On Asymmetric Induced Saturation
by

Sahab Hajebi

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Master of Mathematics
in
Combinatorics and Optimization

Waterloo, Ontario, Canada, 2025

(©) Sahab Hajebi 2025



Author’s Declaration

This thesis consists of material all of which I authored or co-authored: see Statement of
Contributions included in the thesis. This is a true copy of the thesis, including any required
final revisions, as accepted by my examiners.

I understand that my thesis may be made electronically available to the public.

1



Statement of Contributions

The content presented in this thesis is based on an article in preparation, entitled “On
asymmetric induced saturation,” which is joint work with Xinyue Fan, Sepehr Hajebi, and
Sophie Spirkl. Several passages in this thesis are taken verbatim from the above-mentioned
manuscript, which are all written by me.

1l



Abstract

Given a graph H, a graph G is H-free if no induced subgraph of G is isomorphic to H. A
graph G is H-induced-saturated if G' is H-free but deleting or adding any edge in G creates
an induced copy of H. The notion of induced saturation originated in a 2012 work by Martin
and Smith [23] concerning the extremal properties of H-induced-saturated graphs.

On the structural side, a large body of work since then has been devoted to the study of
graphs H for which H-induced-saturated graphs do exist in the first place. We say that H is
normal if there exists an H-induced-saturated graph. It is immediate that complete graphs
(except when on two vertices) are not normal because deleting edges from a graph cannot
increase its clique number. Similarly, empty graphs (except when on two vertices) are not
normal because adding edges to a graph cannot increase its independence number. Beyond
these trivial cases, however, characterizing normal graphs is quite difficult: The four-vertex
path is the only other graph currently known not to be normal, and very few graphs are
known to be normal. In particular, it remains open whether all even cycles are normal.

In this thesis, we study the analogous notions with only one of the two operations — edge
deletion or addition — required to create an induced copy of H. Given a graph H, we say
that a graph G is H-deletion-saturated if G is H-free, has at least one edge, and deleting
any edge in GG creates an induced copy of H. We say that H is deletion-normal if such a
graph G exists. (The complementary notions of H-addition-saturated and addition-normal
are defined similarly.) These “asymmetric” weakenings of induced saturation appear to be
more tractable. For example, in contrast to the fact that, as mentioned above, it remains
open whether all even cycles are normal, Tennenhouse [28| proved that all even cycles are
addition-normal, and with Fan, Sepehr Hajebi, and Spirkl, we proved recently [16] that all
even cycles are deletion-normal.

We conjecture that every non-complete graph H is deletion-normal (or equivalently, that
every non-empty graph H is addition-normal), and provide evidence for our conjecture by
proving it for a variety of graphs H, including all complete multipartite graphs with a unique
largest part, line graphs of all trees, all triangle-free graphs with exactly one cycle, and all
graphs on at most six vertices.
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Chapter 1

Introduction

1.1 Background and motivation

This thesis explores the “asymmetric” relaxation of the induced saturation problem on graphs.
Given a graph H, a graph G is H-free if G has no induced subgraph isomorphic to H. A
graph G is H-induced-saturated if G is H-free and this H-freeness is critical with respect to
the full adjacency profile of the graph; that is:

e (G is H-free;
e for every e € E(G), G — e is not H-free; and

e for every e € E(G), G + e is not H-free.

Induced saturation originated in a 2012 work by Martin and Smith [23] (see also [27]), where
they defined this notion as a property of “trigraphs” and studied its extremal aspects such
as Turédn-type problems about the maximum number of “undecided” pairs of vertices in an
n-vertex trigraph that is H-induced-saturated. (This line of work, in turn, was motivated
by the heavily investigated topic of “non-induced” saturation in extremal combinatorics. We
omit the details on that front; see [10] for an exhaustive survey.)

Since then, the literature on this topic has evolved around the study of graphs H for
which H-induced-saturated graphs exist in the first place. For instance, it is readily seen
that if a graph H is complete or empty (except when |V(H)| = 2), then there is no
H-induced-saturated graph. Bonamy et al. recently proved [6] that, for all other graphs
H, an “infinite H-induced-saturated graph” always exists.

Theorem 1.1 (Bonamy, Groenland, Johnston, Morrison, and Scott [6]). For every (finite)
graph H that is neither complete nor empty, there is a countably infinite graph G such that:

e (G does not contain H as a finite induced subgraph;



Figure 1.1: The icosahedron (left), the Cartesian product of two 5-cycles (middle), and the
dodecahedron (right).

o for every e € E(G), the infinite graph G — e contains H as an induced subgraph; and

e for every e € E(G), the infinite graph G + e contains H as an induced subgraph.

(In fact, they prove something stronger, that there is countably infinite H-free graph G
such that any “bounded degree perturbation” of that infinite graph creates an induced copy
of H.)

Our focus, in turn, is on graphs H for which there exists a finite H-induced saturated
graph. We call such graphs normal. It follows that complete graphs and empty graphs
(unless on two vertices) are not normal. Martin and Smith [23| also proved that:

Theorem 1.2 (Martin and Smith [23]). The four-vertez path Py is not normal.

Complete graphs, empty graphs, and the four-vertex path remain the only graphs known
not to be normal, and, as far as we know, it could be that all other graphs are normal.
However, even for structurally rather simple graphs H, deciding whether H is normal appears
to be quite difficult. For instance, it remains wide open whether all even cycles are normal.
With Fan, Sepehr Hajebi, and Spirkl, we showed the following; see Figure 1.1. (The case of
Cy was also observed in [3]).

Observation 1.3 (Fan, Hajebi, Hajebi, Spirkl [16]). Cycles of length 4,6,8 and 10 are
normal. In particular, the icosahedron is Cy-induced-saturated, the Cartesian product of two
5-cycles is Cg-induced-saturated, and the dodecahedron is Cg-induced-saturated.

Via computer search, we also found [16] a 28-vertex graph that is Cjp-induced-saturated.
However, the 10-cycle is the largest even cycle currently known to be normal.

Problem 1.4. Are all even cycles (on 12 or more vertices) normal?
This is particularly curious because all odd cycles (except for the 3-cycle, which is a

complete graph) are known to be normal, and the proof, due to Behrens et al. [3|, is
surprisingly simple.



Figure 1.2: From left to right: the graphs Dy, Dg, and D5.

Theorem 1.5 (Behrens, Erbes, Santana, Yager, and Yeager [3]). All odd cycles except
for the 3-cycle are normal. Specifically, for every integer t > 3, the graph L(Ky,) is
Cy_1-1nduced-saturated.

Another family of structurally simple graphs H for which the full proof of normality
is surprisingly difficult is that of paths. For small paths, the solution is immediate: P; is
normal (because the null graph is Pj-induced-saturated, P is normal (because empty graphs
on two or more vertices are Pj-induced-saturated), Ps is normal (because complete graphs
on three or more vertices are P3-induced-saturated), and by Theorem 1.2, P, is not normal.
Moreover, Bonamy et al. [5, 6] showed the following.

Theorem 1.6 (Bonamy, Groenland, Johnston, Morrison, and Scott [5, 6]). The complement
of the icosahedron is Ps-induced-saturated.

In contrast, progress on paths with six or more vertices was much slower. First, Raty
[26] proved that Py is normal by observing that the Clebsch graph is Pg-induced-saturated.
Cho et al. |9] later gave constructions of Pss-induced-saturated graphs for every s > 2. Only
recently did Dvorak [13] find a complete proof that P; is normal for all ¢ > 6.

Dvorék’s construction of P-induced-saturated graphs is elegant: For each ¢ € N, define
D, to be the graph obtained from the disjoint union of a t-cycle and its complement by adding
a perfect matching between the two. More precisely, D, has 2t vertices {u;,v; : i € {1,...,t}}
such that for all distinct 4,5 € {1,...,t}, we have:

e u;,u; are adjacent if and only if |i — j| € {1,t —1};
e v;,v; are adjacent if and only if |i — j| ¢ {1,t — 1}; and
e u;,v; are adjacent if and only if ¢ = j.
For instance, Ds is isomorphic to the Petersen graph (see Figure 1.2).
Dvorak proved in [13] that:

Theorem 1.7 (Dvorék [13]). For every integert > 6, the graph Dy, is P;-induced-saturated.



Putting together Theorems 1.2, 1.6, and 1.7 yields the following, which completely
resolves the case of paths:

Corollary 1.8. Lett € N. Then P, is normal if and only if t # 4.

In addition, some other types of graphs H were shown to be normal in subsequent work
by Behrens et al. [3] and by Axenovich and Csikés [2|. Beyond that, a full characterization
of all normal graphs remains wide open.

1.2 QOur take on induced saturation

Our focus here is on graphs in which H-freeness is only required to be sensitive to one of
the two operations of deleting or adding edges. Formally, given a graph H, we say that a
graph G is H-deletion-saturated if

e (G is H-free and F(G) # @; and

e for every e € E(G), G — e is not H-free.

Similarly, we say that a graph G is H-addition-saturated if

e (G is H-free and E(G) # @; and

e for every e € E(G), G + e is not H-free.

We say that H is deletion-normal if there exists a graph G that is H-deletion-saturated,
and that H is addition-normal if there exists a graph G that is H-addition-saturated.

These notions appear to be more tractable than symmetric normality. For example,
while it remains open whether all even cycles are normal, it is known that all even cycles
are both deletion-normal [16] and addition-normal [28] (although the proofs are rather
involved, especially that of deletion-normality). The case of addition was proved in 2016
by Tennenhouse [28]:

Theorem 1.9 (Tennenhouse [28]). All even cycles are addition-normal.

With Fan, Sepehr Hajebi, and Spirkl, we recently proved the deletion case:
Theorem 1.10 (Fan, Hajebi, Hajebi, Spirkl [16]). All even cycles are deletion-normal.

Furthermore, in contrast to Theorem 1.2, P, is readily seen to be both deletion- and
addition-normal: the five-cycle C5 is Pj-deletion-saturated, and the two-edge matching C is
Py-addition-saturated. In fact, complete graphs on two or more vertices are the only graphs
known not to be deletion-normal, and empty graphs on two or more vertices are the only
graphs known not to be addition-normal.

We therefore conjecture the following:



Conjecture 1.11. Every non-complete graph H is deletion-normal. Every non-empty graph
H s addition-normal.

Our contribution is the proof of Conjecture 1.11 for a variety of graphs H, which we
believe provides substantial evidence for both statements in Conjecture 1.11. Specifically,
our results imply the following. (All definitions will appear in Chapter 2).

Theorem 1.12. The following graphs, if not complete, are deletion-normal.

) The complete bipartite graph K, for all s,t € NU{0} with s < t.
) The complete bipartite graph K;; where t = (2::11) +1ort= (2:) +1 for some r € N.
(c) Every graph obtained by iteratively adding isolated vertices to a deletion-normal graph.
)

Every graph obtained by iteratively adding vertices of degree at most one to a 2-connected
deletion-normal graph.

(e) Line graphs of all trees.

(f) All line~ graphs and biline~ graphs, and the complements of all line™ graphs and all
bilinet graphs.

(g) All graphs on at most siz vertices.

Each of the subsequent chapters of this thesis is devoted to the proof of one or two of the
outcomes of Theorem 1.12: In Chapter 3, we prove 1.12(a) and 1.12(b), in Chapter 4, we
prove 1.12(c) and 1.12(d), and in Chapter 5, we prove 1.12(e) and 1.12(f). In fact, instead
of each of 1.12(a), 1.12(b), 1.12(c), and 1.12(d), we prove a much stronger result in the
corresponding chapter.

Regarding Theorem 1.12 (g), up to isomorphism, there are 202 non-complete graphs on
at most six vertices, all depicted in Figure 1.3 (see, for example, [24]). The first six outcomes
of Theorem 1.12 (or their strengthenings, to be more precise) establish the deletion-normality
of many of them — we include this corollary of each outcome in the corresponding chapter.
In particular, we handle

e 23 graphs in Chapter 3;
e 69 graphs in Chapter 4; and
e 85 graphs in Chapter 5.

(Some graphs could be handled in many different ways, in which case we have broken the
tie arbitrarily.)

There remains a total of 25 “sporadic” graphs on at most six vertices, each of which
requires new ideas for the proof of their deletion-normality. We handle these graphs in
Chapter 6.
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Chapter 2

Preliminaries

We denote the set of all positive integers by N, and for integers k, £/, we write {k,...,k’}
to denote the set of all integers no smaller than k£ and no larger than &’ (thus, we have
{k,...,k'} # @ if and only if k£ < k’). Graphs in this thesis have finite vertex sets, no loops,
and no parallel edges (unless specified otherwise).

Below, we cover some notation and terminology that will be used throughout the thesis.
For standard graph-theoretic terminology, the reader is referred to [12].

2.1 Graphs

Let G be a graph with vertex set V(G) and edge set E(G). For X C V(G), we use X to
denote both the set X of vertices and the induced subgraph G[X] of G with vertex set X,
also called the subgraph of G induced by X. For v € V(G), we write Ng(v) for the set of all
neighbors of v in G. A leaf of G is a degree-one vertex. We write G for the complement of
G. For e € E(G), we denote by G — e the graph obtained from G by removing the edge e.

For e € E(G), we denote by G + e the graph obtained from G by adding the edge e.

