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Abstract

A nontrivial connected graph is matching covered if each of its edges lies in a perfect
matching. Two types of decompositions of matching covered graphs, namely ear decomposi-
tions and tight cut decompositions, have played key roles in the theory of these graphs. Any
tight cut decomposition of a matching covered graph results in an essentially unique list
of special matching covered graphs, called bricks (which are nonbipartite and 3-connected)
and braces (which are bipartite).

A fundamental theorem of Lovasz (1983) states that every nonbipartite matching cov-
ered graph admits an ear decomposition starting with a bi-subdivision of K or of the
triangular prism Cg. This led Carvalho, Lucchesi and Murty (2003) to pose two problems:
(i) characterize those nonbipartite matching covered graphs which admit an ear decom-
position starting with a bi-subdivision of K4, and likewise, (ii) characterize those which
admit an ear decomposition starting with a bi-subdivision of Cj.

In the first part of this thesis, we solve these problems for the special case of planar
graphs. In Chapter 2, we reduce these problems to the case of bricks, and in Chapter 3,
we solve both problems when the graph under consideration is a planar brick.

A nonbipartite matching covered graph G is near-bipartite if it has a pair of edges
« and j such that G — {«, 8} is bipartite and matching covered; examples are K, and Cg.
The first nonbipartite graph in any ear decomposition of a nonbipartite graph is a bi-
subdivision of a near-bipartite graph. For this reason, near-bipartite graphs play a central
role in the theory of matching covered graphs. In the second part of this thesis, we establish
generation theorems which are specific to near-bipartite bricks.

Deleting an edge e from a brick G results in a graph with zero, one or two vertices of
degree two, as G is 3-connected. The bicontraction of a vertex of degree two consists of
contracting the two edges incident with it; and the retract of G — e is the graph J obtained
from it by bicontracting all its vertices of degree two. The edge e is thin if .J is also a brick.
Carvalho, Lucchesi and Murty (2006) showed that every brick, distinct from K, Cs and
the Petersen graph, has a thin edge.

In general, given a near-bipartite brick G and a thin edge e, the retract J of G — e need
not be near-bipartite. In Chapter 5, we show that every near-bipartite brick G, distinct
from K, and Cg, has a thin edge e such that the retract J of G—e is also near-bipartite. Our
theorem is a refinement of the result of Carvalho, Lucchesi and Murty which is appropriate
for the restricted class of near-bipartite bricks.
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For a simple brick G and a thin edge e, the retract of G — e may not be simple. It was
established by Norine and Thomas (2007) that each simple brick, which is not in any of
five well-defined infinite families of graphs, and is not isomorphic to the Petersen graph,
has a thin edge such that the retract J of G — e is also simple.

In Chapter 6, using our result from Chapter 5, we show that every simple near-bipartite
brick GG has a thin edge e such that the retract J of G — e is also simple and near-bipartite,
unless GG belongs to any of eight infinite families of graphs. This is a refinement of the
theorem of Norine and Thomas which is appropriate for the restricted class of near-bipartite

bricks.
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Chapter 1

Introduction and summary

This chapter presents a broad survey of the topics relevant to this thesis. Our main results,
namely, Theorems 1.10, 1.11, 1.12, 1.22 and 1.24 are presented within the overall context,
and we highlight these using a bar on the left side. In addition, Section 1.8 has a list of
our results.

1.1 Matching covered graphs

One of the motivations for the study of perfect matchings and edge-colorings was the four-
color conjecture. Tait (1880) observed that the four-color conjecture is equivalent to the
statement that every 2-connected planar cubic graph is 3-edge-colorable. (The Petersen
graph shows that planarity is an essential assumption for this conclusion to hold.)

Meanwhile, motivated by a problem about factoring polynomials, Petersen (1891)
showed that every 2-connected cubic graph has a perfect matching. Tutte | | proved
his celebrated 1-factor Theorem characterizing graphs which have a perfect matching. (The
number of odd components of a graph G is denoted by odd(G).)

Theorem 1.1 [TUTTE’S THEOREM| A graph G has a perfect matching if and only if
odd(G — 8) < |S| for each subset S of V(G).

Tutte deduced as a corollary that, in fact, in a 2-connected cubic graph each edge lies
in a perfect matching. Figure 1.1 shows two cubic graphs, namely K, and the triangular
prism Cg, which play prominent roles in this thesis.
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Let G be a graph that has a perfect matching. A nonempty subset S of its vertices is
a barrier if it satisfies the equality odd(G — S) = |S|. For distinct vertices u and v of G, it
is easily deduced from Tutte’s Theorem that the graph G — {u, v} has a perfect matching
if and only if no barrier of G contains both u and v.

An edge e of G is admissible if there is some perfect matching of G that contains e;
otherwise it is inadmissible. Clearly, an edge is admissible if and only if no barrier of G
contains both ends of e.

K4 CG

Figure 1.1: The two smallest nonbipartite matching covered graphs

A connected graph with two or more vertices is matching covered if each of its edges is
admissible. The observation made above implies the following characterization of matching
covered graphs. (It can be used to establish, in particular, that every 2-connected cubic
graph is matching covered.)

Proposition 1.2 Let G be a connected graph with a perfect matching. Then G is matching
covered if and only if every barrier of G is stable (that is, an independent set). O

The following fundamental theorem is due to Kotzig (see | , page 150]).

Theorem 1.3 |[THE CANONICAL PARTITION THEOREM| The mazimal barriers of a
matching covered graph G partition its vertex set.

For a matching covered graph G, the partition of its vertex set defined by its maximal
barriers is called the canonical partition of V(G). For instance, for a bipartite matching

2



covered graph H[A, B], the canonical partition of V(H) consists of precisely two parts,
namely, its color classes A and B; this is implied by the following proposition which may
be derived from the well-known Hall’s Theorem. (The neighbourhood of a set of vertices S
is denoted by N(95).)

Proposition 1.4 [CHARACTERIZATIONS OF BIPARTITE MATCHING COVERED GRAPHS]
Let H[A, B] denote a bipartite graph on four or more vertices, where |A| = |B|. Then the
following statements are equivalent:

(i) H is matching covered,
(i1) |N(S)| > |S| + 1 for every nonempty proper subset S of A, and

(iii) H — {a,b} has a perfect matching for each pair of vertices a € A and b € B. a

Matching covered graphs are referred to as ‘l-extendable’” graphs in | |. The term
‘matching covered’ was introduced by Lovéasz in his seminal work | | characterizing
the matching lattice. For a comprehensive treatment of matching theory and its origins,
we refer the reader to Lovasz and Plummer | |, and to Schrijver | |.

For general graph-theoretical notation and terminology, we essentially follow Bondy
and Murty | |. All graphs considered here are loopless; however, we allow multiple
(parallel) edges.

It is surprising that matching covered graphs, defined in terms of these seemingly
modest axioms, possess a strikingly rich structure. Our investigations, reported in this
thesis, are concerned with certain specific questions related to the structure of matching
covered graphs, and reinforce the above claim.

This thesis may be viewed as consisting of two main parts. The first part pertains
to the problem of characterizing planar matching covered graphs which do not contain
specific types of subdivisions of K, and Cs — a problem that arises from a thirty year
old result (Theorem 1.6) of Lovész. In the second part, we explore generation procedures
for an important class of matching covered graphs which are referred to as ‘near-bipartite
bricks’.



Part I - Conformal Subgraphs

1.2 A theorem of Lovasz

Several important classes of graphs are characterized by the absence of subdivisions of
certain graphs as subgraphs. For example, as was shown by Kuratowski (1930), planar
graphs are characterized by the property that they do not contain a subgraph which is a
subdivision of either K5 or of K33. In the context of matching covered graphs, the notions
of subdivision and subgraph need to be employed in a restricted sense, as explained below.

Figure 1.2: The Petersen graph

The length of a path is the number of its edges. A path is odd (even) if its length is
odd (even). To bi-subdivide an edge e means to subdivide e by inserting an even number
of vertices; or equivalently, to replace e by an odd path. A bi-subdivision of a graph J is
a graph H obtained from J by means of bi-subdividing a subset of its edges. It is easily
verified that any bi-subdivision of a matching covered graph on four or more vertices is
also matching covered; however, this is clearly not true for arbitrary subdivisions.

In Figure 1.2, the subgraph whose edges are depicted by the bold lines is a bi-subdivision
of K4. (Bi-subdivisions are also known as totally odd subdivisions. There is an extensive
literature dealing with bi-subdivisions of K, in the context of chromatic graph theory. See

[Zan98] and | )

A matching covered subgraph H of a matching covered graph G is conformal if the
graph G — V(H) has a perfect matching; equivalently, H is conformal if each perfect
matching of H extends to a perfect matching of G. In Figure 1.2, the bi-subdivision of

4



K, depicted by the bold lines is a spanning subgraph, whence conformal. In general, a
conformal subgraph may not be spanning. (In the literature, conformal subgraphs have
been referred to as ‘nice’ subgraphs by Lovasz | |, as ‘central’ subgraphs by Robertson
et al. | |, and as ‘well-fitted’ subgraphs by McCuaig | ]

1.2.1 Ear decompositions

BIPARTITE GRAPHS

A single ear of a graph is an odd path whose internal vertices (if any) have degree two in
the graph.

Let H be a bipartite graph and K a subgraph of H. A bipartite ear decomposition
of H starting with K is a sequence Hy C Hy C --- C H, of subgraphs of H such that
(i) Hy := K and H, := H, and (ii) for each i such that 1 <i <r — 1, the graph H, is
the union of H; and exactly one single ear of H;,;.

The following may be deduced from the fact that, for a bipartite matching covered
graph K[A, B|, the graph K — {a,b} has a perfect matching for every pair of vertices
a € Aand b e B (see Proposition 1.4).

Proposition 1.5 Let H be a bipartite graph and suppose that K is a matching covered
subgraph of H. If H admats a bipartite ear decomposition starting with K, then the graph H
1s also matching covered. |

It is easily seen that each subgraph in a bipartite ear decomposition of H is a conformal
subgraph of H. Conversely, given any conformal matching covered subgraph K of a bipar-
tite matching covered graph H, there exists a bipartite ear decomposition of H starting
with K. In particular, since the subgraph Hle] induced by any edge e is conformal, H
admits a bipartite ear decomposition starting with Hle]. See | , page 124].

