Received: 6 June 2022

Revised: 27 September 2023

W) Check for updates

Accepted: 1 November 2023

DOT: 10.1002/jgt.23055

ARTICLE

WILEY

Induced subgraphs and tree decompositions V.
one neighbor in a hole

Tara Abrishami' | Bogdan Alecu’® |
Sophie Spirkl® |

Sepehr Hajebi® ® |

'Mathematics Department and PACM,
Princeton University, Princeton,
New Jersey, USA

2School of Computing, University of
Leeds, Leeds, UK

*Department of Combinatorics and
Optimization, University of Waterloo,
Waterloo, Ontario, Canada

Correspondence

Sepehr Hajebi, Department of
Combinatorics and Optimization,
University of Waterloo, Waterloo, ON,
Canada.

Email: shajebi@uwaterloo.ca

Funding information

Natural Sciences and Engineering
Research Council of Canada (NSERC),
Grant/Award Number: RGPIN-2020-
03912; Cette recherche a été financée par
le Conseil de recherches en sciences
naturelles et en génie du Canada
(CRSNG); Government of Ontario; NSF-
EPSRC, Grant/Award Number: DMS-
2120644; AFOSR, Grant/Award Number:
FA9550-22-1-0083; DMS-EPSRC,
Grant/Award Number: EP/V002813/1

Maria Chudnovsky' ® |
Kristina Vuskovi¢?

Abstract

What are the unavoidable induced subgraphs of graphs
with large treewidth? It is well-known that the answer
must include a complete graph, a complete bipartite
graph, all subdivisions of a wall and line graphs of all
subdivisions of a wall (we refer to these graphs as the
“basic treewidth obstructions”). So it is natural to ask
whether graphs excluding the basic treewidth obstruc-
tions as induced subgraphs have bounded treewidth.
Sintiari and Trotignon answered this question in the
negative. Their counterexamples, the so-called “layered
wheels,” contain wheels, where a wheel consists of a hole
(ie., an induced cycle of length at least four) along with a
vertex with at least three neighbors in the hole. This leads
one to ask whether graphs excluding wheels and the
basic treewidth obstructions as induced subgraphs have
bounded treewidth. This also turns out to be false due to
Davies' recent example of graphs with large treewidth, no
wheels and no basic treewidth obstructions as induced
subgraphs. However, in Davies' example there exist holes
and vertices (outside of the hole) with two neighbors in
them. Here we prove that a hole with a vertex with at
least two neighbors in it is inevitable in graphs with large

treewidth and no basic obstruction. Our main result is
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that graphs in which every vertex has at most one
neighbor in every hole (that does not contain it) and with
the basic treewidth obstructions excluded as induced
subgraphs have bounded treewidth.

KEYWORDS

induced subgraph, tree decomposition, treewidth

1 | INTRODUCTION

All graphs in this paper are finite and simple. Let H and G be graphs. We say G contains H if G
has an induced subgraph isomorphic to H (unless stated otherwise). We say that G is H-free if
G does not contain H. For a family of graphs H, we say that G is H-free if G is H-free for every
H € H. A tree decomposition (T, x) of G consists of a tree T and a map y : V(T) — 2@ such
that the following hold:

(i) For every vertex v € V(G), there exists t € V(T) such that v € x().
(ii) For every edge viv, € E(G), there exists t € V(T) such that vy, v, € y(¢).
(iii) For every v € V(G), the subgraph of T induced by {t € V(T)lv € x(t)} is connected.

If (T, y) is a tree decomposition of G and V(T) = {4, ..., t,}, the sets x(t), ..., x(t,) are called
the bags of (T, x). The width of a tree decomposition (T, x) is max,ey(mlx(t)] — 1. The treewidth
of G, denoted tw(G), is the minimum width of a tree decomposition of G.

Treewidth is an extensively studied graph parameter, mostly due to the fact that graphs of
bounded treewidth exhibit interesting structural [16] and algorithmic [9] properties. It is thus of
interest to understand the unavoidable substructures emerging in graphs of large treewidth
(these are often referred to as “obstructions to bounded treewidth”). For instance, for each k,
the (k X k)-wall, denoted by W, is a planar graph with maximum degree three and with
treewidth k (see Figure 1; a precise definition can be found in [3]). Every subdivision of Wjxy is
also a graph of treewidth k. The unavoidable subgraphs of graphs with large treewidth are fully
characterized by the Grid Theorem of Robertson and Seymour, the following.

Theorem 1.1 (Robertson and Seymour [15]). There is a function f:N — N such that
every graph of treewidth at least f(k) contains a subdivision of Wi, as a subgraph.

FIGURE 1 Wis.
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Following the same line of thought, our motivation in this series is to study induced
subgraph obstructions to bounded treewidth. In addition to subdivided walls mentioned above,
complete graphs and complete bipartite graphs are easily observed to have arbitrarily large
treewidth: the complete graph K;,; and the complete bipartite graph K, ; both have treewidth ¢.
Line graphs of subdivided walls form another family of graphs with unbounded treewidth,
where the line graph L(F) of a graph F is the graph with vertex set E(F), such that two vertices
of L(F) are adjacent if the corresponding edges of G share an end.

We call a family H of graphs useful if there exists an integer c¢() such that every H-free
graph has treewidth at most c¢(H). The discussion above can be summarized as follows:

Theorem 1.2. If 'H is a useful family of graphs, then there exists an integer t such that
‘H contains K;, K;;, an induced subgraph of each subdivision of Wik and an induced
subgraph of the line graph of each subdivision of W,y,.

The following was conjectured in [1] and proved in [13]:

Theorem 1.3 (Korhonen [13]). For all k, A > 0, there exists ¢ = c(k, A) such that every
graph with maximum degree at most A and treewidth at least ¢ contains a subdivision of
Wik or the line graph of a subdivision of Wi as an induced subgraph.

The bounded-degree condition of Theorem 1.3 implies that Kx,, and K41 a+1 are excluded.
However, Theorem 1.3 does not hold if “bounded degree” is replaced by excluding Kx4, and
Ka+1.a+1, as is evidenced by the constructions of [11, 17] and [18]. Thus a natural question
arises: what can replace this condition? Let us call a family F of graphs helpful if the following
holds: for all t > 0, there exists ¢ = c(t) such that every F-free graph with treewidth more than
¢ contains K;, K;,, a subdivision of Wy, or the line graph of a subdivision of Wy;.

A hole in a graph is an induced cycle of length at least four. The length of a hole is the
number of vertices in it. A wheel is a graph consisting of a hole C and a vertex v with at least
three neighbors in C (in the literature, sometimes further restrictions are placed on the location
of the neighbors of v in C). In view of the prevalence of wheels in the construction of [18], one
might ask if the family of all wheels is helpful. The answer to this question is negative, because
of the construction of [11, 17] (see Figure 2 for an example; we omit the precise definition). This
paper is motivated by the following question: what wheel-like families may be helpful (where
by “wheel-like” we mean graphs consisting of a hole and a vertex with certain neighbors in it)?