We say that two subsets X,Y of V(G) are complete in G (or that X is complete to Y
in G) if X NY = @ and every vertex in X is adjacent to every vertex in Y. We also say
that X,Y are anticomplete in G (or that X is anticomplete to Y in G) ift X NY = @ and
every vertex in X is nonadjacent to every vertex in Y. For a vertex z € V(G), we say that a
vertex x is complete (anticomplete) to'Y in G if {x} is complete (anticomplete) to Y in G.

A clique in GG is a set of pairwise adjacent vertices, and a stable set is a set of pairwise
nonadjacent vertices. The chromatic number of G, denoted x(G), is the minimum number
of stable sets into which V(G) can be partitioned.

For k € N and a graph H, we denote by kH the graph obtained from the disjoint union
of k isomorphic copies of H. For graphs Hy, ..., H;, we denote by Hy + --- + Hj, the graph
obtained from the disjoint union of isomorphic copies of Hy, ..., Hy.



2.2 Special graphs

We say that a graph G is complete if E(G) is the set of all 2-subsets of V(G), and that G is
empty if E(G) = @. For every n € N, we denote the n-vertex complete graph by K.

For m,n € NU {0}, we denote by K,,, the complete bipartite graph with parts of
cardinality m and n. The complete bipartite graph K, for n € NU {0}, is also called a
star. In general, for k € N with £ > 2 and ny,...,n, € NU {0}, we denote by K,, . ,, the
complete k-partite graph with parts of cardinality nq, ..., ng.

Let P be a path. We write P = p;- - - - -pj, to indicate that V(P) = {p1,...,px}, for some
k € N, and that E(P) = {ppiy1:i € {1,...,k—1}}. We call p; and py, the ends of P. The
length of P is the number of edges in P. For every k € N, we denote the unique k-vertex
path (that is, the path of length £ — 1) up to isomorphism by Pj. Given a graph G, a path
in G is an induced subgraph of G that is a path.

Let C be a cycle. We write C = ¢;--- - cg-¢1 to indicate that V(C) = {cy,..., ¢}, for
some k € N, and that E(C) = {ciciy1 : i € {1,...,k — 1}} U{cke1}. The length of C is the
number of edges (or equivalently, the number of vertices) in C, and a cycle of length k is
also called a k-cycle. For every k € N, we denote the unique k-cycle up to isomorphism by
Ck. Given a graph G, the girth of G is the shortest length of a cycle that is an (induced)
subgraph of G.

.....

2.3 k-graphs

Let k € N. A k-graph (also called a k-uniform hypergraph) is a pair I = (V(I'), E(T")) where
V(T') is a finite set of vertices and E(I") is a set of k-subsets of V(I'), called the hyperedges.

For n € N, we denote by K* the n-vertex complete k-graph; that is, the unique k-graph
(up to isomorphism) in which every k-subset of the vertex set is a hyperedge. Note that,
with this terminology, graphs are exactly the 2-graphs, and K, = K? for every n € N.

Let T be a k-graph for some k > 2. The chromatic number of I' is the smallest ¢ € N
for which there is a partition (Si,...,S.) of V(I') such that no hyperedge of I is contained
entirely in one of the sets Sy, ...,S.. The girth of I' is the smallest ¢ € N for which there are
g pairwise distinct hyperedges of I' whose union contains at most g(k — 1) vertices. Given a
vertex v € V(I'), the degree of v in T" is the number of hyperedges of I containing v. The
line graph of a k-graph ', denoted L(T"), is the graph (or the 2-graph) with vertex set E(T")
such that distinct hyperedges fi, fo € E(I') are adjacent as vertices in L(I") if and only if
fiN fo # @. Note that L(KF) for n > 2k are the same as the famous Kneser graphs [19].

Observe that in the case k = 2, the above notions match the analogous ones for graphs
(we will mention the line graph of a graph again in the next section). Note also that if the
girth of I' is larger than 2, then I' is linear; that is, every two hyperedges in I' share at most
one vertex.
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Figure 2.1: Induced subgraph obstructions to line graphs.
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Figure 2.2: Induced subgraph obstructions to biline graphs.

2.4 Line graphs

Given a graph H, the line graph of H, denoted L(H), is the graph with vertex set E(H)
such that distinct edges e, e’ € E(H) of H are adjacent as vertices in L(H) if and only if e
and ¢’ share an end in H. We say that a graph G is a line graph if there exists a graph H
such that G = L(H), and that G is a biline graph if there is a bipartite graph H such that
G = L(H). There are well-known characterizations of both line graphs and biline graphs
in terms of their forbidden induced subgraphs. (Recall that the claw is the star K 3, the
diamond is the graph obtained from K, by removing an edge, and an odd hole is an induced
cycle of length odd length at least five. See Figure 2.2.)

Theorem 2.1 (Beineke [4]). A graph G is a line graph if and only if G has no induced
subgraph isomorphic to any of the nine graphs in Figure 2.1.

Theorem 2.2 (See Peterson [25]). A graph G is a biline graph if and only if G is claw-free,
diamond-free, and odd-hole-free.

We are also interested in graphs that are “an edge away” from being a (bi)line graph. We
say that a graph G is a line”graph if G is not a line graph, but there exists e € E(G) such
that G + e is a line graph. We also say that G is a line* graph if G is not a line graph, but
there exists e € E(G) such that G — e is a line graph. Intuitively, line”graphs are graphs
that are “an edge less than” a line graph, and line*graphs are graphs that are “an edge more
than” a line graph. Similarly, we say that G is a biline™ graph if G is not a biline graph, but
there exists e € E(G) such that G + e is a biline graph, and that G is a bilinet graph if G is
not a biline graph, but there exists e € E(G) such that G — e is a biline graph. Again, this
roughly means that biline~graphs are graphs that are “an edge less than” a biline graph, and

biline*graphs are graphs that are “an edge more than” a biline graph.



Chapter 3

Complete multipartite graphs

In this chapter, we prove Theorem 1.12(a) and (b). In fact, we prove two stronger results
about complete multipartite graphs.

We say that a complete multipartite graph H is lopsided if H has a unique part with the
maximum number of vertices. It follows that a lopsided complete multipartite graph H is a
complete graph if and only if |V (H)| = 1.

Instead of Theorem 1.12(a), we prove that:

Theorem 3.1. Every lopsided complete multipartite graph with at least two wvertices is
deletion-normal.

Also, instead of Theorem 1.12(b), we prove that:
Theorem 3.2. Let r € N and let

2r — 1 2
te{(r )+1,(T)+1}.
r—1 r
Then, for every s € N, the graph Kt, LS deletion-normal.
——

s+1

The proof of Theorem 3.1 uses a construction from |[7|, which, for every ¢ > 2, yields
K y1-free graphs with arbitrarily large chromatic number whose K;-free induced subgraphs
have small chromatic number. We use this construction, for a suitable choice of ¢ based
on the graph H from Theorem 3.1, and choose a Ky i-free graph G from the construction
with chromatic number large enough (again, depending on H). We make this graph G
“edge-maximal” with respect to remaining K, -free, and we show that the resulting graph
is H-addition-saturated.

For Theorem 3.2, we take different approaches based on the choice of r and ¢. For t = 2
(meaning r = 1 and t = (2:__11) +1), the proof uses the disjoint union of multiple copies of the
icosahedron. For the other cases, the proof relies on the line graphs of complete k-graphs,
and variants of them, as well as corresponding variants of the Erdgs—Ko—Rado Theorem [15]

regarding the maximum cardinality of a clique in such graphs.

10



3.1 The lopsided case

We need the following result from [7]:

Theorem 3.3 (Brianski, Davies, Walczak [7]). For all ¢,t € N with ¢ > t > 2, there is a
K 1-free graph G with x(G) = ¢ such that for every K;-free induced subgraph G’ of G, we
have x(G') < 27t°.

We can now give a proof of Theorem 3.1:

Proof of Theorem 3.1. We show that for every lopsided complete multipartite graph H with
at least two vertices, H is addition-normal. Let s € NU {0} be such that H has s -+ 1 parts.
Then H has s+1 components, each of which is a clique. In particular, if H is connected, then
H is a complete graph on two or more vertices, which is clearly addition-normal. Therefore,
since H is lopsided, we may assume that for some s,t € N, H has exactly s+ 1 components,
one of which is isomorphic to Ky, and each of the remaining s components is a complete
graph on t or fewer vertices. In other words,

(1) Ky, is isomorphic to an induced subgraph of H, and H is isomorphic to an induced
subgraph of Ky 1¢ . ¢
Y )

s

By (1), in order to prove that H is addition-normal, it suffices to show that there exists a

K, 1-free graph G such that for every zy € E(G), the graph G+ xy has an induced subgraph
isomorphic to /S, ¢ ¢

For t = 1, the edgeless graph G with s+ 2 vertices has this property. So we may assume
that ¢t > 2. Let

¢ = 27(st + 2)t.

Then ¢ > t > 2 and we can apply Theorem 3.3 to ¢ and t. It follows that there is a
K 1-free graph G~ with x(G~) = 27t3(st + 2) such that for every K;-free induced subgraph
G’ of G~, we have x(G') < 27t3. Let G be a graph containing G~ as a spanning subgraph
such that G is Ky q-free, and subject to this property, F(G) is maximal with respect to
inclusion. Our goal is to show that GG is the desired graph.

Let v € NU {0} and let X C V(G). By an X-chain of length v in G we mean a
(v + 1)-tuple (Xo, ..., X,) of subsets of V(G) such that:

* Xo=X;

e X, is a t-vertex clique in G for every i € {1,...,v}; and

11



o Xj,..., X, are pairwise anticomplete in G.

It follows that there is always an X-chain of length zero in G.

For every X C V(G), let 7x € NU {0} be the maximum length of an X-chain in G. We
claim that:

(2) Let X CV(G) such that G[X] has no isolated vertex. Then we have

X(G7) < 2783 (| X | + tyx + 1).

Suppose not. Let v = vx. Let (Xo,...,X,) be an X-chain of length v in G. Let
U=XoU---UX,, let N =,y Ne(v) and let M = V(G) \ N. Note that for each
i € {0,1,...,7}, the graph G[X;] has no isolated vertex (for i = 0, this follows from the
assumption of (2), and for i € {1,...,7}, this follows from the fact that X; is a t-vertex
clique and ¢t > 2). We deduce that in the graph G, every vertex in U has a neighbor
in U; in particular, U € N and U and M are anticomplete in G. On the other hand,
since G is Kyqq-free, it follows that for every v € U, the graph G[Ng(v)] is Ki-free, and
so G~ [Ng(v)] is Ki-free as well (because G~ is a subgraph of G). Thus, by the choice of
G, we have (G~ [Ng(v)]) < 27t for every v € U. Since |U] = |X| + tv, it follows that
X(G7[N]) < 2763(|X| + tv). Therefore, since x(G~) > 27t3(|X| + tyx + 1) and (M, N) is
a partition of V(G), it follows that x(G~[M]) > 27t3, and so by the choice of G~, there
is a t-vertex clique Y in G~ such that Y C M. In particular, Y is a t-vertex clique in G
because G~ is a subgraph of G. But now since U and M are anticomplete in G, it follows
that (Xo,...,X,,Y) is an X-chain of length v + 1 in G, contrary to the maximality of ~.
This proves (2).

We now finish the proof. Let zy € E(G) and let Gt = G + zy. By the choice of G, there
is a (t + 1)-vertex clique X in G with z,y € X such that x and y are the only two vertices
in X that are non-adjacent in GG. In particular, since t > 2, it follows that in the graph G,
every vertex in X has a neighbor in X. Recall also that

X(GT) =27t (st +2) =273t + 1+ (s — Dt + 1) = 27 (| X| + (s — D)t + 1).

Hence, by (2), vx > s, and so there is an X-chain (Xj,..., X;) of length s in G. But now
GT[XoU---UX,] is isomorphic to Ky1t, ... t- This completes the proof of Theorem 3.1. W
——

E]

3.2 Some balanced cases

We prove Theorem 3.2 in three steps. First, we handle the case

2r —1
r=1 and t:(r 1>+1=2.

r —
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Figure 3.1: Proof of Theorem 3.4.

Indeed, in this case, we prove something stronger:

1,...,1 18 normal.

shy .

Theorem 3.4. For all s,s' € NU{0}, the graph K9 9
) )

s+1 s/

Proof. 1t suffices to show that

H=Ky 21, .1
—— ——

s+1 s/

is normal. If s = 0, then the empty graph on s’ 4 2 vertices is H-saturated, and we are done.

So we may assume that s > 1. Let G be a graph with exactly s+ s’ 4+ 2 components such
that G has s components W7, ..., W, each of which is isomorphic to the complement of the
icosahedron, and the remaining s’ +2 components of G are isolated vertices; say 21, ..., Zg 0.
See Figure 3.1. Our goal is to prove that GG is H-saturated.

By Observation 1.3 (and since K5 is the 4-cycle), each of Wy, ..., Wy is Kjo-saturated,
and in particular K o-free. Now,

e For each i € {1,...,s}, fix an edge u;v; € E(W;).

e For every w € V(G) \ {z1,...,2542}, say w € V(W;) for i € {1,...,s}, fix an edge
Uy of W, such that u,w,v,w ¢ E(G).

Note that the choice of u,v,, in the second bullet is possible because the non-neighbors of
w in W; induce a 5-cycle (which in turn is because the neighbors of every vertex in the
icosahedron induce a 5-cycle).