NONBIPARTITE GRAPHS

The ‘addition of single ears’ is not sufficient to construct nonbipartite matching covered
graphs. For instance, it is not possible to obtain K, from its conformal subgraph Cy, by
means of adding single ears, such that at each step we have a matching covered graph.
To fix this, one must allow the ‘addition of two single ears simultaneously’, as explained
below.



A pair of vertex-disjoint single ears is called a double ear. Let G be a matching covered
graph and H a matching covered subgraph of G. An ear decomposition of G starting
with H is a sequence G; C Gy C --- C G, of matching covered subgraphs of G such that
(i) Gy := H and G, := G, and (ii) for each ¢ such that 1 < i < r — 1, the graph G;;; is
the union of GG; and exactly one single or double ear of G; ;. We say that GG;;; is obtained
from G; by adding a single ear, or by adding a double ear, as applicable.

A basic result from | , page 182] states that a matching covered subgraph H of
a matching covered graph G is conformal if and only if G admits an ear decomposition
starting with H. Consequently, every matching covered graph GG admits an ear decompo-
sition starting with Gl[e], where e is any edge of G. Clearly, the second graph in such a
sequence is obtained by adding a single ear, and it is a cycle of even length. (It should be
noted that a matching covered graph may admit different ear decompositions, possibly of
different lengths.)

In other words, every matching covered graph G may be constructed from K, by means
of adding single or double ears such that, at each step, we have a matching covered graph.
A subtle point needs to be made here. A double ear consists of two vertex-disjoint single
ears; its addition is justified only if neither of its constituent single ears can be added
individually to obtain a matching covered graph. Henceforth, we will implicitly assume
this property when considering ear decompositions. (In | |, such an ear decomposition
is called ‘non-refinable’.)

For instance, as noted earlier, every bipartite matching covered graph may be con-
structed by adding single ears alone. Conversely, any matching covered graph, obtained
from a bipartite matching covered graph by adding a single ear, is also bipartite.

Now let G be a nonbipartite matching covered graph, and let G; C Gy C --- C G, be an
ear decomposition of G starting with G; = K. It follows from the above observation that,
at some stage, a double ear is added. Let Gy, where 3 < k < r, be the first graph in the
sequence obtained by adding a double ear. Then all graphs G, G, ..., Gj_1 are bipartite,
and G, is nonbipartite. This observation is of significance, especially in the second part of
this thesis, and we will return to it in Section 1.6.

A natural question arises from the above observation: given a nonbipartite matching
covered graph G, how early can the first double ear be added? Lovéasz | | answered
this by proving that G admits an ear decomposition G; C Gy C --- C G, starting with
G4 = K, such that either G is a bi-subdivision of K, or Gy is a bi-subdivision of C. This
fundamental result of Lovéasz may be restated as follows.



Theorem 1.6 [LOVASz’S THEOREM| FEach nonbipartite matching covered graph G ad-
mits an ear decomposition starting with either a bi-subdivision of Ky or of Cg.

A short proof of the above theorem was given by Carvalho and Lucchesi | |. We
remark that, in general, a nonbipartite matching covered graph need not admit an ear
decomposition which uses only one double ear addition. For example, every ear decompo-
sition of the Petersen graph requires the addition of at least two double ears (see | ,
page 178]).

1.2.2 K,-based and Ci-based graphs

For a matching covered graph J, we say that G is J-based if G contains a conformal
subgraph H which is a bi-subdivision of J. Otherwise, we say that G is J-free. This notion
has played a crucial role in characterizing important classes of matching covered graphs.
For example, Little | | showed that a bipartite matching covered graph is Pfaffian if
and only if it is K3 s-free.

Lovéasz’s Theorem (1.6) implies that every nonbipartite matching covered graph is either
K,-based, or is Cg-based, or both. For example, the Petersen graph is K,-based but Cg-free;
on the other hand, each prism (see page 13) on 4k + 2 vertices, where k > 1, is Cg-based
but K,-free; whereas each complete graph on 2k vertices, where k& > 3, is Ky-based as well
as Cg-based.

Alternatively, the Kj-based matching covered graphs are precisely those which admit
an ear decomposition starting with a bi-subdivision of K. An analogous statement holds
for Cg-based graphs.

This led Carvalho, Lucchesi and Murty | | to pose two problems: (i) determine
whether or not a given matching covered graph G is Ky-free, and likewise, (ii) determine
whether or not G is Cg-free. These problems are, in general, unsolved. In the first part of
this thesis, we solve these problems for the special case of planar matching covered graphs.
In the next two sections, we state the highlights of our solution.

1.3 Bricks

It is well-known that each matching covered graph may be ‘decomposed’, in an essentially
unique manner, into special matching covered graphs called ‘bricks’ and ‘braces’. This
procedure is known as the ‘tight cut decomposition’.
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This decomposition theory was developed by Kotzig, Lovasz and Plummer, and its
import is due to the fact that the properties of a matching covered graph may often be
understood by analysing the properties of its bricks and braces. For instance, a matching
covered graph is Pfaffian if and only if each of its bricks and braces is Pfaffian; see | |.
Our Theorem 1.10 is another example of this type. We now proceed to describe this
decomposition procedure.

1.3.1 Tight cut decomposition

For a nonempty proper subset X of the vertices of a graph G, we denote by 9(X) the
cut associated with X, that is, the set of all edges of G that have one end in X and the
other end in X := V(G) — X. We refer to X and X as the shores of 9(X). A cut is
trivial if any of its shores is a singleton. For a cut d(X), we denote the graph obtained
by contracting the shore X to a single vertex T by G/(X — ). In case the label of the
contraction vertex T is irrelevant, we simply write G/X. The two graphs G/X and G/X
are called the O(X)-contractions of G. In Figure 1.3, the three edges crossing the bold line
constitute a nontrivial cut, say d(X), and the two 9(X)-contractions are Ky and K3 3.

Figure 1.3: A nontrivial tight cut

Let G be a matching covered graph. A cut 0(X) is a tight cut if |[M NO(X)| = 1
for every perfect matching M of G. It is easily verified that if 9(X) is a nontrivial tight
cut of GG, then each J(X)-contraction is a matching covered graph that has strictly fewer
vertices than G. If either of the 0(X)-contractions has a nontrivial tight cut, then that
graph can be further decomposed into even smaller matching covered graphs. We can
repeat this procedure until we obtain a list of matching covered graphs, each of which is
free of nontrivial tight cuts. This procedure is known as a tight cut decomposition of G.
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For instance, if S is a barrier of G, and K is an odd component of G — S, then 9(V (K))
is a tight cut of G. Such a tight cut is called a barrier cut, and such cuts play an important
role in the second part of this thesis. The graph in Figure 1.3 has a barrier cut depicted by
the bold line, and each of its contractions (that is, K, and Kj3) is free of nontrivial tight
cuts. Note that, if v is a vertex of degree two then {v} U N(v) is the shore of a barrier
cut. A barrier is trivial if it has a single vertex. Note that if G is nonbipartite then each
nontrivial barrier gives rise to a nontrivial tight cut.

Now suppose that {u,v} is a 2-vertex-cut of G such that G — {u,v} has an even
component, say K. Then each of the sets V(K) U {u} and V(K) U {v} is a shore of a
nontrivial tight cut of G. Such a tight cut is called a 2-separation cut. The graph in
Figure 1.4 has a 2-separation cut, and each of its contractions is K, with multiple edges.
(We remark that, a graph may have a tight cut which is neither a barrier cut nor a
2-separation cut.)

Let G be a matching covered graph free of nontrivial tight cuts. If GG is bipartite then
it is a brace; otherwise it is a brick. Thus, a tight cut decomposition of G results in a
list of bricks and braces. For example, a tight cut decomposition of the graph shown in
Figure 1.3 yields the brick K4 and the brace Kj .

In general, a matching covered graph may admit several tight cut decompositions.
However, Lovész | | proved the following remarkable result, and demonstrated its
significance by using it to compute the dimension of the matching lattice.

Theorem 1.7 [THE UNIQUE DECOMPOSITION THEOREM| Any two tight cut decompo-
sitions of a matching covered graph yield the same list of bricks and braces (except possibly
for multiplicities of edges).

In particular, any two tight cut decompositions of a matching covered graph G yield
the same number of bricks; this number is denoted by b(G). We remark that G is bipartite
if and only if b(G) = 0.

A graph G, with four or more vertices, is bicritical if G — {u, v} has a perfect matching
for every pair of distinct vertices u and v. For instance, the graph shown in Figure 1.4
is bicritical. The following characterization of bicritical graphs follows immediately from
Tutte’s Theorem.

Proposition 1.8 [CHARACTERIZATION OF BICRITICAL GRAPHS| Let G be a graph that
has a perfect matching. Then G is bicritical if and only if every barrier of G is trivial. O



Figure 1.4: A bicritical graph which is not a brick

Equivalently, for a bicritical graph G, the canonical partition of V(G) consists of |V (G)|
parts, each of which contains a single vertex. Since a brick is a nonbipartite matching
covered graph which is free of nontrivial tight cuts, it follows from the above observations
that every brick is 3-connected and bicritical. Edmonds, Lovasz and Pulleyblank | |
established the converse; their proof was based on LP-duality.

Theorem 1.9 [CHARACTERIZATION OF BRICKS| A graph G is a brick if and only if it
18 3-connected and bicritical.

In particular, a brick is free of nontrivial barriers and of 2-vertex cuts. Szigeti | |
obtained a simple proof of Theorem 1.9 which does not use LP-duality.

Throughout this thesis, we shall mainly be interested in nonbipartite matching covered
graphs, and especially in bricks. Three cubic bricks, namely K, Cg and the Petersen
graph, occupy a special position in the theory of matching covered graphs.

1.3.2 Reduction to the case of bricks

As discussed in Section 1.2.2, given a planar matching covered graph G, we would like to
determine whether or not GG is Ky -free, and likewise, whether or not G is Cs-free.