FIGURE 2 A wheel-free graph with large treewidth [11, 17].
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In view of the existence of the faimly depicted in Figure 2, a helpful wheel-like family must
contain a graph consistng of a hole and a vertex with at most two neighbors in it. Let 77 be the
family of all graphs consisting of a hole C and a vertex outside of C with at least two neighbors
in C. The class of 7;-free graphs was studied in [2]; in Section 6 we strengthen their results. A
crucial difference between Theorem 6.3 and [2] is that in [2] only the existence of certain
cutsets is shown, while we are able to guarantee that every heavy seagull is broken by a cutset
of the required type (see Section 6 for details).
Our main result in this paper is the following:

Theorem 1.4. The family 7T; is helpful.

In fact, we prove something stronger. In the following, the length of a path is its number of
edges. A pyramid is a graph consisting of a vertex a, a triangle {by, b,, b3}, and three paths P,
from a to b; for 1 < i < 3 of length at least one, such that for i # j the only edge between P, \ {a}
and P;\{a} is b;b;, and at most one of Py, P,, P; has length exactly one.

A prism is a graph consisting of two triangles {a;, az, as} and {by, b,, b3}, and three paths P,
from a; to b; for 1 < i < 3, all of length at least one, and such that for i # j the only edges
between P, and P; are a;a; and b;b;.

Let 7, be the family of all graphs consisting of a hole C and a vertex outside of C with at
least two nonadjacent neighbors in C, together with all prisms and all pyramids. Note that each
graph in 7, contains a graph in 7; (so the class of 7;-free graphs is properly contained in the
class of 7,-free graphs). We prove:

Theorem 1.5. The family 7T, is helpful.

Let us next restate Theorem 1.5 more explicitly. Let 7 be an integer. A graph G is r-sparse if
for every hole H of G and vertex v ¢ H, there is an r-edge path P of H such that N(v) n H C P.
A graph is sparse if it is 1-sparse, that is for every hole H of G and vertex v ¢ H, there is an edge
ab of H such that N(v) n H C {a, b}. A graph is very sparse if it is sparse and also (pyramid,
prism)-free (thus a graph is very sparse if and only if it is 7,-free). It follows that if G is sparse,
then G does not contain Kj 3, and if G is very sparse then G does not contain the line graph of a
subdivision of Wiys. Let F be the family of all very sparse graphs, and let 7; be the family of all
very sparse graphs with no clique of size at least ¢ + 1.

We prove:

Theorem 1.6. For all t > 0, there exists ¢ = c(t) such that every graph in F; with
treewidth more than ¢ contains a subdivision of Wiy, (as an induced subgraph).

Analyzing the graph in Figure 2 suggests that Theorem 1.6 may be strengthened further by
addressing sparse graphs, instead of very sparse graphs. We conjecture:

Conjecture 1.7. For allt > 0, there exists c = c(t) such that every sparse graph with no
clique of size t and with treewidth more than c contains a subdivision of Wy, or the line
graph of a subdivision of Wi, (as an induced subgraph).

We also ask if the analogue of Conjecture 1.7 is true for r-sparse graphs in general (where ¢
depends on ¢ and r).
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The rough outline of the proof of Theorem 1.6 is as follows. Our first step is to show that if
a graph in J; contains a triangle, then it admits a clique cutset. Thus it is enough to prove the
result for graphs in F,. Now let G € F;. A heavy seagull in G is an induced three-vertex path
both of whose ends have degree at least three in G. First we prove that every heavy seagull of
G is “broken” by a two-clique-separation (this means that for every heavy seagull H of G,
there exist two cliques Kj, K; € G such that no component of G\(K; U K;) contains H). Now
the idea is to use the central bag method, developed in earlier papers in this series [3, 5-7], to
identify an induced subgraph f§ of G that contains no heavy seagull, and such that the
treewidth of G is not much larger than the treewidth of 5. The key difference between our
situation here and those in the earlier papers is that the cutsets we use to break the heavy
seagulls are not connected, a property that was crucial in the earlier proofs. To deal with this
difficulty, we change the definition of a central bag, including in it a path between the two
cliques of the cutset whose interior is in G\ (this is in the spirit of, but different from,
“marker paths” for 2-joins). We then modify the previously known central bag tools to work
in this new setting. By “breaking” heavy seagulls, we arrange that in 3, vertices of degree at
least three appear in components of bounded size. This in turn allows us to bound the
treewidth of 8, and theorem follows.

1.1 | Definitions and notation

Let G be a graph. For X C V(G), we denote by G[X] the induced subgraph of G with vertex set
X, and G\X denotes G[V(G)\X]. In this paper, we use the set X and the subgraph G[X] of G
interchangeably. If F is a graph and G[X] is isomorphic to F, we say that X is an F in G. Let
v € V(G). The open neighborhood of v, denoted N(v), is the set of all vertices in V(G) adjacent
to v. We denote the degree of v in G by deg ;(v) = IN(v)I. The closed neighborhood of v, denoted
N[v], is N(v) U {v}. Let X C V(G). The open neighborhood of X, denoted N(X), is the set of all
vertices in V(G)\X with a neighbor in X. The closed neighborhood of X, denoted N[X], is
NX)u X. If H is an induced subgraph of G and X C V(G), then Ny(X) = N(X) n H. Let
Y C V(G) be disjoint from X. Then, X is complete to Y if every vertex of X is adjacent to every
vertex of Y, and X is anticomplete to Y if there are no edges between X and Y. We use X U v to
mean X U {v}, and X\v to mean X\ {v}.

Given a graph G, a path in G is an induced subgraph of G that is a path. If P is a path in G,
we write P = p; — --- — p, to mean that p; is adjacent to p; if and only ifli — jl = 1. We call the
vertices p; and p, the ends of P, and say that P is from p, to p,. The interior of P, denoted by P*,
is the set P\{p,, p;}. The length of a path P is the number of edges in P.

A theta is a graph T containing two vertices a, b and three paths P;, P;, P; from a to b of
length at least two, such that P;\{a, b}, P,\{a, b}, P;\{a,b} are pairwise disjoint and
anticomplete to each other. We call a, b the ends of T.

1.2 | Organization of the paper

This paper is organized as follows. In Section 2, we give general background and definitions
related to separations in graphs; we also discuss connections between different kinds of
separations in the special case of sparse graphs. In Section 3, we reduce Theorem 1.6 to the case
of triangle-free sparse graphs. In Section 4, we discuss balanced separators in graphs, and
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develop our main tool, Theorem 4.5, which allows us to use the central bag method. In
Section 5, we prove results about two-clique-separations, which are the cutsets that will be used
to form the central bag. In Section 6, we prove structural results that allow us to break every
heavy seagull in a triangle-free sparse graph and produce a central bag that contains no heavy
seagulls. In Section 7, we use the tools of Section 4 to prove our main result for graphs in 7.
Finally, in Section 8, we prove Theorem 1.6. We remark that some theorems in the paper are
proved in greater generality than what is needed here. That is because we expect these more
general statements to be used in later papers in the series.