First, we show that G is H-free. Suppose not. Then, in particular, there are s + 1
pairwise anticomplete two-vertex cliques {ay,b1},...,{ast1,bs+1} in G. In particular, since
Wh,...,Wy are the components of G on two or more vertices, it follows that there exist

13



i € {l,...,s} and j,j' € {1,...,s + 1} such that {a;,b;},{a;, by} C V(W;). But now
Wil{a;,b;,a;, b} is isomorphic to K_272, contrary to the fact that W is K_m—free.

Next, we show that for every zy € E(G), the graph G — xy has an induced subgraph
isomorphic to H. Since Wy, ..., W, are pairwise distinct components of G, and the only
ones on two or more vertices, it follows that there exists exactly one i € {1,..., s} for which
z,y € V(W;), and thus zy € E(W;). Since W; is Ky p-saturated, it follows that W; — zy has
an induced subgraph M isomorphic to Ky 5. Therefore, the subgraph of G — xy induced by

U {Uj,l)j} UV(M)U{Zl,...,ZS/}
JE{L,osh\ i}

is isomorphic to H, as desired.

It remains to prove that for every zy € E(G), the graph G + zy has an induced subgraph
isomorphic to H. First, consider the case where there are i,57 € {1,...,s} for which =z €
V(W;) and y € V(W;). Assume that i = j. Then 2y € E(W;). Since W; is Kjo-saturated,
it follows that W, + xy has an induced subgraph M isomorphic to m Thus, the subgraph
of G 4 xy induced by

U {ug, v} | UV(M)U{z,...,2¢4}

ke{l,...s}\{i}

is isomorphic to H, as required. Consequently, we may assume that i # j. But then the
subgraph of G + xy induced by

U {ug, v} | U{ug, v} U{z, v} U{uy, v} U{z, ..., 20}

ke{l,...s}\{i.j}

is isomorphic to H. Next, consider the case where there arei € {1,...,s}and j € {1,..., 5+
2} such that x € V(W;) and y = z;. Choose an s'-subset S of {z1,..., 2941} \ {y}. Then
the subgraph of G + xy induced by

U {ug, e} | U{ug, vt U{z,y}US.

ke{l,...sh\{i}

is isomorphic to H. Finally, consider the case where there are i,j € {1,...,s + 2} for which
x = z; and y = z;. Then the subgraph of G + zy induced by

U {uk,vk} U{Zl,...,25/+2}

is isomorphic to H. This completes the proof of Theorem 3.4. [
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Second, we handle the case

2r — 1
r>2 and t:<r )—i—l.
r—1

The proof will rely on the Erdés-Ko-Rado Theorem [15], which determines the maximum
cardinality of a clique in the line graph of complete uniform hypergraphs.

Theorem 3.5 (Erdds, Ko, Rado [15]). For alln,r € N withn > 2r, the maximum cardinality

of a clique in L(K?) is ("~]).

Theorem 3.6. Let r;s € N with r > 2. Let
2r —1
t= ( " )+1
r—1

n=02r+1)(s+1)—1.
Then L(KT) is Ky 4-deletion-saturated.
Y ?

and let

s+1

Proof. Let

L=L(K;) and H=K; ¢

N——
s+1

Our goal is to prove that L is H-addition-saturated.

First, we show that L is H-free. Suppose not. Then there are s+ 1 pairwise anticomplete
cliques Wy, ..., Wy in L, each of cardinality ¢; in particular, Wy, ..., Wy C E(K]). For
each i € {1,...,s + 1}, let U; = Usey, f C V(K}). Since Wi, ..., Wiy are pairwise
anticomplete in L, it follows that Uy, ..., Ug, are pairwise disjoint. Also, since |W;|=--- =
(Wiesa| =t > (*7)), it follows from Theorem 3.5 that |U;| > 2r+1 for every i € {1,...,s+1}.
But then |V(K7)| > |UyU---UUsi1| > (2r +1)(s+ 1) = n + 1, a contradiction.

Next, we prove that for every fifo € E(L), the graph L + f; f5 is not H-free. By choice,
f1 and fo are disjoint hyperedges of K]. Let U = f1 U fy and let U’ = V(K?) \ U. Then
|U| = 2r and |U'| = n —2r = (2r + 1)s. Fix a partition (U{,...,U}) of U’ into s subsets
with |Uj| =--- = |U.| =2r + 1.

Let uw € f; C U be fixed, let C' be the set of all r-subsets of U containing u and let
D = CU{fo}. Then D\ {fo} = C is a clique of cardinality (* ') in L, and f, € C. Since
U is the disjoint union of f; and fs, and since |fi| = |f2| = 7, it follows that, other than fi,
every r-subset of U intersects fo. In particular, D\ {fi} = (C'\ {fi}) U{f2} is also a clique
of cardinality (2T_1) in L. Therefore, D is a clique of cardinality (2:__11) +1=tin L+ fifs.

r—1
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For each i € {1,...,s}, fix a vertex u, € U/. Since |U/| = 2r + 1 and r > 2, the number
of all r-subsets of U] containing u/ is

2r 0\ 2r (2r—1 - 2r — 1
r—1) r+1\r-1 r—1)
It follows that there is a set D} of r-subsets of U/ containing u such that |D}| = (¥ ) +1 =t.
In particular, D} is a clique of cardinality ¢ in L, and so in L + f fo.

Moreover, for all (f, f{,..., f.) € D x D} x --- x D’ the hyperedges f, f{,..., f. of K]
are pairwise disjoint because f C U, f/ C U/ for each i € {1,...,s}, and U,U;,..., U} are
pairwise disjoint. Consequently, D, D1, ..., D’ are pairwise anticomplete in L; in particular,
D,Dj,...,D. are pairwise disjoint. Since fi, fo € D, we deduce that D,D},..., D, are
pairwise anticomplete in L + f; fs.

In conclusion, we have shown that D, D}, ..., D, are s + 1 pairwise anticomplete cliques
in L+ fy fo, each of cardinality ¢. Hence, the subgraph of L+ f; f; induced by DUD]U---UD),
is isomorphic to H. This completes the proof of Theorem 3.6. |

Finally, we handle the case
2r
t = ( ) + 1.
r

The proof here will use a “product” extension of the Erdds-Ko-Rado Theorem due to
Frankl [17]. In order to state that result, we need a definition. For k € N and graphs
Gy, ...,Gy, let G; X --- X Gy be the graph with vertex set

V(Gy) x -+ x V(Gy)

such that distinct vertices (uy,...,u) and (vy,...,vx) are adjacent in Gy X - -+ X Gy, if and
only if for some i € {1,..., k}, either u; = v; or wv; € E(G;).

The “product” extension of the Erdés-Ko-Rado Theorem is as follows (note that for
k = 1, the result below is identical with the original version of Erdgs-Ko-Rado, namely
Theorem 3.5).

Theorem 3.7 (Frankl [17]). Let k € N and let nqy,r1,...,nk, e € N such that n; > r; for
all i € {1,...,k}. Then the mazimum cardinality of a clique in L(K]1) X --- X L(KTk) is

1 Tk ni ng
maxq —,...,— ¢ X X +-e X .
ni ng r Tk

Theorem 3.8. Let r,s € N. Let
2r
- ( ) 1
r

n=2r+1)(s+1)—1.

and let
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Then L (K7) M L (KL,) is Ky, ... -deletion-saturated.
——

s+1

Proof. Recall that L(K_,,) is just an empty graph on s + 2 vertices (that is, isomorphic to
(s +2)K;). Let

L:L(KZ)NL(K;H) and H=K; ¢

——
s+1
Then our goal is to prove that L is H-addition-saturated.
First, we show that:
(3) L is H-free.
Suppose not. Then there are s+ 1 pairwise anticomplete cliques Wy, ..., Wy, in L, each

of cardinality ¢; in particular,
Wi,....We1 CE(K]) x E(K_.,) -

For each i € {1,...,s+ 1} and every j € {0,1}, let
vi= U
(fo,f1)EW;

and let n;; = |U;;| > 1. In particular, we have U;g C V(K!) and U;; C V(KL,,).
Since W1, ..., Wy, are pairwise anticomplete in L, it follows that for every j € {0, 1},
Uij,...,Usy1; are pairwise disjoint. In particular, we have:

s+1
° E n;o < n; and
i=1

s+1
® Zni,l S S + 2.
=1

Since n < (2r + 1)(s + 1), by the first bullet, there exists i € {1,...,s + 1} for which
n;o < 2r. Also, by the second bullet, we have n;; < 2. Since |W;| = ¢, it follows that
L (K5.) X L(K3) has a clique of cardinality ¢. Thus, by Theorem 3.7,

rema{ b () < (5) = (7).

which is a contradiction. This proves (3).

Next, we show that:
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(4) For every xzy € E(L), the graph L + xy is not H-free.

We may write x = (eg, e1) and y = (fo, f1) such that ey and fy are disjoint hyperedges
of K7, and e; and f; are disjoint hyperedges of K} ,. Let U = eg U fo. Then |U| = 2r. Let
u € eg C U be fixed, let C' be the set of all r-subsets of U containing u; in particular, e € C'
and fo ¢ C. Let

C=0Cx{ey, fi}
and let
D =CU{y}.
Note that D\ {y} = C is a clique in L with z € C. Since U is the disjoint union of e, and
fo, and since |eg| = |fo| = r, it follows that, other than eg, every r-subset of U intersects fo.

Consequently, for every z = (go,91) € C\ {z}, we have zy € E(L), because either gy # e,
in which case we have gy N fo # &, or go = eg and g; = f; (since z # x). In other words,
D\ {z} = (C\ {z}) U{y} is also a clique in L. We deduce that D is a clique in L + zy.

Moreover,
2r — 1 2
r—1 r

Let U' = V(K])\U. Then |U'| =n —2r = (2r + 1)s. Fix a partition (Uj,...,U}) of U’
into s subsets with |U{| = --- = |U!| = 2r + 1. Also, let E(K},,)\ {e1, fi} = {h1,..., hs}.
For each i € {1,..., s}, since |U]| = 2r + 1, the number of all r-subsets of U] is

2r+1 _2T+1 2r - 2r
r Cor+1\r r)

So we can choose a set D} of r-subsets of U] such that |D]| = (*") +1 = ¢. In particular,

D; = Dj x {hi}

is a clique of cardinality ¢t in L, and so in L + xy.

Moreover, for all ((g,h), (g1,h1),...,(gs, hs)) € D x D] x -+- x DL,

e the hyperedges ¢, g1, ..., gs of K] are pairwise disjoint because g C U, g; C U/ for each
ie{l,...,s},and U Uj,...,U. are pairwise disjoint; and

® h,hi,...,h,are pairwise distinct hyperedges of K, because h € {eq, fi} = E(K1,)\
{h1,...,hs}, and thus h, hy, ..., hs are pairwise disjoint.

Consequently, D, D}, ..., D, are pairwise anticomplete in L; in particular, D, D}, ..., D. are
pairwise disjoint. Since x,y € D, we deduce that D, D}, ..., D, are pairwise anticomplete in
L+ zy.

18



In conclusion, we have shown that
D,D,...,D.

are s + 1 pairwise anticomplete cliques in L + xy, each of cardinality ¢. Hence, the subgraph
of L + zy induced by DU D] U---UD. is isomorphic to H. This proves (4).

The result now follows from (3) and (4). This completes the proof of Theorem 3.8. W

3.3 Corollary for graphs on at most six vertices

Among the 202 non-complete graphs on at most six vertices, there are exactly 23 complete
multipartite graphs; see Figure 3.2, where these graphs are depicted with the same labeling
as in Figure 1.3, and with a multipartition of their vertices given.

In particular, the only complete multipartite graphs on at most six vertices that are not
lopsided are:

e Entry 11C (isomorphic to K33). This graph is handled by Theorem 3.2 for

r

2
r=1, t:(r)—i—l:B and s=1.

Entry 13H (isomorphic to K325). This is handled by Theorem 3.4 for

s=2 and s =0.

Entry 13J, (isomorphic to Ks21.1). This is handled by Theorem 3.4 for

s=1 and & =2.

Entry 13K, (isomorphic to K5;11.1). This is handled by Theorem 3.4 for

s=0 and s =4.

Entry 16H, (isomorphic to Ks21). This is handled by Theorem 3.4 for

s=s =1.

Entry 171, (isomorphic to K52). This is handled by Theorem 3.4 for

s=1 and & =0.
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Figure 3.2: All non-complete complete multipartite graphs on at most six vertices.
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Chapter 4

Adding vertices of degree at most one

In this chapter, we prove outcomes (c) and (d) of Theorem 1.12. Note that the following is
equivalent to Theorem 1.12(c):

Theorem 4.1. Let G,H be graphs. Let u be an isolated vertex of G and let v be an

isolated vertex of H. Assume that G \ {u} is (H \ {v})-deletion-saturated. Then G is
H-deletion-saturated.

Proof. First, we show that G is H-free. Suppose for a contradiction that G has an induced
subgraph H’ isomorphic to H. Let f : V(H) — V(H') be an isomorphism between H and
H’. Since G\ {u} is (H \ {v})-free, it follows that H’ is not an induced subgraph of G'\ {u}.
In other words, we have u € V(H'). Since G \ {u} is (H \ {v})-free, it follows that H'\ {u}
is not isomorphic to H \ {v}, and so f(v) # u. In particular, u and f(v) are distinct isolated
vertices of H'. It follows that H'\ {u} and H"\ {f(v)} are isomorphic, which in turn implies
that H' \ {u} and H \ {v} are isomorphic. But then H’\ {u} is an induced subgraph of
G \ {u} isomorphic to H \ {v}, a contradiction. We deduce that G is H-free.