As a first step, we reduce the above problems to the case of bricks. Let J denote any
cubic brick. The key idea is to show that if G is a matching covered graph and 9(X) is
a nontrivial tight cut of G, then G is J-free if and only if each of its (X )-contractions is
J-free. (We remark that this statement is not true if J is a cubic brace, as can be inferred
from the graph in Figure 1.3 with K33 playing the role of J; and it is also not true if J is
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an arbitrary brick.) It now follows from the Unique Decomposition Theorem (1.7) that G
is J-free if and only if each of its bricks and braces is J-free. (We point out that braces,
being bipartite, are trivially J-free.)

Theorem 1.10 |[REDUCTION TO THE CASE OF BRICKS| Let J denote any cubic brick.
A nonbipartite matching covered graph is J-free if and only if each of its bricks is J-free.

We emphasize that the above theorem has nothing to do with planarity. We present a
proof of Theorem 1.10 in Chapter 2.

It is straightforward to see that, for a planar matching covered graph, each of its bricks
and braces is also planar. In view of Theorem 1.10, it suffices to characterize K -free planar
bricks and Cg-free planar bricks. We discuss our solutions to these problems in Section 1.4.

1.3.3 Norine-Thomas bricks

Here, we shall describe five infinite families of bricks; namely, odd wheels, prisms, Mébius
ladders, truncated biwheels and staircases; we refer to these as the Norine-Thomas families
for reasons explained in Section 1.5. Furthermore, we say that a brick is Norine-Thomas if
it belongs to any of these families, or if it is isomorphic to the Petersen graph. We adopt
the terminology of Carvalho et al. | .

ODD WHEELS. The odd wheel Wo.q, for k > 1, is defined to be the join of an odd cycle
Csy1 and K. See Figure 1.6a. The smallest odd wheel is Ky. If £ > 2, then W, has
exactly one vertex of degree 2k + 1, called its hub, and the edges incident at the hub are
called its spokes. The remaining 2k + 1 vertices lie on a cycle, called the rim, and they are
referred to as rim vertices.

Each member of the remaining four families contains a bipartite matching covered
subgraph which is either a ‘ladder’ or a ‘partial biwheel’. These bipartite graphs are also the
main building blocks of additional families of bricks which are of interest in Section 1.7.3.
For this reason, we start with a description of these two families of bipartite graphs.

LADDERS. Let zozi...x; and yoy; ...y; be two vertex-disjoint paths, where 7 > 2. The
graph K obtained by the union of these two paths, and by adding edges x;y; for 0 <17 < 7,
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is called a ladder, and its edges joining x; and y; are referred to as its rungs. See Figure 1.5.
The two rungs zoyo and w;y; are external, and the remaining rungs are internal. We say
that K is odd (even) if it has an odd (even) number of rungs.

PARTIAL BIWHEELS. Let xox;...%2;41 be an odd path, where 5 > 1. The graph K
obtained by adding two new vertices uw and w, joining u to vertices in {xg,xo,. .., %9},
and joining w to vertices in {xq,s,...,%9;+1}, is called a partial biwheel; the vertices
xo and xq;41 are referred to as its ends, whereas u and w are referred to as its hubs; and an
edge incident with a hub is called a spoke. See Figure 1.5. The two spokes uz and wxs;41
are exrternal, and the remaining spokes are internal.

U U
a b a b
w w
U b U w
a w a b

Figure 1.5: Partial biwheels (top) and Ladders (bottom)

When referring to a ladder or to a partial biwheel, say K[A, B], with external rungs/spokes
au and bw, we adopt the convention that a,w € A and b, u € B; furthermore, when K is
a partial biwheel, u and w shall denote its hubs; as shown in Figure 1.5. (Sometimes, we
may also use subscript notation, such as A;, B;, a;u; and b;w; where i is an integer, and
this convention extends naturally.)

It should be noted that a partial biwheel of order six is also a ladder. However, a
partial biwheel of order eight or more has only two vertices of degree two, namely, its
ends; whereas every ladder has four such vertices. We remark that, a biwheel, as defined
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by McCuaig | |, has order at least eight and contains an additional edge joining its
ends; and these constitute an important class of braces.

We now proceed to describe the remaining four Norine-Thomas families using ladders
and partial biwheels.

Prisms, MOBIUS LADDERS AND TRUNCATED BIWHEELS. Let H[A, B] denote either a
ladder or a partial biwheel of order n, with external rungs/spokes au and bw, and let G be
the graph obtained from H by adding two edges, namely, aw and bu. If H is an odd ladder
then G is a prism and it is denoted by P,, see Figure 1.6b. If H is an even ladder then
G is a Mobius ladder and it is denoted by M, see Figure 1.6f. Finally, if H is a partial
biwheel then G is a truncated biwheel and it is denoted by T,,, see Figure 1.6c. Note that
Cj is the smallest prism as well as the smallest truncated biwheel. For convenience, we
shall consider K, to be the smallest M6bius ladder.

(d) (e) (f)

Figure 1.6: (a) Odd wheel W7, (b) Prism Py, (c¢) Truncated biwheel Tg, (d) Odd staircase
Sts, (e) Even staircase Stig, (f) Mobius ladder Mg



STAIRCASES. Let K[A;, B;] denote a ladder of order n, with external rungs a;u; and
bywy. Then the graph G obtained from K, by adding two new vertices as and by, and by
adding five new edges ajas, uias, b1ba, w1by and asbs, is called a staircase, and it is denoted
by St,.2. We say that G is an odd (even) staircase if K is an odd (even) ladder. See
Figures 1.6d and 1.6e.

1.4 Planar bricks

In this section, we state our characterizations of K -free planar bricks and of Cs-free planar
bricks. Observe that, for a cubic brick J, a matching covered graph G is J-free if and only
if the underlying simple graph of G is J-free. We may thus restrict our attention to simple
planar bricks.

A well-known result due to Whitney | | says that every simple 3-connected planar
graph has a unique embedding in the plane. We may thus refer to the faces of simple
planar bricks without any ambiguity.

In what follows, the number of odd faces will play a key role. Observe that, for a
3-connected planar graph G, the number of its odd faces is the same as the number of odd
faces of its underlying simple graph. Being nonbipartite, each planar brick has at least two
odd faces.

Observe that every Norine-Thomas brick, except for the Petersen graph and the Mobius
ladders of order eight or more, is planar. Among the planar ones, every prism, truncated
biwheel and even staircase has precisely two odd faces. On the other hand, every odd
staircase has exactly four odd faces; and since each face of an odd wheel is odd, every odd
wheel has at least four odd faces.

1.4.1 Ky-free planar bricks

We begin by noting that K, has exactly four odd faces, and so does any bi-subdivision
of K,. This immediately implies that each K -based planar graph has four or more odd
faces. (In particular, prisms, truncated biwheels and even staircases are K -free.)

We establish that the converse is also true when the graph under consideration is a
brick; that is, we show that every planar brick with four or more odd faces is Ky -based.
(In particular, odd staircases and odd wheels are K,-based.) This leads us to the following
compact characterization of Ky-free planar bricks.
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Theorem 1.11 [CHARACTERIZATION OF K;-FREE PLANAR BRICKS| A planar brick
15 Ky-free if and only if it has precisely two odd faces.

It is important to note that, in general, a planar 3-connected matching covered graph
with four or more odd faces may not be Kjy-based, as shown by the graph in Figure 3.2.
In other words, the bicriticality property of bricks is indispensable; recall Theorem 1.9.

1.4.2 Ci-free planar bricks

Observe that Cg has two vertex-disjoint odd cycles, and thus every Cg-based graph inherits
this property. Consequently, the odd wheels are Cy-free. By investigating the odd cycles
of Stg (see Figure 1.6d), one may easily verify that it is Cg-free. More generally, each
odd staircase is Cyg-free. We show that apart from these two infinite families, there is one
exceptional Cg-free simple planar brick which we call the Tricorn (see Figure 1.8).

Theorem 1.12 [CHARACTERIZATION OF Cy-FREE PLANAR BRICKS| A planar brick
is Cg-free if and only if its underlying simple graph is either an odd wheel, or an odd
staircase, or the Tricorn.

We emphasize that Theorems 1.10, 1.11 and 1.12 together provide a complete char-
acterization of K-free planar matching covered graphs, and of Cg-free planar matching
covered graphs. These results also appear in | .

We present proofs of Theorems 1.11 and 1.12 in Chapter 3. The principal tool we
use for proving these results is the brick generation procedure established by Norine and
Thomas | |. We discuss their result, and a related result of Carvalho, Lucchesi and
Murty | |, in the next section.
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Part II - Brick Generation

1.5 Removable edges

As discussed in Section 1.3, the properties of a matching covered graph can often be
deduced by analysing its bricks and braces. This has led researchers to develop inductive
tools for studying the properties of bricks and braces; these have found useful applications.

McCuaig | | described a procedure for generating simple braces, and used it
in | | to derive a structural characterization of Pfaffian bipartite matching covered
graphs. Carvalho, Lucchesi and Murty | | established a generation procedure for

bricks, and applied it to show that the only ‘solid” planar bricks are the odd wheels; this
may also be deduced from our Theorem 1.12 since solid bricks are also Cy-free. Norine
and Thomas | | established a generation procedure for simple bricks; our proofs of
Theorems 1.11 and 1.12 rely heavily on their result.

In this section, we review the aforementioned works of Carvalho et al. | |, and
of Norine and Thomas | |. We shall find it convenient to state all of the results using
the terminology of Carvalho et al. | : |-

An edge e of a matching covered graph G is removable if G — e is also matching covered;
otherwise it is non-remowvable. For example, each edge of the Petersen graph is removable.
All bricks in the Norine-Thomas families, except for K, and Cg, have removable edges:
these are indicated in Figure 1.6 by the bold lines.

We remark that the notion of a removable edge is intrinsically related to ear decompo-
sitions. To see this, note that an edge e of a matching covered graph G is removable if and
only if G admits an ear decomposition in which the edge e is the last (single) ear added.

The following was established by Lovéasz | |

Theorem 1.13 [REMOVABLE EDGE THEOREM| Every brick distinct from K, and Cg
has a removable edge.

We point out that, if e is a removable edge of a brick G, then G — e may not be a brick.
For instance, G — e may have vertices of degree two.

