Triangle-free graphs that do not contain an induced
subdivision of K, are 3-colorable

Maria Chudnovsky™*
Princeton University, Princeton, NJ 08544

Chun-Hung Liuf
Princeton University, Princeton, NJ 08544

Oliver Schaudt
Universitat zu Koéln, Koéln, Germany

Sophie Spirkl*
Princeton University, Princeton, NJ 08544

Nicolas Trotignon®
CNRS, LIP, ENS de Lyon, Université de Lyon, France

Kristina Vugkovi¢"
School of Computing, University of Leeds, Leeds L.S2 9JT, UK

1st November 2018

Abstract

*Supported by NSF grant DMS-1550991 and U. S. Army Research Office Grant
WOI11NF-16-1-0404.

fCurrent address: Texas A&M University, College Station, TX 77843. Supported by
NSF grant DMS-1664593.

tCurrent address: Rutgers University, Piscataway, NJ 08854.

$Partially supported by ANR project Stint under reference ANR-13-BS02-0007 and
by the LABEX MILYON (ANR-10-LABX-0070) of Université de Lyon, within the pro-
gram “Investissements d’Avenir” (ANR-11-IDEX-0007) operated by the French National
Research Agency (ANR).

TPartially supported by EPSRC grant EP/N0196660/1, and Serbian Ministry of Edu-
cation and Science projects 174033 and 11144006.




We show that triangle-free graphs that do not contain an induced
subgraph isomorphic to a subdivision of K, are 3-colorable. This
proves a conjecture of Trotignon and Vuskovi¢ [17].

1 Introduction

All graphs in this paper are finite and simple. For a graph G, we denote by
X(G) the chromatic number of G and by w(G) the maximum size of a clique
in G (where a clique is a set of pairwise adjacent vertices). A class of graphs
is x-bounded if there exists a function f such that every graph of the class
satisfies x(G) < f(w(G)). In a seminal paper, Gyarfas [4] proposed several
conjectures stating that excluding several kinds of induced subgraphs yields
x-bounded classes. Many of these conjectures have been proved recently,
see [I] for instance. However, it seems that the bounds proved for most
x-bounded classes are not tight. In fact, to the best of our knowledge, it
seems that the existence of a x-bounded class that is not x-bounded by a
polynomial is an open question.

Scott [I5] proposed the following conjecture: for every graph H, the
class defined by excluding all subdivisions of H as induced subgraphs is
x-bounded. This conjecture was disproved [14]. However, the statement
is true for several graphs H, such as for any graph on at most 4 vertices
(see [2]). Finding optimal bounds for y-bounded classes therefore seems
to be of interest, and there is a substantial body of work on the subject
[, 6] [7, [8, 9, 16]. In this paper, we focus on the case H = Ky; we do not
know what happens for K, with r > 4.

For a graph H, we say that a graph G contains H if H is isomorphic to
an induced subgraph of GG, and otherwise, G is H-free. For a family F of
graphs, we say that G is F-free if G is F-free for every graph F' € F.

An ISKy is a graph that is isomorphic to a subdivision of Ky. In [I7] two
of us studied the structure of ISKy-free graphs, and proposed the following
conjecture (and proved several special cases of it):

Conjecture 1. If G is {ISKy, triangle}-free, then x(G) < 3.

Conjecture [1] is obviously best possible since every odd cycle has chro-
matic number three. In [10], Conjecture (1| was proved with 3 replaced by
4. The following conjecture was proposed in [I12], and was proved with 4
replaced by 24 in [10].

Conjecture 2. If G is ISKy-free, then x(G) < 4.



The main result of the present paper is a proof of Conjecture[I} In fact,
we prove a stronger statement (Theorem below), from which Conjecture
easily follows.

A set X C V(G) is a cutset for G if there is a partition (X, Y, Z) of V(G)
with Y, Z # () such that no edge of G has one end in Y and one end in Z.
The cutset X is a clique cutset if X is a (possibly empty) clique in G.

Theorem 3. Let G be an {ISKy, triangle}-free graph. Then either G has a
clique cutset (of size at mist two), G is complete bipartite, or G has a vertex
of degree at most two.

Proof of Conjecture 1] assuming Theorem[3. The proof is by induction on
|[V(G)|. If G is complete bipartite, then G is 2-colorable. If G has a vertex v
of degree at most two, then, by induction, G \ {v} is 3-colorable, and hence
G is 3-colorable. If G has a clique cutset C' such that (A, B, C) is a partition
of V(@) such that no vertex in A has a neighbor in B, and C' a clique, then
the chromatic number of G is the maximum of the chromatic number of
G \ A and the chromatic number of G \ B, and again by induction, G is
3-colorable. O

We remark that triangle-free graphs do not contain a clique cutset of size
at least three. So one can trivially decide whether an {ISK4, triangle}-free
graph contains a clique cutset or not, and find one if it exists, in polynomial
time. Hence one can test in polynomial time which of the outcomes of
Theorem (3| applies. This implies that an {ISKy, triangle}-free graph G can
be decomposed via clique cutsets (repeatedly deleting vertices of degree at
most two) into complete bipartite graphs, and such a decomposition can
be found in polynomial time. Following the outline of the proof above,
this decomposition can be used in order to construct a 3-coloring of G in
polynomial time. In this context we remark that {ISKy, triangle }-free graphs
can be recognized in polynomial time [I1].

We sketch the proof of Theorem [3] in the rest of this section. We first
introduce some notions that will be frequently used in this paper.

For a graph G and X C V(G), G|X denotes the induced subgraph of G
with vertex set X. For x € V(G), we let G\ z = G|(V(G) \ {z}).

By a path in a graph we mean an induced path. Let C be a cycle in G.
The length of C is |V(C)|. The girth of G is the length of a shortest cycle,
and is defined to be oo if G has no cycle. A hole in a graph is an induced
cycle of length at least four.



For an induced subgraph H of G we write v € H to mean v € V(H). We
use the same convention if H is a path or a hole. For a path P =p;—...—pg
we call the set V(P) \ {p1,px} the interior of P, and denote it by P*.

A wheel in a graph is a pair W = (C,z) where C is a hole and z has at
least three neighbors in V(C'). We call C the rim of the wheel, and x the
center. The neighbors of z in V(C) are called the spokes of W. Maximal
paths of C' that do not contain any spokes in their interior are called the
sectors of W. We write V(W) to mean V(C) U {z}.

Now we are ready to sketch our proof of Theorem 3| A graph is series-
parallel if it does not contain a subdivision of Ky as a (not necessarily
induced) subgraph. The structure of series-parallel graphs has been widely
explored.

Theorem 4 ([3]). Let G be a series-parallel graph.  Then G is
{ISK4, wheel, K3 3}-free, and G contains a vertex of degree at most two.

The following two useful facts were proved in [12].

Theorem 5 ([12]). Let G be an {ISKy, triangle}-free graph. Then either G
is series-parallel, or G contains K33, or G contains a wheel. If G contains
a subdivision of K33, then G contains K3 3.

Theorem 6 ([12]). If G is an {ISK4, triangle}-free graph and G contains
K33, then either G is complete bipartite, or G has a clique cutset.

Thus to prove Theorem [3| we need to analyze {ISKy, triangle, K3 3}-free
graphs that contain wheels. This approach was already explored in [17], but
we were able to push it further, as stated in Theorems [7] and

Let G be a graph. For a vertex v € V(G), we denote its set of neighbors
by Ng(v), and we let Ng[v] = {v} U Ng(v). We write dg(v) = |[Ng(v)|. (In
all cases we omit the subscript “G” when there is no danger of confusion).
Let W = (C,v) be a wheel. We call a vertex x proper for W if either
x e V(C)u{v}; or

e all neighbors of x in V(C') are in one sector of W; and
e if 2 has more than two neighbors in V(C'), then z is adjacent to v.

The wheel W is proper if every vertex of G is proper for W. (Please note
that this definition is different from the one in [I7].) We prove:

Theorem 7. Let G be an {ISKy, triangle, K3 3}-free graph, and let = be
the center of a proper wheel in G. If W = (C,x) is a proper wheel with a
minimum number of spokes subject to having center x, then



1. every component of V(G)\ N(x) contains the interior of at most one
sector of W, and

2. for everyu € N(x), the component D of V(G)\ (N(z)\{u}) such that
u € V(D) contains the interiors of at most two sectors of W, and if

S1, Sy are sectors with S; C V(D) fori = 1,2, then V(S1)NV (S2) # 0.

Using Theorem m we can prove a variant of a conjecture from [17] that
we now explain. For a graph G and x,y € V(G), we say that (x,y) is a
non-center pair for G if neither x nor y is the center of a proper wheel in
G, and x =y or zy € E(G). We prove:

Theorem 8. Let G be an {ISKy,triangle, K3 3}-free graph which is not
series-parallel, and let (x,y) be a non-center pair for G. Then some
ve V(G)\ (N[x]UNJy|) has degree at most two.

We will show that Theorem [3] follows from Theorems [4] [5 [6] and [§]

Here is the outline of the proof of Theorem [8 the full proof is given in
Section 5. We assume that G is a counterexample to Theorem 8 with |V (G)|
minimum. Since G is not series-parallel, it follows from Theorem [5| that G
contains a wheel, and we show in Lemma[I0]that G contains a proper wheel.
Let s € V(G) be the center of a proper wheel chosen as in Theorem |7, and
let C1, ..., Cy be the components of G\ N[s]. By Theorem 7] it follows that
k > 1. For each i, let N; be the set of vertices of N(s) with a neighbor in
V(C;), and let G; = G|(V(C;) U N; U {s}). We analyze the structure of the
graphs G; using the minimality of |V (G)|. It turns out that at most one
G, is not series-parallel, and that (by contracting C;’s) there is at most one
value of ¢ for which |V(C;)| > 1. Also, if |V(C;)| > 1, then {x,y} NV (C;) #
(). We may assume that |V(C;)| = 1 for all i € {1,...,k — 1}, and that
{z,y} NV (Ck) # 0. Now consider the bipartite graph G’, which (roughly
speaking) is the graph obtained from G \ {s} by contracting V(C%) U Nj
to a single vertex z if |V(Cy)| > 1. It turns out that G’ is {ISKy4, K33}-
free and has girth at least 6, while cycles that do not contain z must be
even longer. Now either there is an easy win, or we find a cycle in G’
that contains a long path P of vertices all of degree two in G’ and with
V(P) C V(G)\ (N[z] U N[y]). Further analysis shows that at least one of
these vertices has degree two in G, and Theorem [ follows.

This paper is organized as follows. In Section 2 we prove Theorem [7]
Section 3 contains technical tools that we need to deduce that the graph
G’ described above has various useful properties. In Section 4 we develop
techniques to produce a cycle with a long path of vertices of degree two. In
Section 5 we put all of our knowledge together to prove Theorems |3 and



Let us finish this section with some definitions and an easy fact about
ISK4-free graphs.

For a graph G and subsets X, Y C V(G), we say that X is complete to Y
if every vertex in X is adjacent to every vertex in Y; X is anticomplete to 'Y
if every vertex in X is non-adjacent to every vertex in Y. A vertex v € V(G)
is complete (anticomplete) to X C V(G) if {v} is complete (anticomplete)
to X.

Given a hole C and a vertex v ¢ C, v is linked to C if there are three
paths Py, P», P3 such that

o P/ U Py U PfU{v} is disjoint from C;

e cach P; has one end v and the other end in C, and there are no other
edges between P; and C;

o fori,j € {1,2,3} with i # j, V(P) NV (P;) = {v};

e if x € P is adjacent to y € P; then either v € {z,y} or {z,y} C V(C);
and

e if v has a neighbor ¢ € C, then ¢ € P; for some 1.
Lemma 9. If G is ISKy-free, then no vertex of G can be linked to a hole.