Now, let e € E(G). Then e € E(G \ {u}). Since G\ {u} is (H \ {v})-deletion-saturated,
it follows that (G \ {u}) — e has an induced subgraph H” isomorphic to H \ {v}. Hence, the
induced subgraph of G — e with vertex set V/(H")U{u} is isomorphic to H. This completes
the proof of Theorem 4.1. [ |

Instead of Theorem 1.12(d), we prove a substantially stronger statement, which requires a
few definitions. Let GG be a graph. Recall that a block in GG is a maximal 2-connected induced
subgraph of G (we consider complete graphs on one or two vertices to be 2-connected, as
well ). We denote by B(G) the set of all blocks of G. We say that a graph H is omnipresent
in G if for every u € V(H) and every v € V(G), there is an injection ¢ : V(H) — V(G)
such that ¢(u) = v and ¢ is an isomorphism between H and G[¢(V (H))]. For instance, K
is omnipresent in G if and only if GG is non-null, and K5 is omnipresent in G if and only if G
has no isolated vertex.
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Figure 4.1: Left: Graph H with a governing block B. Right: All blocks of H except for B
are omnipresent in the icosahedron.

Given a graph H, we say that a block B of H is governing if there is a B-deletion-saturated
graph W such that every block B’ € B(H) \ { B} is omnipresent in W.

We will prove the following strengthening of Theorem 1.12(d):

Theorem 4.2. FEvery graph with a governing block is deletion-normal.

For example, the graph H in Figure 4.1 has a block B which is a 4-cycle; the other blocks
of H are all isomorphic to K5, K3 or the diamond. Therefore, since we saw in Observation 1.3
that the icosahedron is Cy-saturated (and thus Cy-deletion-saturated), and since Ky, K3 and
the diamond are all omnipresent in the icosahedron, it follows that the graph H in Figure 4.1
is deletion-normal.

The idea of the proof of Theorem 4.2 is as follows: Given a graph H with a governing block
B, we begin with a B-deletion-saturated graph W. We take a |W|-graph I' of sufficiently
large girth and chromatic number (depending on H), and we build a graph G from I' by
turning each hyperedge of I' into an isomorphic copy of W. We then use the large girth and
chromatic number of the underlying hypergraph I' to prove that G is H-deletion-normal.

It is straightforward to see that Theorem 4.2 implies Theorem 1.12(d):

Theorem 4.3. FEvery graph obtained by iteratively adding vertices of degree at most one to
a 2-connected deletion-normal graph is deletion-normal.

Proof. Let H be a graph obtained by iteratively adding vertices of degree at most one to
a 2-connected deletion-normal graph B. Then B is deletion-normal and every block in
B(H) \ {B} is isomorphic to K; or Ks. In particular, since B is connected, we may assume
that there is a B-deletion-saturated graph W which is also connected, and so both K; and
K, are omnipresent in W. It follows that B is a governing block of H, which along with
Theorem 4.2 implies that H is deletion-normal, as desired. |
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For example, from Theorem 4.3, it follows that every triangle-free “unicyclic” graph
is deletion-normal. A graph is unicyclic if it has exactly one cycle. In particular, every
triangle-free unicyclic graph is obtained by iteratively adding vertices of degree at most one
to a cycle on four or more vertices. Recall also that by Theorems 1.5 and 1.10, all cycles on
four or more vertices are deletion-normal. Hence,

Corollary 4.4. Every triangle-free unicyclic graph is deletion-normal.

Another consequence of Theorem 4.3 is that for every 2-connected deletion-normal graph
B, the disjoint union of B and any forest is deletion-normal. This is somewhat curious
because deletion-normality remains open for most forests (and appears to be quite hard to
prove).

Corollary 4.5. The disjoint union of a forest and a 2-connected deletion-normal graph is
deletion-normal.

4.1 Hypergraph tools

The proof of Theorem 4.2 uses the fact that there are uniform hypergraphs of arbitrarily
large girth and chromatic number, a result first proved by Erdds and Hajnal [14]. Several
other constructions were subsequently found; see, for example, also [1] and [22].

Theorem 4.6 (Erdds and Hajnal, Corollary 13.4 in [14]). For all ¢,g,k € N, there is a
k-graph of girth larger than g and chromatic number larger than c.

From Theorem 4.6, it follows that there are uniform hypergraphs of arbitrarily large girth
and minimum degree. (The proof is easy but we include it for the sake of completeness.)

Lemma 4.7. For all d,g,k € N, there is a k-graph of girth larger than g in which every
vertex has degree larger than d.

Proof. By Theorem 4.6, there exists a k-graph I" with girth larger than g and with chromatic
number larger than d 4+ 1. Let I be a k-graph with V(I'") C V(I") and E(I") C E(I") such
that [" has chromatic number larger than d + 1, and subject to this property, V (I'') U E(T")
is minimal with respect to inclusion. We claim that I is the k-graph desired in Lemma 4.7.
Note that I is k-uniform because I' is. Also, every cycle in I" is also a cycle in I'; which
in turn implies that I has girth larger than g because I' does. It remains to show that
every vertex in [ has degree larger than d. Suppose for a contradiction that some vertex
v € V(I") has degree at most d. Let € be the set of all hyperedges of I that contain v; then
|€] < d. Let I' be the k-graph with V(I') = V(I") \ {v} and E(I") = E(I') \ £&. Then
[ is a k-graph with V(I') U E(I'") strictly contained in V(I") U E(I"). From this and the
choice of I", it follows that I has chromatic number at most d + 1. This means there is a
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partition (S1,...,S44+1) of V/(I') such that no hyperedge of I'” is entirely contained in one
of Si,...,S4+1. Moreover, since |€| < d, it follows that for some j € {1,...,d + 1}, none of
the sets (f \ {v} : f € &) is entirely contained in S;. Let S; = S; U {v} and let S; = S; for
eachi e {1,...,d+ 1} \ {j}. Then no hyperedge in E(I")UE = E(I") is entirely contained
in one S7,...,S;, ;. But now I has chromatic number at most d 4 1, a contradiction. This
completes the proof of Lemma 4.7. [ |

We also need a somewhat more “tangible” certificate of large girth in uniform hypergraphs.
Let £ > 2, let I be a k-graph and let m > 2 be an integer. By a ring in I' we mean an
ordered (m + 1)-tuple R = (f1,..., fm+1) where:

e fi...., fm, fms1 are hyperedges of I' such that f; = f,,.1 but there are at least two
distinct hyperedges among fi, ..., f; and

e there are m pairwise distinct vertices vy, . .., v, of I" such that for every i € {1,...,m},
we have v; € f; N fiy1.

The length of R is the number m (which is at least two).
Lemma 4.8. Let g,k € N and let I' be a k-graph. Assume that there is a ring of length at
most g in I'. Then I' has girth at most g.

Proof. Let (f1,..., fm+1) be a ring of length m in I" with m as small as possible. Then
we have 2 < m < g. By definition, there are m pairwise distinct vertices vy,...,v,, of I’
such that for every i € {1,...,m}, we have v; € f; N f;11. Since every hyperedge of I" has
cardinality exactly k, it follows that:

U+

=1

(5) We have <m(k—1).

Moreover, we claim that:
(6) The hyperedges fi, ..., fm are pairwise distinct.

Suppose not. Choose 7, € {1,...,m—1} with p as small as possible such that f; = fi .
Since there are at least two distinct hyperedges among fi,..., f,, it follows that m > 3. If
w=1,then (f1,..., fi, fixos--, fme1) is a ring of length m — 1 in T'; a contradiction to the
minimality of m. So we may assume that 2 < y < m — 1. Note that by the minimality of
i, there are at least two distinct hyperedges among f;, ..., fiy,—1. But now (f;,..., fiz,) is
a ring in I" of length ¢ < m — 1, again a contradiction to the minimality of m. This proves

(6).

From (5) and (6), we deduce that fi,..., f,, are m pairwise distinct hyperedges of T’
whose union contains at most m(k — 1) vertices. Hence, I' has girth at most m < g. This
completes the proof of Lemma 4.8. [
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4.2 The main proof

The hypergraph-theoretic tools from the previous section are used in the proof of the
following lemma, which is the key step in the proof of Theorem 4.2.

Lemma 4.9. For every graph H with a governing block B, there is a graph G such that:

(a) G is B-free; and

(b) for every e € E(G) and every connected induced graph H' of H with V(B) C V(H'),
G — e has an induced subgraph isomorphic to H'.

Proof. By definition, since B is governing, there is a B-deletion-saturated graph W such
that every block B’ € B(H) \ {B} is omnipresent in W. Let |V(W)| = k € N and let
h = |V (H)|. By Lemma 4.7, there exists a k-graph I" of girth larger than A in which every
vertex has degree larger than h. Also, since B is 2-connected and non-complete (because B
is deletion-normal), it follows that h = |V (H)| > |V(B)| > 2, and so I has girth larger than
2. In particular,

(7) For all distinct f, f" € E(I'), we have |f N f'| < 1.

For every hyperedge f € E(I'), let Wy be a graph with V(W;) = f that is isomorphic to
W and let ny : V(Wy) — V(W) be an isomorphism between Wy and W. Let

G¢= J w.

feE()

From (7) and the construction of G, it follows that there is a map ¢ : E(G) — E(I') such
that for every e € E(G), ¢(e) is the only hyperedge of I' that contains both ends of e. In
particular, ¢(e) is the only hyperedge of I' for which we have e € E(W, ). Moreover, we
claim that:

(8) Let f € E(T') and let u,v € f be distinct. Let P be a path of length at most h from u to
v which is a subgraph of G. Then for every e € E(P), we have p(e) = f.

Let P = vy-----v,, where v; = u, v, = v and 2 < m < h. For each i € {1,...,m — 1},
let fi = p(vivig1), let fo, = f. We need to show that f; =--- = f,,_1 = fu. Suppose not.
Define f,,11 = @(v1v9). Then fi,..., fim, fms1 are hyperedges of ' such that f; = f,,+1 but
there are at least two distinct hyperedges among f1,..., fi,, and vy,..., v, are m pairwise
distinct vertices of I' such that for every i € {1,...,m}, we have v; € f; N fi;1. Therefore,
(fi,--+, fms1) is a ring of length m < h in T'. But now by Lemma 4.8, T" has girth at most
h, a contradiction. This proves (8).
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Our goal is now to show that G satisfies Lemma 4.9. First, we prove that:
(9) G is B-free.

Suppose not. Let By be an induced subgraph of G isomorphic to B. Since By is
2-connected, it follows that E(By) # @. Choose an edge e € E(By) and let f = ¢(e). Let M
be the component of By[V (By) N f] that contains both ends of e. Since W} is isomorphic to
W, since By is isomorphic to B and since W is B-free, it follows that V(By) € V/(Wy) = f.
Consequently, since By is connected, it follows that there is an edge vw € F(By) such that
veV(M)andw € V(G)\ f. Let f' = o(vw). Then f" # f, and by (7), we have fnf" = {v}.
Since M is connected with at least two vertices, it follows that v has a neighbor v in M;
in particular, we have u,v € f are distinct. On the other hand, since By is 2-connected, it
follows that there is a path @ in By \ {v} from u to w. But now P = u-Q-w-v is a path of
length at most |V (By)| = |V (B)| < h between distinct vertices u,v € f which is a subgraph
of By (and so of ), and vw is an edge of P such that p(vw) = f’ # f, a contradiction to
(8). This proves (9).

In view of (9), it remains to show that for every e € E(G) and every connected induced
subgraph H' of H with V(B) C V(H’), G — e has an induced subgraph isomorphic to H'.
The proof is by induction on |V (H')| for fixed e = xy € E(G). Note that B is a block of H'.
In fact, since every block of H' is an induced subgraph of a block of H, it follows that B is
a governing block of H'.

Let fo = p(e) and let G- = G — e. Then we have z,y € fo, e € E(G[fo]) = E(Wy,) and
G~ [fo] = Glfo] —e =Wy, —e.

Assume that |V(H')| = |V(B)|. Then H' = B. Since 7y, is an isomorphism between W,
and W, it follows that 7, (z)nys, (y) € E(W) and Wy, — e is isomorphic to W — nyg, (z)ng, (v).
On the other hand, since W is B-deletion-saturated, it follows that W — n (z)ny,(y) has
an induced subgraph isomorphic to B, and so isomorphic to H'. Therefore, G~ [f,] has an
induced subgraph isomorphic to H', as desired.

