have p*(v) >4—-2—-1-1> 0.

Case 6: d(v) = 3.
Vertex v may give 1 (resp. 2, 1, 1) by RO(i) in the case of the 1-thread (resp. RO(i) in the case of
the 2-thread, R6, R4) and may receive 2 (resp. 1, 1, 1) by R1(i) (resp. R1(ii), R1(iii), R9). Recall
p(v) = 1. By Lemma 5.9, v is not a (2,1%,17)-vertex. Let us examine all possible configurations

for v.

e Suppose that v is a (2, 2,0)-vertex. Let vq, vo, and u be the two 2-neighbors and 3" -neighbor
of v respectively. Since v is not special, R4 does not apply. Vertex v does not fall into any
configuration of R6, so R6 does not apply. Vertex v gives 2 to each of its 2-neighbors by
RO(i). By Lemma 5.7, the other endvertices of the two 2-threads are r-vertices; so v falls
into the configuration in R9 and receives 1 from an incident face. Moreover, v; and vo satisfy
d*(vi) =5 <r (i=1,2). By Lemma 5.4, d*(v) > 12 and d*(v) = d(u) + 4, so d(u) > 8. By
R1(i), v receives 2 from w. In total, we have

prv)y>1-2-2+14+2=0.

o Suppose that v is a (2,1,0)-vertex. Let v1, vy, and u be the two 2-neighbors (where v;
belongs to the 2-thread and vy belongs to the 1-thread) and 3T-neighbor of v respectively.
As previously, v is not special. Vertex v; has d*(v;) = 5 < r. By Lemma 5.4, d*(v) > 11,
and d*(v) = d(u) + 4, so d(u) > 7. It follows that R6 does not apply (in particular R6(iii)).

If d(u) > 8, then v receives 2 from u by R1(i). Hence, by RO(i) and R1(i), we have:

pww)y>1-2-142=0.

If d(u) = 7, then v receives 1 from u by R1(ii). Moreover, the neighbor of vy (different from
v) has degree at least 8 by Lemma 5.11. Hence v receives 1 from vy by R1(iii). It follows
that:

wv)y>1-2—-14+1+1=0.
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o Suppose that v is a (2,0, 0)-vertex. Let x1,z2 be the 0-thread neighbors of v and vy be the
2-thread neighbor of v.

Suppose first that v is not concerned by R6(vii) (i.e. v only gives charge to vertices). Vertex
vy satisfies d*(v1) = 5 < r. By Lemma 5.4, d*(v) > r+ 2. Since d*(v) = d(z1) + d(z2) + 2, we
have d(x1) + d(x2) > r > 9. W.l.o.g. 1 has degree at least 5. Note that, if v is non-special,
then R4 does not apply and v receives at least 1 from x; by R1(i) or R1(ii); if v is special,
then d(z1) = d(x2) = r, v gives 1 to x; and z9 by R4 and receives 2 from z; and zy by
R1(i). In both case, we can consider that v receives at least 1 from 1. So

pr(v)>1-24+1=0.

Suppose now that R6(vii) is applied to v. Observe that R6(vii) is applied once. If v is
non-special, then v receives 2 from its r-neighbor by R1(i); if it is special, by the same
arguments as in the previous paragraph, we can consider that v receives 1 from both x; and
z2 (by R1(i) and R4). So

. 1
u(v)21—2—§+2>0.

o Suppose that v is a (1,1, 1)-vertex. Note that only RO(i), R1(iii), and R6(iii) may concern
v. Vertex v gives 1 to each 2-neighbor by RO(i) and 3 to at most one incident face by R6(iii)
and Lemma 5.10(ii). Let vzw be a 1-thread incident to v. We have d*(v) = 6 < r. It follows
that d*(x) > 11 by Lemma 5.4 and as d*(z) = d(w) + 3, we have d(w) > 8, meaning that
R1(iii) applies. Thus,

1
P02 1=3:1— 2 4+3:1>0.

o Suppose that v is a (1,1, 0)-vertex. Let vvjw; and vvaws be the two 1-threads incident to v
and let u be the 3T-neighbor of v. Note that v is not special, and it may be concerned by
RO(i), R1, R6(iii), and R6(viii).

Suppose first that v is not concerned by R6 (i.e. v only gives charge to vertices). By RO(i),
v gives 1 to each of its 2-neighbors.

If d(u) > 5, then we have by R1(i) and R1(ii):

pww)y>1-2-14+1=0.