Proof. LemmdJ| follows directly from the fact that G is ISKy-free. O

2 Wheels

Lemma 10. Let G be an {ISKy, triangle}-free graph that contains a wheel.
Then there is a proper wheel in G.

Proof. Let G be an {ISKy, triangle}-free graph. Let W = (C, x) be a wheel
in G with |V(C)| minimum. We claim that W is a proper wheel. Suppose
v e V(G)\ V(W) violates the definition of a proper wheel.

If v has at least three neighbors in the hole z — S — x for some sector S of
W, then (z— S —=x,v) is a wheel with a shorter rim than W, a contradiction.
So v has at most two neighbors in every sector of W (and at most one if
v is adjacent to x). Therefore there exist sectors Si,S2 of W such that v
has a neighbor in V(S7) \ V(S2) and a neighbor in V(S3) \ V(S1). Also
by the minimality of |V(C)|, every path of C' whose ends are in N(v) and
with interior disjoint from N (v) contains at most two spokes of W, and we
can choose S1, 5% and for i = 1,2, label the ends of S; as a;, b; such that



either b1 = a9, or by, as are the ends of a third sector S3 of W and v has no
neighbor in S3. If possible, we choose Sy, S2 such that by = as. If v has two
neighbors in S7, denote them s, t such that a1,t, s,b; are in order in C. If v
has a unique neighbor in S7, denote it by s. Let z be the neighbor of v in
Sy closest to as.

Assume first that v is non-adjacent to z. Suppose by # ay. By Lemmal9]
x cannot be linked to the hole z — Sy —as — S3— b1 — S1 — s —v — z, and
it follows that z # by. If v has two neighbors in S, then v can be linked to
r — S3 —x via the pathsv—s—851 — b, v—t—51—a1 —x,v—2z— Sy —ag;
and if v has a unique neighbor in Sy, then s can be linked to x — S35 — x
via the paths s — S1 — b1, s —S1 —a; —x, s —v — z — Sy — az (note that
by the choice of S1,S2 and since by # ag, it follows that s # b1). In both
cases, this is contrary to Lemma [9} This proves that by = as. Let y be the
neighbor of v in Sy closest to bs. Now if v has two neighbors in Sy, then v
can be linked to x — S; — x via the paths v — s, v — ¢, v —y — S9 — by — x,
contrary to Lemma [9] So v has a unique neighbor in Sj, and similarly a
unique neighbor in S3. It follows that s,b; and z are all distinct. Now we
can link z to s — 51— b1 — S92 — z — v — s via the paths £ — b1, x —a; — S1 — s,
and x — by — S9 — z, contrary to Lemma @

This proves that v is adjacent to x, and so v has at most one neighbor
in every sector of W. If b; # as, then v can be linked to  — S35 — x via the
paths v—s— 81 —b1, v—x, v—2— 59 —as, and if by = as, then s,b; and z are
all distinct and hence z can be linked to the hole s—S1 —b; — S —z—v—3s
via the paths © — b1, x — v, and & — ba — S2 — z; in both cases contrary to
Lemma [9] This proves that every v € V(G) \ V(W) satisfies the condition
in the definition, and so W is a proper wheel in G. 0

A vertex x is a skip for a wheel W = (C,v) if there exist two sectors
S1, .59 of W such that

e 1 is adjacent to v;

x has neighbors in S; and in So;

N(J}) N V(C) - V(Sl) U V(SQ);

S1 and S5 are consecutive; and

ifu € V(G)\V (W) is adjacent to x, then N (u)NV(C) C V(S1)UV(S2).

If V(S1) NV (S2) = {a}, we also say that = is an a-skip.



Lemma 11. Let G be an {ISKy, triangle}-free graph. Let W = (C,v) be a
wheel in G. Let S1,S2 be consecutive sectors of W, and let x € N(v)\ V(W)
be a vertex such that N(z)NV(C) C V(S1)UV(S2) and N(x)NV (S1), N(z)N
V(S2) # 0. Then N(z) NV (C) C STUS; and for {i,j} = {1,2}, |[N(x) N
(V(S)\V(S))] = 3.

Proof. Since z is adjacent to v and G is triangle-free, it follows that N (z) N
V(C) C S7US5. Suppose for a contradiction that [N (z)N(V(S1)\V(S2))| <
2. If [N(z) N (V(S1) \ V(S2))] = 2, then = has exactly three neighbors
in the hole v — S; — v, contrary to Lemma [9] It follows that |N(z) N
(V(S1) \ V(S2))] = 1. Let z denote the neighbor of = in V(S1). Let {w} =
V(S1) N V(S2), and let y denote the neighbor of z in V(S2) closest to w
along S3. Then z can be linked to the hole v — S7 — v via the three paths
x—v, z—z and x —y — Sy — w. This is a contradiction to Lemma [9] and
the result follows. O

We say that wheel W = (C,v) is k-almost proper if there are spokes
Z1,...,2, of W and a set X C V(G)\ V(W) such that

e 1o two spokes in {z1,...,zx} are consecutive;
e W is proper in G \ X
e for every x in X there exists ¢ such that x is an x;-skip.

Lemma 12. Let G be an {ISKy, triangle}-free graph, and let W = (C,v)
be a 1-almost proper wheel in G. Let x1 and X be as in the definition of a
1-almost proper wheel, and let S1 and So be the sectors of W containing x1.
Then there exists a proper wheel W' in G with center v and the same number
of spokes as W. Moreover, either W = W', or V(W)\ V(W) = {x*} where
x* is a skip for W, and V(W) \ V(W') CV(ST)UV(S5)U{z1}.

Proof. We may assume that X # (), for otherwise W is proper in G. For
x € X, let P(z) denote the longest path in G|(V(S1) U V(S2)) starting
and ending in a neighbor of x. Let z* € X be a vertex with |V (P(z*))]
maximum among vertices in X, and let Y denote the interior of P(x*).
Let C' = G|((V(C)U{z*}) \ Y). It follows that W’ = (C’,v) is a wheel.
Moreover, N(v)NV(C") = ((N(v)NV(C))\{z1}) U{z*}, and therefore W’
has the same number of spokes as W.

If W' is proper, the result follows. Therefore, we may assume that there
is a vertex y € V(G) \ V(W) that is not proper for W’. Let S}, S} denote
the sectors of W’ containing S1 \ Y and Sy \ Y, respectively.



Suppose first that y € V(W), and consequently y € Y. Since z* has
at least two neighbors in each of S7 and Ss by Lemma it follows that
|[V(P(x*))| > 4. Consequently, either N(y)NV(C") C S{ or N(y)NV(C') C
S5. Moreover, N(y)NV(C") C N[z], and therefore |N(y) NV (C’)| < 1. This
implies that y is proper for W, a contradiction. This proves that y ¢ V().

Next, we suppose that y € X. It follows that N(y) NV (C’') C V(S]) U
V(S%). Since y is not proper for W', but y is adjacent to v, it follows that
N(y)NV(S]),N(y)NV(S}) # 0. By Lemmall1] y has at least two neighbors
in S]. But then V(P(z*)) € V(P(y)), a contradiction to the choice of x*.
This proves that y € V(G) \ (X UV (W)).

If y ¢ N(z*), then N(y) NV (C") € N(y) NV (C), and since y ¢ X, it
follows that g is proper for W and thus y is proper for W’. Consequently y €
N (x*). Since z* is a skip for W, it follows that N (y)NV (C) C V(S1)UV (S2).
Since y is proper for W, we may assume by symmetry that N(y) NV (C) C
V(S1). It follows that N(y) NV (C’) C V(S7). Since y is adjacent to z*
and G is triangle-free, it follows that y is non-adjacent to v, and hence
IN(y) NV (C)| < 2. This implies that [N (y) NV(C’)| < 3, and by Lemma[9]
it is impossible for y to have exactly three neighbors in C” since G is ISKy-
free. Therefore, |[N(y) N V(C')| < 2, and therefore y is proper for W’. This
is a contradiction, and it follows that W’ is proper in GG, and hence W' is
the desired wheel. O

Lemma 13. Let G be an {ISKy, triangle}-free graph, and let W = (C,v) be
a 2-almost proper wheel in G. Then there exists a proper wheel in G with
center v and at most the same number of spokes as W.

Proof. Let x1,x2 and X be as in the definition of a 2-almost proper wheel,
and let S7,S52 be the sectors of W containing z1. Let X; denote the set
of z1-skips in X, and let Xo = X \ X;. We may assume that X;, Xy are
both non-empty, for otherwise the result follows from Lemma [I2] It follows
that W is 1-almost proper, but not proper, in G \ Xo. Let W', z* be as in
Lemma So W' is a proper wheel in G \ Xo. If W’ is 1-almost proper in
G, then the result of the lemma follows from Lemma So we may assume
that W’ is not 1l-almost proper in G. Since every vertex of V(G) \ X3 is
proper for W', we deduce that some vertex x € X5 is not proper and not an
xo-skip for W'.

By the definition of X3, and since W is 2-almost proper in G, it follows
that N(x) N V(C) is contained in the sectors S3,S; of W containing z5.
Since 1 and x5 are not consecutive, Ss, Sy & {51, 52}, and so by Lemma
V(S3) UV (Sy) CV(W'). Consequently, S3 and Sy are sectors of W’. Since



G is triangle-free and every vertex in X is adjacent to v, it follows that z
is not adjacent to x*. Therefore, N(xz) N V(C’) C V(S3) UV (S4), = has
both a neighbor in S3 and a neighbor in Sy, and Ss, 5S4 are the sectors of
W' containing x5. Let s3 denote the neighbor of x in S3 furthest from zo,
and let s4 denote the neighbor of x in Sy furthest from x5. We may assume
that among all vertices of Xy that are not xs-skips for W', x is chosen so
that the path of C' from s3 to s4 containing xo is maximal.

Since z is not an xo-skip for W, there exists a vertex v € N(z)\ V(W)
with a neighbor in V/(C") \ (V(S3) UV (Sy)). Since z is an z5-skip for W, it
follows that u has a neighbor in V/(C’) \ V(C) = {z*}, and so u is adjacent
to x and z*.

Since x and z* are skips for W, it follows that N(u) NV (C) C (V(S1)U
V(S2))N(V(S3)UV (S4)). Since G is triangle-free, u is non-adjacent to v, and
therefore u ¢ X. Consequently, u is proper for W, and all the neighbors of u
in C belong to one sector of W. It follows that u has at most one neighbor in
V(C). Suppose that u has exactly one neighbor in V(C'). Then u has three
neighbors in the cycle arising from C’ by replacing s3 — S3 — o — Sy — s4
by s3 — & — s4, contrary to Lemma [9} It follows that u has no neighbors in
V(C).

Let Pj denote the path of C" from s3 to x* not containing x2, and let
Py be x — s3 — P{ — 2*. Let P} denote the path of C’ from s4 to z* not
containing zs, and let Py be x — s4 — Py — 2*. Let D = G|(V(P1) U {u}).
Since x; and xy are not consecutive, each of P}, Py contains at least one
neighbor of v, and so W” = (D, v) is a wheel with fewer spokes than W.
Let S5 denote the sector of W’ containing = but not containing u. If W” is
proper in G, then the result follows. Therefore, we may assume that there
is a vertex y € V/(G) \ V(W) that is not proper for W”.