2 | SEPARATIONS

A separation of a graph G is a triple (4, C, B), where A,B,C C V(G), AU CU B =V(G), A, B,
and C are pairwise disjoint, and A is anticomplete to B. If S = (A, C, B) is a separation, we let
A(S) = A, B(S) = B, and C(S) = C. We say that C C V(G) is a cutset of G if there exists a
separation (4, C, B) of G with A # @ and B # @. A clique in a graph is a (possibly empty) set of
pairwise adjacent vertices. We say that G admits a clique cutset if there is a cutset of G that is a
clique (in particular every disconnected graph admits a clique cutset). A separation (A4, C, B) is
a star separation if there exists v € C such that C C N[v] (we say that v is a center of C). A star
separation (A, C, B) is proper if A # @ and B # @. We say that G admits a star cutset if there is
a proper star separation in G.
First we observe:

Lemma 2.1. Let G be a sparse graph and (A, C, B) be a separation of G with A # @ and
B # @. Suppose that there exist v, ...,y € C such that C C Ui{:l N[v;]. Let D, be a
component of A and let D, be a component of B. Then there exist cliques X, ..., Xy C C of G
such that every path from a vertex of D; to a vertex of D, meets \J_, X;. In particular, if G
admits a star cutset, then G admits a clique cutset.

Proof. Let Ny = N(D;) C C, and let D) be the component of G\(N; U {vy, ..., vi}) such
that D, C D). Let X = N(D5) U {vy, ..., }. Then X C Ny U {vy, ..., v} C C, and every path
from a vertex of D; to a vertex of D} in G meets X. We claim that for every i € {1, ..., k}
the set X N N[v;] is a clique. Suppose not, and let x,y € X N N[v;] (say) be nonadjacent
(and so in particular, x,y # v;). It follows that x,y € N(D;) n N(Dj). Let P; be a path
from x to y with Pf C D; and let P, be a path from x to y with P4 C D). Then
H=x—-P —y—P,—x is a hole and v; ¢ H since v; € X. But now v; has two
nonadjacent neighbors in H, contrary to the fact that G is sparse. |

Lemma 7 from [8] shows that clique cutsets do not affect treewidth. Now, by Lemma 2.1, it
follows that to prove Theorem 1.6 it is enough to prove the following:

Theorem 2.2. For all t > 0, there exists ¢ = c(t) such that every graph in F; with
treewidth more than c and with no star cutset contains a subdivision of Wy, as an
induced subgraph.
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3 | REDUCING TO THE TRIANGLE-FREE CASE

In this section, we show how to deduce Theorem 1.6 from the special case of triangle-free
graphs. A diamond is the graph obtained from K, by removing an edge.

Lemma 3.1. Let G be a sparse graph and assume that G does not admit a star cutset.
Then G is diamond-free.

Proof. Suppose first {a, b, ¢, d} is a diamond in G. We may assume that the pair ac is
nonadjacent. Since b is not the center of a star cutset in G, it follows that there exists is a
path from a to ¢ with no neighbor of b in its interior. Let P be such a path. Then d is not a
vertex of P, since d is adjacent to b. Moreover, a — P —c — b — a is a hole, and d has three
neighbors in it, namely a, b and ¢, a contradiction. This proves that G is diamond-free. []

We also need the following folklore result that appeared in [4]:

Lemma 3.2. Let X3, %, x3 be three distinct vertices of a graph G. Assume that H is a
connected induced subgraph of G\ {xi, %, x3} such that V(H) contains at least one neighbor
of each of x1, %, x3, and that V(H) is minimal subject to inclusion. Then, one of the
following holds:

(i) For some distinct i, j, k € {1, 2, 3}, there exists P that is either a path from x; to Xjora
hole containing the edge x;x; such that
« V(H) = V(P)\{xi, x;}, and
« either x; has two nonadjacent neighbors in H or xx has exactly two neighbors in H
and its neighbors in H are adjacent.
(ii) There exists a vertex a € V(H) and three paths Py, P,, P;, where P, is from a to x;,
such that
« V(H) = (V(P) U V(P) U V(P:)\{x1, %, x3}, and
o the sets V(P)\{a}, V(P»)\{a} and V(P3)\{a} are pairwise disjoint, and
« for distinct i,j € {1, 2, 3}, there are no edges between V(P)\{a} and V(P)\{a},
except possibly x;x;.
(iii) There exists a triangle aya, a3 in H and three paths Py, P,, P;, where B, is from q; to x;,
such that
« V(H) = (V(P) U V(P) U V(P:)\{x1, %, x3}, and
* the sets V(Py), V(P,) and V(P;) are pairwise disjoint, and
« for distinct i,j € {1, 2, 3}, there are no edges between V(P) and V(P;), except a;a;
and possibly x;x;.

Lemma 3.3. Let G € F. Then either G € F,, G is a complete graph, or G admits a star
cutset.

Proof. We may assume that G does not admit a star cutset and G is not a complete
graph. Let K be an inclusion-wise maximal clique of G with IK| > 2, and let D = G\K.
Since G does not admit a clique cutset and is not a complete graph, it follows that D is
connected, nonempty, and every vertex of K has a neighbor in D. By Lemma 3.1, it
follows that G does not contain a diamond.
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(1) Let v € D. Then v has at most one neighbor in K.

Assume that v has at least two neighbors in K, say k; and k,. Since K is a maximal
clique, there exists k; € K nonadjacent to v. But now {v, k;, k, k3} is a diamond, a
contradiction. This proves (1).

Now let xj,%,Xx; € K. Apply Lemma 3.2 to {X,%, X3} and a minimal connected
subgraph H of D containing at least one neighbor of each of x;, %, x3. By (1), we have that
IV(H)l > 3. Now the first outcome of Lemma 3.2 gives a hole and a vertex with two
nonadjacent neighbors in it, the second outcome gives a pyramid, and the third gives a
prism. In all cases we get a contradiction to the fact that G € F. O

Now, by Lemma 3.3, to prove Theorem 2.2 it is enough to prove:

Theorem 3.4. For all k, there exists ¢ = c(k) such that every graph in F, with no star
cutset and with treewidth more than ¢ contains a subdivision of Wi« as an induced
subgraph.

4 | BALANCED SEPARATORS AND CENTRAL BAGS

Let G be a graph, and let w : V(G) — [0, 1]. For X C V(G), we write w(X) for } _,w(x). We
call w a weight function on G if w(G) = 1. Now let c € [%, 1). A set XC V(G) is a (w, ¢)-
balanced separator if w(D) < c for every component D of G\ X. The next two lemmas show how
(w, ¢)-balanced separators relate to treewidth. The first result was originally proved in [14], and
tightened by Harvey and Wood in [12]. It was then restated and proved in the language of
(w, ¢)-balanced separators in [3].

Lemma 4.1 (Abrishami and colleagues [3, 12, 14]). Let G be a graph, let ¢ € [%, 1), and
let k be a positive integer. If G has a (w, c)-balanced separator of size at most k for every
weight function w on G, then tw(G) < ﬁk.

Lemma 4.2 (Cygan et al. [10] and Robertson and Seymour [14]). Let G be a graph and let
k be a positive integer. If tw(G) < k, then G has a (w, c)-balanced separator of size at most
k + 1 for every c € [%, 1) and for every weight function w on G.