If d(u) < 4, then d*(v) = 8 < r. By Lemma 5.4, d*(vy) > 11. As d*(v1) = d(w;1) + 3, we have
d(wy) > 8 meaning that v receives 1 from v; by R1(iii) (and from ve by symmetry). Hence,

ww)y>1-2-14+2-1>0.

Suppose that R6(iii) or R6(viii) is applied to v.

Assume we are in configuration R6(viii). Vertex v gives 1 to each of its 2-neighbors and %
to at most three incident faces (by a combination of R6(iii) and R6(viii)), and receives 2
from u by R1(i). If it gives charge to three faces, then w; and ws are also endvertices of a
3-thread, meaning that they are of degree r > 8. By R1(iii), v receives 1 from each bridge
v1 and vy. Thus,

1
u*(v)21—2-1—3-§+2+2-1>0.
Now, if v only gives charge to at most two faces, then we have:

1
u*(v)21—2-1—2-§+2:0.
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Assume we are in configuration R6(iii) (only, otherwise we are in the previous case). Let us
reuse the notation of Figure 5.13. Observe that either w has degree 2 and v and w are two
bridges (since x and y are r-vertices), or w is a (3 <> 5)-vertex and the endvertices of the
1-threads incident to v (different from v) are 8" -vertices by Lemma 5.4 implying that the
2-neighbors of v are bridges. Hence if R6(iii) is applied at most twice, we have by RO(i)
and R1(iii):

N 1
u(v)21—2-1—2-§+2-1:0.

Now, if R6(iii) is applied three times, then we obtain the configuration depicted by Fig-
ure 5.2(iv) which is forbidden by Lemma 5.10.

o Suppose that v is a (1,0,0)-vertex. Let u, v1, and ve be its 2-neighbor and the two 3*-
neighbors of v, respectively. First note that each time R4 applies, by Observation 5.16, in
the worst case, the total number of charges transferred via vv; and vvs is 0. So,

p'(v)y>1-1=0

Suppose now that R6(iii), (vii) or (viii) is applied to v (which is not special).

If R6(vii) or R6(viii) is applied to v, then (at least) one of the 3*-neighbors of v is an
r-vertex. So v gains 2 by R1(i). It follows that

1
u*(v)21—1—3-§+2>0.

Suppose now only R6(iii) is applied to v. Observe that R6(iii) may be applied at most twice.
Vertex v receives 1 from the bridge by R1(iii). Hence,

o Suppose that v is a (0,0,0)-vertex. If R4 is applied (i.e. v is special), then v does not need
any charge by Observation 5.16. Suppose that v is not special. Vertex v may give charge to
faces only by R6(vii) and in that case it receives 2 from its r-neighbor by R1(i). It follows
that:

N 1
u(v)21—3-§+2>0.

Case 7: d(v) = 2.
We have pu(v) = —2. Vertex v receives 2 by RO(i) unless v is a small 2-vertex. When v is small,
it receives 1 from its sponsor by RO(ii) and twice % from incident faces by R8. Now if v is a
bridge, then it also gives 1 to a 3-vertex by R1(iii), but it also receives 1 from RO(iii). In all cases,
p(v) =0.

To sum up, we have proven that we started out with a negative total number of charge, and
after the discharging procedure that preserves this sum, we end up with a non-negative one, a
contradiction. That completes the proof of Theorem 5.2.

5.2 Injective and exact square coloring

A 2-distance coloring can also be seen as a proper coloring of such that every pair of vertices
with a common neighbor receive distinct colors. If we remove the proper constraint on the coloring,
then we get what is called an injective coloring. The injective chromatic number, denoted by x*(G),
is the smallest integer k such that there exists an injective coloring of G with k colors. We can
also extend these notions to list coloring.
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The injective coloring was first introduced in 2002 by Hahn et al. [64]. The authors proved
that for every graph G, A < x*(G) < A? — A + 1. They also characterized the regular graphs
which achieve the lower bound, and the graphs which attain the upper bound. In 2005, Doyon et
al. [49] presented the first results on injective colorings of planar graphs and later Chen et al. [32]
posed the following conjecture.