Since every vertex in V(W) \ V(W") and every vertex in V(W) \ V(W")
has at most one neighbor in V(W”), it follows that y & V(W) U V(W’).
Suppose that y & N(u). If y € Xo, then N(y)NV (D) C (V(S3)u{z})NV (D),
and so y is proper for W”, since y is adjacent to v, a contradiction. Thus
y € Xo, and so y is proper for W/. If y ¢ N(x), then N(y) N V(D) C
N(y) N V(C"), and again y is proper for W” a contradiction. Thus y €
N(z), but since z is a skip for W, N(y) N V(C) C V(S3) UV (Sy), and so
N(y)NV (D) C V(S%). Since y is not proper for W”, y is non-adjacent to v
and has at least three neighbors in S5. But y is proper for W/, and so y has
at most two neighbors in S3; thus y has exactly three neighbors in S5 and
hence in D contrary to Lemma[9] This contradiction implies that y € N (u).

Since y is not proper for W” it follows that y has a neighbor in Py N
V(S3), and since G is triangle-free, it follows that y is non-adjacent to x

10



and to z*. We claim that y has no neighbor in P,. Suppose that it does. If
y € Xy, then, since y is adjacent to v and has a neighbor in P}, we deduce
that y is not an xe-skip for W', and the claim follows from the maximality
of the path of C from s3 to s4 containing x2. Thus we may assume that
y & X5. Consequently, y is proper for W', a contradiction. This proves the
claim.

Let z1 be the neighbor of y in V(Py) closest to x along P;, and let z9
be the neighbor of y in V(P;) closest to z* along P;. Let D’ be the hole
¥ —Py—x—u—z*. If 21 # 22, we can link y to D’ via the paths y—2z; — P, —x,
Yy — 20 — P — 2* and y — u, and if z; = 29, then we can link z; to D’ via
the paths z1 — P, — x, 21 — P, — z* and z; — y — u, in both cases contrary
to Lemma [9] This proves Lemma [T3] O

Throughout the remainder of this section G is an {ISKy, triangle, K3 3}-
free graph, and W = (C, z) is a proper wheel in G with minimum number
of spokes (subject to having center x).

Lemma 14. Let P = p1 — ... — pg be a path such that p1, py have neighbors
in V(C), V(P) C V(G)\ V(W), and there are no edges between P* and
V(C). Assume that no sector of W contains (N(p1) U N(px)) NV(C). For
i € {1,k}, if © is non-adjacent to p;, then p; has a unique neighbor in C.

Proof. Let S1, 52 be distinct sectors of W such that N(p;)NV(C) C V(S1),
and N(px) NV (C) C V(S2). We may assume that p; is non-adjacent to z,
and so p; has at most two neighbors in C'. Since p; cannot be linked to the
hole C' (or the hole obtained from C' by rerouting Ss through pg) via two
one-edge paths and P, it follows that p; has a unique neighbor in C. O

Theorem 15. Let P = p; — ... — py be a path with V(P) C V(G) \ V(W)
such that x has at most one neighbor in P.

1. If P contains no neighbor of x, then there is a sector S of W such that
every edge from P to C has an end in V(S).

2. If P contains exactly one neighbor of x, then there are two sectors
S1,S2 of W such that V(S1) NV (S2) # 0, and every edge from P to
C has an end in V(S1) UV (S2) (where possibly S1 = S2).

Proof. Let P be a path violating the assertions of the theorem and assume
that P is chosen with k£ minimum. Since W is proper, it follows that k > 1.
Our first goal is to show that x has a neighbor in V(P).

Suppose that z is anticomplete to V(P). Then, by the minimality of k,
there exist two sectors S, .Sz of W such that every edge from {p1,...,pr—1}
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to V(C) has an end in V(S1), and every edge from {pa,...,pr} to V(C)
has an end in V' (S2). It follows that S; # Si. Then p; has a neighbor in
V(S1)\V(S2), and py has a neighbor in V' (S2)\ V(S1), and every edge from
P* to V(C) has an end in V(S1) NV (S2). For i = 1,2 let a;, b; be the ends
of S;. We may assume that aq, b1, as, by appear in C' in this order and that
a1 # by. Let Q1 be the path of C from by to a; not using by, and let Q5 be
the path of C' from b; to ag not using a;. We can choose S1, Sz with |V(Q2)]
minimum (without changing P). Let s be the neighbor of p; in S; closest to
a1, t the neighbor of p; in S7 closest to by, y the neighbor of p; in So closest
to as and z the neighbor of p; in Ss closest to bs. Then s # by and z # ao.
It follows that V(Q2) N {s,z} = 0. Moreover, if V(S1) NV (S2) # 0, then
b1 = ag and V(Q2) = {b1}, and in all cases V(Q1) is anticomplete to P*.
Now Di=s—p1 —P—pr—2z—S2—by— Q1 —a; —S1 — s is a hole.

(1) Wi = (Dy,z) is a wheel with fewer spokes than W.

Since V(Q2) NV (D;) = 0 and V(Q2) contains a neighbor of z, it follows
that = has fewer neighbors in D; than it does in C. It now suffices to show
that = has at least three neighbors in (. Since aj,bs € V(Q1), we may
assume that x has no neighbor in @7, and )1 is a sector of W. Since not
every edge between V(P) and V(C) has an end in V(Q1), it follows that
t # a1 or y # ba. By symmetry, we may assume that ¢t # a1. Since x cannot
be linked to W by Lemma [0} it follows that x has at least four neighbors in
V(C), and therefore V(S1) NV (S2) = (. Consequently, P* is anticomplete
to V(C). Tt follows from Lemma [14] that s = ¢t. Now we can link s to the
hole a1 — @1 — by —x —aq via the paths s—S1—a1, s—p1—P—pr—2— 52— b
and s — S1 — by — z, contrary to Lemma @ This proves that Wi = (Dq, x)
is a wheel with fewer spokes than W. This proves (|1).

It follows from that x has at least two neighbors in @]. By the
choice of W, it follows from that W7 is not proper. Let Sy be the sector
a1 —S1—s—p1— P —pp—2z—S2—bg of (D1,x). Since W is a proper wheel
and W7 is not a proper wheel, we have that:

There exists v € V(G) \ V(W1) such that either

e v is non-adjacent to x, and v has at least three neighbors
in So and N(v) NV (D1) CV(Sp), or

e there is a sector Ss of W with V(S3) C V(Q1), such that v
has a neighbor in V(S3)\ V(So) and a neighbor in V (Sp) \
V(S3), and N(v) NV(C) C V(Ss).
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Let v be as in (2)). First we show that v ¢ V(C). The only vertices of
C' that may have more than one neighbor in D; are b; and as. Moreover,
if one of b1,as has more than one neighbor in D, then by = as. But
N(b1) NV (D1) C V(Sy) and b; is adjacent to x, so by does not satisfy the
conditions described in the bullets. Thus v ¢ V(C).

(3) v has a unique neighbor in P.

If the first case of ([2)) holds, then the statement of (3)) follows immediately
from the minimality of k (since v is non-adjacent to x), and so we may
assume that the second case of (2]) holds. Observe that no vertex of V(Q1)
is contained both in a sector with end a; and in a sector with end by, and
therefore we may assume that v has a neighbor in a sector that does not have
end bs. If v is non-adjacent to x, we get a contradiction to the minimality of
k. So we may assume that v is adjacent to z, and therefore v has a neighbor
in S5, and by ¢ V(S3). Let Sy be the sector of Dy such that by € V(Sy)
and V(S4) C V(Q1). Suppose that y # by or V(S3) NV (Sy) = 0. Let
i € {1,...,k} be maximum such that v is adjacent to p;. Now the path
v — p; — P — p violates the assertions of the theorem, and so it follows
from the minimality of k that N(v) N V(P) C {p1,p2}. Therefore, since
G is triangle-free, it follows that v has a unique neighbor in P, and
holds. So we may assume that y = by and there exists az € V(C') such that
V(S4) NV (S3) = {as}. Let R be the path from v to ag with R* C S3. Now
we can link v to x—S;—x via the paths v—z, v— R—agz and v—p; — P—pj. —ba,
where i is maximum such that v is adjacent to p;, contrary to Lemma [0}
This proves .

In view of (3) let N (v)NV (P) = {p;}. In the case of the first bullet of (2),
since v cannot be linked to the hole x — Sy — by Lemma [9] it follows that
v has at least four neighbors in Sy, and therefore at least three neighbors
in V(S1) U V(S2), contrary to the fact that W is proper. So the case of the
second bullet of ([2)) holds. Since W is proper, N (v)N(V (Sp)\V (S3)) C V(P),
and N(v) NV (Dy) C V(Sy) UV(Ss).

(4)  There are edges between P* and V (C).

Suppose not. By Lemma s =t and y = z. We claim that in this
case by # ag, for if by = a9, then by can be linked to the hole z — a3 —
S1—s—p1— P —pp—2z— 59 — by — x via the paths b — x, by — 51 — s
and by — So — z, contrary to Lemma [0 If v has a unique neighbor 7 in C,
then p; can be linked to C' via the paths p; — P —p1 —s,pj — P —pp — 2
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and p; — v —r, contrary to Lemma @ so v has at least two neighbors in C.
Recall that N(v) NV(C) C V(S3). Let D be the hole obtained from C by
rerouting Sz through v. Then s,z € V(D), and p; can be linked to D via
the paths pj — P —p1 — s, pj — P —py, — z and pj — v, contrary to Lemma @
This proves .

If follows from that by = a2 and b; has neighbors in P*. Now, by
considering the path from a neighbor of b; in P* to v with interior in P* if
v has a neighbor in P*, and the paths v — p; or v — p; if v has no neighbor
in P*, the minimality of k£ implies that v is adjacent to z and one of a1, by
belongs to Ss.

By symmetry we may assume a; € V(S3). Let R be the path from v to
ay with R* C V(S3). Now x can be linked to the hole v — R—a; — 51 —s—
p1 — P —p; —v via the paths * —v, x —a; and x — by — So — 2z —py, — P —pj,
contrary to Lemma [9]

In summary, we have now proved:

(5) If P' is a path violating the assertion of the theorem and
|[V(P")| = k, then x has a neighbor in V (P’).

By , x has a neighbor in V(P), say z is adjacent to p;. Then p; is
the unique neighbor of z in V(P). By the minimality of k, there exist two
distinct sectors S1,Se of W such that p; has a neighbor in V(S7) \ V(S2),
and py, has a neighbor in V(S2) \ V(S1). By (), if 1 < i < j, then every
edge from {p1,...,pi—1} to V(C) has an end in V(S7), and every edge from
{pi+1,---,pr} to V(C) has an end in V(S3); if i = 1 then every edge from
V(P)\{p1} to V(C) has an end in V(S3); and if ¢ = k then every edge from
V(P)\ {px} to V(C) has and end in V (S}).

For j = 1,2, let aj,b; be the ends of 5.

One of the following statements holds:
e there are no edges between V(C') and P*, or

(6) e we can choose S1, 59 such that ay,b1, a2, by appear in C in
order and there is a sector Ss3 with ends by, as, and every
edge between V(C) and P* is from by to {pa,...,pi—1} or
from p; to S5, or from az to {pit1,...,Pk—1}-

Suppose (@ is false. It follows that there are edges between P* and
V(C). Since G is triangle-free, p; is anticomplete to N(z) NV (C). Suppose
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that there is sector S3 of W and an edge from S3 to P*. By the minimality
of k we deduce that S3 & {S1,S52}, 1 < i < k and p; has a neighbor in S3.
Again by the minimality of k it follows that there exist sectors S, S} such
that V(S7) NV (S3) # 0 for j = 1,2 and every edge from {p1,...,pi-1} to C
has an end in S}, and every edge from {p;;1,...,pr} to C has an end in S).
Now we can choose S; = S] and Sy = S5. We may assume that aq, by, ag, be
appear in C in this order, and so b; and a9 are the ends of S3. Since p; has a
neighbor in S35, the minimality of k implies that {ps,...,p;} is anticomplete
to V(S1)\ {b1}, and {p;,...,pk_1} is anticomplete to V(S2) \ {a2}, and the
second bullet is satisfied. So P* is anticomplete to V(C')\ N(z). Since there
are edges between P* and V' (C'), and since p; is anticomplete to N (z)NV (C),
by symmetry we may assume that there is an edge between {p2,...,pi—1}
and t € N(x) N V(C). Then t € V(S1). Let S3 be the other sector of W
incident with ¢. By the minimality of k it follows that S5 can be chosen so
that V' (S3) NV (S2) # 0, and again the case of the second bullet holds. This

proves @ .