A pair (G, w) is d-unbalanced if w is a weight function on G, and G has no (w, %)-balanced
separator of size at most d (if there is a (w, %)-balanced separator of size at most d, we say that
(G, w) is d-balanced).

Let M be an integer, let G be a graph and let Kj, K, be two cliques of G, each of size at most
M. Let (G, w) be a 2K-unbalanced pair. Following [7], we define the canonical two-clique-
separation for {K;, K}, as follows. Let B(K;, K;) be a component of G\(K; U K;) with

w(B(K3, K>)) maximum. Since (G, w) is 2K-unbalanced, it follows that Kj U K; is not a (w, %)-

balanced separator; consequently w(B(K;, K)) > %, and so the choice of B(Kj, K;) is unique.
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Let A(Ky, K>) = G\(B(K;, K3) U K U K3) and C(K, K3) = Kj U K;. Now S(Ki, Kp) = (A(Ky, Kp),
C(Ky, K3),B(K;, K»)) is the canonical two-clique-separation corresponding to {Kj, Kb}

For the remainder of this section, let M be an integer, and let (G, w) be a 2K-unbalanced
pair. Let K}, K3, K7, K3 be cliques in G. Fori € {1, 2}, let S; = (4;, C;, B;) be the canonical two-
clique-separation for {K!, K.}. We say that (4;, C, B;) and (A, Cs, B,) are noncrossing if
A UG CBUC, and A UC, C By U (4, and that (A, Cy, By) and (A4, C,, By) are loosely
noncrossing if Ay N C; = A, N C; = @. Clearly, if S; and S, are noncrossing, then they are
loosely noncrossing. (Note that here we break the symmetry between A; and B;, and so our
definition is slightly different from the classical definition of [15].)

The following observation follows immediately from the definition of a canonical two-
clique-separation.

Lemma 4.3. Assume that G does not admit a star cutset. Let Kj, K, be cliques of size at
most M in G such that A(Ky, K;) # @. Then the following hold.

(1) KNK, =¢@.
(2) Let D be a component of G\(K, U K;). Then N(D) N K; # @ for all i € {1, 2}, and so
there is a path from a vertex of Kj to a vertex of K, with nonempty interior in D.

Throughout this section, let S be a set of sets {Kj, K>}, where each of K;, K; is a clique of size
at most M of G, and let 7 be the set of canonical two-clique-separations corresponding to
members of S. Moreover, we will assume each pair of separations in 7 is loosely noncrossing.

We would now like to define a central bag for S. Roughly speaking, this central bag is the
intersection of the heavy blocks B(S) U C(S) of the separations, together with some paths that
capture the important w-related information about the light blocks. To define it, we start by
considering the connected components of the union User A(S) of the light sides of the
separations. We first note that, given such a component D and an Sy, € 7, we either have
D C A(Sy) or D n A(Sp) = @. Indeed, N(A(Sy)) € C(So), and so if D simultaneously contains
vertices in A(Sy) and vertices not in A(Sp), then D\A(S,) must contain vertices in C(Sy);
but D\A(Sy) € Users+s, A(S), which has empty intersection with C(S;) by the loosely
noncrossing property—a contradiction.

We now want to “reorganize” the A(S) by assigning each component of Use7 A(S) to a
unique A(Kj, K3) in a consistent way. To that end, we fix a total order 7 on S, and group the
components according to the 7-minimal {K;, K;} to whose A(S) they belong. Specifically, for
{Ki, K3} € S, we let A*(Ky, K;) be the union of all components D of A(Kj, K;) such that for all
{K1, K5} € S with D C A(K3, K5), n(A(Ky, Ky)) < w(A(K7, KY)).

Now, by Lemma 4.3, for every {Kj, K;} with A*(K;, K;) # @, there exists a path Pk in
A*(Ky, K;) whose two (possibly coinciding) endpoints have a neighbor in K; and in K,
respectively. Let &' = {{Kj, K} € SIA*(K), Ky) # @}, and write

= N BEK,K)UKUK)U U PEKZ-
{K,K}eS’ {K,K}eS’

We call § a central bag for S. We write * = (N, kjes'(B(K1, K3) U K; U K). Note that the
choice of 8 is not unique since the choice of the paths Pk is not unique. Observe that

B* = V(G)\User A(S).
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Let wg be the function on § defined as follows. For v € §*, we set wg(v) = w(v). Next let
{K,K;} € S, and let ag g, be the endpoint of P% . adjacent to a vertex of Kj; set
1,82 p KK, 1]
ws(ag k) = wA*(Ky, K)). Let wg(v) = 0 for every v € 8, where wg has not been defined yet.
BLAK:, K, B ry B8 y
We call wg the weight function inherited from w.

Lemma 4.4. The function wg is a weight function, that is, wg(8) = 1.
Proof. 'We note that, for any Sy C S, the pair of sets (i, kjes,(B(Ki, K) U C(Ki, K3))

and U, kjes,AK, K) partition V(G). In particular,

w(G) = W[ () B, K) U CK,K)
{K,K}eS!

+ W[ U A(Kl, Kz)

{Ki,K}es’

Moreover, by construction, (A*(Ky, K2))ix, kjes is a partition of U, kjes AK, Kz),
so that

w(G) = W{ (| B, K) U C(K, Kz)] + o wA (K, K.
{Ki,Ko}eS’ K, K}eS!

Since each A*(Kj, K>) with {K;, K;} € S’ contains exactly one of the vertices ag, ,, we have

> wAKLK) = ), welag,k)-
(KLKJeS' K.Kes’

Putting everything together, we obtain:

+ Z Wﬁ(aKl,Kz)
{Ki,K}eS’

ws(B) = Wﬁ[ () B, K) U CK, K)
{K,K}eS!

:w{ N B(Kl,KZ)UC(Kl,Kz)}+ D, wA (K, Ky)

{K1.K}eS’ (K, K}eS’
=w(G) = 1.
(G) 0
For v € V(G), let
55(1)) = U K.

K:veK and there exists L such that{K,L}€S

Theorem 4.5. Letd, A be integers. Assume that 15s(v)l < A for everyv € G. Assume also
that (8, wg) is d-balanced. Then (G, w) is max(2Kd, Ad)-balanced.

Proof. Suppose that X is a (wg, %)-balanced separator in § with IX| < d. We now
construct a (w, %)-balanced separator Y of G with 1Yl < max(2Kd, Ad).
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i=Xn| () BE,KUKUK)|
K, K}es’

For x € ¥}, let Y(x) = 6s(x). Now let x € X\Y;. It follows from the definition of
A*(Ky, K3) and Pk g, that x € Pk g, for exactly one {Kj, K3} € §'; let Y(x) = K; U K. Let
Y = Uvex Y(x). Then 1Yl < AlYjl + 2K(d — 1Yil) < max(Ad, 2Kd), as required. Next we
prove that Y is a (w, %)-balanced separator of G.

(2) Let F be a component of G\B. Then, there exists {K,K;} € S such that
F C A*(Ky, K).