Conjecture 5.17 (Chen et al. [32]). Let G be a planar graph with maximum degree A. Then,

NOEENE

As injective coloring is less restrictive, one might believe that it will require less colors than
2-distance coloring. However, in 2015, Luzar and Skrekovski [95] refuted this false intuition and
Conjecture 5.17 was proven to be incorrect. In their paper, they presented an infinite family of
planar graphs with small maximum degree (between 4 and 7), or of even maximum degree, for
which Conjecture 5.17 is false. For A € {4,5,6,7} they proved that there exist planar graphs
which require A 4+ 5 colors and for A > 8 they proved that there exist planar graphs which
require L%AJ + 1 colors, which is one more color than the conjectured bound. Finally, the authors
proposed a conjecture which closely resembles Wegner’s conjecture with the only difference being
the subcubic case.

Conjecture 5.18 (Luzar, Skrekovski [95]). Let G be a planar graph with maximum degree A.
Then,
5, if A <3,
Xi(G)g A+5, if4<ALT,
Al +1,ifA>s.

Note that since injective coloring is a relaxation of the 2-distance coloring, proving Wegner’s
conjecture would prove Conjecture 5.18 (except in the case of subcubic graphs). Brimkov et al. [21]
proved that 5 colors suffice for subcubic planar graphs with girth at least 6, but in general the
case when A = 3 is still open. If true, then the conjectured upper bound for subcubic graphs is
also tight (see [95]). For the sake of completeness we present a table summarizing the latest known
results regarding the injective chromatic number of planar graphs for different girth values like
what we did for 2-distance coloring.

Table 5.2 is read as follows. For example, the result from line “7” and column “A” reads:
“every planar graph G of girth at least 7 and of A at least 16 satisfies x'(G) < A + 17. The
highlighted results are part of our contribution.

The negative results are the following:

e Girth 3 to 6 in column “A” correspond to Figure 5.15.

e Girth 10 in column “A” corresponds to the existence of a subcubic graph with girth 10 and
X' > 4 [96].

o Similar constructions for girth 3 in columns “A+1" to “A+4” are presented in [32] and [95].

e Girth 3 and columns “A 4+ 57 to “A + 7" correspond to the existence of a planar graph with
girth 3 and x* > [3A] + 1 for all A > 8 [95].

e Girth 4 and columns “A +1” to “A 4+ 7" correspond to the existence of a planar graph with
girth 4 and x* > [3A] for all A > 3 [96].
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gOXi A A+1 A+2 A+3 A+4 A+5 A+6 A+T
3 e | AxT(95) g E;} A>T[95] | A>T0[95] | A>T1Z[95] A/Z;z £195]
4 | a=tp6) | A=) ﬁ gg} Ao | S5 L%] A>1T(96] | A>T6 [96)
5 e AA;%%} A>11[23] | A>11[23] | A>3 [45]

6 e A > 17 [44] i;gga A >3 [44)

7 || A>16[14] | A>7[29 i;igg

S |[A>10[14 | A>5[30 |

9 [[A=9[31] | A>4[4]

A > 6 [14]

10\ Zgq) | 223109

11

12 || A>5 [14]

13 | A>4[41

19 | A>3196

Béang 5.2: Summary of the latest results with a coefficient 1 before A in the upper bound of x*.

A vertices

Hinh 5.15: A graph with girth 6 and x* > A + 1 (drawn for A = 3) [96].

Another natural relaxation in p-distance coloring is by replacing “at most” in the constraint
that “every pair of vertices at distance at most p must receive distinct colors” by “exactly”. This
gave birth to the study of exact p-distance colorings [101]. This parameter received an increasing
attention in the last decade ([20, 59, 70, 103]). In [59], Foucaud et al. began the first systematic
study of the exact square coloring (exact 2-distance coloring) with respect to the maximum degree.
In their paper they considered the exact square coloring for some specific classes of subcubic
graphs.

We denote X#2(G), the exact square chromatic number, is the smallest integer k£ such that
there exists an exact square coloring of G with k colors. By definition, an injective coloring is
also an exact square coloring as vertices at distance 2 must share a common neighbor. Thus,
exact square coloring is also a relaxation of injective coloring (see Figure 5.16 for examples of a
comparison of these colorings). Hence, we obtain the following chain of inequalities:

XP(G) < X(G) < XP(G).

Moreover, x#2(G) = x*(G) in the case of triangle-free graphs, i.e., graphs in which no pair of
adjacent vertices share a common neighbor. Consequently, all the results in Table 5.2, except for
the row corresponding to girth at least 3, also hold for exact square coloring.
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4 1 3 1 1 3 2 1 1
2 2 1
(i) A 2-distance coloring. (ii) An injective coloring. (iii) An exact square coloring.