If the second bullet of (@ holds, let @1 be the path of C' from b to a;
not using b1, and let @5 = S3. To define Q1 and @2, let us now assume that
the case of the first bullet holds. We may assume that a1, b1, as, b appear
in C' in this order. Also, a1, b1, as, b are all distinct, since P violates the
assertion of the theorem. Let ()1 be the path of C' from b2 to a; not using
b1, and let Q2 be the path of C' from b; to as not using a;. We may assume
that Sp, Sz are chosen with |V(Q2)| minimum (without changing P).

Since W is proper, it follows that N(p;) NV (C) C V(S1) and N(pg) N
V(C) C V(S2). Let s be the neighbor of p; in S; closest to aj, t the neighbor
of p1 in S7 closest to by, y the neighbor of pg in Sy closest to as and z the
neighbor of pg in Sy closest to by. Then s # by and z # as.

Let D; bethe holea; —S1—s—p1—P—pr—2—59—by — @1 —ai. Then
Wy = (D1, z) is a wheel with fewer spokes than W. We may assume that
(subject to the minimality of k) P was chosen so that V(Q1) is (inclusion-
wise) minimal. By Lemma [9] # has a neighbor in V(D) \ {a1,b1,p;}, and
so x has a neighbor in Q7.

Let Sy be the sector ag — S1 — s — p1 — P — p;, and let Tj) be the sector
pi — P — pi, — 2z — by of (Dq,x).

(7) No vertex v € V(G)\V(W1) has both a neighbor in V (So)\V (1)
and a neighbor in V(Ty) \ V(So).

Suppose is false, and let v € V(G) \ V(W) be such that v has a
neighbor in V' (Sp) \ V(Tp) and a neighbor in V(Tp) \ V' (So).
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First we claim that v is adjacent to x. Suppose v has a neighbor in
V(ap —S1 — s). Since W is proper and aj,s ¢ V(S2) (because P violates
the statement of the theorem), it follows that v has no neighbor in V(z —
Sa — ba). Consequently v has a neighbor in V(Tp) \ (V(S2) UV (Sp)). Let j
be maximum such that v is adjacent to p;, then j > i. Applying to the
path v — p; — P — p;, we deduce that v is adjacent to x, as required. Thus
we may assume that N(v) N (V(Sy) UV (Tp)) C V(P). Let 7 be minimum
and [ be maximum such that v is adjacent to p;, p;. Then j << and [ > 1.
Applying to the path p; — P —p; — v — p; — P — p;, we again deduce
that = is adjacent to v. This proves the claim.

In view of the claim, Lemma[IT]implies that v has at least two neighbors
in V(Tp) \ V(Sp) and at least two neighbors in V' (Sp) \ V(7p). But now,
rerouting P through v (as in the previous paragraph), we get a contradiction
to the minimality of k. This proves .

(8)  Ewery skip for W1 is either an aq-skip or a by-skip.

Let v be a skip for Wj. Since W is proper, it follows that N(v) NV (C)
is included in a unique sector of W. Consequently, v is either an aq-skip, or
a bo-skip, or a p; skip. However, implies that v is not a p;-skip, and
follows.

Let X be the set of all skips for W;. It follows from and Lemma
that W is not proper in V(G) \ X.
There exists v € V(G) \ (V(W1) U X) such that one of the fol-
lowing holds:

e v is non-adjacent to x, and v has at least three neighbors

in So, and N(v)NV(D1) C V(Sp).

e v is non-adjacent to x, and v has at least three neighbors
in Ty, and N(v) NV (Dy) C V(Tp).

(9) e v has a neighbor in V(So)\V (Ty) and a neighbor in V(Tp)\
V(So), and N(v)NV(Dy) CV(Sy) UV (Tp).

o (possibly with the roles of Sy and Ty exchanged) there is
a sector Sy of W with V(S4) C V(Q1) such that v has
a neighbor in V(Sy) \ (V(So) UV (Tp)), v has a neighbor
in V(So) \ V(S4), v does not have a neighbor in V(1) \
(V(So) UV(S4)), and N(v) NV (C) C V(Sy).
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We may assume that the first three bullets of @D do not hold. Since W
is proper and Wj is not, (possibly switching the roles of Sy and Tp) there
exists v € V(G) \ V(W) and a sector Sy of W with V(S4) C V(Q1), such
that v has a neighbor in V(S4) \ V(Sp), v has a neighbor in V(Sp) \ V(S4),
and N(v) N V(C) C V(S4). But now (7) implies that the last bullet of (9)
holds. This proves @

Let v € V(G) be as in (9). Next we show that:

(10) v has a unique neighbor in V (P).

Suppose that v has at least two neighbors in P. In the first two cases
of @ we get a contradiction to the minimality of k. The third case is
impossible by . Thus we may assume that the case of the fourth bullet
of (9) holds. We may assume that N(v) NV (P) C V(Sp), and in particular
v has a neighbor in {pi,...,p;—1}. Suppose first that v is non-adjacent to
x. Since v has a neighbor in V' (Sy) \ V(Sp), the minimality of & implies that
t =aj and a1 € V(S4), and also that by € V' (Sy), contrary to the fact that =
has a neighbor in Q)]. So v is adjacent to x, and therefore v has a neighbor
in Sg.

Since W is proper, N(v) N (V(So) \ V(S4)) C V(P). Let @ be the path
from v to p; with Q* C V(P). Suppose first that a; ¢ V(Sy). Let Ss
be the sector of W with end a; and such that V(S5) C V(Q1), and let
b3 be the other end of S5. Since @ is shorter than P, it follows from the
minimality of k that V(S4) NV (S5) = {b3} and ¢t = a;. Let R be the path
from v to b3 with R* C S}. Then x has exactly three neighbors in the hole
v—R—b3— S5 —a; —p1 — Q — v, contrary to Lemma 0] This proves that
al € V(S4)

Let b3 be the other end of Sy, let S5 be the second sector of W incident
with b3, and let a3 be the other end of S5. Since v ¢ X, it follows that v
has a neighbor u € V(G) \ V(W7) such that u has a neighbor in V(Dy) \
(V(S4) UV (Sp)). Since G is triangle-free, u is non-adjacent to .

Suppose first that « has a neighbor in V(Q1)\V(S4). Since G is triangle-
free and v has at least two neighbors in V(P), it follows that ¢ > 4, and
therefore £ > 4. Consequently, the path v — v is shorter than P, and so it
follows from the minimality of k£ that N(u) NV(C) C V(S5). Let R be the
path from v to bs with R* C S}, and let D3 be the hole v — R — b3 — x — v.
Let p be the neighbor of u in V(S5) closest to b3, and let ¢ be the neighbor
of uw in V(Ss5) closest to as. If p # ¢, we can link u to Ds via the paths
u—p—9Ss—bs, u—q— S5 —a3 —x and u— v, and if p = g we can link p to
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Dy via the paths p —u — v, p — S5 — bg and p — S5 — ag — z, in both cases
contrary to Lemma[9] This proves that u has no neighbor in V(Q1)\ V/(S4),
and therefore u has a neighbor in V(1) \ V(So).

Next we define a new path Q. If w has a neighbor in V(1) NV (S2), let @
be the path u —v. If u is anticomplete to V(Tp) NV (S2), let j be maximum
such that u is adjacent to p;; then j > 4; let @) be the path v —u—p; — P —py.
Since ¢ > 4, in both cases |V (Q)| < k and z has a unique neighbor in V(Q).
It follows from the minimality of k that z = y = by = a3. Since P violates
the theorem, it follows that p; has a neighbor in V'(S1) \ {a1}.

Let T be the path from v to a; with 7% C V(S4). Suppose that s # .
Let D3 be the hole x —a; — S1—s—p1 —t— 51— by —z. Now v can be linked
to D3 via the paths v —x, v — P —p; (short-cutting through a neighbor of by
if possible) and v — T — aq, contrary to Lemma @ Thus s = t, and therefore
s # a1. But now we can link v to z — S] —x via the paths v—z, v— P—p; —s
(short-cutting through a neighbor of b; if possible) and v — T — a;, contrary

to Lemma @ This proves .

In view of let p; be the unique neighbor of v in V(P).

(11) The fourth case of (9) holds.

Suppose first that the case of the first bullet of @ happens. Then by
Lemma [9 v has at least four neighbors in the hole x — Sy — z, and so, in
view of , v has at least three neighbors in the path a; — S1 — s, contrary
to the fact that W is proper. By symmetry it follows that the cases of first
two bullets of @D do not happen. Suppose that the case of the third bullet
of @ happens. Since by v has a unique neighbor in V(P), it follows
that v has a neighbor in (V(Sp) UV (Ty)) \ V(P). By symmetry we may
assume that v has a neighbor in z — Sy — b9, and, since W is proper, v is
anticomplete to V(Sp) \ V(P). Consequently, p; € V(Sp) \ V(Tp), and so
j < i. By the minimality of k (applied to the path p; — P — p; — v), it
follows that j = k — 1, and therefore ¢ = k. Then {v, py} is anticomplete to
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V(C)\ V(S2), since W is proper. By () v is adjacent to . But now we get
a contradiction to Lemma |11| applied to v and W7. This proves (11)).

In the next claim we further restrict the structure of P.

One of the following statements holds:

e there are edges between P* and V(C), or

(12) e j =1 and we can choose Sy so that ay € V(Sy), or

e j =k and we can choose Sy so that by € V(Sy).

Suppose that is false. Assume first that j ¢ {1,k}. Then p; is
anticomplete to V(C'), since by assumption, there are no edges between
P*and C. If s = t, y = z and v has a unique neighbor r in Sy, then
r € V(S4) \ (V(51)UV(S2)), and p; can be linked to C' via the paths
pj — P —pr—z,pj—v—rand p; — P—p; —s, contrary to Lemma@ If some
of p1,pr, v have several neighbors in C, then similar linkages work for the
holes obtained from C' by rerouting .57 through p;, Sy through py, and Sy
through v, respectively. This proves that j € {1,k}, and by symmetry we
may assume that j = 1. Then Sy cannot be chosen so that a; & V(Sy), for
otherwise holds. By the minimality of £ and by , since S4 cannot be
chosen so that a; € V(5y), it follows that x is adjacent to one of p1,v and
k = 2. Since G is triangle-free, = has exactly one neighbor in {p;,v}. Let R
be the path from v to a; with R* C V(C') \ {b1}. Let @} be the subpath of
R from an end of Sy to a;. Then V(Q}) C V(Q1) and by & V(QY), and so
the path p; — v contradicts the choice of P. This proves .

The goal of the next two claims is to obtain more information about ¢
and j.

(13) i=j.