By construction of §, it holds that G\ § C Uik, k;jes A(Ki, K>); consequently there exists
{Ki, K3} € S such that F C A*(K;, K3). This proves (2).

From now on, let D be a component of G\Y. We will show that w(D) < % Since
(G, w) is 2K -unbalanced, it follows that w(A(Kj, K3)) < % for all {K;, K5} € S, and so if D
is a component of G\ g, then by (2), it follows that w(D) < % Thus we may assume that
DnB#a@.

Suppose first that D N A(Ky, K,) # @ for some {Kj, K;} € S such that KUK, C Y.
Since N(A(K,K;)) CKi UK, and KUK, CY, it follows that D C A(K}, K;), and so
w(D) < % Therefore, we may assume that D N A(K;, K3) = @ for all {Kj, K5} € S such
that KUK, C Y. Next, suppose DNAK,K) # @ for {Kj, K} €S such that
Pix, N X # @. Let x€Pgpr NX. Now, x€ X\Y;, and so Y(x) =KiUK, CY, a
contradiction. Therefore, we may assume that for all {Kj, K;} € S’ such that
D n A(Ky, K3) # @, it holds that P%  is disjoint from X, and thus P g, is contained in
a component of B\ X. Let Qy, ..., Q, be the components of 8\ X.

(3) Let {Ky, K3} € S', and suppose that Px g, € Qr. Then KiU K, C QU Y.

Since N(P%x) N K; # @ for each i € {1,2}, it follows that each of K;, K; either is

contained in Qy or has a vertex in X . Since every two separations in 7 are loosely noncrossing,
it follows that each of K, K, is either contained in Q; or has a vertex in Y;. Since §s(x) C Y for
every x € Y, it follows that fori € {1, 2}, if K; n ¥, # @, then K; C Y. This proves (3).

(4) Let {K,K} €S, and suppose that N(A(Ky, Ky) N Qr # @. Then either
KUK, CY,or P”,‘<1K2 C Q. In particular, if Ky U K, € Y, then there is at most one
ke {1, .. m}with NAK, K)) N Qx # @.

If Pxp, NX# @, then KUK, CY, and (4) holds; so we may assume that
%k, N X =@, and since Pkg is connected, it follows that P C Qy for some
k' € {1, ..., m}. Ifk = k', then (4) holds, so we may assume that k # k’. It follows from (3)
that K UK, C QU Y and that K U K, C Qy # @, and thus N(A(K;, Kp)) CQpr U Y, a

contradiction. This proves (4).
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Since D n B # @, it follows that for each {Kj, K;} € &’ with D n A(K}, K») # &,
we have D N N(A(Ky, K>)) # @, and in particular (KiUK)ND # @, so KUK, €Y.
Moreover, from (4), it follows that PEK2 C Q¢ for some kef{l,..,m}, and
N(A(Ky, K5)) N Qp = @ for all k' # k. Since D is connected, it follows that there is
a k e{l,.., m} such that for every {Kj, K3} € &’ with D n A(K, K;) # @, we have
N(A(Ky, K>)) € QU Y, and Pk g, C Q. It follows that D N 8 C Qy, and ag, x, € Q for

all such {K;, K;} € &', and therefore w(D) < wg(Qy) < % This concludes the proof. []

Let Kj, K; be cliques of size at most M in G. We say that S(K;, K3) is proper (or that the pair
{Ky, K5} is proper) if

« some component D of A(Kj, K;) satisfies K; U K; € N(D), and
« ifIKjl = IKl = 1, then A(K}, K>) U K U K, is not a path from the vertex of K to the vertex
of Kz.

We observe:

Lemma 4.6. Let K, K, be cliques of size at most M in G and assume that S(K;, K,) is a
proper canonical two-clique-separation in G. Then either some vertex of A(K, Kp) has at
least three neighbors in A(Ky, K;) U K3 U Ky, or some vertex of K3 U K, has at least two
neighbors in A(K;, K).

Proof. Let D be a component of A(Kj, K;) such that K; U K, € N(D). Then N[D] has a
spanning tree T such that every vertex of K; U K; is a leaf of T. If IKjl > 1, then T has at
least three leaves, and therefore some vertex of D has degree at least three in N[D] as
required. Thus we may assume that IKjl = IK,l = 1. If N[D] is not a path from the vertex
of K; to the vertex of K, then some vertex of D has at least three neighbors in N[D], and
again theorem holds. Thus we may assume that N[D] is a path from the vertex of Kj to
the vertex of K,. Since S(Kj, K;) is proper, A(Kj, K;) # D. Let D' be a component of
A(K;, K3)\D. By Lemma 4.3, we have that K; € N(D'). But then the vertex of K; has at
least two neighbors in A(Kj, K;) as required. O

We say that S(Ki, K;) is active (or that the pair {Kj, Ky} is active) if it is proper and for
every pair of cliques Kj, K5 of size at most M in G such that S(Ki, K5) is proper and

K, U K, # K7 U K5, it holds that

« B(K1, K%) U Kj UK} is not a proper subset of B(K;, K;) U K; U K;; and
« if B(K},K%) UK} UK}, = B(K;, K») U K; U Ky, then B(K}, K}) C B(K;, K5).

Lemma 4.7. Let K;, K> be cliques of G of size at most M. If S(K;, K;) is active, then
Ky U K; € N(B(K;, K2)).

Proof. Suppose not. We may assume that there exists x € K; such x has no neighbor in
B(K;, K3). Then (A(K;, K3) U {x}, (Ki U K3)\{x}, B(K;, K3)) is a proper two-clique-separation
of G contrary to the fact that S is active. O
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The main result of this section will allow us to apply Theorem 4.5 with M = 2:

Theorem 5.1. Let G € F, and let (G, w) be an 8-unbalanced pair. Let Ky, K, K1, K be
cliques of G such that the separations S = S(Ky, K;) and S’ = S(K3, K%) are active in G.

Assume also that G admits no star cutset. Then S and S’ are loosely noncrossing.

Proof. Suppose that S and S’ are not loosely noncrossing. Then (C(K;, K3) U C(K1, K5) N
(AKy, K») U A(KY, K5)) # @. Since w(B(Ky, K»)) > 5 and w(B(K}, K%)) > 3, it follows that

(5) C(Ki, K3) N B(K}, K5) # @.

Suppose C(Ki, K;) N B(K3, K5) = @. Since B(Ki, K5) is connected, it follows that
A(Kiy, K3) N B(K1, K3) = @. Since by Lemma 4.7 every vertex of K U K} has a neighbor
in B(K),K}) it follows that A(K;,K>)n C(K},K}) = @. But now B(K}, K}) UK,U
K, C B(K;, K) U K3 UK,. Since S is active, it follows that B(Kj, K3) U KjUK) =
B(K;, K;) U Kj U K. But now one of S, S’ is not active by the second bullet of the
definition of being active, a contradiction. This proves (5).

(6) C(K1, K5) N A(Ky, K) # @.