Hinh 5.16: A 2-distance coloring, injective coloring, and exact square coloring of the same graph.

Below are our results for injective and exact square colorings.
Theorem 5.19 ([89]). If G is a planar graph with A(G) = 4, then x}(G) < A(G) + 7.

Theorem 5.20 ([89]). If G is a planar graph with ¢g(G) > 4 and A(G) = 4, then sz(G) =
X)(G) < A(G) +5.

Theorem 5.21 ([89]). If G is a planar graph with A(G) = 4, then sz(G) < A(G) +6.

The proofs of these results rely heavily on faces of the considered planar graphs and none
of them, even in their non-list version, can be extended to non-planar graphs as there exists a
4-regular bipartite graph on 26 vertices with xy? = x* = x#2 = 13 (see Figure 5.17). However,
this graph has mad = 4 while some of our results are on planar graphs with girth 4 which
have mad < % = 4 so one might think that it might be extendable to graphs with mad < 4.
Unfortunately, in this case, removing any vertex of the graph in Figure 5.17 will yield a graph
with mad < 4 and x#2 > 12, which still proves that these results are “optimal” in the sense that
planarity is needed not only for sparseness.

In this chapter, we will only present the proof of Theorem 5.20 as the other proofs also follow
similar ideas. Every proof can be found in the Appendix.
Let G be a counterexample to Theorem 5.20 minimizing the number of edges plus vertices.
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5.2.1 Structural properties of ¢

In this section, we abuse the list notation L to mean the remaining list of colors for non-colored
vertices in a precoloring of G.

Observe that since g(G) > 4, whenever two vertices are adjacent, they do not see each other
(they do not share a common neighbor). Otherwise, G would contain a 3-cycle. As a result, an
injective coloring of GG is also an exact square coloring as only vertices at distance exactly 2 see
each other.

Lemma 5.22. §(G) > 2.

Ching minh. If G contains a 1-vertex v, then we can simply remove v and color the resulting
graph, which is possible by minimality of G. Then, we add v back and extend the coloring, since v
shares a neighbor with at most 3 other vertices and we have 9 colors in total. O

We do not have enough colors to reduce a 2-vertex directly. However, the presence of such a
“small” vertex guarantees that its neighbors must have a large neighborhood. From now on, for
every vertex u € V(G), we denote d#2(u) the number of vertices at distance exactly 2 from w.

Lemma 5.23. If a 4-vertex u in G is adjacent to a 2-vertex, then d#2(u) > 9.

Ching minh. Suppose by contradiction that u is a 4-vertex that is adjacent to a 2-vertex v and
d#2(u) < 8. Then, color G — {v} by minimality and uncolor u. Vertex u sees as many colors as
d#2(u) < 8, so it is colorable. Finish by coloring v which sees only d#2(v) < 6 colors. O

Lemma 5.24. Graph G cannot contain the following configurations:
(i) Two adjacent 3~ -vertices.
(ii) A 4-vertex adjacent to two 2-vertices.

(iii) A 4-vertex adjacent to a 2-vertex and two 3-vertices.

)
)
(iv) A 2-vertex incident to a 4-cycle.
(v) A 3-vertex incident to two 4-cycles.
)

(vi) A 4-vertex u adjacent to a 2-vertex and a 3-vertex v, and wv is incident to a 4-cycle.

o

IS

<
IS
IS

(iv) (v) (vi)

Hinh 5.18: Reducible configurations in Lemma 5.24.
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Chitng minh. We separate the proof into four parts based on the configurations.

(i) Suppose by contradiction that there exist two adjacent 3~ -vertices u and v. Color G — {uv}
by minimality. Uncolor u and v. Observe that d”?(u) < 8. The same holds for v. Thus, u
and v are colorable.

(iv) Suppose by contradiction that there exists a 2-vertex u incident to a 4-cycle. Color G — {u}
by minimality. Observe that the two neighbors of u will also have different colors in G since
they are at distance 2 in G' — {u}. Thus, we only need to color u which sees only d#?(u) <5
colors.

(v) Suppose by contradiction that there exists a 3-vertex u incident to two 4-cycles. Let e be the
edge incident to u that is incident to both cycles. Color G — {e} by minimality and uncolor
u. Observe that every pair of neighbors of u are still at distance 2 in G — {e}. Thus, we only

need to color u which sees only d#2(u) < 7 colors.