Suppose not; by symmetry we may assume that j < i. Suppose first that
x is non-adjacent to v. By (b)) and the minimality of k, it follows that the first
assertion of the theorem holds for the path p; — P — p; — v; therefore aq =1
and Sy can be chosen so that a; € V(S4). Since W is proper it follows that
v has at most two neighbors in Sy. If v has exactly two neighbors, then, in
view of @, v can be linked to x — Sy —x via two one-edge paths and the path
v—p; —P—p;—x, contrary to Lemma@ Therefore v has a unique neighbor r
in S4. Now, again in view of @, pj can be linked to x — S4 —x via the paths
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pj—v—r,p; —P—p—ay and p; — P —p; — x, again contrary to Lemma @
This proves that v is adjacent to x, and, since G is triangle-free, v has a
neighbor in S7. It follows that the choice of S4 is unique. Let R be the path
from v to a; with R* C V(C) \ {b1}. Suppose a1 € V(S4). Then R* C Sj.
In this case, because of @ and since by # s, p; can be linked to the hole
v—R—ai —x—v via the path p; —v, pj—P—p; —s—5S1—aj and pj —P—p;—x,
contrary to Lemma [9] Thus a1 ¢ V(Ss). Let S5 be the sector of W with
end a; such that V(S5) C V(Q1). If t = ay and V(S4) NV (S5) # 0, then z
has exactly three neighbors in the hole v — R —a; —p1 — P —p; —v, contrary
to Lemma, @ Therefore the path py — P —p; — v violates the assertion of the
theorem, and so the minimality of k implies that j = k— 1 and consequently
i = k. Then by () ap is anticomplete to V(P) \ {px}. Since j # k and
a1 € V(S4) (the choice of Ss is now unique), it follows from that there
are edges between P* and V(C). Now by (6) there is a sector S3 of W with
ends ao, by, and by has a neighbor in P*. Then there is a path T from b;
to pr with T C P*, by —S3 —ao — Sy —y —pr — T — by is a hole and =
has exactly three neighbors in it, contrary to Lemma |§| (observe that y # by
because G has no triangles). This proves .

Since G is triangle-free, implies that x is non-adjacent to v.
(14) i<2andi>k—1.

Suppose is false. By symmetry we may assume that &k — i > 1.
Consequently k£ > 2. Suppose that Sy can be chosen so that a; € V(Sy). If
v has a unique neighbor r in V' (Sy), then, since s # b1, p; can be linked to
xr — S4 — x via the paths p; —v—r,p;—zand p, — P—p; —s— 51 —aj, a
contradiction. Thus v has at least two neighbors in V' (S4). Now, again using
the fact that s # b1, p; can be linked to the hole obtained from z — Sy —z by
rerouting .54 through v via the paths p; —v, p;—z and p;,— P—p1—s—51—aq,
again contrary to Lemma @ Thus Sy cannot be chosen so that a; € V(Sy).
Let S5 be the sector of W with end a; such that V(S5) C V(Q1). Since
i < k—2, the minimality of k£ applied to the path p; — P —p; —v implies that
t = a; and V(S4) NV(S5) # (. Since {x,a1,p1} is not a triangle in G, it
follows that i # 1. It follows from that there are edges between P* and
V(C), and by @ there is a sector S3 of W with ends b1, as and every edge
from p; to V(C) has an end in S§. Together with the minimality of k (using
the path p; — v), this implies that p; is anticomplete to V(C). If v has a
unique neighbor r in Sy (and therefore r # b9) and py has a unique neighbor
in So, then p; can be linked to C via the paths p;, —v—1r, p; — P —p1 — a1
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(short-cutting through neighbors of b; if possible), and p; — P —py — z (short-
cutting through neighbors of as if possible). If v has at least two neighbors
in V(S4) or or py has at least two neighbors in V'(S2), then the same linkage
works rerouting Sy through v, and Ss through py, respectively. This proves

[@.
It follows from and that either
e k=3andi=j =2, or
o k=2

If k=3 and i = j = 2, then by there are edges between P* and
V(C), and so by @ there is a sector S3 with ends a9, by, so that ps has
neighbors in S3; now the path ps — v contradicts the minimality of k. Thus
k = 2, and we may assume that ¢ = 1, by symmetry. Since G is triangle-free,
it follows that p; is non-adjacent to a1, b;. Since now P* = () is anticomplete
to V(C), it follows from that we can choose Sy with a; € V(Sy4). Since
v is non-adjacent to x and W is proper, it follows that v has at most two
neighbors in Sy. If v has exactly two neighbors in Sy, then v can be linked
to the hole z — S4 — x via two one-edge paths, and the path v — p; — «z,
contrary to Lemma @ Thus v has a unique neighbor r in V(S4). Now p;
can be linked to z — Sy —x via the paths py —v—r, p1 —x and p; —s— 51 —ay,
again contrary to Lemma [9] This completes the proof of Theorem O

We can now prove Theorem [7] which we restate:

Theorem 16. Let G be an {ISKy, triangle, K3 3}-free graph, and let x be
the center of a proper wheel in G. If W = (C,x) is a proper wheel with a
minimum number of spokes subject to having center x, then

1. every component of V(G) \ N(x) contains the interior of at most one
sector of W, and

2. for everyu € N(x), the component D of V(G)\ (N(z)\{u}) such that
u € V(D) contains the interiors of at most two sectors of W, and if

S1, Sy are sectors with Sf C V(D) fori = 1,2, then V(S1)NV (S2) # 0.

Proof. To prove the first statement, we observe that if some component of
V(G)\ N(x) contains the interiors of two sectors of W, then this component
contains a path violating the first assertions of Theorem

For the second statement, suppose D contains the interiors of two disjoint
sectors Sp, 52 of W. Since |[D N N(z)| = 1, we get a path in D violating the
second assertion of Theorem This proves Theorem O
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3 Proper Wheel Centers

In the proof of our main theorem, we perform manipulations on
{ISK4, triangle, K3 3 }-free graphs; in this section, we show that this preserves
being {ISK4, triangle, K3 3}-free, and that no vertex becomes the center of
a proper wheel.

Lemma 17. Let G be an {ISKy, triangle, K3 3}-free graph, s € V(G), K a
component of G\ N[s], and N the set of vertices in N(s) with a neighbor
in K. Let H=G|(V(K)UN U/{s}). Then s is not the center of a proper
wheel in H, and for v € V(H) \ {s}, if v is the center of a proper wheel in
H, then v is the center of a proper wheel in G.

Proof. Since H \ N[s| is connected, it follows that s is not the center of a
proper wheel in H by Theorem Let v € V(H) \ {s} be the center of a
proper wheel W = (C,v) in H. For all w € V(G) \ V(H), N(w)NV(C) C
N{s], and since G is triangle-free, it follows that every vertex w € V(G) \
V(H) either has at most one neighbor in V(C'), or N(w) NV (C) C N(s).
Suppose that W is not proper in G. Then there exists a vertex w such
that either w has more than two neighbors in a sector of W, but w is not
adjacent to v, or w has neighbors in at least two sectors of W. It follows that
w has more than one neighbor in V(C), and thus in N(s). Suppose that
w has three distinct neighbors a,b,c in V(C) N N(s). Let P be a shortest
path connecting two of a,b,c, say a and b, with interior in K; then s is
anticomplete to P*. If ¢ is anticomplete to P, then G|(V(P)U{w,s,a,b,c})
is an ISKy. Otherwise, by the minimality of |V (P)|, P* consists of a single
vertex z, and {w, s, x,a, b, c} induces a K33 subgraph in G, a contradiction.
So w has exactly two neighbors a and b in V(C'), and thus a and b are in
different sectors of W. Since a,b € N(s) and W is proper in H, it follows
that s € V(C) and s is a spoke of W; let S, S’ be the two sectors of W
containing s. But then v can be linked to the cycle s—a—w—b—s viav—s
and the two paths with interiors in S\ s and S”\ s. This is a contradiction by
Lemmal9and it follows that W is proper in G. This concludes the proof. [

We use the following well-known lemma, which we prove for complete-
ness.

Lemma 18. Let G be a connected graph, a,b,c € V(G) with d(a) = d(b) =
d(c) =1, and let H be a connected induced subgraph of G containing a, b, c
with V(H) minimal subject to inclusion. Then either H is a subdivision of
K13 with a,b,c as the vertices of degree one, or H contains a triangle.
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Proof. Let G,a,b,c, H be as in the statement of the theorem. Let P be a
shortest @ — b-path in H, and let (Q be a shortest path from ¢ to a vertex
d with a neighbor in V(P). By the minimality of V(H), it follows that
V(H) =V (P)uV(Q). Moreover, P and @ are induced paths and no vertex
of @\ d has a neighbor in V(P). If d has exactly one neighbor in V(P),
then the result follows. If d has two consecutive neighbors in V(P), then
H contains a triangle. Otherwise, let w € V' (P) such that d has a neighbor
both on the subpath of P from w to a and on the subpath of P from w to
b. It follows that w ¢ {a,b,c}, and that H \ w is connected and contains
a, b, c. This contradicts the minimality of V(H), and the result follows. [

Lemma 19. Let G be an {ISKy, triangle, K3 3}-free graph, s the center of
a proper wheel in G, K a component of G\ N[s], and N the set of vertices
in N(s) with a neighbor in K. Let G' arise from G by contracting V (K)
to a new vertex z. If G|(V(K) U N U {s}) is series-parallel, then G’ is
{ISK4, triangle, K3 3} -free.

Proof. The graph G’ does not contain a triangle, because Ng/(2) C Ng(s) is
stable, and hence z is not in a triangle in G’. Suppose that H is an induced
subgraph of G’ which is a K33 or a subdivision of K4. Then z € V(H). If
z has degree two in H (and so H is an ISKy), let a,b denote its neighbors;
we can replace a — z — b by an a — b-path P with interior in K and obtain
a subdivision of H, which is an ISK,, as an induced subgraph of G, a
contradiction. Thus z has degree three in H; let a, b, ¢ denote the neighbors
of z in H. Let P be a shortest a — b-path with interior in K. Then ¢ has
at most one neighbor on P, for otherwise G|(V(P) U {a,b, ¢, s}) is a wheel,
contrary to the fact that G|(V(K) U N U {s}) is series-parallel and does
not contain a wheel by Theorem [l Let @ be a shortest path from ¢ to
V(P) \ {a,b} with interior in K; then each of a, b, c has a unique neighbor
in V(Q) UV (P) by symmetry. Let H' be a minimal connected induced
subgraph of G|(V(P)U V(Q)) containing a, b, c. Since G|(V (K)U N U {s})
is series-parallel, it follows that H' is a subdivision of K; 3 with a,b, ¢ as the
vertices of degree one by Lemma Therefore, G|(V(H \ z) UV (H")) is a
subdivision of H, and by Theorem [5], it contains an ISK4 or a K3 3 subgraph
in G. This is a contradiction, and the result is proved. O

Lemma 20. Let G be an {ISKy, triangle, K3 3}-free graph, s the center of
a proper wheel in G, K a component of G\ N[s], and N the set of vertices
in N(s) with a neighbor in K, and let H = G|(V(K) U N U {s}) be series-
parallel. Let G' arise from G by contracting V(K) to a new vertex z. Then
z is not the center of a proper wheel in G, and for v € V(G') \ {s,z}, if v
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is the center of a proper wheel in G', then v is the center of a proper wheel
n G.

Proof. Since N¢/(z) C Ng(s), it follows that z is not the center of a proper
wheel in G, for otherwise s would have a neighbor in every sector of such a
wheel. This proves the first statement of the lemma.

Throughout the proof, let v € V(G’) \ {s, 2z} be the center of a proper
wheel in G’, and let W = (C, v) be such a wheel with a minimum number of
spokes. Since G’ is {ISK4, triangle, K3 3}-free by Lemma it follows that
W satisfies the hypotheses of Theorem [7] Our goal is to show that v is the
center of a proper wheel in G.

(15) If z € V(C), then v is the center of a proper wheel in G.

Suppose that z € V(C). Let a,b denote the neighbors of z in V(C). Let
P be a shortest a — b-path with interior in K. Then every vertex in V(K)
has at most two neighbors in V(P). Let W = (C’,v) be the wheel in G
that arises from W by replacing the subpath a —z —b of C by a — P —b to
obtain C".