Suppose C(K3, K%) N A(K;, K;) = @. Then, since S and S’ are not loosely noncrossing,
C(K, K) N AKL, K5 #@. By (5), C(K, Ky NnB(K}, K5 #@. Let DK, K;) be a
component of A(K;, K;) such that K UK, C N(D(K;, K)). Since C(Ki, K5 N
A(Ky, K3) = @ it holds that either D(K;, K;) € B(Ky, K3) or D(K, K;) C A(KY, K5). In
the former case D(Kj, K;) is anticomplete to C(Kj, K>) N A(KY, K5), and in the latter
case D(K, K5) is anticomplete to C(K;, K3) N B(K7, K%); in both cases a contradiction. This
proves (6).

By (5), (6), and symmetry each of the four sets C(K,K,) n A(K}, K5),
C(Ky, K;) n B(K}, K%), C(K}, K5) nA(Ky, Ky), C(K1, K5) N B(Ky, K;) is nonempty. Since
each of the sets K, K,, K7, K5 is a clique, we may assume that K; n B(K}, K5) # @,
KNAKL,KY) #@, KiNnBK,K)#@, and K,NAK,K)# @, and therefore
K, CB(K1,K5) UKjUK), K, CAKLK3)UK{UK), Kj;CB(K,K)UK UK, and
K, CAK,K) UK UK.

(7) There is a component D of A(Ky, K;) U A(KY, K5) such that Ky UK, U KjU
K}, C N[DJ.

Let D(Kj, K;) be a component of A(Kj, K;) such that Kj U K; € N(D(Kp, K3)) and
let D(K}, K3) be a component of A(Kj, K5) such that K7 U K’ C N(D(K}, K%)) (such
components exist because S and S’ are active, and hence proper). Since C(Kj, K3)N
B(K}, K% # @ and C(Ky, K;) N A(K}, K5) # @ it follows that D(K;, Ky) € A(K}, K%) and
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D(Ky, K;) £ B(K1, K5), and therefore D(K;, K;) N C(K}, K5) # @. Similarly D(K}, K5) N
C(Ky, Ky) # @. Consequently D(Kj, K;) U D(K7, K3) is connected. Now set D to
be the component of A(K;, K;) U A(K1, K3) that contains D(K;, K;) U D(K1, K3), and (7)
holds.

Since (G, w) is 8-unbalanced, there is a component B of G\(K; U K} U K, U K5) with
w(B) > % Then B C B(K;, K;) N B(K}, K5). Let C = N(B) and let A = G\(B U C). Then
(A,C,B) is a separation of G. Note that C C (C(K;, K3) U C(K3, K5))\(A(Ky, Ky)U
AR}, KD).

(8) K, N K5 # @ and C n (K; U K}) is not a clique.

Note first that, since B C B(K;, K;), we have N(B) C (C(K;, K3) U C(Ky, K5))\
A(Ky, K3). Then in view of the last sentence before (7), this means N(B) C K; U K; UK}.
Similarly, since B C B(K}, K3), we obtain that N(B) C Kj U K} U K;. This shows that, if
K, n K, =@, orif C n (K U K})is a clique, then C is the union of two cliques, say X and
Y, and so (4, C, B) is a two-clique-separation of G. We claim that (A, C, B) is proper. By
(7) there is a component D of A such that K, UK,UK;uUK),CNI[D],
and therefore C C N(D). If ICl > 2, the claim follows. Since G does not admit a clique
cutset, we may assume that X = {x} and Y = {y} and x is nonadjacent to y. We need to
show that A is not a path from x to y. Suppose it is. Then every vertex of A has exactly
two neighbors in A UX U Y, and each of x,y has exactly one neighbor in A. Since
A(Ky, K3) U A(K1, K5) C A, this contradicts Lemma 4.6. This proves the claim that
(A, C, B) is proper.

Observe that BU C C B(K;,K;) U Ky UK,. Since C(Ky, K;) N A(K1, Ky # &, the
inclusion is proper and we get a contradiction to the fact that S is active. This
proves (8).

In view of (8), we write K, N K, = {s}. Note that IKl, IK}l = 2, since we know
K, n A(K}, K%) and K5 n A(Ky, K;) are nonempty, and s & A(K;, K;) U A(K1, K5). Hence
write K, = {s, t} and K} = {s, r}, with t € A(K}, K5) and r € A(K}, K;). Also by (8), there
exist nonadjacentk; € K3 N C and k; € K7 N C. Let P be a path from k to kj with P* C B.
Let Q be a path from k to ki with Q*C D, where D is as in (7). Then
H=1Ik —P—ki—Q— k is a hole.

(9) A(K;, K) N A(KY, KY) # @.

Suppose that A(K, K;) N A(K1, K5) = @. Since S’ is proper, r has a neighbor
x € A(Ky,K%). Since re A(K,K;), we have x e AK, Ky) U C(K, K;), but by
assumption, A(K;, K3) N A(K1, K5) = @, so we conclude x € C(K;, K;) = Ky U {s, t}.
From above, Kj C B(K},K%) U C(K},K%), and s € C(Ki, K3), so the only possible
neighbor of r lying in A(K}, K5) is t. But now {s, t, r} is a triangle, contrary to the fact
that G € F,. This proves (9).

Since N(A(Ky, K5) N A(K1, K5)) € K, U K, U (K N KY), and since K; U K5 is not a star
cutest in G, it follows that K; N K; # @. Let x € K; N K. Now x has two nonadjacent
neighbors in H, namely k; and k7, contrary to the fact that G € F,. O
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6 | HEAVY SEAGULLS

A seagull is a graph that is a three-vertex path. Given a seagull F = a — v — u in G, an induced
subgraph T of G is a theta through F if T is a theta, one of a, u isanend of T, and FC T. A
seagull a — v — u is heavy if deg(a) > 2 and deg(u) > 2. A heavy seagull is extendable if
there is a theta through it in G. The goal of this section is to show that every heavy seagull is
“broken” by some two-clique-separation. We start with a lemma. Recall that for a path P with
end s, t we denote by P* the set P\{s, t}.

Lemma 6.1. Let G€ F,, let F=a — v; — uy be a seagull in G and let T be a theta
through F in G. Let the ends of T be a, b and let the paths of T be Py, P,, P; where F C P,.
Assume that T is chosen with |P|| minimum among all thetas through F with end a in G. Let
P be a path from u, to (P, U P;)\N[b]. Then P* contains a vertex of N[b] U N[v,].

Proof. Suppose for a contradiction that P*n (N[b] U N[vi]) = @. Let Np(b) =
{w1, w,, w3} where w; € P. Then P contains a path Q = g, — -+ — g, such that ¢, has a
neighbor in P;\{a, v;, b}, g, has a neighbor in (P, U P3)\{b, w,, w3} and Q N T = &. We
may assume that Q is chosen in such a way that k is minimum. We may also assume that
g, has a neighbor s in P,\{b, w,}. Since G € 7, it follows that Ny(q,) = {s}. Let ¢ be a
neighbor of g, in P{\{v}; similarly Ny(q,) = {t}. In particular k > 1. It follows from the
minimality of k that Q* is anticomplete to T\{w,, ws}. Moreover, since
s—Q—t—P,—a—P,—s is a hole, it follows that each of w,, w; has at most one
neighbor in Q.