(ii), (iii), and (vi) Observe that the 4-vertex w with the 2-neighbor in these configurations always
verifies d”2(u) < 8, which is impossible due to Lemma 5.23.

Thus, if G contains any of the above configurations, then x4(G) < 9, a contradiction. O

Before continuing with proving some more structural results, we first give some additional
useful definitions and observations.

Definition 5.25 (Good and bad faces). We call a 5-face bad if it is incident to a 2-vertex and a
3-vertex. Additionally, we call a 5" -face good, if it is not a bad 5-face.

The following observation is a direct consequence of Lemma 5.24(i).

Observation 5.26. A 2-vertex and a 3-vertex on a bad 5-face f in G must be at distance 2 and
they are the only 3~ -vertices on f.

Hinh 5.19: A bad face.

To further help us with the proofs, we now divide 37 -vertices into three different types.

Definition 5.27 (Small, medium, and large 3~ -vertices). We call a 37 -vertex small, if it is either
a 2-vertex or a 3-vertex incident to a bad 5-face and a 4-face. A 3-vertex is called medium, if it is
incident to either a bad 5-face or a 4-face. Finally, a 3-vertex is called large, if it is neither medium
nor small.

Due to Lemma 5.24(vi) we have the following observation.

Observation 5.28. A 4-face in GG, adjacent with a bad 5-face f and incident to a small 3-vertex
v, cannot be incident to the common neighbor of v and the 2-vertex on f.
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B @kes

) A small vertex u. ) A medium vertex u.

Hinh 5.20: Small and medium 3~ -vertices.

We are now ready to prove some structural properties regarding bad 5-faces.

Lemma 5.29. Let f = vivvsvgvs be a bad 5-face in G where vy is the 3-vertex and vs is the
2-vertex. Let [/ = vjvjvsvjvl # f be another 5-face incident to vy = v}. Then, we have the

following;:

o If f/ is incident to vivg, then f’ does not contain any other 3~-vertices (distinct from vy).

o If f’ is incident to v1vs, then f’ does not contain any other small vertices (distinct from vy).

/

U5 vg Vo v
U1
V3 Ué
(%]
V4 U!;
Case 1. Case 2.

Hinh 5.21: Reducible configurations from Lemma 5.29.

Chitng minh. We assume w.l.o.g. that v} = v1. Since g(G) > 4, every vertex of f and f’ (except
for the two common vertices that are v; and one of its neighbor) is distinct.

Suppose by contradiction that f’ contains (another) small vertex different from vy.

Case 1: Supposef’ is incident to vivg, say vy = ve. First, observe that d(v5) = 4 due to
Lemma 5.24(iii) and d(v) = 4 due to Lemma 5.24(i). Thus, vj must be a 3~ -vertex. Color
G —{v3} and uncolor vy, ve, and v}. Observe that |L(v1)| > 2, |L(v2)| > 1, |L(vs)| > 4, |L(v})| > 2.
Therefore, we can color ve, v}, v1, and v3 in this order.

Case 2: Suppose [’ is incident to v1vs5, say vf = vs. By Lemma 5.24(i), v5 cannot be a small
vertex, and at most one of v5 and v} can be. Thus, we have the following two cases:

o If v} is a 3~ -vertex, then color G — {v3} and uncolor vi, v4, and vjj. Observe that |L(v1)| > 3,
|L(vs)| > 1, |L(vs)| > 4, |L(v})| > 2. Therefore, we can color vy, v}y, v1, and vz in this order.

o If v is a 37 -vertex, then recall that v4 is a small vertex.

— If v} is a small 3-vertex, then it is incident to a bad 5-face f” # f/ (since f’ is a good
face) and a 4-face. If f” is incident to vyvs, then the 4-face must be incident to vgvy.
By Lemma 5.24(iii, vi), f” cannot be incident to a 2-vertex, which is a contradiction.
Thus, f” must be incident to viv). By Lemma 5.24(vi), the 2-vertex incident to f”
must be adjacent to v}. However, in this case, we can use the same proof as in Case 1
from the point of view of v4, f”, and f’ instead.
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— If v is a 2-vertex, then we color G —{v3} and uncolor every vertex on f and f’. Observe
that the remaining list of colors for these vertices have size: |L(v1)| > 5, |L(ve)| > 3,
[L(vs)| = 5, [L(va)| > 2, [L(vs)| > 2, |L(vg)| = 3, [L(v3)| = 5, and |L(vy)| > 2.