In what follows, we will define three types of removable edges: ‘b-invariant’ edges,
‘thin’ edges and ‘strictly thin’ edges, in that order. In the context of bricks, each type is a
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specialization of the preceding type as depicted in Figure 1.7; for instance, an arrow from
‘thin’ to ‘b-invariant’ indicates that a thin edge is a special type of b-invariant edge.

removable
b-invariant < R-compatible
A A
thin < R-thin
A A
strictly thin < strictly R-thin

Figure 1.7: Types of removable edges in bricks; the ones in the shaded area are only
applicable to near-bipartite bricks and they are introduced in Section 1.7

1.5.1 Near-bricks and b-invariant edges

Recall that b(G) denotes the number of bricks of a matching covered graph G (in any
tight cut decomposition), and it is well-defined due to the Unique Decomposition Theo-
rem (1.7). A near-brick is a matching covered graph with b(G) = 1. Clearly, every brick
is a near-brick. However, the converse is not true. For instance, the graph shown in Fig-
ure 1.3 is a near-brick but it is not a brick. When proving theorems concerning bricks, one

17



often needs the flexibility of dealing with the wider class of near-bricks, whose properties
are akin to those of bricks.

A removable edge e of a matching covered graph G is b-invariant if b(G — e) = b(G).
In particular, if G is a brick then e is b-invariant if and only if G — e is a near-brick.
For example, in every member of the Norine-Thomas families, each removable edge is
b-invariant. On the other hand, it is easily verified that if G is the Petersen graph and e is
any edge, then b(G — e) = 2. Thus each edge of the Petersen graph is removable, but none
of them is b-invariant.

Confirming a conjecture of Lovasz, the following result was proved by Carvalho, Luc-
chesi and Murty | .

Theorem 1.14 [b-INVARIANT EDGE THEOREM| Every brick distinct from K, and Cg
and the Petersen graph has a b-invariant edge.

In | |, Carvalho et al. established a generalization of the above theorem. For
instance, their result shows that the staircase Stg is the only brick with a unique b-invariant
edge, which is depicted in Figure 1.6d by a bold line.

1.5.2 Bicontractions, retracts and bi-splittings

Let G be a matching covered graph and let v be a vertex of degree two, with two distinct
neighbours u and w. The bicontraction of v is the operation of contracting the two edges vu
and vw incident with v. Note that X := {u,v,w} is the shore of a tight cut of GG, and that
the graph resulting from the bicontraction of v is the same as the d(X)-contraction G/ X,
whereas the other 9(X)-contraction G//X is isomorphic to Cy (possibly with multiple
edges).

The retract of G is the graph obtained from G by bicontracting all its degree two
vertices. The above observation implies that the retract of a matching covered graph is
also matching covered. Carvalho et al. | | showed that the retract of a matching
covered graph is unique up to isomorphism. It is important to note that even if G is simple,
the retract of G may have multiple edges.

The operation of bi-splitting is the converse of the operation of bicontraction. Let H
be a graph and let v be a vertex of H of degree at least two. Let G be a graph obtained
from H by replacing the vertex v by two new vertices v; and vs, distributing the edges in
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H incident with v between v; and vy such that each gets at least one, and then adding a
new vertex vy and joining it to both v; and vs. Then we say that G is obtained from H
by bi-splitting v into v; and vy. It is easily seen that if H is matching covered, then G is
also matching covered, and that H can be recovered from G by bicontracting the vertex
vp and denoting the contraction vertex by v.

1.5.3 Thin edges

A b-invariant edge e of a brick G is thin if the retract of G —e is a brick. As the graph G —e
can have zero, one or two vertices of degree two, the retract of G — e is obtained by
performing at most two bicontractions, and it has at least |V (G)| — 4 vertices.

For example, if G is an odd wheel of order six or more and if e is any spoke, then
the retract of G — e is a smaller odd wheel with multiple edges; thus, each spoke of G
is a thin edge. More generally, if G belongs to any of the Norine-Thomas families, and
if e denotes any removable edge, then the retract of G — e is a smaller Norine-Thomas
brick with multiple edges; consequently, e is thin. It should be noted that, in general, a
b-invariant edge may not be thin.

The original definition of a thin edge, due to Carvalho et al. | |, was in terms
of barriers; ‘thin’ being a reference to the fact that the barriers of G — e are sparse. This
viewpoint will also be useful to us in Chapter 5 where further explanation is provided.
Carvalho, Lucchesi and Murty | | used their b-invariant Edge Theorem (1.14) to
derive the following stronger result.

Theorem 1.15 [THIN EDGE THEOREM| FEvery brick distinct from Ky and Cg and the
Petersen graph has a thin edge.

The following is an immediate consequence of the above theorem.

Theorem 1.16 | | Given any brick G, there exists a sequence Gy,Gs, ..., Gy of
bricks such that:

(i) Gy is either K, or Cg or the Petersen graph,
(i) Gy := G, and

(iii) for 2 <i <k, there ezists a thin edge e; of G; such that G;_y is the retract of G; —e;.
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Carvalho et al. | | also described four elementary ‘expansion operations’ which
may be applied to any brick to obtain a larger brick with at most four more vertices. Each
of these operations consists of bi-splitting at most two vertices and then adding a suitable
edge. Given a brick J, the application of any of these four operations to J results in a
brick G such that G has a thin edge e with the property that J is the retract of G — e.
Thus, any brick may be generated from one of the three basic bricks (K4 and Cs and the
Petersen graph) by means of these four expansion operations.

One of the problems with this brick generation procedure is that, even if G = G is a
simple brick, there is no guarantee that all the intermediate bricks G5, G, ... G_1 are also
simple. In fact, certain bricks cannot be generated by staying within the realm of simple
bricks.

1.5.4 Strictly thin edges

A thin edge e of a simple brick G is strictly thin if the retract of G — e is simple. As an
example, consider the Tricorn, shown in Figure 1.8, which has precisely three removable
edges indicated by bold lines; deleting one of them, say e, and taking the retract yields
the simple odd wheel W5. Thus each removable edge of the Tricorn is strictly thin. By
contrast, in a Norine-Thomas brick, none of the thin edges is strictly thin.

Tricorn

Ws

Figure 1.8: Removable edges of the Tricorn

Using this terminology, the theorem of Norine and Thomas | | may be stated as
follows.
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Theorem 1.17 [STRICTLY THIN EDGE THEOREM| Let G be a simple brick. If G is free
of strictly thin edges then G is either the Petersen graph, or it is an odd wheel, a prism, a
Mébius ladder, a truncated biwheel or a staircase.

Equivalently, the only simple bricks devoid of strictly thin edges are the Norine-Thomas
bricks. It should be noted that Norine and Thomas did not state their results in terms of
strictly thin edges.

Subsequently, Carvalho et al. | | used their Thin Edge Theorem (1.15) to deduce
the Strictly Thin Edge Theorem (1.17). The following result of Norine and Thomas | |
is an immediate consequence of Theorem 1.17.

Theorem 1.18 Given any simple brick G, there exists a sequence Gy, G, . .., Gy of simple
bricks such that:

(i) G1 is a Norine-Thomas brick,
(i) Gy := G, and

(iii) for 2 < i < k, there exists a strictly thin edge e; of G; such that G;_1 is the retract
of G; — e;.

The above theorem implies that every simple brick can be generated from one of the
Norine-Thomas bricks by repeated application of the four expansion operations such that
at each step we have a simple brick.

We remark that Norine and Thomas proved a generalization of Theorem 1.18, which
they refer to as the ‘splitter theorem for bricks’, since it is motivated by the splitter
theorem for 3-connected graphs due to Seymour | |. The notions of thin and strictly
thin edges are easily generalized to braces (see | ). A ‘splitter theorem for braces’
was established by McCuaig | .

1.6 Near-bipartite graphs

A nonbipartite matching covered graph G is near-bipartite if it has a pair R := {«, 8} of
edges such that the graph H := G — R is bipartite and matching covered; for instance,
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K, and Cj are the smallest near-bipartite bricks. Observe that the edge o joins two vertices
in one color class of H, and that § joins two vertices in the other color class. Consequently,
if M is any perfect matching of G then o € M if and only if 5 € M.

The significance of near-bipartite graphs arises from the theory of ear decompositions
(see Section 1.2.1). Observe that if G is any nonbipartite matching covered graph, and
if Gy, C Gy C -+ C G, is an ear decomposition of G starting with a conformal bipartite
matching covered subgraph G, then the first nonbipartite graph in this sequence, say Gy,
is a bi-subdivision of a near-bipartite graph (where the double ear added may be viewed
as adding two edges, one joining two vertices in one color class of G;_; and another edge
joining two vertices in the other color class, and then bi-subdividing those edges). In this
sense, near-bipartite graphs constitute the class of nonbipartite matching covered graphs
which are closest to being bipartite.

Since the problems of characterizing K,-free nonplanar bricks and Cg-free nonplanar
bricks do not seem to be tractable with the tools available to us, it may be worthwhile
studying these questions for the restricted class of near-bipartite bricks. This approach
has been successful in the theory of Pfaffian orientations; although there has been no
significant progress in characterizing Pfaffian bricks; Fischer and Little | | were able
to characterize Pfaffian near-bipartite graphs.

With this in mind, we undertook to investigate generation procedures which are specific
to near-bipartite bricks. We hope that these results can be used to derive characterizations
of important classes of near-bipartite bricks.

1.6.1 Removable doubletons

A pair of distinct edges R := {«, 5} of a matching covered graph G is a removable doubleton
if neither a nor S is removable, but the graph G — R is matching covered. It should be

noted that, in general, the graph G — R need not be bipartite. However, Lovasz | |
proved that if G is a brick then G — R is indeed bipartite; the following more general result
of Carvalho et al. | | shows that the conclusion holds even if G is a near-brick.

Theorem 1.19 Let G be a matching covered graph, and let R be a removable doubleton.
Then b(G — R) = b(G) — 1.

The above theorem implies that every near-bipartite graph is a near-brick. In fact, as
we will see in Chapter 4, the unique brick of a near-bipartite graph is also near-bipartite.
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o) 5

Figure 1.9: The staircase Stg

A graph may have several removable doubletons; for instance, K, and Cg have three;
the staircase Stg shown in Figure 1.9 has two, namely R := {«, 8} and R’ := {o/,3'}. Tt
is easily verified that every Norine-Thomas brick (see Section 1.3.3), except for the odd
wheels of order six or more and for the Petersen graph, is near-bipartite; among these, only
the truncated biwheels, of order eight or more, have a unique removable doubleton.