(10) Not both w, and ws have a neighbor in Q.

Suppose not. Leti, j € {1, ..., k} be such that g; is adjacent to w; and g; is adjacent to w;.
Since Nr(q,) = {s}, it follows that i, j # k. Now, w; — Py —a — P, —w, — ¢—Q—g;—wsis
a hole, and b has two neighbors in it, contrary to the fact that G € F,. This proves (10).

(11) wy is anticomplete to Q.

Suppose not. Leti € {1, ..., k} be such that g; is adjacent to ws. Then, by (10), it follows
that w, has no neighbor in Q, and so s — P, —b — P, —t —Q — s is a hole and w; has two
neighbors b and g; in it, contrary to the fact that G € F,. This proves (11).

(12) w, is anticomplete to Q.

Suppose w, has a neighbor in Q; let i € {1, ...k} be such that w, is adjacent to g;.
Let S be the path w; — P, — t — ¢ — Q — q;. Since ¢ # v;, we have that v; € S. Now
H=b-w-S—-q,—s—P —a—-P—bisahole and b, g, € Ny(w,), contrary to
the fact that G € F,. This proves (12). Since s # w, and ¢ # v; the pathst — P, — a,
t—-¢—-Q—-q —s—P,—aandt— P —b— P, —a form a theta through {a, vy, u;}
that contradicts the choice of T with IP| minimum. O

The next result allows us to use Lemma 6.1 to handle heavy seagulls.
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Lemma 6.2. LetG € F, and let F be a heavy seagull in G. Assume that G does not admit
a star cutset. Then F is extendable.

Proof. Let F =a — v — u. Since F is heavy, there exist x;, ; € N(a)\{v}. Since G € F,
the set {x, v, %} is stable. Since G does not admit a star cutset, it follows that fori € {1, 2},
there exists a path P, from x; to u with P{ n N[a] = @. By choosing P, P, with P, U P,
minimal, and permuting the indices if necessary, we may assume that one of the
following two cases holds.

(1) Py C P% and x; has a neighbor in P3.
(2) There exists a vertex g € V(G)\{v, a,x;, %} and a path Q from u to g such that
P =u—Q—q— P{ — x; and P;\q is disjoint from and anticomplete to P5\q.

We handle the former case first. Let P, = p; —--- — p, where p; = u and p;, = x. Leti
be maximum such that both x; and v have neighbors in p, — P, — p,. Then there
exists x € {x;,v} such that x is anticomplete to {p, ,..,p;}, and consequently
H=x-p —P,—p, —a—xisahole. Let y € {x;, v}\{x}. Since y is adjacent to a and
has a neighbor in {p,, ..., p; }, if follows that y has at least two neighbors in H, contrary to the
fact that G € F,. This proves that the first case is impossible, and so the second case holds.
Now let H' be the holeq — P; — % — a — x3 — P{ — q. Since v is adjacent toa and G € 7,
it follows that v is anticomplete to P; U P}, and in particular,u ¢ V(H’). Let R be a shortest
path from u to a vertex u’ with a neighbor in H' such that R is contained in G\ (N[v]\{a, u}).
Such a path exists, since v is not a star cutset center. Since G € 5, it follows that u’ has a
unique neighbor h in H'. If h ¢ {x, %, a}, then H' U R U {v} is a theta in G with ends h and
a, and pathsa —v —u — R —u’ — h and the the two paths from h to a in H’, and the result
holds. So (by symmetry) we may assume that h € {x, a}.

Let R’ be the path from h to g with interior in R U Q. Write R' = — --- — 1, where
n = h, r, = q, and there exists i € {2, ...,t — 1} such that n, ..., € R and 44, ..., € Q.
Suppose first that v has a neighbor w in {;;4, ..., ;}. Thenh — R’ —q— P, —x% —a — h
is a hole, and v has two neighbors in it (namely a and w), contrary to the fact that G € F.
So v is anticomplete to {r1, ..., Ii}.

If v is anticomplete to Q\u, then H' U Q U {v} is a theta with ends a, g and paths
a —v —u — Q — q and the the two paths from a to q in H’, and so F is extendable. Thus
we may assume that v has a neighbor in Q\u, and therefore u is distinct from and
nonadjacent to 74.

Next suppose that ; is adjacent to a. Theni = 2 and h = a. Let Q' be the path from a to
q contained in Q U {a, v} (thus Q’ is obtained from a — v — u — Q — g by shortcutting
through an edge incident with v). Thena, ., € Q. Nowa — Q' —q— P, — % —aisa
hole, and 7 has two neighbors in it (namely a and r,1), contrary to the fact that G € F.
This proves that # is nonadjacent to a.

Now there is a path S fromu togwithS Cu — R — U r,;; — Q — gq. It follows that
{a, v} is anticomplete to S\u. Consequently, a — v — u — S is a path from a to q. If
has a neighbor s € S, then x has two neighbors in the holea - S—q— P, — % —a
(namely a and s), contrary to the fact that G € F,. This proves that x; is anticomplete
to S. But now H' U S is a theta with ends a, g and paths S and the two paths from a to
q in H', and so F is extendable. O
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Now we deal with extendable seagulls.

Theorem 6.3. Let G € F, and let (G, w) be a 4-unbalanced pair. Assume that G does not
admit a star cutset. Let F = a — v; — u; be a heavy seagull in G. Then there are two cliques
Ky, K, of G such that S(Ky, K5) is active and A(Ky, K) N {a, i} # @.

Proof. LetT be a theta through F (such T exists by Lemma 6.2). We may assume that a
is an end of T'; let the other end be b. Let the paths of T be Py, P,, P; withv; € P, and T is
chosen with |P|l minimum among all thetas through F in G with end a.

(13) Let D be a component of G\((N[b]\N[viD\{a, w}). Then ID N {a, w}l < 1.

Since G € F,, we have that IV(P)l >4 and so v, u € P\{b}. Suppose for a
contradiction that w;,a € D. Then there is a path P from u to a with P* C D.
Consequently P* contains no vertex of N[b] U N[v,]. Since a € (P, U P;)\N[b] we get a
contradiction to Lemma 6.1 applied to F, T, and P. This proves (13).

(14) There are cliques X, Y of G and a separation (A, X U Y, B) such that a € A and
IS B.

Let D,, D, be the components of G\ ((N[b] U N[v;])\{a, w}) with a € D, and u; € D,.
By (13), we have that D,# D,. It follows that there is a separation
S = (A, (N[b] U N[viD\{a, w}, B) of G with D, CA and D, C B. Now (14) follows
from Lemma 2.1 applied to S. This proves (14).

Let X,Y be as in (14). Since G € F, and since (G, w) is a 4-unbalanced pair, the
canonical two-clique-separation corresponding to {X,Y} is defined, and by (13)
IBX,Y)Nn{a,u}l <1. Since IBX,Y)n{a, iy}l <1, we deduce that A(X,Y)
anfa, w1} # @; let p € AX,Y) n{a, w}. Let D be the component of A(X, Y) containing
p, and let N = N(D). Then N is the union of two cliques Kj, K.