Now, assume that |V(H')| > |V(B)|. Since H' is connected and B € B(H’), it follows
that B(H') \ {B} # @, and in particular, the block tree of H' has at least two leaves.
This means that there is a block B" € B(H') \ {B} such that V(B’) contains exactly one
cut vertex of H'. Let uw € V(B’) be the unique vertex of B’ that is a cut vertex of H'.
Let H" = H'\ (V(B’) \ {u}). Then H” is connected and |V (H")| < |V(H')|. Moreover,
since B(H") = B(H') \ {B'}, it follows that B is a block of H”, as well. Consequently,
by the inductive hypothesis, G~ has an induced subgraph .J isomorphic to H”. Let 6 :
V(H") — V(J) be an isomorphism between H” and J, and let v = 0(u) € V(J) C V(G).
Let &€ = {p(v') : v € Ny(v)}. Then every hyperedge in £ contains v, but we have
IE| < |V(H")| < h. Since every vertex of " has degree larger than h, it follows that there is
a hyperedge f € E(I') \ € such that v € f. We further show that:
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(10) f\A{v} and V(J)\ {v} are anticomplete in G.

Suppose not. Then there exists u € f \ {v} such that either u € V(J) \ {v} or u
has a neighbor in V' (J) \ {v} in G. By the definition of £ and the choice of f, we have
Ny(w)Nn (f\{v}) = @, and so u ¢ N;(v). Therefore, since J is connected, it follows that
there is a path @ in J from v to a vertex w € V' (J)\{v} such that uw € E(G™). In particular,
the unique neighbor v’ of v in @ belongs to N;(v), and so ¢(vv') # f. But now P = w-w-Q-v
is a path of length at most [V(Q)| < |V(J)| < h between distinct vertices u,v € f which is a
subgraph of G~ (and so of GG), and vv’ is an edge of P such that p(vv') # f, a contradiction
to (8). This proves (10).

We can now finish the proof. By (10), we have fy # f. Since B is a governing block of
H' and since B’ € B(H') \ { B}, it follows that B’ is omnipresent in W, and so in W;. Recall
also that v € V(B') and v € f = V(W}). Thus, there is an injection ¢ : V(B') — V(W)
such that ¢ (u) = v and 1 is an isomorphism between B’ and B" = W;[y(V(B'))]. Since
fo # f, it follows that B” is an induced subgraph of G~. Hence, by (10), J U B” is an
induced subgraph of G~ isomorphic to H’. This concludes the induction and thus completes
the proof of Lemma 4.9. |

We are now in a position to prove Theorem 4.2:

Proof of Theorem 4.2. Let H be a graph with a governing block B. By definition, there is
a B-deletion-saturated graph W such that every block B’ € B(H) \ {B} is omnipresent in
W. Since B has no isolated vertices, we may assume without loss of generality that W has
no isolated vertices either.

We begin by showing that:

(11) There is a connected graph H such that H is an induced subgraph of H and B is a
governing block of H.

If H is connected, then we are done by choosing H = H. Assume that H is not connected.
Let H be a graph obtained from H by adding an extra vertex with exactly one neighbor in
each component of H. Then H is connected and H is an induced subgraph of H. Moreover,
we have B(H) C B(H), and every block of H that is not a block of H is isomorphic to K.
Therefore, since B is a governing block of H and since W has no isolated vertices, it follows
that B is a governing block of H, too. This proves (11).

Let H be as given by (11). Then, by Lemma 4.9, there is a B-free graph G such that
for every e € E(G), G — e has an induced subgraph isomorphic to H. But now since B
is an induced subgraph of H, and H is an induced subgraph of H, we deduce that G is
H-deletion-saturated. This completes the proof of Theorem 4.2. [
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4.3 Corollary for graphs on at most six vertices

Of the remaining 202 — 23 = 179 graphs on at most six vertices from Chapter 3,

e The 37 graphs in Figure 4.2 each have at least one isolated vertex, and removing
all their isolated vertices leaves a non-complete graph. Thus, by Theorem 4.1, we
may assume that these graphs are handled (by removing their isolated vertices and
inductively reducing to a smaller graph which has been handled before or will be
handled in later chapters).

e The 32 graphs in Figure 4.3 each have a unique non-complete block B such that B is not
the entire graph and all other blocks are isomorphic to K5. Therefore, by Theorem 4.3,
we may assume that these graphs are also handled (by inductively reducing to B, which
is a smaller graph that has been handled before or will be handled in later chapters).
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Chapter 5
Using line graphs

Here, we will prove outcomes (e) and (f) of Theorem 1.12.

5.1 Severed pairs

Instead of Theorem 1.12(e), we prove more generally that the line graph of nearly every
graph with at least two leaves, if not complete, is deletion-normal. Let us give the formal
definitions. Given a graph H, a claw component of H is a component of H that is isomorphic
to K3, and a triangle component of H is a component of H that is isomorphic to Kj3. A
pair (x1,zo) of vertices in H is said to be severed if:

e 11,1y are leaves of H at distance at least three from each other (that is, xi,zo are
non-adjacent and the unique neighbors of z1, xs in H are distinct); and

e none of x1, x5 belongs to a claw component of H.

We show that:

Theorem 5.1. Let H be a graph that has a severed pair. Then L(H) is deletion-normal.

For instance, if H is a tree, then H has a severed pair if and only if H is not a star. Also,
conveniently, if H is a tree, then L(H) is a complete graph if and only if H is a star. Since
complete graphs are not deletion-saturated, this derives theorem 1.12(e) from Theorem 5.1:

Corollary 5.2. For a tree H, L(H) is deletion-normal if and only if H is not a star.
Back to the proof of Theorem 5.1, the idea is to show that L(K}_;), for a suitable

choice of h depending on H, is H-deletion-saturated. In particular, we choose h so that
K, contains a subgraph whose line graph is isomorphic to L(H), whereas K;_; does not
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contain such a subgraph. The choice of h is also sensitive to the fact that line graphs cannot
distinguish between claws and triangles (the same fact explains the second bullet condition
in the definition of a severed pair). More precisely, we use the following classical result of
Whitney [29]:

Theorem 5.3 (Whitney [29]). Let H, and Hy be connected graphs. Then L(Hy) and L(Hs)
are isomorphic if and only if either Hy and Hs are isomorphic, or one of Hy, Hy is isomorphic
to K13 and the other is isomorphic to K.

We also need a definition. The trimming of H is the graph obtained from H by first
removing all isolated vertices of H and then replacing every claw component of H with a
triangle component. From Theorem 5.3, it follows that the trimming of H is exactly the

graph with the minimum number of vertices whose line graph is isomorphic to the line graph
of H.

Observation 5.4. Let H be a graph, let s € NU{0} be the number of isolated vertices of H,
let t € NU{0} be the number of claw components of H and let h = |V (H)| — s —t. Let H'
be a graph such that L(H) and L(H') are isomorphic. Then |V (H')| > h and equality holds
if and only if H' is isomorphic to the trimming of H.

We are now ready to prove Theorem 5.1. The following is a restatement of Theorem 5.1
that explicitly describes the L(H )-deletion-saturated graph.

Theorem 5.5. Let H be a graph that has a severed pair. Let s € N U {0} be the number
of isolated vertices of H, let t € NU {0} be the number of claw components of H and let
h=|V(H)|—s—t. Then L(Ky_1) is L(H)-deletion-saturated.

Proof. By Observation 5.4, there is no subgraph of Kj_; whose line graph is isomorphic to
the line graph of H. Thus, L(K}_;) is L(H)-free.

It remains to show that for every edge ab € F(L(K,_1)) (where a,b € E(K}_1)), there
is an induced subgraph of L(K}_1) — ab that is isomorphic to L(H). Let a = uv and b = uw
where u,v,w € V(Kj_1) are distinct. Choose a severed pair (z1,22) in H. For eachi € {1, 2},
let y; be the unique neighbor of x; in H. It follows that x1,y1, x2, yo are all distinct. Let H;
be a trimming of H. Then |V (H;)| = |V(H)| —s—t = h and z1,25 € V(H;); in particular,
(x1,22) is a severed pair in Hy, as well. Let Hy be the graph obtained from H; by identifying
the vertices x; and x2 into a new vertex x. Then we have L(H;) = L(Hz2) — ejes where
er = zy; € E(Hs) and ey = zys € E(Hy). Since |V(Hs)| = |V(H1)| —1 = h — 1, there is a
subgraph G of Kj,_; isomorphic to Hy with a = uwv € E(G) and b = uw € E(G), as well as
an isomorphism f : V(G) — V(H;) between G and Hy such that f(u) = z, f(v) = y1, and
f(w) = yo. Define the map ¢ : E(G) — E(H,) as follows: for every edge q1¢2 € E(G), let
o(q1q2) = f(q1)f(q2) € E(H3). Then ¢ is an isomorphism between L(G) and L(H;) where
p(a) = ey and p(b) = ea. Moreover, note that L(G) is the induced subgraph of L(K},_1) with
vertex set E(G). Hence, L(G) — ab is an induced subgraph of L(K}_1) — ab isomorphic to
L(Hs2) —ereo = L(Hy) = L(H). This completes the proof of Theorem 5.5. [
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5.2 Near-line-graphs

For Theorem 1.12(f), we also prove the following restatement with explicit descriptions of
the corresponding deletion-normal graphs. The key idea in the proof is that the line graphs
of complete graphs and balanced complete bipartite graphs are edge-transitive, and so are
the complements of those line graphs.

Theorem 5.6. Let H be a graph on h € N vertices. Then the following hold:

(a) If H is a line™ graph, then L(Kap) is H-deletion-saturated.
(

(c) If H is a biline” graph, then L(K},) is H-deletion-saturated.

)

b) If H is a line* graph, then L(Kap) is H-deletion-saturated.
)
)

(d) If H is a biline® graph, then L(Ky, ) is H-deletion-saturated.

Proof. First, we prove 5.6(a). Since H is not a line graph, it follows that L(K5y,) is H-free.
It remains to show that for every edge ab € E(L(Kyp)) (where a,b € E(Ksp)), there is an
induced subgraph of L(Ky,) — ab that is isomorphic to H. Let a = uv and b = uw where
u,v,w € V(Ky,) are distinct. Since H is a line"graph, there exists xy € E(H) for which
H + zy is a line graph. Choose a graph G’ with no isolated vertex such that L(G') = H +zy.
Since x, y are adjacent in H+zy, it follows that there are distinct vertices u’, v, w" € V(G") for
which z = vw/v' € E(G') and y = v'w' € E(G"). Since |[E(G")| = |V(H + zy)| = |V(H)| = h
and G’ has no isolated vertex, it follows that G’ has at most 2h vertices. Therefore, there is
a subgraph G of Ky, isomorphic to G’ with a = uv € E(G) and b = ww € E(G), as well as
an isomorphism f : V(G) — V(G’) between G and G’ such that f(u) =/, f(v) = ¢/, and
f(w) = w'. Define the map ¢ : E(G) — E(G’) as follows: for every edge ¢1q2 € E(G), let
o(q1q2) = f(q1)f(g2) € E(G'). Then ¢ is an isomorphism between L(G) and L(G’) where
p(a) = z and ¢(b) = y. Moreover, note that L(G) is the induced subgraph of L(Kj,) with
vertex set E(G). Hence, L(G) — ab is an induced subgraph of L(K5,) — ab isomorphic to
L(G") — xy = H. This completes the proof of 5.6(a).

Second, we prove 5.6(b). Since H is not a line graph, it follows that L(Ksy) is H-free,
and so L(Ky,) is H-free. It remains to show that for every edge ab € E(L(K3p)) (where
a,b € E(Ksy,)), there is an induced subgraph of L(Ks,) — ab that is isomorphic to H. Let
a = uv, and b = wz where u,v,w,z € V(Ky,) are distinct. Since H is a line*graph, there
exists xy € E(H) for which H — 2y is a line graph. Choose a graph G’ with no isolated
vertex such that L(G') = H — xy. Since z,y are not adjacent in H — 2y, it follows that there
are distinct vertices v/, v, w’, 2" € V(G') such that x = v/v' € E(G’) and y = w'2’ € E(G").
Since |E(G")| = |V(H — xy)| = |V(H)| = h and G’ has no isolated vertex, it follows that
G’ has at most 2h vertices. Therefore, there is a subgraph G of Ky, isomorphic to G’ with
a=uv € E(G) and b = wz € E(G), as well as an isomorphism f : V(G) — V(G’) such
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that f(u) = u/, f(v) =/, f(w) = W', and f(2) = 2. Define the map ¢ : E(G) — E(G")
as follows: for every edge q1q2 € E(G), let o(q1q2) = f(q1)f(q2) € E(G'). Then ¢ is an
isomorphism between L(G) and L(G’) where p(a) = x and ¢(b) = y. Moreover, note that
L(G) is the induced subgraph of L(Kj,) with vertex set E(G). Hence, L(G) + ab is an
induced subgraph of L(Ky,) + ab isomorphic to L(G’) + xy = H, which in turn implies that
L(G) 4+ ab = L(G) — ab is an induced subgraph of L(Kyy) + ab = L(Kyp,) — ab isomorphic to
L(G") + xy = H. This completes the proof of 5.6(b).