1.7 Generating near-bipartite bricks

The difficulty in using either Theorem 1.16 or Theorem 1.18 as an induction tool for
studying near-bipartite bricks, is that even if G, := G is a near-bipartite brick, there is no
guarantee that all of the intermediate bricks G1,Gs, ... Gj_1 are also near-bipartite.

For instance, the brick shown in Figure 1.10a is near-bipartite with a (unique) removable
doubleton R :={«,f}. Although the edge e is thin; the retract of G — e, as shown in
Figure 1.10b, is not near-bipartite since it has three edge-disjoint triangles.

(b)

Figure 1.10: (a) A near-bipartite brick G with a thin edge e ; (b) The retract of G — e is
not near-bipartite
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In other words, deleting an arbitrary thin edge may not preserve the property of being
near-bipartite. In this sense, neither the Thin Edge Theorem (1.15) nor the Strictly Thin
Edge Theorem (1.17) is adequate for obtaining inductive proofs of results that pertain only
to the class of near-bipartite bricks.

To fix this problem, we decided to look for a thin edge whose deletion preserves the prop-
erty of being near-bipartite. Recall that a graph may have several removable doubletons.
We find it convenient to fix a removable doubleton R (of the brick under consideration), and
then look for a thin edge whose deletion preserves this removable doubleton. To make this
precise, we will first define a special type of removable edge which we call ‘ R-compatible’.

1.7.1 R-compatible edges

We use the abbreviation R-graph for a near-bipartite graph G with (fixed) removable
doubleton R, and we shall refer to H := G — R as its underlying bipartite graph. In the
same spirit, an R-brick is a brick with a removable doubleton R.

A removable edge e of an R-graph G is R-compatible if it is removable in H as well.
Equivalently, an edge e is R-compatible if G — e and H — e are both matching cov-
ered. For instance, the staircase Stg, shown in Figure 1.9, has two removable doubletons
R :={a,p} and R := {d/, f'}, and its unique removable edge e is R-compatible as well as
R'-compatible.

Now, let G denote the R-brick shown in Figure 1.10a, where R := {«, 5}. The thin
edge e is incident with an edge of R at a cubic vertex; consequently, H —e has a vertex whose
degree is only one, and so it is not matching covered. In particular, e is not R-compatible.

The brick shown in Figure 1.11 has two distinct removable doubletons R := {a, f} and
R = {d,f'}. Its edges aju; and byw; are both R’-compatible, but neither of them is
R-compatible. (In Section 1.7.3, we will generalize the graphs in Figures 1.10a and 1.11 to
infinite families which play important roles in our work.)

Observe that, if e is an R-compatible edge of an R-graph G, then R is a removable
doubleton of G — e, whence G — e is also an R-graph; in particular, G — e is near-bipartite.
By Theorem 1.19, G — e is a near-brick; and this proves the following. (See Figure 1.7.)

Proposition 1.20 Every R-compatible edge is b-invariant. O
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Figure 1.11: The edges aju; and byw, are R’-compatible, but they are not R-compatible

Furthermore, as we will see in Chapter 4, if e is an R-compatible edge of an R-brick G
then the unique brick J of G — e is also an R-brick; in particular, J is near-bipartite. The
following is a special case of a theorem of Carvalho, Lucchesi and Murty | .

Theorem 1.21 [R-COMPATIBLE EDGE THEOREM| Every R-brick distinct from K4 and Cg
has an R-compatible edge.

In | |, they proved a stronger result. In particular, they showed the existence of an
R-compatible edge in R-graphs with minimum degree at least three, and used it to establish
a generalization of Lovész’s Theorem (1.6). (They did not use the term ‘R-compatible’.)
Using the notion of R-compatibility, we now define a thin edge whose deletion preserves
the property of being near-bipartite.

1.7.2 R-thin edges

A thin edge e of an R-brick G is R-thin if it is R-compatible. Equivalently, an edge e is
R-thin if it is R-compatible as well as thin, and in this case, the retract of G — e is also an
R-brick. See Figure 1.7.

As noted earlier, the staircase Stg, shown in Figure 1.9, has two removable doubletons
R and R’. Its unique removable edge e is R-thin as well as R’-thin; to see this, note that
the retract J of Stg — e is isomorphic to K, with multiple edges, and each of R and R’ is

25



a removable doubleton of J. It is easily verified that if G is a Norine-Thomas brick which
is near-bipartite, then each of its thin edges is R-thin for some removable doubleton R.

It is desirable to characterize R-bricks free of R-thin edges, as this would yield a genera-
tion theorem for near-bipartite bricks analogous to Theorem 1.16. Using the R-compatible
Edge Theorem (1.21) of Carvalho et al., we proved the following stronger result.

Theorem 1.22 [R-THIN EDGE THEOREM| Every R-brick distinct from Ky and Cg
has an R-thin edge.

We present a proof of the above theorem in Chapter 5. Our proof uses tools from the
work of Carvalho et al. | |, and the overall approach is inspired by their proof of the
Thin Edge Theorem (1.15). The following is an immediate consequence of Theorem 1.22.

Theorem 1.23 Given any R-brick G, there exists a sequence G1,Gs, ..., Gy of R-bricks
such that:

(i) Gy is either Ky or Cg,
(i) G =G, and

(i1i) for 2 < i < k, there exists an R-thin edge e; of G; such that G;_1 is the retract
of G; — e;.

It follows from the above theorem that every near-bipartite brick can be generated
from one of K, and Cs by means of the expansion operations. However, as in the case
of Theorem 1.16, it has the shortcoming that, even if G, = G is a simple near-bipartite
brick, the intermediate bricks Gy, Gs, ..., G} are not guaranteed to be simple. As before,
we shall overcome this hurdle using the notion of strictly thin edges.

1.7.3 Strictly R-thin edges
An R-thin edge e of a simple R-brick G is strictly R-thin if it is strictly thin. In other

words, a strictly R-thin edge e is one which is R-compatible as well as strictly thin; and in
this case, the retract of G — e is also a simple R-brick. See Figure 1.7.
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For instance, let G' denote the R-brick shown in Figure 1.12(a), where R := {a, }.
The retract of G — e is the truncated biwheel Ty shown in Figure 1.12(b); consequently, e
is strictly R-thin.

Figure 1.12: Edge e is strictly R-thin

Recall that the Norine-Thomas bricks are precisely those simple bricks which are free of
strictly thin edges. In particular, every R-brick, which is a member of the Norine-Thomas
families, is free of strictly R-thin edges. A natural question arises as to whether there are
any simple R-bricks, different from the Norine-Thomas bricks, which are also free of strictly
R-thin edges. It turns out that there indeed are such bricks; we have already encountered
two examples in Figures 1.10a and 1.11, as explained below.

Let G denote the R-brick, shown in Figure 1.10a, where R := {«, 8} is its unique
removable doubleton. It can be checked that G has precisely four strictly thin edges,
depicted by bold lines; these are similar under the automorphisms of the graph. As noted
earlier, if e is any of these edges, then e is not R-compatible; furthermore, the retract
of G — e is isomorphic to the graph shown in Figure 1.10b, which is not even near-bipartite
as it has three edge-disjoint triangles. Thus, the generation of G using the Norine-Thomas
procedure cannot be achieved within the class of near-bipartite bricks.

Now, let G denote the brick shown in Figure 1.11; it has two removable doubletons
R = {a,f} and R’ := {d/,f'}. It may be verified that G has precisely two strictly thin
edges, namely a;u; and byw;, each of which is R'-compatible but neither is R-compatible.
In particular, G is free of strictly R-thin edges; in this sense it is similar to the graph in
Figure 1.10a. On the other hand, G has strictly R'-thin edges; if e is any such edge then
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the retract of G — e is a simple near-bipartite brick with removable doubleton R'. In this
sense, GG is different from the graph in Figure 1.10.

We will introduce seven infinite families of simple R-bricks which are free of strictly
R-thin edges, and are different from the Norine-Thomas families. The members of these
will be described using their specific bipartite subgraphs, each of which is either a ladder
or a partial biwheel; see Figure 1.5. The occurrence of these subgraphs may be justified as
follows. Let GG be a simple R-brick which is free of strictly R-thin edges. If e is any R-thin
edge of GG, at least one end of e is cubic and the retract of G — e has multiple edges. These
strictures can be used to deduce that G contains either a ladder or a partial biwheel, or
both, as subgraphs.

In our descriptions of these families, we use a and ( to denote the edges of the (fixed)
removable doubleton R. Apart from R, a member may have at most one removable dou-
bleton which will be denoted as R’ := {«/, '}. We adopt the notational conventions stated
in Section 1.3.3. (Recall that a partial biwheel of order six is also a ladder; for this reason,
some of our families overlap.)

PSEUDO-BIWHEELS. Let K[A;, B;] denote a partial biwheel, of order at least eight, and
with external spokes a,u; and byw;. Then the graph G obtained from K, by adding two new
vertices as and by, and by adding five new edges a := aya0, & := ujas,  := b1by, ' := w1 by
and asbs, is called a pseudo-biwheel. Figure 1.11 shows the smallest pseudo-biwheel.

It is worth comparing the above with our desription of staircases in Section 1.3.3.
Although a pseudo-biwheel G is free of strictly R-thin edges, the two external spokes of K,
namely aqu; and byw;, are both strictly R'-thin.

In order to describe the members of the remaining six families, we need two (sub)graphs.
For i € {1,2}, let K;[A;, B;] denote either a ladder or a partial biwheel with external
rungs/spokes a;u; and b;w;, such that K; and K, are disjoint.