It remains to show that W' is a proper wheel in G. Suppose that some
vertex x € V(G) \ V(K) has two or more neighbors in P*. Then z €
N C V(H), and H|({a,b,z,s} UV(P)) is a wheel in H with center z, a
contradiction since H is series-parallel Theorem []

Since v ¢ V(K), it follows from the claim of the previous paragraph that
v has at most one neighbor in P*, and no neighbor unless v is adjacent to
2z, and therefore there are at most two sectors of W’ intersecting P*. We
claim that if for a vertex x we have |[Ng(x) N V(C’)| > 3, then = ¢ V(K)
and |Ng/(z) N V(C)| > 3. Suppose that x is a vertex violating this claim.
If x € K, then Ng(x) N V(C") C V(P), and so |[Ng(z) NV (C")| < 2 by
the minimality of |V (P)], a contradiction; it follows that ¢ K. There-
fore, |Ng(z) N P*| < 1, and thus |Ng(z) N V(C")| — |[Ner(z) N V(C)| < 1.
But [Ng(z) N V(C')| > 3 by Lemma [9] and so |Ng/(z) N V(C)| > 3, a
contradiction. So the claim holds.

Now suppose that there is a vertex z which is not proper for W'. If x
has neighbors in at most one sector of W', then |Ng(z) N V(C")| > 3, but
we proved above that |Ng/(z) N V(C)| > 3, and so, since W is proper, x is
adjacent to v, a contradiction. It follows that x has neighbors in more than
one sector of W’. Since x is proper for W, it follows that x has a neighbor in
P* and thus, either x € V(K) or x is adjacent to z. Since x is proper for W,
it follows that Ng(x) N V(C') is contained in the sectors of W' intersecting
P*. In particular, there are exactly two such sectors S; and Sy of W', they
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are consecutive, and v has a neighbor in P*. Consequently, v is adjacent to
z and z is a spoke in W.

We claim that = has at most two neighbors in V(C’). If z € V(K) then
Ne(x) N V(C") C V(P) and we have already shown that every vertex of K
has at most two neighbors in P. Thus we may assume that x ¢ K, and so
x is adjacent to z. Since G’ is triangle-free by Lemma it follows that
x is not adjacent to v. Since z is proper for W, it follows that x has at
most two neighbors in V(C), and hence in V(C"), by our first claim. This
proves our second claim. It follows that x has exactly one neighbor s; in
S1\ S2 and exactly one neighbor sy in Sy \ S7. If z is non-adjacent to v,
then G|(V(S1)UV (S2)U{x,v}) is an ISKy4 in G, a contradiction. Therefore,
x is adjacent to v and can be linked to the cycle G|(V (S1) U{v}) via z — v,
x — $1, and a subpath of x — so — S5. Therefore W is a proper wheel in G.

This proves .

By , we may assume that z ¢ V(C'). So W is a wheel in G. Since
W is proper in G, there is a sector S of W containing all neighbors of z in
C. Then clearly the following holds.

(16) For every x € K, Ng(x) NV(C) C Ngi(z2) NV (C) C V(S).
Next we claim the following.

(17) If z is not adjacent to v, then W is a proper wheel in G.

If z € G\ (V(C)UV(K)), then x is proper for W in G as z is proper
for W in G’. Now consider a vertex x € V(K). Since z is not adjacent to v,
and W is proper in G, it follows that [N¢s(2) N V(C)| < 2. Then by (16),
|[Ng(x) N V(C)| < 2, and hence « is proper for W in G. This proves (17)).

By , we may assume that z is adjacent to v. Let a and b be the ends
of S. We now define a sequence of wheels in G with center v. Let W1 = W
and S; = S. Assume that wheels W7, ..., W; have been defined, and define
Wit as follows. If there is a vertex xz; € V(K) that is not adjacent to v
and has at least three neighbors in \S;, then let S; 11 be the path from a to
bin G|(V(S;) U{z;}) that contains x;, and (by (L6)) let W;;1 be the wheel
obtained form W; by replacing S; by S;t1. Since S;11 is strictly shorter than
Si, this sequence must stop at some point; say it stops with wheel W;. For
1 < <t,let C; be the rim of W; (so V(C;) = (V(C)\V(S))UV(S;)). Then
Wi = (Cy,v) is a wheel in G such that every vertex of K that has at least
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three neighbors in S; is adjacent to v. We will show that W; is a proper
wheel in G, but first we show the following.

For 1 <i<t, if a vertex y is proper for W;, then y is proper for

18
(18) Witr.

Suppose that y is proper for W; and not proper for W;,;. Then y is
adjacent to z;. Suppose first that y is non-adjacent to v and |[Ng(y) N
V(Ci+1)| > 3. Since y cannot have three neighbors in Cj+1 by Lemma [9]
it follows that |Ng(y) N V(Cit1)| > 3. Moreover, since Ng(y) NV (Ciy1) C
{zi} U (Na(y) N V(C})), it follows that [Ng(y) N V(C;)| > 3. But then y
is not proper for W;, a contradiction. It follows that y has a neighbor in
City1\ Six1 = C\ S, and thus y ¢ V(K). Therefore y € V(G'), and since
y is adjacent to z; in G, it follows that y is adjacent to z in G’. Since z
is adjacent to v in G’ and G’ is triangle-free by Lemma it follows that
y is non-adjacent to v. Note that since ¢ + 1 > 1, it follows that a vertex
of K has a neighbor in §*, and therefore z has a neighbor in S*. Since W
satisfies the hypotheses of Theorem [7] and since y — z is a path containing
exactly one neighbor of v, it follows that the neighbors of y in C' are in a
sector S’ of W consecutive with S. Since y is non-adjacent to v, it follows
that y has at most two neighbors in S’. Note that since G’ is triangle-free,
and Ng/(2)NV(C) C V(S), it follows that z has no neighbors in S’. If y has
exactly two neighbors in S’ then y can be linked in G’ to the hole v — S’ —v
via two one-edge paths and the path y —z —wv. So y has exactly one neighbor
rin S’ that is in V(S") \ V(S), and now z can be linked to v — S' — v via the
paths z — v, 2 —y — r, and a path with interior in S, contrary to Lemma [9}
This concludes the proof of .

Every vertex in G \ V(K) is proper for W and hence it is proper for W,
by . Suppose that there is a vertex x € V(K) that is not proper for
W;. By (16), Ne(z) NV(Cy) € V(S;). So z is non-adjacent to v and has
at least three neighbors in S, contradicting the assumption that the wheel
sequence terminates with W;. Therefore, W; is a proper wheel in G with
center v. 0

4 Tools

In this section we develop tools for our main theorem for finding a vertex of
degree one, or a cycle with all but a few vertices of degree two.
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Lemma 21. Let G be a graph, © € V(G), such that G\ z is a forest. Then
either V(G) = Nz| and G \ x is stable, or V(G) \ N[z] contains a vertex
of degree at most one in G, or G contains an induced cycle C containing x
such that every vertex of V(C') \ {z} except for possibly one has degree two
inQG.

Proof. If every component of G\ x contains exactly one vertex, then either
V(G) = Nlz] or V(G)\ N[z] contains a vertex of degree zero. Hence, we may
assume that there exists a component T of G \ x with at least two vertices,
and T is a tree. Let A be the set of vertices of degree at least three in T'. If
A is non-empty, then let 7" be the subtree of T' that contains all vertices of
A and that is minimal with respect to this property, and let a be a leaf of
T’'. There is a path P =v — --- — v/ in T, whose ends are distinct leaves of
T and P contains at most one vertex of degree three in 7' (namely a). This
is trivial is A if empty, and follows from the definition of a otherwise.

If z is non-adjacent to v, then v is a vertex in V(G) \ N|z] of degree one
in G, so we may assume that z is adjacent to v. By the same argument we
may assume that z is adjacent to v'. Now, let v” be the neighbor of z in
P\ v closest to v along P. We set C =2 —v— P —v"” —x and observe that
all vertices of C' except possibly z and a have degree two in G. O

Lemma 22. Let G be a series-parallel graph, and let x,y € V(G) withx =y
orzy € E(G). If G\{x,y} contains a cycle, then there is an induced cycle C
in G such that V(C)N{x,y} = 0 and all but at most two vertices of C' have
degree two in G (and are thus anticomplete to {z,y}), or V(G)\(N|[z]UN[y])
contains a vertex of degree at most one in G.

Proof. By contracting the edge xry and deleting any parallel edges that may
arise, we may assume that x = y. We may further assume that every vertex
except for possibly x has degree at least two, because vertices of degree one
in N(x) can be deleted without affecting the hypotheses or the conclusions,
and if there is a vertex of degree at most one in V(G) \ N[z], then the
conclusion holds.

Let C be a cycle in G\ z. Since G is series-parallel and by the definition
of series-parallel graphs, it follows that there do not exist three paths from
x to V(C) that are vertex disjoint except for x in G. By Menger’s theorem
[13], it follows that there is a partition (X,Y,Z) of V(G) with X of size at
most two, and Y, Z # () such that Y is anticomplete to Z in G, V(C') C YUX
and z € Z.
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We choose a partition (X,Y, Z) with | X| minimal, and subject to that,
| X UY| minimal, such that Y is anticomplete to Z in G, Y,Z # ), x € Z,
and G|(Y U X)) contains a cycle. It follows that |X| < 2.

Suppose first that X = ). If G|Y is an induced cycle, the result follows.
Otherwise, since G|Y contains a cycle, it follows that there is a vertex 2/
such that G|(Y \ {2'}) contains a cycle. By induction applied to G|Y and
the vertex z’, the result follows.

Next, suppose that X = {2'}. If G|Y is a forest, then 2’ # x and thus we
obtain the desired result by applying Lemma [21| to G|(X UY). Otherwise,
we apply induction to G|(X UY) and 2/, and again, the result follows.

It follows that X = {2/,4y'}, and therefore, the component of G|(Z U
X) containing z contains z’ and y’, for otherwise {2’} or {y/} would be a
better choice of X for the partition. Suppose first that G|Y is connected.
Suppose further that there is a vertex z € Y such that every 2’ — y/-path
in G\ {z'y'} with interior in G|Y uses z. Since neither {2/, z} nor {y/, z}
yields a better choice of X and (X,Y, 7), it follows that 2’y € E(G) and
(G\ {2’y })|(X UY) is a tree. Since G|Y is connected, it follows that 2/,
are leaves of (G\ {2y’ })|(XUY). If (G\{z'y'})|(X UY) contains a leaf other
than z, 3/, then the result follows. So (G\ {z'y'})|(X UY) is a path from z’
to 3/, and each interior vertex of the path has degree two in G. Therefore
G|(X UY) is the desired cycle.

It follows that no such z exists. Therefore, by Menger’s theorem [13],
there are two disjoint paths P, P> in G \ {2y/} from 2z’ to 3 with interior
in Y. Since neither path uses the edge x’y/, both have non-empty interior.
Since G|Y is connected, it follows that there is path @ from the interior of
Py to the interior of P, in Y. Moreover, there is a path R from 2’ to ¢y’ with
interior in Z since the component of G|(Z U X) containing z also contains
2’ and y/; but Py U P, UQ U R is a (not necessarily induced) subdivision of
K4 in G, contrary to the fact that G is series-parallel.

Thus G|Y is not connected. By the minimality of X UY, for every com-
ponent K of G|Y, the graph G|(X UV (K)) is a tree. Since K is connected,
it follows that 2/, y’ are leaves of G|(X UV (K)). If G|(X UV (K)) contains
a leaf other than 2/, v/, then the result follows. So each component is a path
from 2’ to 3/, and no vertex of the path except for 2/, 3’ has further neighbors
in G. But then the union of two of those paths (there are at least two, since
G|Y is not connected) yields the desired cycle; the result follows. O

Theorem 23. Let G be an {ISKy, triangle, K3 3}-free graph, x,y € V(G)
with x =y or zy € E(G). Then either

e V(G)= N|z]UNJy|;
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e there exists a vertex in V(G) \ (N[z] U N[y]) of degree at most one in
G;

o there exists an induced cycle C' containing at least one of x,y such that
at most one vertex v in V(C) \ (N[z] U N[y]) has d(v) > 2; or

o there exists an induced cycle C' containing neither x nory and a vertex
z € V(C) such that at most one vertex v in V(C)\ N|[z] has d(v) > 2.