Third, we prove 5.6(c). Since H is not the line graph of a bipartite graph, it follows
that L(K}) is H-free. It remains to show that for every edge ab € E(L(K}y)) (where
a,b € E(Kpp)), there is an induced subgraph of L(K}, ;) — ab that is isomorphic to H. Let
a = uv and b = uw where u,v,w € V(K ) are distinct. Since H is a biline”graph, there
exists xy € E(H) for which H + xy is the line graph of a bipartite graph. Choose a bipartite
graph G’ with no isolated vertex such that L(G') = H +xy. Since z,y are adjacent in H +zy,
it follows that there are distinct vertices u’,v’,w’ € V(G") for which z = v'v" € E(G’) and
y=u'w' € E(G"). Since |E(G")| = |V(H +=zy)| = |V(H)| = h and G’ has no isolated vertex,
it follows that G’ admits a bipartition with at most h vertices on either side. Therefore,
there is a subgraph G of K, isomorphic to G’ with a = uv € E(G) and b = vw € E(G), as
well as an isomorphism f : V(G) — V(G’) between G and G’ such that f(u) =/, f(v) =/,
and f(w) = w'. Define the map ¢ : E(G) — E(G’) as follows: for every edge ¢1q2 € E(G),
let ©(q1q2) = f(q1)f(g2) € E(G"). Then ¢ is an isomorphism between L(G) and L(G’) where
¢(a) = x and ¢(b) = y. Moreover, note that L(G) is the induced subgraph of L(K} ;) with
vertex set E(G). Hence, L(G) — ab is an induced subgraph of L(K}, ;) — ab isomorphic to
L(G") — xy = H. This completes the proof of 5.6(c).

Finally, we prove 5.6(d). Since H is not the line graph of a bipartite graph, it follows
that L(K},) is H-free, and so L(K},) is H-free. It remains to show that for every edge
ab € E(L(K}p)) (where a,b € E(K}y)), there is an induced subgraph of L(K} ;) — ab that
is isomorphic to H. Let a = uv, and b = wz where u,v,w,z € V(K;,,) are distinct. Since
H is a bilinetgraph, there exists xy € E(H) for which H — xy is a line graph. Choose a
bipartite graph G’ with no isolated vertex such that L(G’) = H — 2y. Since z,y are not
adjacent in H — xy, it follows that there are distinct vertices ', v’,w’, 2’ € V(G') such that
r=uv € BE(G') and y = w'2' € E(G'). Since |E(G")| = |V(H — xy)| = |V(H)| = h and ¢’
has no isolated vertex, it follows that G’ admits a bipartition with at most h vertices on either
side. Therefore, there is a subgraph G of K}, ), isomorphic to G' with a = uv € E(G) and
b=wz € E(G), as well as an isomorphism f : V(G) — V(G’) such that f(u) =/, f(v) =
v, f(w) = w', and f(z) = 2/. Define the map ¢ : E(G) — E(G") as follows: for every edge
12 € E(G), let o(q1q2) = f(q1)f(q2) € E(G"). Then ¢ is an isomorphism between L(G)
and L(G") where p(a) = z and ¢(b) = y. Moreover, note that L(G) is the induced subgraph
of L(K},) with vertex set E(G). Hence, L(G) + ab is an induced subgraph of L(K}, ) + ab
isomorphic to L(G')+xy = H, which in turn implies that L(G) 4 ab = L(G)—ab is an induced
subgraph of L(K} ;) + ab = L(K}, ) — ab isomorphic to L(G') + xy = H. This completes the
proof of 5.6(d). [
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5.3 Corollary for graphs on at most six vertices

Of the 179 — 37 — 32 = 110 graphs on at most six vertices remaining from Chapters 3 and
4, we have:

e The 34 graphs in Figures 5.1 and 5.2 are all line~graphs, and so by Theorem 5.6(a),
they are all deletion-normal.

e The 8 graphs in Figure 5.3 are all complements of line* graphs, and so by Theorem 5.6(b),
they are all deletion-normal.

e The 2 graphs in Figure 5.4 (specifically, entries 7B and 81 in Figure 1.3) are biline~graphs,
and so by Theorem 5.6(c), they are deletion-normal.

e The 3 graphs in Figure 5.5 (specifically, entries 8L, 11A and 11D in Figure 1.3) are
complements of biline*graphs, and so by Theorem 5.6(d), they are all deletion-normal.

e The 38 graphs in Figure 5.6 are line graphs of graphs with a severed pairs, and so by
Theorem 5.1, they are all deletion-normal.
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Figure 5.1: These graphs are all line~graphs. In each entry, we have a drawing of the graph
H itself with a specified non-edge e, a drawing of an induced subgraph H’ of H that by
Theorem 2.1 prevents H from being a line graph, and then a drawing of the graph F' whose

line graph is H + e.
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H itself with a specified non-edge e, a drawing of an induced subgraph H’ of H that by
Theorem 2.1 prevents H from being a line graph, and then a drawing of the graph F' whose
line graph is H + e.
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Figure 5.3: These graphs are all complements of linetgraphs. In each entry, we have a
drawing of the graph H itself, a drawing of H with a specified edge e of H, a drawing of an
induced subgraph H’ of H that by Theorem 2.1 prevents H from being a line graph, and
then a drawing of the graph F whose line graph is H — e.
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U3

Figure 5.4: These graphs are all biline~graphs. In each entry, we have a drawing of the
graph H itself with a specified non-edge e, a drawing of an induced subgraph H’ of H that
by Theorem 2.2 prevents H from being a biline graph, and then a drawing of the bipartite

graph F' whose line graph is H + e.

Figure 5.5: These graphs are all complements of biline*graphs. In each entry, we have a
drawing of the graph H itself, a drawing of H with a specified edge e of H, a drawing of an
induced subgraph H’ of H that by Theorem 2.2 prevents H from being a biline graph, and

then a drawing of the bipartite graph F whose line graph is H — e.
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Figure 5.6: Every graph here is the line graph of a graph F' with a severed pair. In each
entry, we have a drawing of the graph H itself, and then a drawing of the graph F' with a
severed pair (x1, ) such that L(F) = H.
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Chapter 6

Sporadic graphs on at most six vertices

There are now 110 — 34 — 8 — 2 — 3 — 38 = 25 graphs on at most six vertices remaining from
Chapters 3, 4 and 5 that need special treatment. These graphs are entries

3B, 3F, 5E, 5F, HH, 7E, 9F, 9L, 10E, 10K, 11B, 12B, 12D

12F, 12H, 12K, 13B, 13C, 13F, 13G, 131, 151, 15L, 16A, 16F

in Figure 1.3. In this section, we handle these 25 graphs in three groups:

e The “easy” cases; namely:
3F, 5F, 9F, 11B, 12B, 12D, 13C, 13F, 13G, 13I, 15L, 16F.
We handle these 12 graphs in Section 6.1.
e Cases that use the icosahedron; namely:
7E, 9L, 12F, 12K, 16A.

We handle these 5 graphs in Section 6.2.

e The “hard” cases; namely:
3B, 5E, 5H, 10E, 10K, 12H, 13B, 15L

We handle these 8 graphs in Section 6.3.

6.1 Easy cases

For the first 12 graphs, we prove their deletion normality in three groups:
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Figure 6.1: Proof of Theorem 6.1. Graphs H,, Ho, H3, H4, along with the complement of
H3 and H4.

Theorem 6.1. Entries 3F, 9F, 12B and 12D in Figure 1.3 are deletion-normal.

Proof. Let Hy be entry 3F in Figure 1.3, let Hy be entry 9F in Figure 1.3, let H3 be entry
12B in Figure 1.3, and let H4 be entry 12D in Figure 1.3.

Note that H; is isomorphic to the graph obtained from 2K3 by removing an edge. Since
2K3 is edge-transitive, it follows that 2K itself is Hi-deletion-saturated.

Note that H, is isomorphic to the graph obtained from K33 by removing an edge. Since
K3 3 is edge-transitive, it follows that K33 itself is H>-deletion-saturated.

Note also that Hy is isomorphic to K3+ P; and H, is the disjoint union of a two-vertex path
and a graph obtained from a triangle by adding a leaf. It is straightforward to observe that
3K is both Hs-addition-saturated and H,-addition-saturated. Hence, 3K3 = K333 is both
Hj-deletion-saturated and Hy-deletion-saturated. This completes the proof of Theorem 6.1.

[ |

Theorem 6.2. Entries 5F, 11B and 15L in Figure 1.3 are deletion-normal.

Proof. Note that entry 5F in Figure 1.3 is a 6-cycle, entry 11B is the complement of a 6-cycle,
and entry 15L is a 5-cycle. Recall that by Observation 1.3 and Theorem 1.5, all cycles of
length at most 10 (except for the 3-cycle) are normal (and thus both deletion-normal and
addition-normal). This completes the proof of Theorem 6.2. [ |
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Figure 6.3: Proof of Theorem 6.3. From left to right, the graphs Hq, ...
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The 6-cycle, the complement of the 6-cycle, and the

, Hs (top) and their

Theorem 6.3. Entries 13C, 13F, 13G, 131, and 16F in Figure 1.3 are deletion-normal.

Proof. Let Hi, Hy, H3, Hy, and Hj, respectively, be the graphs at entries 13C, 13F, 13G, 131,

and 16F in Figure 1.3. Then,

e H, is isomorphic to Py + Ps;

e M, is isomorphic to Py + 2P;;

e M is isomorphic to Py 4+ P, + Pi;
e H, is isomorphic to Py + 3P;;
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Figure 6.4: Proof of Theorem 6.4: The graph H; and its complement, two drawings of Hs,
two drawings of Hj, the graph H,, and the graph G.

e M is isomorphic to P + 2P;;

Our goal is to show that for each i € {1,--- 5}, the graph 5P, is H;-addition-normal.
Note, in particular, that 5P, is H;-free because H; has at least one vertex of degree two
whereas 5P, is 1-regular. Also, for every edge e € E(5P;), the graph 5P, + e is isomorphic
to P, + 3P, which is easily seen to contain an induced subgraph isomorphic to H; for every
i € {l,...,5}. This completes the proof of Theorem 6.3. |

6.2 Using the icosahedron

The next five graphs will be handled by the following two theorems:
Theorem 6.4. Entries TE, 9L, 12K and 16A in Figure 1.3 are all deletion-normal.

Proof. Let Hy be entry 7E in Figure 1.3, let Hy be entry 9L, let H3 be entry 12K, and let
H,4 be entry 16A; see Figure 6.4. Let G be an isomorphic copy of the icosahedron with
V(G) = {uq,...,u12} and the adjacency as depicted in Figure 6.4, and let G be the graph
obtained from G by adding a new vertex u;3 adjacent to all vertices in V(G).

First, we show that G is H;-addition-saturated (which would in turn imply that G is
H,-deletion-saturated). Note that G is Hi-free because the icosahedron, and thus G, is
C-free whereas H,[vy, v3, vy, 5] is a 4-cycle. It remains to show that for every edge e € E(G),
the graph G + e is not H;-free. There are now two cases up to symmetry:
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e ¢ = wyuyy. Then, for S = {uy,us,us, ur,us,us1}, it is readily seen that the map

e
f:V(Hy) — S with

flor) =ue, [f(v2) =w, [flvs) =, [flva))=ur, [flvs)=us, [(ve)=us
is an isomorphism between H; and G[S] + e.

e ¢ = ujuis. Then, for S = {uy,us, uy, w7, u11,u12}, it is readily seen that the map

f:V(Hy) — S with
f(’Ul) = Uyq, f(U2) = ug, f(vs) = Uus, f(?)4) = ur, f(v5) = U12, f<v6) = un

is an isomorphism between H; and G[S] + e.

Second, we show that G is Hs-deletion-saturated. Note that G is Hs-free because the
neighborhood of every vertex in the icosahedron, and so in G, induces a 5-cycle, whereas
Hs[Np,(v1)] is a five-vertex path. Since the icosahedron, and thus G, is edge-transitive, it
remains to show that for some edge e € E(G), the graph G — e is not Hs-free. We pick
e = ugug. Then, for S = {uy,...,ug}, it is readily seen that the map f : V(Hy) — S with

f(v) =u; forallie{l,..., 6}

is an isomorphism between Hy and G[S] — e.

Third, we show that G is Hs-deletion-saturated. Since G is Cy-free, and since C, has
no dominating vertex, it follows that G is Cy-free, too. This implies that Gt is Hs-free
because Hs[{va, v3,vs,v6}] is a 4-cycle. It remains to show that for every e € E(G™), the
graph G — e is not Hs-free. Since the icosahedron, and thus G, is edge-transitive, there are
now two cases up to symmetry:

e ¢ = wyuz. Then, for S = {uy, us, us, uy, us,ui3}, it is readily seen that the map f :
V(H3) — S with

flor) =wiz,  flv2) =uz, flus) =ua,  fva) =us,  flvs) =wa,  flug) =w
is an isomorphism between Hj and G[S] — e.

e ¢ = wujuyz. Then, for S = {uy,us,uq, us, us,u13}, it is readily seen that the map
F:V(H;) — S with

fv) =ug,  flva) =ur, flvs) =us, fl(va) =us, [f(vs)=mus, [f(ve) =13

is an isomorphism between Hs and G[S] — e.

Finally, note that Hy is isomorphic to Ps. By Theorem 1.6, G is H,-induced-saturated, and
thus G is Hy-induced-saturated. This completes the proof of Theorem 6.4. [ |
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Theorem 6.5. Entry 12F in Figure 1.3 is deletion-normal.

Proof. Let H be entry 12F in Figure 1.3. Construct a graph G as follows. Let G; and
G be two disjoint and isomorphic copies of the icosahedron, such that V(Gy) = {u} : i €
{1,...,12}}, V(Gy) = {u? : i € {1,...,12}}, and f : u; — u? is an isomorphism between
G and G,. Let G be the graph with

V(G) = {ui,u? i€ {l,...,12}}
E(G) = E(G1)UE(Gy)U{uju; - i€ {1,..., 12} }U{ujuf 1 i, 5 € {1,...,12}, uju; € E(G1)}.
See Figure 6.5.
Our goal is to prove that GG is H-deletion-saturated.