Moreover, if we can color va, v4, vs, v4, and v}, then we can always finish by coloring
v1, vs, and v3 in this order.

If L(vg) and L(vs) have a common color ¢, then we color them with ¢ and color v}y, v,
and v} in this order. The same holds for L(v}) and L(vs). As a result, |L(vs)UL(v5)| > 4
and |L(v)) U L(vs)| > 4.

If L(vy) and L(v5) have a common color ¢, then we proceed as follows. Suppose v4 and
vy do not see each other, then we color them with ¢. Recall that L(v)) N L(vs) = 0. So,
we can color vjj, v, and v in this order. The same holds for L(v}) and L(vz). As a
result, if L(vy) and L(v}) share a color, then vy must see v4. The same holds for v} and
ve. By planarity, ve, vyg, v5, and v} must share a common neighbor u. However, this is
impossible since vz would be a 2-vertex incident to the 4-cycle vov3v u contradicting
Lemma 5.24(iv). Finally, we must have |L(vq) U L(v})| > 5 or |L(v}y) U L(ve)| > 5.

Finally, we have |L(vq)UL(vs)| > 4, |L(v})UL(vs)| > 4, and at least one of the following
two inequalities: L(vgq) U L(v4)| > 5 or |L(v)) U L(va)| > 5. Therefore, we can always
color v, v4, Vs, vh, and vy by Hall’s theorem.

Thus, we can conclude that x%(G) < 9, a contradiction. O

Finally, we show that small vertices cannot be close to each other from the perspective of a
face of size at least 6.

Definition 5.30 (Facial-distance). Let f = ujua...uq(s) be a face in F(G), and let u; and u; be
vertices incident to f. The facial-distance on f between u; and u; is their distance on the cycle
uug - . . ug(p) (which is min(i — j(mod d(f)), j — i(mod d(f))))-

Lemma 5.31. Two small vertices incident to a same 6'-face f in G are at facial-distance at least

3on f.

Chitng minh. By Lemma 5.24(i), small vertices cannot be adjacent. By Lemma 5.24(ii), two
2-vertices must be at distance at least 3. We only need to check if a small 3-vertex and a 2-vertex,
or two small 3-vertices can be at facial-distance 2 on f. Let f = vivgvsvy ... is a 6T -face.

Suppose that v is a 2-vertex and v3 a small 3-vertex. Observe that vovs cannot be incident to
a 4-face by Lemma 5.24(vi), so vsvy must be incident to a 4-face and vavs is incident to a bad
5-face (different from f since f is a 6*-face). However, due to Lemma 5.24(ii, vi), the bad 5-face
incident to vovg cannot be incident to a 2-vertex, which is a contradiction.

Now, suppose that v; and v3 are small 3-vertices. They must both be incident to some 4-faces
and bad 5-faces. If v3v, is incident to a 4-face, then vovs must be incident to a bad 5-face. However,
by Lemma 5.24(i, iii, vi), this 5-face cannot be incident to any 2-vertex. As a result, vovs must be
incident to a 4-face. By symmetry, vivy is also incident to a 4-face. Additionally, vsvy must be
incident to a bad 5-face. By Lemma 5.24(vi), the 2-vertex u on this bad 5-face must be adjacent
to vg. Now, color G — {u} and uncolor vg and ve. Observe that |L(vq)| > 1, |L(v2)| > 2, and
|L(w)| > 3. Thus, we can finish by coloring v4, v, and vs in this order. O
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V4
f
f vl o
V1 V3 V2
V2
V4 V4
f
V1 V3
(%) U1 f V3
V2

Hinh 5.22: Reducible configurations in Lemma 5.31.

5.2.2 Discharging procedure

We assign to each vertex the charge u(v) = d(v) — 4, and to each face u(f) = d(f) — 4. By
Euler’s formular, we have 3=, cy () #(v) + 3 rep(ay #(f) = —8. To get a contradiction, we apply
the following rules in the discharging procedure:

RO Every 5t-face f gives 1 to each 2-vertex.
R1 Every good 5T-face f gives 1 to each small 3-vertex.
R2 Every good 5T-face f gives % to each medium 3-vertex.

R3 Every 5'-face f gives % to each large 3-vertex.

f 3
1
3 U
1
u I3
RO. Hinh 5.24: R1. Hinh 5.25: R2. Hinh 5.26: R3.