Proof. Suppose first that G is series-parallel. Define H = G and v = ¢ if
x =y, and define H as the graph that arises from contracting the edge xy
to a new vertex v if x # y. Then H is series-parallel. Suppose that H \ v is
a forest, and apply Lemma[21] If the first outcome of Lemma [21] holds, then
V(H) = Ng(v), and so V(G) = Ng(z) U Ng(y). If the second outcome of
Lemma [21] holds, then V(H)\ N [v] contains a vertex of degree at most one
in H, and so V(G) \ (Ng[z] U Ng[y]) contains a vertex of degree at most one
in G. Finally, if the third outcome of Lemma [21] holds, then H contains an
induced cycle C containing v such that every vertex of V(C)\{v} except for
at most one has degree two in H, and so there is an induced cycle ¢’ in G
containing at least one of x, y such that every vertex of V(C”")\ {z, y} except
for possibly one has degree two in . This proves the result in the case that
H \ v is a forest. So H \ v contains a cycle, and thus G \ {z,y} contains
a cycle. By Lemma either V(G) \ (N[z] U N[y]) contains a vertex of
degree at most one in G, or G contains a cycle C with V(C) N {z,y} =0
and such that all but at most two vertices in V(C) have degree two in G.
In the former case, the second outcome of this theorem holds; in the latter
case, the fourth outcome of this theorem holds by choosing z € V(C') with
da(z) maximum among vertices in V(C).

Thus we may assume that G contains a proper wheel by Lemma let
z be the center of a proper wheel (where possibly z € {z,y}). Let W be
such a wheel with minimum number of spokes. Let Z = {z,y}NN(z). Since
x =y or zy € E(G), it follows that z and y are in the same component
of G\ (N[z] \ Z). Since N(z) is stable, it follows that |Z| < 1. Therefore,
by Theorem (7| the component of G \ (N]z] \ Z) containing {z,y} \ {z}
includes the interiors of at most two sectors of W. Again by Theorem [7]
the interior of every other sector of W is contained in a separate component
of G\ (N[z] \ Z). Since W has at least four sectors by Lemma [J] there
is a component K of G\ (N[z] \ Z) that does not contain x and y, and
that contains no neighbor of x,y. Let N be the set of neighbors of z with
a neighbor in K. Then, we apply induction to H = G|(V(K)U N U{z})
and z. By the choice of H and z, the first outcome does not hold. If the

29



second outcome holds for H and z, then it holds for G and x, y as well, since
(N[z]UN[y]) N V(H) C N[z]NV(H). If the third or fourth outcome holds
for H and z, then the third or fourth outcome holds for G and z, y. O

5 Main Result

We say that (G, z,y) has property P if V(G) \ (N]z] U N[y]) contains a
vertex of degree at most two in G.
We can now prove Theorem [§ which we restate:

Theorem 24. Let G be an {ISKy,triangle, K3 3}-free graph which is not
series-parallel, and let (x,y) be a non-center pair for G. Then (G, z,y) has
property P.

Proof. Suppose for a contradiction that the theorem does not hold, and let
(G, z,y) be a counterexample with |V (G)| minimum. Then every vertex in
V(G) \ (N[z] U N[y]) has degree at least three in G. Since G is not series-
parallel, and G is {ISKy, triangle, K3 3 }-free, it follows from Theorem that
G contains a wheel and hence by Lemma [I0] it follows that G contains a
proper wheel W = (C,s). Let C1,...,Ck denote the components of V(G) \
N[s]. For i =1,...,k let N; denote the set of neighbors v of s such that
v has a neighbor in C;, and let G; denote the induced subgraph of G with
vertex set V(C;) U N; U {s}.

(19) Fori=1,...,k, if G; is series-parallel and G; \ (N[s]N{x,y,s})
contains a cycle, then {x,y} NV (C;) # 0.

Let i € {1,...,k} such that G is series-parallel, and let G; \ (N[s] N
{z,y, s}) contain a cycle. Since G is triangle-free, it follows that 1 < |N[s]N
{z,y,s}| < 2. By Lemma applied to G; and the vertices in Ng,[s] N
{z,y, s}, it follows that either there is a vertex in V(G;) \ Ng,[s] of degree
at most one in G; that is anticomplete to {z,y} N Ng,(s), or G; \ (Ng,[s] N
{x,y,s}) contains a cycle C’ with at least two vertices of degree two in G;.
In both cases, there is a vertex z in V(G;) \ Ng,[s] of degree at most two
in G; and z is anticomplete to N[s] N {z,y, s}, and hence its degree in G is
also at most two. Since (G, x,y) does not satisfy property P, it follows that
z € N[z] U Ny, and thus {z,y} NV (C;) # 0. This proves (19).

(20) Fori=1,...,k, if G; is series-parallel, then |V (C;)| = 1.

Let ¢ € {1,...,k} be such that G, is series-parallel, and suppose that
[V(C;)| > 1. Let G’ be the graph that arises from G by contracting V (C;)
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to a new vertex z. We let 2/ = z if z € V(C;) and 2’ = x otherwise; and
we let ¢ = z if y € V(C;) and y' = y otherwise. By Lemma G’ is
{ISK4, triangle, K3 3}-free. By Lemma («',y') is a non-center pair for
G’. By the minimality of |V (G)|, it follows that (G’,2’,y") has property P.
Let v € V(G') \ (Ngr[2'] U Ner [y']) be a vertex of degree at most two in G'.
From the definition of 2’ and v/, it follows that v € Ng[z] U Ngly]. From
the above it follows that either v = z, or v # z and dg(v) > 2, and so
v € Ngv [Z]

Suppose first that v = 2. Then 2 € Ng/[2'] U Ng[¢'], and so V(G;) N
{z,y} = 0. By (19), it follows that G; \ s is a tree. Since v has degree at
most two in G, it follows that |V;| < 2, and since G; \ Ng, [s] is connected, it
follows that every vertex of IV; is a leaf of G;\ s. Thus, either V(C;) contains
a leaf of G; \ s, or G; \ s is a path with ends in V;, and so in both cases
V(C;) contains a vertex of degree at most two in G. This is a contradiction
since V(G;) N{z,y} = 0; it follows that v # z.

It follows that v € Ng/(z). Since dg(v) > 2, it follows that dg(v) <
dg(v), and thus v has more than one neighbor in V(C;). Let P be a path
in C; between two neighbors of v, then v — P — v is a cycle in G; \ (Ng,[s] N
{z,y,s}). By (19), it follows that V(C;) N {z,y} # 0. But then z € {z,y/},
and so v € Ng/[2'] U Ngr[y'], a contradiction. This proves ([20)).

For i = 1,...,k, if G; contains a wheel, then x € V(C;) or

CUyevio.

Suppose that is false. Then there exists and integer i € {1,...,k}
such that G; contains a wheel and V(C;) N {z,y} = (). Since N; is a stable
set, it follows that |N; N {z,y}| < 1, and by symmetry, we may assume
that y € N;. Let ¢y = s, and let ' = x if x € N; and 2/ = s otherwise.
By Lemma («',y") is a non-center pair for G;. Since G; is an induced
subgraph of G, it follows that G; is {ISK4, triangle, K3 3}-free. Since G is a
minimum counterexample, it follows that (G;, 2/, y’) has property P. Let v
be a vertex of degree at most two in G; with v € Ng,[2'] U Ng,[v/]. Since
v & Ng,[s], it follows that dg(v) = dg,(v). Since G does not have property
P, it follows that v € Ng[x] U Ngly]. Since y ¢ N; U C;, it follows that
v € Ngly], and therefore v € Ng[z]. But then z € N; and so x = o/,
contrary to the fact that v & Ng,[2']. This proves that {x,y} NV (C;) # 0,

and follows.
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It follows from Theorem (4| together with and that there is at
most one 7 € {1,...,k} with |V(C;)| > 1. We may assume |V (C;)| =1 for
allie{1,...,k—1}.

If [V(Ck)| > 1, let G' = G\ (V(Ck) U {s}); otherwise let G' =

(22) G\ s. Then G' has girth at least eight.

Observe that G’ is bipartite with one side of the bipartition being N (s).

Suppose that C' is a cycle of length four in G’. Let V(C) = {a,b,c,d}
and N(s) N V(C) = {a,c}. If dg(b) # 2, let e be a neighbor of b which
is not a,c. Note that e € N(s). Then {a,b,c,d, e, s} induces an ISK, or
a K33, a contradiction. It follows that dg(b) = dg(d) = 2, and moreover,
{z,y} N {a,c} # (. So, by symmetry, say x = a, and we may assume that
d+#y.

Observe that G\ b is not series-parallel by T heorem By the minimality
of |V(G)|, it follows that there exists a vertex v € V(G) \ (Ng[z] U Ngly])
with de\ 3 (v) < 2. Since dg(v') = de\ gy (V') for all o' € V(G) \ {z,b,c},
it follows that v = ¢, and so Ng(c) = {b,d, s}, and so {s,a} is a cutset
in G. Let G’ = G\ {b,c,d}, and if y € {b,c,d}, let ¢y = x, otherwise,
y' = y. Then G” is not series-parallel. A proper wheel in G” is proper in G,
because each vertex in {b, ¢, d} has at most one neighbor in the wheel, s or a.
Therefore, (z,y’) is a non-center pair for G”. By the minimality of |V (G)],
it follows that (G”,x,y’) has property P. But this is a contradiction, since
every vertex in V(G”) \ Ngr[z] has the same degree in G and G”. This
proves that G’ contains no 4-cycle.

Suppose G’ contains a 6-cycle C. Then, since exactly three vertices
in V(C) are neighbors of s, it follows that G|(V(C) U {s}) is an ISKy, a
contradiction. It follows that G’ has girth at least eight, and so is
proved.

(23) [V(Ci)[ > 1.

Suppose not, and let G’ = G \ s. Then G’ satisfies the hypotheses of
Theorem Since s is the center of a proper wheel in G, it follows that
there exists a vertex z in G’ that is not in Ng[z] U Ngv[y] U Ngr[s], and so
the first outcome of Theorem 23] does not hold. The second outcome does
not hold, because every vertex in V(G’) \ (Ng[x] U Ngr[y]) of degree one in
G’ has degree at most two in G, a contradiction.

Therefore, the third or fourth outcome of Theorem [23] holds, and hence
there exists an induced cycle C' in G’ with vertices ¢ —...—c¢;—c1,and i,j €
{1,...,t}, 1 € {0,...,3} such that all vertices of C except for ¢;,..., ¢y
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(where c¢t41 = ¢1 and so on) and ¢; have degree two in G’, do not coincide
with z,y and are non-neighbors of x,y. By , t > 8. Consequently, G’
contains two adjacent vertices in V(G') \ (Ngr[x] U Ngr[y]) of degree two in
G'. Since G is triangle-free, it follows that one of them has degree two in G,
a contradiction. Thus, |[V(C)| > 1, and is proved.

By (20)), and we may assume that z € V(Cy). Let G’ arise
from G by contracting V' (Cj) U N to a single vertex z, and by deleting s

and every vertex that is only adjacent to z. It follows that G’ is bipartite.
Our goal is to prove that G’ \ z has girth at least 16, see . By , we
know that G’ \ z has girth at least eight.

FEvery vertez in V(G') \ {z} has at most one neighbor in Ny in
G. There is no 4-cycle in G' containing z.