(15) The pair {Ky, K>} is proper.

Observe that B(X, Y) C B(Ki, K;) and D C A(Kj, K3). Since G does not admit a clique
cutset, both Kj and K, are nonempty. If IK; U Kyl > 3, then D is a component of A(Kj, K;)
with K; U K, € N(D), and the claim holds. Thus we may assume that IKjl = IK| = 1.
Since F is heavy, it follows that deg,(p) > 2, and therefore D U K; UK, is not a
path from K; to K, and again the claim holds. This proves (15). Now among all
proper pairs (K1, K5) with B(K1, K5) U K7 U K5, C B(K;, K3) U K; U K, choose K, K, with
B(Ki,K5) U K7 U K} inclusion-wise minimal, and subject to that with B(K}, K%)
inclusion-wise maximal. Then (K1, K%) is active and A(Kj, K5) N {a, i} # @. O

7 | PROOF OF THEOREM 3.4

We begin with proving an extension of Theorem 1.3. For a graph G and positive integer d, we
denote by y,(G) the maximum degree of the subgraph of G induced by the set of vertices with
degree at least d in G.
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Theorem 7.1. For all k,y > 0, there exists w = w(k, y) such that every graph G with
%,(G) < v and treewidth more than w contains a subdivision of Wiy or the line graph of a
subdivision of Wixk.-

Proof. Let w =w(k,y) = f(c(k,y + 3)), where f is as in Theorem 1.1 and c is as in
Theorem 1.3. Let G be a graph with treewidth at least w. By Theorem 1.1, G has a
subgraph X which is isomorphic to W y+3)xc(k,y+3)- Let H = G[V(X)]. Then H has
treewidth at least c(k, y + 3). Also, we claim that G has maximum degree at most y + 3.
To see this, suppose for a contradiction that H has a vertex v of degree at leasty + 4 > 3.
Then, since X has maximum degree at most 3, there are at least y + 1 edges in
E(H)\E(X) incident with v. Moreover, for each such edge, its end distinct from v has
degree at least two in X, and so degree at least 3 in H. But then v is a vertex of degree at
least 3 in G with at least y + 1 neighbors, each of degree at least 3 in G. This violates
%(G) <7, and so proves the claim. Now, by Theorem 1.3, H, and so G, contains a
subdivision of W« or the line graph of a subdivision of Wj. O

We remark that Theorem 7.1 is sharp, in the sense that the conclusion fails if the number 3
in y4(G) is replaced by any larger integer. This is due to the construction of [11, 17], in which
the set of vertices of degree 4 or more is stable. Next, we deduce:

Theorem 7.2. For all t, there exists M = M(t) such that every graph in F; with no heavy
seagull and with treewidth more than M contains a subdivision of Wx,.

Proof. Since G contains no heavy seagull, it follows that no two vertices of degree at
least three in G are at distance two in G. This implies that every connected component of
the subgraph of G induced by the set of vertices of degree at least three in G is a clique,
and therefore has size at most ¢. It follows that %,(G) < t — 1. Also, since G € F, no
induced subgraph of G is the line graph of a subdivision of W;;. Now Theorem 7.2
follows from Theorem 7.1. O

We are now ready to prove Theorem 3.4, the main result of this section, which we
restate.

Theorem 7.3. For all k, there exists ¢ = c(k) such that every graph in F, with no star
cutset and with treewidth more than c contains a subdivision of Wx.

Proof. Let M = M(k) > 1 be as in Theorem 7.2. Let G € F; and assume that G does
not contain a subdivision of Wx,. We show that tw(G) < 8(M + 1). Suppose not. By
Lemma 4.1, there is a weight function w on G such that (G, w) is 4(M + 1)-unbalanced,
and in particular 8-unbalanced. Let 7 be the set of all heavy seagulls of G. By
Lemma 6.2, every seagull in H is extendable. Let S be the set of all pairs of cliques
{Ki, K>} obtained by applying Theorem 6.3 to each member of H. Then all elements of
S are active. Let 7 be the set of the canonical two-clique-separations corresponding to
the members of S. By Theorem 5.1 every pair of members of 7 is loosely noncrossing.
Let 8 be a central bag for 7.

(16) There is no heavy seagull in .
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Suppose X =a — b — c is a heavy seagull in 8. Then X € H, and so there is a
separation (A, C, B) € 7 such that{a, ¢} N A # @. We may assume thata € A. It follows
from the definition of 8 that there exists a pair {Kj, K;} € S such thata € P% . Since S is
loosely noncrossing, it follows that Ng(a) € Px;x,. But then deg 4(a) = 2, contrary to the
fact that X is a heavy seagull of 8. This proves (16).

Recall that for v € V(G) we have defined 5S(V) = UK:veK and there exists L such that{K,L}ESK-

(A7) 18s(W)l < 2 for every v € £.

Suppose 185(v)l > 2 for some v € . Then there exist pairs {Kj, K3}, {K}, K5} € S such
that ve K, N K;. Let Ky ={k,v} and K= {kj,v}. Since G € F,, it follows that
ki — v — k7 is a seagull in G. Since k € K, it follows from Lemma 4.7 that k; has a
neighbor in B(Kj, K5). Since all elements of S are active, and therefore proper, we deduce
that k; has a neighbor in A(K;, K;). Since v € C(Ky, K3), we deduce that deg (k) > 2.
Similarly, deg ;(k}) > 2. Consequently, k; — v — k] is a heavy seagull of G. It follows that
there exists a pair {L, L,} € 7 such that A(L, L,) n {k;, ki} # &, say k; € A(Ly, L,). But
then ky € A(Ly, L) N C(Ky, K3), contrary to Theorem 5.1. This proves (17).

It follows from (16) that there is no heavy seagull in 5. By Theorem 7.2, since G does
not contain a subdivision of Wiy, we have that tw(8) < M. Let wg be the inherited
weight function on g. Since tw(8) < M, Lemma 4.2 implies that (8, wg) is (M + 1)-
balanced. Now, by (17) and Theorem 4.5(G, w) is max(4(M + 1), 2(M + 1))-balanced,
and therefore (G, w) is 4(M + 1)-balanced, a contradiction. O

8 | PUTTING EVERYTHING TOGETHER
In this section, we prove Theorem 1.6, which we restate.

Theorem 8.1. For all t > 0, there exists ¢ = c(t) such that every graph in F; with
treewidth more than ¢ contains a subdivision of Wi, as an induced subgraph.

Proof. Let ¢ =c(t) be as in Theorem 7.3. By increasing c(t), we may assume that
c(t) > t. Let G € F, and suppose that tw(G) > c. Lemma 7 from [8] shows that clique
cutsets do not affect treewidth, and so we may assume that G does not admit a clique
cutset. Now we deduce from Lemma 2.1 that G does not admit a star cutset. By
Lemma 3.3 it follows that either G € F,, or G is a complete graph (and so tw(G) < t). So
we may assume that G € F,. But now the result follows from Theorem 7.3. O
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