Let u* be the assigned charges after the discharging procedure. In what follows, we will prove
that:
Ve e V(G)U F(QG), u*(x) > 0.

Vertices

Let u be a vertex in V(G). Vertex u has degree at least 2 by Lemma 5.22. Recall that A(G) =4
and p(u) = d(u) — 4.
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Case 1: If d(u) = 4, then u does not give any charge. So,

() = () = d(w) — 4 = 0.
Case 2: If d(u) = 3, then p(u) = d(u) —4 = —1 and we have the following cases:

o If u is a small 3-vertex, then u is incident to one good 5*-face due to Lemma 5.24(v) and
Lemma 5.29. By R1, we have
pr(u)y>—-1+1=0.

o If u is a medium 3-vertex, then it is incident to two good 5"-faces due to Lemma 5.24(v)
and Lemma 5.29. By R2, we have

o If u is a large 3-vertex, then by definition, u is incident to only 5*-face. Thus, by R3, we
have

1
u*(u)Z—l—l—S-g:O.

Case 3: If d(u) = 2, then u has to be incident to only 5"-faces due to Lemma 5.24(iv). By
RO, we have
p(u) >2—-4+2-1=0.

Faces

Let f be a face in F(G). Recall that u(f) = d(f) —4 and d(f) > 4 since g(G) > 4. Let i,
i1, 42, and i3 be respectively the number of times f gives charge by RO, R1, R2, and R3. We
distinguish the following cases.

Case 1: d(f) > 7
Let v and v be two small vertices on f. By Lemma 5.31, v and v must be at facial-distance at least
3 on f. As a result, the neighbors of v and v on f are distinct. Moreover, due to Lemma 5.24(i),
those neighbors are 4-vertices. Thus, we also have iy +i3 < d(f) —3(ip +1). Due to Lemma 5.24(i),
we also have iy + i3 < 3d(f). Consequently, i + i3 < min(d(f) — 3(io + i1), 3d(f)).

We claim that f gives at most %d( f) charge away. Indeed, recall that f gives ig+1i1+ %ig + %ig
by RO, R1, R2, and R3. By the above inequalities,

o if d(f) — 3(io + 1) < 3d(f), then ig + i1 > #d(f). Moreover, we get

. . 1, 1, . . 1. .
i + 41 + Si2 + iz < + i1 + 5 (G2 +43)

2 3 2
<o+ i+ 5(d(f) — 3lio + )
> ()~ (o + 1))
1 1
> S () - 5dl)
5
> Ed(f)

o if d(f) — 3(io +141) > 3d(f), then ig + i1 < £d(f). Moreover, we get

. . 1, 1. . . 1. .
io + 41 + iz + iz < + i1 + 5 (42 +43)

2273 2
1 11
Sgd(f)+§'§d(f)
> 2 q(p)

12
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To conclude, we have

pr(f) z d(f) —4 = =d(f) =2 Zd(f) =4 =0

since d(f) > 7.

Case 2: d(f) =6
Similar to the previous case, two small vertices cannot be at facial-distance 2 on f by Lemma 5.31.
As a result, we get ig + i1 < 2. Moreover, by Lemma 5.24(i), two 3~ -vertices cannot be adjacent,
so we get ig + i1 +i2 + i3 < 3 & iy + i3 < 3 — (ig + i1). Now, we distinguish the following cases.

e Suppose ig + i1 = 2. Observe that, since small vertices cannot share neighbors on f and their
neighbors are all 4-vertices, we have exactly two 3~ -vertices on f. In other words, is + i3 = 0.
Recall that u(f) = d(f) —4 =2 and that f gives ig + i1 + %12 + %ig by RO, R1, R2, and
R3. Thus,

. 1. 1.
u*(f)22—(zo+zl+§m+§zg)=2—2+0:0.

e Suppose ig + i1 < 1. We get

(ip +1i1) > 0.

N
N =

1 1 1
w(f) 22—(i0+i1+§iz+§’i3) 22—(i0+i1+§(3—(i0+i1))) >

Case 3: d(f) =5
Recall that u(f) = d(f) — 4 = 1. Observe that we have the following inequalities.

o g+ i1 +i2 + i3 < 2 since there are no adjacent 3~ -vertices by Lemma 5.24(i).
e ip <1 due to Lemma 5.24(ii).
e 71 <1 due to Lemma 5.29.