DoUBLE BIWHEELS, DOUBLE LADDERS AND LADDERED BIWHEELS OF TYPE I. Let
the graph G be obtained from K; U K, by adding edges a := ajas and S := b1by, by
identifying vertices u; and wus, and by identifying vertices w; and wy. There are three
possibilities depending on the graphs K7 and K5. In the case in which K and K5 are both
partial biwheels, G is a double biwheel of type I. Likewise, in the case in which K; and K,
are both ladders, G is a double ladder of type I. Finally, when one of K; and K5 is a partial
biwheel and the other one is a ladder, G is a laddered biwheel of type 1.
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A member of any of these families has a unique removable doubleton R, and is free
of strictly R-thin edges. The graph in Figure 1.10a is the smallest member of each of
these families, although its drawing is suggestive of a double biwheel. Figure 1.13a shows a
double ladder. A laddered biwheel is obtained from the graph in Figure 1.13b by identifying
uy with us, and likewise, wq with ws.

Figure 1.13: (a) A double ladder of type I ; (b) A laddered biwheel of type I is obtained
by identifying u; with uy and likewise w; with wy

DouUBLE BIWHEELS, DOUBLE LADDERS AND LADDERED BIWHEELS OF TYPE II. Let
the graph G be obtained from K; U Ky, by adding four edges, namely, « := ajas, 8 := b1bs,
o = uywy and B’ := wyuy. As before, we have three possibilities. In the case in which
K5 and K, are both partial biwheels of order at least eight, G is a double biwheel of type II.
Likewise, in the case in which K7 and K5 are both ladders, G is a double ladder of type II.
Finally, when one of K; and K5 is a partial biwheel of order at least eight, and the other

one is a ladder, G is a laddered biwheel of type II.

A member of any of these families has two removable doubletons R and R/, and it is
free of strictly R-thin edges. However, a double biwheel or a laddered biwheel as shown in
Figure 1.14 has strictly R’-thin edges; these are the external spokes of a partial biwheel of
order at least eight as depicted by the bold lines in the figure.
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Figure 1.14: (a) A laddered biwheel of type II ; (b) A double biwheel of type II

On the other hand, a double ladder, as shown in Figure 1.15, is free of strictly R’-thin
edges as well. This may be explained as follows. Every double ladder is cubic, and it has
precisely four strictly thin edges; these are the external rungs of the two ladders, depicted
by bold lines in the figure. One end of any such edge, say e, is incident with an edge of R
and the other end is incident with an edge of R’; since each end of e is cubic, it is neither
R-compatible nor R’-compatible.

Figure 1.15: A double ladder of type II
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Using a strengthening of the R-thin Edge Theorem (1.22), we proved that the seven fam-
ilies described above and four of the Norine-Thomas families are the only simple R-bricks
which are free of strictly R-thin edges.

Theorem 1.24 [STRICTLY R-THIN EDGE THEOREM| Let G be a simple R-brick. If
G s free of strictly R-thin edges then G belongs to one of the following infinite families:

1) Truncated biwheels vir) Double ladders of type

T d biwheel Double ladd f I

(ii) Prisms :
(viti) Laddered biwheels of type I

(i1i) Mobius ladders
fiv) (iz) Double biwheels of type II
i) Staircases

(v) Pseudo-biwheels (x) Double ladders of type II

(vi) Double biwheels of type I (xi) Laddered biwheels of type II

We present a proof of the above theorem in Chapter 6. Our proof is inspired by the
proof of the Strictly Thin Edge Theorem (1.17) given by Carvalho et al. | |, and
uses several of their results and techniques.

We shall denote by N the union of all of the eleven families which appear in the
statement of Theorem 1.24. The following is an immediate consequence.

Theorem 1.25 Given any simple R-brick G, there exists a sequence Gi,Gs, ..., Gy of
simple R-bricks such that:

(Z) Gl € N;
(i) Gy := G, and
(iii) for 2 < i < k, there exists an R-thin edge e; of G; such that G;_, is the retract
of G; — e;.

In other words, every simple R-brick can be generated from some member of N by
repeated application of the expansion operations such that at each step we have a simple
R-brick.
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Finally, recall that members of three of the aforementioned families do have strictly
R'-thin edges, where R’ := {¢/, '} in our description of these families; these are pseudo-
biwheels, double biwheels of type II and laddered biwheels of type II. In view of this,
we say that a strictly thin edge e of a simple near-bipartite brick G is compatible if it is
R-compatible for some removable doubleton R. We thus have the following theorem (with
eight infinite families) alluded to in the abstract.

Theorem 1.26 Let G be a simple near-bipartite brick. If G is free of compatible strictly
thin edges then G belongs to one of the following infinite families:

(i) Truncated biwheels (v) Double biwheels of type I
(i) Prisms (vi) Double ladders of type 1
(11i) Mdobius ladders (vii) Laddered biwheels of type I
(iv) Staircases (viii) Double ladders of type 11

Four of the families in the above theorem are Norine-Thomas families; these are free of
strictly thin edges. As we did in Figure 1.10, it may be verified that if G is a member of
any of the remaining four families and e is any strictly thin edge of G then the retract J
of G — e is not near-bipartite. (For example, consider the graph G and edge e shown in
Figure 1.15, and let J be the retract of G —e. It can be checked that J has four odd cycles,
Cy, C1,C5 and Cj, such that C,Cy and C5 are edge-disjoint with Cj, and furthermore,
there is no single edge which belongs to all three of them.)

1.8 Summary of main contributions
Here, we summarize the main results proved in this thesis.
Part I - Conformal Subgraphs (these results have appeared in | ]

e In Chapter 2, for any cubic brick .J, we reduce the problem of characterizing J-free
graphs to that of characterizing J-free bricks. In particular, we prove Theorem 1.10,
which states that a nonbipartite matching covered graph G is J-free if and only if
each of its bricks is J-free.
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e In Chapter 3, we establish our characterizations of K4-free planar bricks and Cy-free
planar bricks:

— We prove Theorem 1.11 which states that a planar brick is K,-free if and only
if it has precisely two odd faces.

— We prove Theorem 1.12 which states that a planar brick is Cg-free if and only
if its underlying simple graph is either an odd wheel, or an odd staircase, or the
Tricorn.

Part II - Brick Generation

e In Chapter 5, we present a proof of the R-thin Edge Theorem (1.22) which states that
every R-brick distinct from K, and Cg has an R-thin edge. This yields a generation
procedure for near-bipartite bricks.

e In Chapter 6, we present a proof of the Strictly R-thin Edge Theorem (1.24) which
gives a complete characterization of those simple R-bricks which are free of strictly
R-thin edges. This yields a generation procedure for simple near-bipartite bricks.
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Chapter 2

Conformal subgraphs and tight cuts

We recall Lovasz’s Theorem (1.6) which says that every nonbipartite matching covered
graph is K4-based, or is Cg-based, or both. As discussed in Section 1.2.2, in the first part
of this thesis, our goal is to characterize those planar matching covered graphs which are
K-free, and those which are Cg-free.

In this chapter, we reduce these problems to the case of bricks by proving Theorem 1.10,

which is restated below.

Theorem 1.10 [REDUCTION TO THE CASE OF BRICKS| Let J denote any cubic brick. A
nonbipartite matching covered graph is J-free if and only if each of its bricks is J-free.

It suffices to prove Theorem 2.8, which states that for any nontrivial tight cut C', the
given matching covered graph G is J-free if and only if both C-contractions of G are J-free.

Recall that a matching covered subgraph H of a matching covered graph G is confor-
mal if every perfect matching of H extends to a perfect matching of G. The following
proposition is an easy consequence.

Proposition 2.1 Let H be a conformal subgraph of a matching covered graph G, and let
C' be a tight cut of G. Then C N E(H) is a tight cut of H. O
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2.1 Bi-subdivisions of bricks

Let H be a bi-subdivision of a simple brick J. We refer to the vertices of H of degree
three or more as branch vertices, and the remaining vertices as subdivision vertices. Each
branch vertex of H corresponds to a unique vertex of J, and we refer to both of these using
the same label. As shown in Figure 2.1, for each edge uv of J, there is a unique odd path
in H, denoted P,,, between vertices u and v, such that each internal vertex (possible none)
of P,, is a subdivision vertex. If P,, := wjws ... ws, where wy := u and woy, := v, we say
that an edge w;w;,1 is of odd parity if ¢ is odd; otherwise of even parity. Note that the first
and last edges (possibly not distinct) of the path P,, are both of odd parity, regardless of
the order in which it is traversed.

Wa
P, cn E(H) C
u W3
Wy
Ws
v v v
J H G

Figure 2.1: Perfect matchings M;, My and Mg

Let G be a J-based simple matching covered graph. By definition, G has a conformal
subgraph H which is a bi-subdivision of J. With each perfect matching M; of J, we
associate a perfect matching My of H as follows: for each edge wv in M, the set My
contains precisely the odd edges of the path P,,, and for each edge uv in E(J) — My, the
set My contains precisely the even edges of P,,. In fact, every perfect matching of H
arises this way. Thus M; — My is a bijective correspondence between the sets of perfect
matchings of J and H. Since H is a conformal subgraph of GG, the matching My can
be extended to a perfect matching My of G. This extension is, in general, not unique.
Figure 2.1 illustrates these observations, where the edges depicted in bold lines indicate
the perfect matchings M;, My and M.
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Now let C' be a nontrivial tight cut of G. An edge uv of J is a C-crossing edge if the
path P,, meets the cut C in at least one edge, that is, E(P,,)NC' is nonempty; and in this
case, we say that P,, is a C'-crossing path. Furthermore, if |F(P,,) N C| = 1 we say that
P,, crosses C once, and if |E(P,,) N C| = 2 we say that P,, crosses C' twice, and so on.
Referring to Figure 2.1, the edge uv of J is the only C-crossing edge, and the corresponding
C-crossing path P,, crosses C twice — once in the edge wows of even parity, and once in
the edge wsv of odd parity.

In the following result, we establish some simple properties of C'-crossing paths with
respect to a given tight cut C' of GG. In its proof, we shall make implicit use of Proposi-
tion 2.1.

Proposition 2.2 Let J be a brick, and G be a J-based matching covered graph. Let H be
a conformal subgraph of G which is a bi-subdivision of J, and let C' be a nontrivial tight
cut of G.

(i) For a C-crossing path P,,, any two C-crossing edges of P,, must be of opposite parity.
(Thus, |C N E(Py)| <2.)

(i) If a C-crossing path P, crosses C twice, then there are no other C-crossing paths.

(iii) If P, and P, are two C-crossing paths, then each of them must cross C in an edge
of odd parity.