(12) G is H-free.

Suppose for a contradiction that G has an induced subgraph H’ isomorphic to H. Let
f : V(H) — V(H') be an isomorphism between H and H' such that f(v;) = uf and
f(vg) = ul for some k,l € {1,2} and 4,j € {1,...,12}. Since vyvo ¢ E(H), the vertices
uf and u} are non-adjacent in G. Let I = Ng(u ) ﬂ Ng(uh). Since H[Ng(v1) N N (v2)] is
1somorphlc to 2K,, it follows that G[I] has an mduced subgraph isomorphic to 2Ks, as well.
On the other hand, since u¥ and ué are non-adjacent in G, by the construction of G, we
have I = (Ng, (u;) N Ng, (u3)) U (Ng, (uf) N NG2( ?)). Since G and G are both isomorphic
to the icosahedron, it follows that either Ng¢, (u ) N Ne, (uj) = Ng,(uf) N Ng,(u3) = @, or
both Ng, (u;) N Ng, (uj) and Ng,(u7) N Ng,(u ?) are 2-vertex cliques in G. Thus by the
construction of G, either I = & or I is a 4-vertex clique in G. But then G[I] is 2K,-free, a

contradiction. This proves (12).

(13) For every e € E(G), the graph G — e has an induced subgraph isomorphic to H.

Let e = u; ué € E(G), where k,l € {1,2} and i,57 € {1,...,12}. Again, let I =
Ng(uF)n NG( L). By the choice of H, it suffices to show that there exists S C I such that
G[9] is 1som0rphlc to 2K, (because then the subgraph of G — e induced by S'U {uj,u}} is
isomorphic to H). By the construction of G, there are now two cases:

k
)

e i =jand k # [. So we have e = ulu?. Since G is isomorphic to the icosahedron,
Gl[NGI( ] is 5-cycle, and so we may choose two non-adjacent vertices ul, ul €
Ng, (u}) where s,t € {1,...,12} \ {i}. But now S = {ul u? ul,u?} C I and

E(G[S ]) = {ulu?, ulu?}; that is, G[S] is isomorphic to 2Ks.

e i # jand ujuj € E(G1). Since Gy is isomorphic to the icosahedron, Ng, (u}) N Ng, (u})
is a stable Set of cardinality two; say Ng, (u;) N Ng, (uj) = {ul,u;}. But now S =
{ul,u? u},u?} C I, and E(G[S]) = {ulu S,utut} that is, G[S] is isomorphic to 2Kj.
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Figure 6.5: Proof of Theorem 6.5: Two drawings of the graph H (left) and the graph G
(right).

U3

H =3B H G
Figure 6.6: Proof of Theorem 6.6. From left to right: Two drawings of the graph H, and
the graph G.
This proves (13).

The result is now immediate from (12) and (13). This completes the proof of Theorem 6.5.
|

6.3 Hard cases

We are now left with eight graphs for which the proof of deletion-normality requires completely
different methods.

Theorem 6.6. Entry 3B in Figure 1.3 is deletion-normal.

Proof. Let H be entry 3B in Figure 1.3. Let G be the graph with vertex set V(G) = {u;; :
i,7 €41,2,3,4}} and edge set

4 4
E(G) = ([ J{uinuiz, wiouss, wisui g, viauin} | U | J{unjua g, us jus g, us jua g, uagun ) ) -

i=1 j=1

47



H =5E Gy G

Figure 6.7: Proof of Theorem 6.7. From left to right: Graphs H,G; and G.

See Figure 6.6. In particular, G is the Cartesian product of two 4-cycles.

We prove that G is H-deletion-saturated. First, we show that G is H-free. Suppose
not. According to the labeling given in Figure 6.6, we have (Ny(v1) U Ng(vs)) \ {v1,v6} =
{va,v3,v4,v5}, which is a four-vertex stable set in H. Therefore, since G has an induced
subgraph isomorphic to H, it follows that there is an edge uu’ € E(G) for which G[(Ng(u)U
Ng(u')) \ {u,u'}] contains a four-vertex stable set. However, since G is edge-transitive, it
is easy to check that for every edge uu' € E(G), the graph G[(Ng(u) U Ng(u')) \ {u,v'}] is
indeed isomorphic to 3K, which does not contain a four-vertex stable set, a contradiction.
We deduce that G is H-free.

[t remains to show that for every e € F(G), the graph G — e has an induced subgraph
isomorphic to H. Since G is edge-transitive, it suffices to prove the latter statement for only
one edge e € E(G). Let e = ujjui . Let S = {uy1,u1 0,13, U1 4,U23,us4}. Then one can
verify that the map f: V(H) — S with

for) =wrg,  flv2) =urg,  f(vs) =waa, fva) =wra,  fvs) =uz3, flve) = ura
is an isomorphism between H and G[S] — e. This completes the proof of Theorem 6.6. W

Theorem 6.7. Entry 5E in Figure 1.3 1s deletion-normal.

Proof. Let H be entry 5E in Figure 1.3. Then H is isomorphic to 2K3. Let G; be the
Petersen graph with V(G1) = {z1,..., 210} and the adjacency as depicted in Figure 6.7, and
let G = L(Gy). For each edge e = x;2; € E(G4), 1,7 € {1,...,10}, we label the vertex of G
corresponding to e with v, ;; see Figure 6.7.

Our goal is to show that G is 2K3-deletion-saturated. Note that the only graphs of which
the line graph is isomorphic to 2K3 are 2K3, K3 + K; 3 and 2K, 3. Since G is triangle-free
and 3-regular, and every two non-adjacent vertices in G; have exactly one common neighbor,
G has no subgraph isomorphic to H' for any H' € {2K3, K3 + K 3,2K; 3}, and thus G is
2K 5-free.

It remains to show that for every e € F(G), the graph G — e has an induced subgraph
isomorphic to 2K3. By symmetry, we may assume that e = ujous3 € E(G). Let T} =

48



Us, U6

* EGy)

Uy U1

U3 (%)
H=5H Gy G G[Ng(u1)]

Figure 6.8: Proof of Theorem 6.8. From left to right: Graphs H, GG; and G, and the
subgraph of GG induced by the neighborhood of u;.

{ur2,u15,u16} and let Ty = {ua3,us4,uss}. Then T) and 75 are disjoint triangles in G,
and e is the only edge of G with an end in 77 and an end in T5. Hence G[T} U Ty] — e is
isomorphic to 2K3. This completes the proof of Theorem 6.7. [

Theorem 6.8. Entry 5H in Figure 1.3 is deletion-normal.

Proof. Let H be entry 5H in Figure 1.3. Construct a graph G as follows. Let G; be an
isomorphic copy of L(Ky) with V(Gy) = {uy,...,us} and the adjacency as depicted in
Figure 6.8. Note that G; has exactly eight triangles. Let G be the graph obtained from G,
by adding eight pairwise adjacent new vertices {ur, ..., u14} — one for each triangle of G; —
and making each vertex in {ur,...,uj4} adjacent to the three vertices in its corresponding
triangle of G, and to no other vertex in GG, with the adjacency as depicted in Figure 6.8.
(Note, in particular, that {ur,...,u;4} remains a stable set in G.) It is straightforward
to observe that the natural action of the automorphism group of G on V(G) has exactly
two orbits, namely V(Gy) = {uy,...,us} and V(G) \ V(G1) = {uz,...,ui4}. Similarly, the
natural action of the automorphism group of G on E(G) has exactly two orbits, namely
E(G,) and E(G) \ E(Gy).

Our goal is to show that G is H-deletion-saturated. First, we show that G is H-free.
Suppose for a contradiction that G has an induced subgraph H’ isomorphic to H with an
isomorphism f : V(H) — V(H') C V(G). Let u = f(v1). Since Ng(vq) is isomorphic to
2K, + K, it follows that G[Ng(u)] has an induced subgraph isomorphic to 2K, + K;. In

particular, since the neighborhood of every vertex w; for i € {7,...,14} is a triangle in G, it
follows that u = w; for some ¢ € {1,...,6}. By symmetry, we may assume that u = u;. But
then

G[Neg(u)] = G[Nea(u1)] = Gl{ug, us, s, us, uz, us, ug, uio }|

is the graph on the right in Figure 6.8, which is easily observed to be (2K, + K;)-free, a
contradiction. We deduce that G is H-free.

It remains to show that for every e € F(G), the graph G — e has an induced subgraph
isomorphic to H. There are now two cases:
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Uy

H = 10E H

Figure 6.9: Proof of Theorem 6.9. From left to right: The graph H and its complement,
and the graph G with a depiction of E(G;), E(Gy), and M.

e ¢ € E(G;). By symmetry, we may assume that e = uqus. Let S = {uy, ug, us, ur, ug, ug }.
Then one can check that the map f: V(H) — S with

flo1) =ui, flv2) =us,  f(vs) =g, [f(va) =wa, flvs) =us, flvs) =ur
is an isomorphism between H and G[S] — e.

e c € F(G)\ E(Gy). Due to symmetry, we may assume that e = ugu;. Let S =
{uq, us, uy, uz, ug, ug}. Then one can check that the map f: V(H) — S with

for) =u1,  flva) =ug,  flvs) =wua,  f(va) =us, f(vs) =ug, f(v6) = ua

is an isomorphism between H and G[S] — e.

This completes the proof of Theorem 6.8. |

Theorem 6.9. Entry 10E in Figure 1.3 is deletion-normal.

Proof. Let H be entry 10E in Figure 6.9. Construct a graph G as follows. Let G; and
Go be disjoint graphs such that G; is isomorphic to the Petersen graph with V(G;) =
{ul,... ,uly} and E(G)) as shown in Figure 6.9, and G5 is isomorphic to the Petersen graph
with V(Gy) = {u?, ..., u%,} and E(G5) as shown in Figure 6.9. Let G be the graph obtained
from the (disjoint) union of G; and Go by adding the matching M = {u}u? : i € {1,...,10}}.
See Figure 6.9.

To prove Theorem 6.9, it suffices to show that G is H-addition-saturated.

(14) G is H-free.

Suppose for a contradiction that G has an induced subgraph H’ isomorphic to H where
V(H') = {v],...,v5} CV(G), and f : v; — v} is an isomorphism between H and H'. Let
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I' = {vh, v, v, vl }. Then G[I'] is isomorphic to Cy. Assume that I’ NV (G,) # @. Since G4
is Cy-free, it follows that I’ NV (G,) # @. Since, in the graph G, every vertex in V(G1) has
exactly one neighbor in V(G5) (and vice versa), it follows that [I'NV (Gy)| = |[I'NV(G2)| = 2
and |E(G[I'))NM| = 2. In particular, we have I'NV (G}) = {u},u}} and I'NV(Gy) = {u?,u?

i Yy i g
for some 4,5 € {1,...,10}. But then exactly one of ujuj and uju? is an edge in G, and so
|E(G[I'])| = 3, a contradiction.

i
We deduce that I’ N V(G,) = @. Thus, we may write

/2 /2 r_ 2 /2
Up = Uy Uy = Uy, Uz = Uy,  Us = Uy,
for some distinct i, s, 3,44 € {1,...,10}. In particular, we have

E(G[I')) = E(Go[I')) = {u u? ,ul u? ,ul ul , uf u?

71 127 7712 130 13 140 Tt4 1)

There are now two cases:

o {v},v5} € V(G1). Then v| = u} and vj = uj,. But now since u}u?, ¢ E(G>), it

follows that v{vg = uj uj, € E(G1) € E(G), which in turn implies that vjvg € E(H'),
a contradiction.

o {v1, 5} NV(Gy) # . By symmetry, we may assume that v; € V(Gq). It follows
that {v{,u,,u? } is a stable set of cardinality three in G5. But then G5, and thus the
Petersen graph, contains a triangle, a contradiction.

This proves (14).

(15) For every e € E(G), the graph G + e has an induced subgraph isomorphic to H.