Recall that f gives ig + i1 + %ig + %ig.

e Ifig = 1, then either f is incident to a 3-vertex, in which case, it is a bad 5-face and R1,
R2, R3 do not apply (by definition of a bad face), or it is not incident to any 3-vertex. In
both cases, i1 + i2 + i3 = 0. So,

X . . 1. 1.
w(f) = 1—(10+Z1+522+§Z3) >1—-(1+0)=0.

o If ip = 0 and iy = 1, then f cannot be incident to any other (than the small 3-vertex)
3~ -vertices due to Lemma 5.29. As a result, i + i3 = 0. So,

1 1
M*(f)Z1—(i0+i1+§i2+§i3)21—(1+0):0~

o If io =14 = 0, then
1

1. 1
W) Z 1= (i + i1+ iz + 5i3) 2 1= (0+ 5 -2) =0.

Case 4: d(f) =4
Recall that u(f) = d(f) —4 = 0. Since f does not give any charge, we have

w(f) = pu(f) =0.

We started with a negative total charge, but after the discharging procedure, which preserved
the total sum, we end up with a non-negative total sum. In other words, there exist no counter-
examples to Theorem 5.20.
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Conclusion

In this thesis, we discussed two main aspects of the problem of 2-distance coloring of sparse
graphs: the technical aspects of the proofs that relate more to the class of graphs, and the difficulty
of understanding the behavior of 2-distance coloring.

Starting with the proof techniques, in Chapter 2, the potential method helped more configura-
tions, thus improving the previously known results. However, our usage of the potential function
remains quite rudimentary as it is only a reformulation of the constraint on the maximum average
degree. It is also only related to the class of graphs (with bounded maximum average degree) and
does not exploit the properties of the coloring. Designing a better suited potential function by
using knowledge of critical graphs for the parameters of the coloring (see for instance [37]) seems
to be the next step in this direction.

In Chapter 3, we exploited the presence of faces in planar graphs with the help of computer
assistance. It seems very natural to apply these ideas to graphs that are embeddable on orientable
surfaces with a higher genus. For these classes of graphs, Euler’s formula (|V|— |E| + |F| =2 — 2~y
where ~ is the genus of the graph) also provides a bound on the number of edges compared to the
number of vertices and faces in the graph, which lends itself well to using the discharging method.

Recently, Bousquet et al. [19] proposed a linear programming approach to automatically
look for a discharging proof. Similar to our algorithm, this implementation can return a set of
to-be-reduced configurations that will help with the research process and there are also restrictions
on the type of rules that can be implemented. In our case, there are less constraints on the set
of rules that can be defined and the algorithm consists in generating all cases and verifying if
such set suffices. Whereas, the upside of algorithm in [19] is the capability of finding the rules
automatically. However, this process is not fully autonomous as part of the rules has to be decided
manually to limit the number of cases the algorithm has to go through. While these ideas of
automatic discharging only work for colorings with local constraints, they contribute towards the
next step for the discharging method: automatic proofs.

For 2-distance coloring, in Chapter 4, we discussed how there was a lack of constructions of
planar graphs with high 2-distance chromatic number which fundamentally stems from a lack of
understanding of the behavior of this type of coloring. Since the intuition for Wegner’s Conjecture
comes from planar graphs with diameter 2, the next step towards a better understanding of the
coloring and towards proving the conjecture in the general case is to study the 2-distance chromatic
number of planar graphs with a fixed diameter.

Either confirming or disproving Wegner’s Conjecture for 2-distance coloring of planar graphs
will also provide a better insight into general distance coloring and get us closer to answering
another one of Wegner’s Conjectures:

Conjecture 6.1 ([117]). For all integers £ > 1 and A > 3,

max kG) = max  w(GF).
{GIA(G):A}X( ) {GlA(G)=A} (@)
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While Conjecture 6.1 holds for £ = 1 thanks to Brook’s theorem (Theorem 1.2), the case k = 2
is only solved for A € {2,3,4,5,7} [39].

Moreover, the same type of question can be asked for exact distance coloring. In this context,
we have the following trivial upper bound: for any graph G, w(G#?) < A%(G) — A(G) + 1. The
existence of graphs reaching this upper bound is still an open question for A > 11 [92]. Additionally,
the existence of these graphs is equivalent to the existence of finite projective geometries [60]
which are conjectured to exist only when A + 1 is a prime number.
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