Proof: Suppose first that a path P,, crosses C' at least twice, and let e and f be two
distinct C-crossing edges. In case both e and f are odd edges, let M; be any perfect
matching of J containing the edge uv, and in case both e and f have even parity, let M;
be a perfect matching of J which does not contain the edge uv. Then the perfect matching
My of H contains both e and f. Since H is a conformal subgraph of G, there would then
be a perfect matching Mg of G containing e and f, implying that |Mg N C| > 2. This is
impossible because C' is a tight cut. This proves the first part of the assertion.

Now suppose Py and P,, are two distinct C-crossing paths. Note that s need not be
distinct from u and v, and the same holds for . Assume that P,, crosses C' twice; let f;
and fy be the two C-crossing edges. Without loss of generality, assume that f; is an odd
edge and f5 is an even edge. Let e be a C-crossing edge of Py. In case e is an odd edge,
let M; be a perfect matching of J which contains the edge st, and in case e is an even
edge, let M; be a perfect matching of J which does not contain the edge st. Depending on
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whether M ; contains the edge uv or not, the perfect matching My of H contains either f;
or fs, respectively. By choice of M, it follows that My contains e. Since H is a conformal
subgraph of GG, we can extend My to a perfect matching Mg of G, leading to the same
contradiction as before.

Now suppose P,, and P,, are two distinct C-crossing paths. It follows that each of
these paths crosses C' exactly once, say in edges e and f, respectively. In case e is odd and
f is even, let M; be a perfect matching of J which contains the edge uv, and in case both
e and f have even parity, let M; be a perfect matching of J which contains neither uv nor
uw (such a perfect matching exists since u has at least three neighbours in J). Then the
perfect matching My of H contains both e and f. Since H is a conformal subgraph of G,
we can extend My to a perfect matching Mg of G, leading to the same contradiction as
before. O

2.2 Three lemmas on bricks

Here, we state three useful lemmas; the first two of these are specific to cubic bricks. The
following is an immediate consequence of a result of Plesnik | , Theorem 3.4.2].

Lemma 2.3 Let J be a cubic brick, and e; and ey be two edges of J. Then J —e; — e

has a perfect matching. O

Lemma 2.4 For any vertex v of a cubic brick J, the graph J —v — N;(v) has a perfect
matching.

Proof: Let u; and wuy denote two neighbours of v in J. By Theorem 1.9, J is bicritical,
whence J — u; — us has a perfect matching. The restriction of this matching to the edge
set of J — v — Ny(v) is a perfect matching of that graph. O

The following result is an easy consequence of the above lemma.

Corollary 2.5 Let H be a bi-subdivision of a cubic brick J, and let v be a branch vertex
of H. Then the graph H — v — Ny (v) has a perfect matching. O
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Lemma 2.6 Let J be a brick (not necessarily cubic), let Y be a subset of V(J) with
Y| > Y] > 2, and let uv be an edge of J with w € Y and v € Y. Then there exists a
perfect matching M of J such that:

M0 (V) — uv)| > 2 (2.1)

Proof: If J has just four vertices, then J is K4, and the statement is obvious. So, we may
assume that |Y'| > 3. If |Y| is odd, take any perfect matching M of J with |M;No(Y)| > 3.
(Such a perfect matching must exist because J is a brick, and 9(Y’) is a nontrivial odd cut
of J.) If |Y] is even, then take take any perfect matching M of J with |M;NO(Y —u)| > 3.
It is now easy to see that M satisfies the required inequality. O

2.3 Cubic bricks

We shall now proceed to prove Theorem 2.8 which implies the main result of this chapter,
namely Theorem 1.10.

Observe that, if H is a bi-subdivision of a cubic brick J, then bicontracting a vertex
of degree two of H results in another bi-subdivision of .J. Furthermore, any bi-subdivision
of H is a bi-subdivision of J as well. This leads us to the following proposition, which we
shall use implicitly in the proof of Theorem 2.8.

Proposition 2.7 Let H be a bi-subdivision of a cubic brick J.

(i) Let P be an even path in H all of whose internal vertices are subdivision vertices.
Then the graph obtained from H by deleting the internal vertices of P and identifying
its ends 1s also a bi-subdivision of J.

(i1) Any graph obtained from H by replacing an edge of H by an odd path is also a
bi-subdivision of J. a

Theorem 2.8 Let J be a cubic brick and G be a matching covered graph. Let C':= 0(X)
be a nontrivial tight cut in G. Then G is J-based if and only if at least one of G/(X — T)
and G/(X — x) is J-based.
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Proof: Suppose that GG is J-based, that is, G has a conformal subgraph H such that H is a
bi-subdivision of J. Let Y and Y, respectively, denote the sets of branch vertices in X and
X. Adjust notation so that |Y| > [Y|. We shall first show that |Y| < 1. Assume to the
contrary that |Y| > |Y] > 2. In this case, clearly, H must have at least three C-crossing
paths, and all of these cross C' in exactly one edge (by Proposition 2.2). Suppose that two
of the C-crossing edges e and ey are even edges, then Lemma 2.3 implies that there exists
a perfect matching My of H which contains both e; and e,. By extending My to a perfect
matching Mg of G, we have |Mg N C| > 2. This is impossible because C' is a tight cut of
GG. Hence we may assume that at most one C-crossing edge is an even edge. If there is
such an edge e, let P,, be the C-crossing path which contains the edge e, where uv € Y and
v € Y. If there is no such edge, let v € Y and v € Y be two arbitrary vertices of J which
are adjacent. By Lemma 2.6, there exists a perfect matching M of J satisfying (2.1). The
perfect matching My of H that corresponds to M; meets the tight cut 9(X) in at least
two edges, resulting in a contradiction. Thus, |Y| < 1. We split the rest of the proof into
two cases depending on whether |Y| is zero or one.

If Y| = 0, then all the branch vertices of H lie in X. It follows from Proposition 2.2
that there is at most one C-crossing path. In case there are no C-crossing paths, H
itself is a conformal subgraph of G'/X. Otherwise, let P,, be the unique C-crossing path.
Proposition 2.2 implies that P,, crosses C' in exactly two edges which are of different
parities; that is, an odd number of subdivision vertices of P,, lie in X. Let H; denote
the subgraph of G/(X — T), obtained from H, by identifying all the subdivision vertices
in X with the single vertex Z. Then H; is a bi-subdivision of J (Proposition 2.7), and is a
conformal subgraph of G/X.

Finally, if |Y| = 1, there is precisely one branch vertex, say v, of H which lies in X.
By Proposition 2.2, it follows that the only C'-crossing paths of H are those with one end
v, and that each of them crosses C' exactly once in an edge of odd parity. In other words,
each of these C-crossing paths has an even number of subdivision vertices (possibly zero)
which lie in X. Consider the subgraph H, of G/(X — T), obtained from H, by replacing
all of these subdivision vertices and the branch vertex v with the single vertex Z. As in the
previous case, note that H; is a bi-subdivision of .J, and is a conformal subgraph of G/X.
This concludes the proof of the ‘if” part of the assertion.

Now, to prove the converse, suppose that G/(X — ) is J-based; that is, G/(X — T)
has a conformal subgraph H; such that H; is a bi-subdivision of J. In case the vertex
T ¢ V(Hy), then Hy itself is a subgraph of G. It can be easily checked that H; is a
conformal subgraph of G.

Now suppose T € V(H;). It may either be a subdivision vertex of H; or a branch vertex.
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In the former case, let uq, us, belonging to X, be the neighbours of 7 in H;, and in the
latter case, let uq,us, us, belonging to X, be the neighbours of * in H;. Each u; must
clearly have a neighbour in G that belongs to X. Select one such neighbour v; of u; and
identify the edge ;T of H; with the edge u;v; of G. (We admit the possibility that v; = v;,
for i # j.) Furthermore, let M; be a perfect matching of G containing the edge u;v;, such
that the restriction of M; to E(H,) is a perfect matching of H,. Let P denote the (M, M,)-
alternating path in G starting with the edge uiv, of M;, and ending with the edge vousy of
M,. In addition, when T is a branch vertex of Hy, let @) denote the (Ms, Ms)-alternating
path in G starting with the edge usvs of M3, and ending with the edge vous of Ms.

Having established the notation common to both cases, for clarity, let us first deal with
the case in which T is a subdivision vertex of H;. In this case, let H be the subgraph of
GG, obtained from H;, by replacing the path u;Zus of length two by the even path P. It
is easy to see that H is a bi-subdivision of J and that the restriction of M; (or of M) to
E(H) is a perfect matching of H, implying that H is a conformal subgraph of G.

Now, suppose that T is a branch vertex of H;. In this case, let w be the first vertex of
the (Ms, Ms)-alternating usus-path @ that lies on the (M;, Ms)-alternating ujus-path P.
Let P; and P, denote the u;w- and usw-segments of P, respectively, and let P; denote the
uzw-segment of ). These three paths have the end vertex w in common, but are otherwise
disjoint. Let H denote the subgraph of G obtained from H; by replacing, for i = 1,2, 3, the
edge u;x by the path P,. Clearly H is a conformal subgraph of G because the restriction
of My to E(G — V(H)) is a perfect matching of G — V(H). The graph H would be a
bi-subdivision of J as well if all the P; are odd paths. The path Pj3, being an alternating
path starting and ending with an edge of Ms, is clearly odd. The path P is an even path
as it is an alternating path which starts with an edge of M; and ends with an edge of M.
Let us proceed to show that the two segments P; and P, of P must both be of odd length.
If this is not the case, both P; and P, are even, and the vertices vy, vy and v3 would have
to be distinct, and the tree P; U P, U P3 would have a perfect matching, say N’, containing
the three edges ujvy, ugve and usvs. By Corollary 2.5, the graph H; — T — Np,(Z) has a
perfect matching, say N”. Then N = N'UN" would be a perfect matching of H containing
the three edges uivy, usvy and usvs. As H is a conformal subgraph of GG, there would be
a perfect matching of G containing N, and it would have three edges in common with C'.
This is impossible because C' is a tight cut of G.