(24)

Suppose first that there is a vertex v € V(G’)\{z} with at least two neighbors
a,b € Ny in G. Since v € V(G') and in G’ there are no vertices of degree
one adjacent to z, it follows that v has another neighbor ¢ € Ng(s) \ Ng.
Let P be a path connecting a and b with interior in V(Cy). Such a path
exists, since a,b € Ni. It follows that G|(V(P)U{a,b, c,v, s}) is an ISK, in
G, a contradiction. This implies the first statement of .

Suppose that z is contained in a 4-cycle with vertex set {a,b, ¢, z} in G’
such that a,c € Ngr(z). Note that a,c & Ng(s) and b € Ng(s)\Ni. By (22),
G\ ({s} UV(C)) contains no 4-cycle, and thus a and ¢ have no common
neighbor in Nj. Let d/,c be a neighbor of a and ¢ in Ny, respectively; o’
and ¢ exists since a,c € Ngr(z). Let P be a shortest path between o’ and
¢ with interior in Cj. Since b € Ny, it follows that b is anticomplete to
V(P). Therefore, G|({a,b,c,s} UV (P)) is an ISK4 in G, a contradiction.
This proves .

(25) G’ is {ISK4, triangle, K3 3}-free.

Since G’ is bipartite, it follows that G’ is triangle-free. Suppose that G’
contains an induced subgraph H which is either a K33 or an ISK4. Since
G is {ISKy, triangle, K3 3}-free, it follows that z € V(H). Suppose that z
has degree two in H. By , the neighbors of z in V(H) do not have a
common neighbor in Ny. Let P be a path in G connecting the neighbors
of z in V(H) with interior in V(Cj) U Nj containing exactly two vertices
in Ni. Then G|((V(H) \ {z}) UV(P)) is an induced subdivision of H in
G. By Theorem [5, it follows that G is not {ISKy, triangle, K3 3}-free, a
contradiction.
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It follows that z has degree three in H. Let a,b,c be the neighbors of
zin H. By (24), each of a,b, ¢ has a unique neighbor in Nj. Let a’,¥/,¢
be neighbors of a,b,c in N,. Let H' be a minimal induced subgraph of
G|(V(Ck) U {a,b,c,ad',b','}) which is connected and contains {a,b,c}. It
follows that each of a, b, ¢ has a unique neighbor (namely a’, ¥, ¢, respect-
ively), in H'. By Lemma H' is a subdivision of K3 in which a,b,c
are the vertices of degree one. Consequently, G|(V(H \ z) UV(H’)) is an
induced subgraph of G which is a subdivision of H. But then G is not
{ISKy4, triangle, K3 3 }-free by Theorem Hence G’ is {ISKy, triangle, K3 3}-
free. This proves .

(26) G’ does not contain a proper wheel with center different from z.

Suppose v # z is the center of a proper wheel G'. By Theorem [7| there is a
component C' of G’ \ N[v] that is disjoint from N[z]. Let N denote the set
of vertices in N(v) with a neighbor in C.

Then H = G'|(N UV (C) U {v}) satisfies the hypotheses of Theorem
Since V(C') # 0, it follows that the first outcome of Theorem [23| does not
hold. Moreover, every vertex in V(H) \ Ng[v] of degree one in H has
degree at most two in G, since such a vertex belongs to C' and C' is disjoint
from Ngr[z], and the only additional neighbor that such a vertex may have
in G is s. Furthermore, such a vertex is in V(G’) \ N¢/|z], and hence in
V(G) \ (Ng[x] U Ng[y]) as z € V(Cy). It follows that the second outcome
of Theorem 23] does not hold.

Therefore, the third or fourth outcome of Theorem [23| holds, and hence

there exists an induced cycle C’ in H with vertices ¢; — ... — ¢; — ¢1, and
i,7 € {1,...,t}, 1 € {0,...,3} such that all vertices of C’, except for
Ciy .., Ciyi (Where ¢iy1 = ¢1 and so on) and ¢; have degree two in H, do not

coincide with v and are non-neighbors of v. By , t > 8, since z ¢ V(H).
Consequently, G’ contains two adjacent vertices in V(G’) \ N¢[z] of degree
two in G’. Since G is triangle-free, it follows that one of them is non-adjacent
to s and thus has degree two in G, a contradiction. Hence is proved.

(27) For every component K of G'\ Ng|z], G'|(V(K)U Ngi(2)) is a

forest.
Suppose not, and let K be a component of G’ \ N¢»[z] such that G'|(V(K)U
N¢i(z)) is not a forest. Suppose first that H = G'|(V(K) U N¢r[2]) is not
series-parallel. Then H contains a proper wheel by Lemma Let v be the
center of a proper wheel in H. Since H \ Ny[z] is connected, it follows from
Theorem [7] that v # z. By Lemma [I7} it follows that v is the center of a
proper wheel in G’, contrary to ([26]).
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It follows that H is series-parallel, and by our assumption, H \ z contains
a cycle. By applying Lemma [22| to H and z, it follows that there is either a
vertex in V(H)\ Ng[z] of degree one, or a cycle C not containing z, with all
but at most two vertices of degree two in H. In the latter case, since G’ \ z
has girth at least eight, C' contains two adjacent vertices in V(H) \ N|[z] of
degree two in H, and thus of degree two in G’. Since G is triangle-free, it
follows that in both cases G contains a vertex of degree at most two not in
Ne¢r[z], and thus not in Ng[z] U Ng[y]. This is a contradiction, and is
proved.

(28) The girth of G'\ z is at least 16.

Suppose that this is false. Let C' be an induced cycle in G’ \ z of length
less than 16. Since by , for every component K of G'\ N¢/|z], we have
that G'|(V(K) U Ngr(2)) is a forest, it follows that C'\ Ngr|[z] has at least
two components. Since z is not contained in a 4-cycle in G’ by , and
G’ is bipartite, it follows that each component of C'\ Ng[z] has at least
three vertices. If C'\ Ngr[z] has at least four components, it follows that
C has length at least 16. If C'\ Ngr[z] has exactly three components, then
G|(V(C)U{z}) is an ISKy, a contradiction. So C'\ N¢[2] has exactly two
components. For every component K of G’ \ Ng[z], by we have that
G'|(V(K)UNg(z)) is a forest. Therefore, the two components of C'\ N¢v|z]
are contained in two different components of G’ \ Ng[z]; say A and B.
Let N4, Np denote the set of vertices in N¢/(z) with a neighbor in A, B,
respectively. Suppose that |[N4| > 3. Since |V(C) N Ngv(z)| = 2, it follows
that there is a path P from a vertex ¢ in Ny \ V(C) to V(C) with interior in
V(A). Since G'|(V(A)U N4) and G'|(V(B) U Np) are trees, it follows that
¢ has at most one neighbor in each component K of C'\ N¢v[z]. Therefore,
G'|(V(P)UV(C)U{z}) contains an induced subgraph of G’ which is either
a subdivision of K4 or of K33, a contradiction by Theorem [5| and . So
|IN4| = 2. Since G'|(V(A) U N4) is a tree, it follows that either A contains
a vertex of degree one in G', non-adjacent to z, or G'|(V(A)UN,4) is a path
containing at least five vertices, and hence A contains two adjacent vertices
of degree two in G’, non-adjacent to z. Since G is triangle-free, it follows
that in either case G contains a vertex of degree at most two not in Ngr[z],
and thus not in Ng[z] U Ng[y]. This is a contradiction, and is proved.

Recall that {z,y} NV (C) # 0, and we may assume that = € V(Cy), and

thus y € V(Ci) U Ng. Let G” be the graph that arises from G by deleting
{s}U(V(Cx)\{z})U(Nx\{y}), and every vertex other than x with neighbors
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only in Ny (this last operation does not change the degree of any vertex in
V(G") except for possibly y). Then Ngn(x) C {y}. It follows from that
G\ {y} has girth at least 16, and from that G has girth at least eight.
If y € V(G"), let ¥/ = y; otherwise, let ' = . It follows that if ¢y’ = y, then
y € Np.

Since G” is an induced subgraph of G, it follows that G” and x, v’ satisfy
the hypotheses of Theorem

Since s is the center of a proper wheel, it follows from Theorem [7] that
there are at least two components of G”\ N¢|[s] in which ¢’ has no neighbors.
Consequently, V(G”) # Ngn|z] U Ngr[y'], and thus the first outcome of
Theorem 23] does not hold.

The second outcome of Theorem [23]does not hold, because if G” contains
a vertex v of degree one non-adjacent to v/, then v has degree at most two
in G, and v € Ng[x] U Ng[y], a contradiction.

Suppose that the third outcome holds, and so G” contains an induced
cycle C containing y' = y (since dgv () < 1) such that at most one vertex in
V(C) \ Ng»[y] has degree more than two. Since G” has girth at least eight,
|[V(C)| > 8, and in particular C' contains a vertex v of distance three from
y in C and degree two in G”'. Let y —a — b — v be the three-edge path from
y to v in C. Then v is not adjacent to s in G, because G|(V(G") U {s}) is
bipartite and ys € E(G). Moreover, v anticomplete to Ni, because otherwise
z—a—b—v—zis a 4-cycle in G’ using z, contradicting . So v has
degree two in G and is not in Ng[z] U Ng[y], a contradiction.

Thus, the fourth outcome holds, and so G” contains an induced cycle C
not containing x, 3’ and containing a vertex z’ such that at most one vertex in
V(C)\ Ngr[2'] has degree more than two in G”. Since |V(C)| > 16, it follows
that C' contains a path P = p; —...—pg of six vertices, all of degree two in G”
and non-adjacent to x,y’. We may assume that Ng(s)NV(P) C {p1,p3,p5}
by symmetry. Since z is not in a 4-cycle in G’ by , not both po and py
have a neighbor in Nj. It follows that either po or ps has degree two in G,
a contradiction. This completes the proof of Theorem ]

We can now prove Theorem [3| which we restate:

Theorem 25. Let G be an {ISKy, triangle}-free graph. Then either G has
a clique cutset, G is complete bipartite, or G has a vertex of degree at most
two.

Proof. Let G be an {ISK4y, triangle}-free graph. If G is series-parallel, then
G contains a vertex of degree at most two by Theorem@ If G contains K33
as a subgraph, then by Theorem [6] either G is complete bipartite or G has
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a clique cutset. If G is not series-parallel and K3 3-free, then G' contains a
vertex of degree at most two by Theorem [§| applied to the graph obtaining
from G by adding an isolated vertex x with the non-center pair (x,z). This
implies the result. O

Note that the outcome of a clique cutset in Theorem [25] cannot be
avoided, as the following example shows. Let G be any {ISKjy, triangle}-
free graph (e. g. a C5, or a wheel), and let H arise from G by adding |V (G)|
disjoint copies of K33 to G and identifying each vertex of G' with a vertex
of a different copy of K33. The resulting graph is {ISKy, triangle}-free, not
series-parallel, and not bipartite if G is not bipartite, and it contains no
vertex of degree at most two.

6 Conclusion

In this paper we show that every {ISKy, triangle}-free graph is 3-colorable.
The key step is to prove that every {ISKy, triangle}-free graph that does
not contain a clique cutset either is complete bipartite or contains a vertex
of degree at most two. This leads to a polynomial time algorithm that
decomposes any {ISKy, triangle}-free graphs via clique cutsets (subject to
repeatedly deleting vertices of degree at most two) into complete bipartite
graphs. An obvious next step is to try to determine an optimal upper bound
on the chromatic number of ISK4-free graphs that contain triangles, settling
Conjecture 2] Our result also settles a special case of a conjecture of Scott
[15], which is known to be false in general. Determining all graphs for which
Scott’s conjecture holds is another questions of great interest on this topic.
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