It suffices to show that there exists S C V(G) containing both endpoints of e such that
G[S] + e is isomorphic to H. There are now three cases:

e ¢ = u} u} for some iy,is € {1,...,10}. Then, it is readily observed that, since G,

is isomorphic to the Petersen graph, there is a path u] -u} -uj,-u;, of length three in
Gy from u} to uj,. Thus, C' = u -u -u} -uj-u; is an induced 4-cycle in G +e. Let
Ne, (ug,) \ {ui,, ui, } = {u] }, where is € {1,...,10} \ {41,142, 13,94 }. Since the Petersen

graph, and so Gy, has girth five, it follows that u, is anticomplete to {u] ,u;, u,

in Gi. Let S = {u] ,ul,, uj,,uj,,uj ul}. Then, it is easy to check that the map

f:V(H) — S with
f(vl> = ufl, f(v2> = u}l, f(v?)) = u}g? f(U4) = ugg? f(U5> = uz{p f(U(;) = ’LL}5

is an isomorphism between H and G[S] + e.
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Figure 6.10: Proof of Theorem 6.10. The graph H (left) and its complement (right).

o ¢ = uj u for some iy, iy € {1,...,10}. Since G; has girth five, every two vertices in
(G1 have at most one common neighbor. Thus, since u,}Q has degree three in Gy, we
may choose a vertex u;, € Ng,(uj,) \ Ng,[u;,] where iz € {1,...,10} \ {i1,i2}. Also,
it is easy to check that in G (as in the Petersen graph), for every edge ¢’ € E(Gy),
there is a (unique) induced subgraph M. of G; isomorphic to 3K, where ¢/ € E(M./).
In particular, there are 44,15 € {1,...,10} \ {i1, 2,3} for which uj u;, € E(Muzgzugs).
It follows that C' = uf -u? -uZ,-ui-u?, is an induced 4-cycle in G (and so in G). Let

S = {u} ,u v u? u?, ul}. Then, it is easy to check that the map f : V(H) — S

217 7127 713 147 s 13
with

f(U1> = uzlla f(v2> = uia f(Ug) = u?y f(U4> = uzia f(U5> = u?57 f(U6> = ull:«;
is an isomorphism between H and G[S] + e.

e ¢ = uju for some iy,ip € {1,...,10}. Then we have uj u}, € E(G;), and so C' =

12 02 1 - - 1Y [0 1 o1
ug -up -ug -ug -u; s an induced 4-cycle in G +e. Let Ng, (u;,) = {u,,, u;,, u;, } where

ig,i0 € {1,...,10} \ {é1,i2}. Since Ng, (u},) is a stable set in Gy, it follows that
wu? € F(Gy). Let S = {u},ul jul u? u? u?}. Then, it is easy to check that the

12 T4 217 i) i3 i) i) Yig

map f: V(H) — S with
f(vl) = U’ilga f(UQ) = uilla f(vfi) - U?Z, f(vll) - uz?p f(l)5> - uzlza f(U6> - uzi
is an isomorphism between H and G[S] + e.
This proves (15).

The result is now immediate from (14) and (15). This completes the proof of Theorem 6.9.
[

Theorem 6.10. Entry 10K in Figure 1.3 is deletion-normal.

o2



Proof. Let H be entry 10K in Figure 1.3. We will show that H is addition-normal (see
Figure 6.10).

By Theorem 4.6 applied to ¢ =5, g = 3 and k = 2, there exists a triangle-free graph of
chromatic number larger than 5. Let G be a triangle-free graph with x(G) > 5 and with
E(G) maximal with respect to inclusion. It follows in particular that G is connected.

Our goal is to show that G is H-addition-saturated!. In fact, G is ﬁ—f@e because G
is triangle-free whereas H is not. It remains to show that for every e € E (G), the graph
G' = G + e has an induced subgraph isomorphic to H.

By the maximality of F(G), there is a triangle T in G containing both ends of e, and
in fact every triangle in G* contains both ends of e. Let N be the set of all vertices of G*
with at least one neighbor in T in G*. Then T' C N, and since G is triangle-free, we have
X(GF[N]) < 3. Thus, x(G*\ N) > x(G) —3 > 2.

Let C be the component of G™\ N with maximum chromatic number. Then x(C;) > 2,
and since G is connected, some vertex in V(Ci) has a neighbor zp € N\ T in G*. Let
No = Ng+(z9) N V(Cy). Then Ny is a stable set in Cy, and so x(C; \ No) > x(Cy) — 1> 1.

Let Cy be the component of C; \ Ny with maximum chromatic number. Then x(Cs) >
1, and since C} is connected, some vertex in V' (Cs) has a neighbor z; € Ny in Cy. Let
Ny = Ng+(z1) N V(Cy). Then N; is a stable set in Cy, and so x(Cy \ Ny) > x(Cs) —1 > 0.
In particular, V(Cs) \ N7 # &, and since Cy is connected, it follows that some vertex
x3 € V(Cy) \ N1 has a neighbor x5 € Ny in Cy.

We deduce that zg-x1-19-73 is a four-vertex path in G and zg is the only vertex of this
path with a neighbor in 7" in G If xy has exactly one neighbor in 7', then G [TU{x, x1, x2 }]
is isomorphic to H. If zy has two distinct neighbors y,y’ € T, then G*[{y, v, vo, 21, T2, T3}]
is isomorphic to H. This completes the proof of Theorem 6.10. [

Theorem 6.11. Entry 12H in Figure 1.3 is deletion-normal.

Proof. Let H be entry 12H in Figure 1.3 (see also Figure 6.11). Let A = {1,2,3} x {1,2,3}.
Let G be the graph with V/(G) = {u; ;,u;;,u}; : (i,j) € A} and such that:

’L]’ Zj

e For each k € {1,2,3} and all distinct (7, 7), (', 5) € A, we have u} ju}; ,, € E(G) if and
only if i = ¢ or j = j'.

. For every (k1) € {(1,2),(2,3),(3,1)} and all distinct (4,j),(i',5') € A, we have
ub € B(G )1fandonly1fj7£z.

1,5 7,g

See Figure 6.11.

"'We remark that the idea in the proof of Theorem 6.10 can be adapted to prove the addition-normality
of any graph that is obtained from a triangle and path on two or more vertices by identifying an end of the
path with a vertex of the triangle.
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This 16-regular 27-vertex graph, known as the Schldifle graph, is both vertex-transitive
and edge-transitive, and much more. For an integer £k € N, we say that a graph F' is
k-ultrahomogeneous if for every two subsets X, Xo of V(F) with |X;| = |X3| < k such
that F[X;] and F[X,] are isomorphic, and every isomorphism ¢ : X; — X, between F[X]
and F[X3], there is an automorphism f of F' such that f|yx, = ¢. For instance, F is
1-ultrahomogeneous if and only if F' is vertex-transitive, and 2-ultrahomogeneous if and only
if F'is arc-transitive. It is known [8, 11] that the Schlifli graph is 4-ultrahomogeneous.?

Our goal is now to prove that the Schléfli graph G is H-deletion-saturated. To see that
G is H-free, suppose for a contradiction that G has an induced subgraph isomorphic to H.
It follows in particular that there is a 4-vertex clique {x1,x2, 91,92} in G and a 2-vertex set
Z in G disjoint from {x1, 2,41, y2} such that Z is anticomplete to {1, x2} and complete to
{y1,y2} in G. Since G is 4-ultrahomogeneous, we may assume due to symmetry that

_ 1 1 2 2
Ty =Upy, L2=Uyp, Y1 = Ugp, Y2 = Ugy.

But then by the definition of G, the set of all vertices that are anticomplete to {1, x5} =
{ul ,uy,} in Gis {ug,, ug g, uiy, ul,, uf 5}, and exactly one of these vertices, namely ug 4, is
complete to {y1,y2} = {u3,,u5,} in G, as well. This is a contradiction to |Z] = 2.

It remains to show that for every edge e € E(G), the graph G — e has an induced
subgraph isomorphic to H. Again, since G is also 4-ultrahomogeneous (and in particular
arc-transitive), we may assume by symmetry that e = uiluig. Let

11 1 .1 .2 2
S = {u1,17U2,17U1,37“3,3:“2,17”2,2}

Using the definition of G, it is straightforward to check that the map f: V(H) — S with

f(o) = u%,lv fvz) = u%,p flvz) = u%,l? fvg) = uig, f(vs) = Ué,?w flvg) = ug,z

is an isomorphism between H and G[S] — e. This completes the proof of Theorem 6.11. W

Theorem 6.12. Entry 13B in Figure 1.3 is deletion-normal.

Proof. Let H be entry 13B in Figure 1.3. Construct a graph G as follows. Let GG; and Gs
be disjoint graphs such that G, is a 6-cycle with

V(Gy) = {ui, o ,ué} and E(G) = {uluz, u2u3, uéui,uiué,uéué, uéui

and G is a 6-cycle with

V<G_2) = {ui e u6} and E(GQ) = {u1u27 ugugv ugui? uiug, ugug, u6u%}

’In fact, something quite curious is true here: every graph that is 5-ultrahomogeneous is also
k-ultrahomogeneous for all £ € N, and the Schlafli graph and its complement are the only graphs that
are 4-ultrahomogeneous, but not 5-ultrahomogeneous! See [8, 11].
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Us Ve U3
e e
e V1 uljup; € E(G) €=> j#1' jEi (=.~> i € EG)
o .
u} . € E(G)
Uy 01 U2 iy
V3 [23 g A
e 1t
ji
0,
U ~ J

[N v Uy
U3 [ U3
H=13B H G G

Figure 6.12: Proof of Theorem 6.12. From left to right: The graph H and its complement,
the graph G and its construction.

Let G be the graph obtained from the (disjoint) union of G; and G5 by adding the matching
M = {uju?,... uiui}. See Figure 6.12.

Since H is isomorphic to 2P, in order to show that H is deletion-normal, it suffices to
show that 2P; is addition-normal, and to that end, we prove that G is 2 Ps-addition-saturated.

(16) G is 2Ps-free.

Suppose for a contradiction that there are two anticomplete induced copies P! and P? of
Py in G. Let I} = V(G) \ N[V(P")] and let I, = V(G) \ N[V(P?)]. Then P! is an induced
copy of P3 in G[I5] and P? is an induced copy of P in G[I;]. If V(P?) C V(G,) for some
i € {1,2}, then G[I;] is isomorphic to 2P, and so G[I;] is Ps-free, a contradiction. It follows
that V(P)NV (Gy) # @ for every i € {1,2}. Moreover, since G, which is the complement of
a 6-cycle, is clearly 2Ps-free, it follows that for some i € {1,2}, we have V(P)NV(G,) # @.
Thus, without loss of generality, we may assume that P! has vertices from both G; and GS.
In particular, we have E(P') N M # &; say uju? € E(P'). There are now three cases up to
symmetry:
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e P! =ul-ul-u?. Then I, = {u},u},u2}, and G[I,] is isomorphic to Ps.

e P! =ul-u2u? Then I, = {u},u},u?}, and G[I,] is isomorphic to Ps.

o P! =uj-u?-u? Then I} = {ul,ul} is a stable set.

But in all three cases, G[I;] is Ps-free, a contradiction. This proves (16).

(17) For every e € E(G), the graph G + e has an induced subgraph isomorphic to 2Ps.

We need to prove that there are two anticomplete induced copies P! and P? of Ps in

G + e. First, assume that e € F(G4). Then there are two cases up to symmetry:

e ¢ = ujul. In this case, P! = ui-ul-u} and P? = u3-ud-u? work.

e ¢ = ujul. In this case, P! = uj-ul-u} and P? = u3-uZ-u? work.

Next, assume that e € E(Gy). Then, by symmetry, we may assume that e = w?u?2, in
which case P' = ug-ug-uy and P? = uZ-ui-ug work. Finally, assume that e = uju? for some
i,7 € {1,...,6} with i # j. Then there are three cases up to symmetry:

e ¢ = uju3. In this case, P! = u}-ul-u3 and P? = uj-u}-u3 work.

e ¢ = uju3. In this case, P! = ui-ul-u? and P? = u}-ui-u3 work.

— 1,2 ; 1,1 1 2 2 _ 1 2 2
e ¢ = ujuj. In this case, P* = ug-uj-uj and P = uz-uz-u; work.
This proves (17).

The result is now immediate from (16) and (17). This completes the proof of Theorem 6.12.
|

Theorem 6.13. Entry 151 in Figure 1.3 is deletion-normal.

Proof. Let H be entry 151 in Figure 1.3. Let G be a graph with
V(G) = {uy,a,be{1,2},t €{1,2,3,4}}
and F(G) = E; U E,, where
E, = {uZ’buZ’d ta,be,d € {1,2}, t € {1,2,3,4}, a # ¢}
By ={ubul :a.b,de{1,2}, rit e {1,234}, t #£r, b#d}.
See Figure 6.13.

Note that H is isomorphic to K, 3, so it suffices to show that G is K s-addition-saturated.
First, we show that G is K, 3-free. Suppose not. Then there are two non-adjacent vertices
x,y € V(G) such that there is a stable set Z C Ng(z) N Ng(y) with |Z| = 3. There are now

three cases up to symmetry:
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Us Us

U3 U2 U3 U2

|
@)

H =151

Figure 6.13: Proof of Theorem 6.13. From left to right: The graph H and its complement,
and the graph G.

¢ = U%,l and y = U%,Q- Then Ne(z) N Ne(y) = {U%,17U%,2}-
o I = uil and y = uil. Then Ng(x) N Ng(y) = {U:{),z»Uig}‘
¢ r= U%,l and y = U%,r Then Ng(z) N Ne(y) = {Ué,mu%,z}-

In particular, |Ng(x) N Ng(y)| = 2, a contradiction. We deduce that G is K 3-free.

It remains to show that for every edge e = zy € E(G), the graph G + e has an induced
subgraph isomorphic to K3 3. Again, there are now three cases up to symmetry:

e x =uj,; and y = uj,. Then Zy = {uj,,uf,} and Zy = {uj,,ui,uj,} are two stable
sets in GG 4 e such that every vertex in Z; is adjacent in G + e to every vertex in Zs.

e x =uj,; and y = uj,. Then Z; = {uy,,uf,} and Zy = {uj,,uj,, u3,} are two stable
sets in GG 4 e such that every vertex in Z; is adjacent in G + e to every vertex in Zs.

e x =uj,; and y = u3,. Then Zy = {uj,uf,} and Zy = {u3,,u},, uj,} are two stable
sets in G + e such that every vertex in Z; is adjacent in G + e to every vertex in Z,.

This completes the proof of Theorem 6.13. [
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