Hence the three paths P;, P, and P; must all be odd paths !, and H is a bi-subdivision
of J, with w as one of its branch vertices. This completes the proof of the assertion. O

'Each of P; and P, is an (Mj, My)-alternating path; P; starts and ends with an M;-edge, whereas P,
starts and ends with an Ms-edge.
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As noted earlier, Theorem 1.10 immediately follows from the above theorem. Claudio
Lucchesi communicated to us an alternative proof of Theorem 2.8 which is based on the
theory of ear decompositions.

Figure 2.2: A matching covered graph whose unique brick is Wi

We conclude this chapter by noting that the statement of Theorem 2.8 would not be
valid if J were an arbitrary brick or if J were a cubic brace, as explained below.

Let G be the matching covered graph shown in Figure 2.2. The unique brick J of G,
obtained by bicontracting the degree two vertex, is isomorphic to the odd wheel W5. In
particular, J is Ws-based. However, since the maximum degree in G is four, and W5 has
a vertex of degree five, no bi-subdivision of W5 can be a conformal subgraph of G.

Now, suppose that GG is the matching covered graph shown in Figure 1.3. The unique
brace J of G is isomorphic to K3 3. In particular, J is K3 3-based. However, it can be easily
verified that G is K 3-free. (To see this, suppose that G has a conformal subgraph H which
is a bi-subdivision of K3 3. Since G and K3 3 are both cubic, no subgraph of G is isomorphic
to K33. Thus H is a spanning subgraph of (. Being bipartite, H can not use all three
edges of the unique triangle 7" of G. It follows from the degrees of the vertices that
H = G — f, where f is any edge of T". Observe that H, although a subdivision of K33, is
not a bi-subdivision, contrary to our hypothesis.)

In the next chapter, we shall establish our characterizations of Kj4-free planar bricks
and Cg-free planar bricks.
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Chapter 3

Planar bricks

In the last chapter, we reduced the problems of characterizing K,-free and Cg-free matching
covered graphs to the case of bricks.

In Sections 3.4 and 3.5, we shall establish our characterizations of Ky-free planar bricks
(Theorem 1.11), and of Cg-free planar bricks (Theorem 1.12), respectively — thus solving
the above problems for planar matching covered graphs. These theorems are restated
below.

Theorem 1.11 [CHARACTERIZATION OF K,-FREE PLANAR BRICKS| A planar brick is
Ky-free if and only if it has precisely two odd faces.

Theorem 1.12 [CHARACTERIZATION OF C4-FREE PLANAR BRICKS| A planar brick is
Cs-free if and only if its underlying simple graph is either an odd wheel, or an odd staircase,
or the Tricorn.

Our proofs for each of these results rely on the generation procedure for simple bricks
established by Norine and Thomas; see Theorem 1.18.

Observe that, for a cubic brick J, a matching covered graph G is J-free if and only
if the underlying simple graph of G is J-free. Thus we may restrict ourselves to simple
planar graphs and bricks (throughout this chapter). We now proceed to discuss planar
graphs and their embeddings.

A planar graph may have different embeddings in the plane. In any embedding of a
2-connected planar graph in the plane, every face is bounded by a cycle. A facial cycle in
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such an embedding is a cycle of the graph that bounds a face. It is easy to see that if C'
is any facial cycle of a 3-connected planar graph, then C' cannot have any chords and that
G — V(C) is connected (see | , page 266|). Furthermore, it can be verified that if u
and v are two nonadjacent vertices of C', then there is a uv-path in G that is internally
disjoint from C'.

Two embeddings of a 2-connected planar graph in the plane are regarded as the same
if the facial cycles in the two embeddings are the same; otherwise they are different.
According to a well-known result due to Whitney | |, every simple 3-connected planar
graph has a unique embedding in the plane. In particular, every planar brick has a unique
embedding. Thus, we may refer to faces of planar bricks without any ambiguity. Even
when we are dealing with planar matching covered graphs which are not bricks, we restrict
ourselves to graphs with a given embedding, that is to plane graphs, and thereby avoid
any ambiguity as to which cycles are facial.

According to a deep result due to Tutte, every 3-connected planar graph has an em-
bedding in the plane in which all facial cycles are convex polygons. Tutte | , Theo-
rem XI1.63| also proved the following relevant result.

Proposition 3.1 The boundaries of any two faces of a simple 3-connected planar graph
have at most two vertices in common, and if they do have two vertices in common, then
those vertices are adjacent. O

3.1 Number of odd faces

A face F' in a 2-connected plane graph G is even or odd according to the parity of the length
of the cycle of G that bounds F'. We denote the number of odd faces in G by foqa(G). (This
function fogq(G) will play a crucial role in Section 3.4.) We note that foq4q(G) is always even,
and it is zero if and only if G is bipartite.

Proposition 3.2 If G is a planar brick, then fo4a(G) > 2. Furthermore, if G is not an
odd wheel, then it has at least two vertex-disjoint odd faces.

Proof: The inequality fo4q(G) > 2 follows from the fact that G is not bipartite.
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Now, suppose that G is not an odd wheel. As per a result of Carvalho et al. | ],
G has a nontrivial cut C' := 9(X) such that both C-contractions of G' are nonbipartite
matching covered graphs; whence G[X] and G[X] are both nonbipartite. Thus G has two
vertex-disjoint odd cycles; consequently, G has at least two vertex-disjoint odd faces. DO

Let G be a plane matching covered graph, let vy be a vertex of degree two of GG, with
v1 and vy as its two neighbours. Suppose that H is the plane graph obtained from G
by bicontracting vy and denoting the resulting contraction vertex by v. Then there is a
natural one-to-one correspondence between the sets of faces of G and H (see Figure 3.1).
As shown in the figure, F; and F} are the only faces of G whose bounding cycles, viewed
as a set of edges, are different from the bounding cycles of the corresponding faces of H
— in G, these faces have the path vivgvy in their boundary, whereas in H they just have
v instead of vivgvy. It follows that the parity of a face of H is the same as the parity of
the corresponding face of G.

F2 F2

F1 F3 Fl F3
U1 gy V2 v
Fy Fy

Figure 3.1: Correspondence between faces of G and H

Let G be a plane brick, and let e be an edge of G. If e lies inside an odd face of
G — e, then fo4q(G — €) = foaa(G); and if e lies inside an even face of G — e, then either
fodd(G — €) = fodd(G), or foud(G — €) = foaa(G) — 2. Now suppose that H is the retract
of G —e. Since H is obtained from G — e by either zero, one, or two bicontractions,
fodd(H) = foad(G — €). We thus have the following relationship between the number of odd
faces of G and H.

Proposition 3.3 Let e be a strictly thin edge in a plane brick G, and let H be the retract
OfG —e. Then fodd(H) < fodd(G) < fodd(H> + 2. O

It is easily verified that if H is a subgraph of a plane 2-connected graph G, then
fodd(G) > foad(H). Note that K, has exactly four odd faces, and so does any bi-subdivision
of K. This immediately implies the following.

45



Proposition 3.4 Let G be a Ky-based plane matching covered graph. Then foqq(G) > 4. O

The above provides a necessary condition for a plane matching covered graph to be
Ky-based. It is not sufficient in general. For instance, let G denote the graph shown in
Figure 3.2. Observe that GG has precisely four odd faces. However, it is Ky-free, as can
be verified using Theorem 1.10 — its tight cut decomposition results in two bricks, each
isomorphic to Cg (which is K4-free), and the cube (which is a brace).

However, we show that for planar bricks this condition is indeed sufficient, that is, if
a planar brick has four or more odd faces then it is indeed K -based. Our proof of this
assertion relies on the fact that in a planar brick with precisely two odd faces, each even
facial cycle is conformal. In order to prove this by induction we need to use a stronger
induction hypothesis concerning all facial cycles. This involves the notion of critical graphs.

| |

Figure 3.2: Kj-free graph with four odd faces — the bold lines indicate tight cuts

3.2 Critical graphs

A graph G is critical if for any vertex v, the graph G — {v} has a perfect matching. An
ear decomposition of a 2-connected critical graph G is a sequence Gy C G5 C -+ C G, of
2-connected critical subgraphs of G such that (i) G; is an odd cycle and G, := G, and (ii)
for each 7 such that 1 <i <r — 1, GG;;; is the union of (G; and exactly one single ear P,
of Gi41. The following is a well-known result. See | , page 196|.
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Theorem 3.5 A 2-connected graph G is critical if and only if it has an ear decomposition
Gi1 C Gy C -+ C G, starting with an odd cycle G1. Furthermore, G1 can be chosen to
contain any arbitrary vertez.

Let H be a graph and v be a vertex of H of degree at least two. We recall the bi-splitting
operation defined in Section 1.5.2, where v is replaced by two new vertices v; and v,, and
a third vertex vg is introduced and joined to both v; and v,. The next result proves that
bi-splitting a vertex of a 2-connected critical graph yields a graph which is also 2-connected
and critical.

Lemma 3.6 Let H be a 2-connected critical graph, and v € V(H). If G is obtained from
H by bi-splitting v, then G is also a 2-connected critical graph.

Proof: We adopt the notation from the preceding paragraph. Since H is 2-connected and
critical, Theorem 3.5 implies that H admits an ear decomposition H;, € Hy C --- C H,,
where H; can be chosen to be an odd cycle which contains the vertex v. For each ¢ such
that 1 <¢ <r —1, we have H;,, := H; U P,,1 where P, is a single ear of H;,;. To show
that G is also 2-connected and critical, we will extend this ear decomposition of H to an
ear decomposition of G, say G; C Gy C --- C G, — such that G;;; = G; U @;y1 and
Qi+ is a single ear of G 1.

Let s and t be the unique distinct neighbours of v in the odd cycle H;. Note that s must
be a neighbour of exactly one of v; and v, in the graph G, and a similar statement holds
for t. We divide the rest of the proof into two cases, depending on the neighbourhoods of
v; and vs:

Case 1: In @G, the vertices s and t are both neighbours of v;. (The case when s and ¢ are
both neighbours of vy is analogous.)

Let (G; be the same as Hy, except that v; plays the role of vertex v. Let Hy be the
first subgraph in the sequence H; C Hy C --- C H,, such that it contains an edge yv
for some y € Ng(vy). We note that & > 1. For all j such that 1 < j < k, we define
the odd path ); to be the same as P;, except that v; plays the role of v, if applicable.
Suppose Py, := vy...z for some vertex z in Hy_;. Now we define () to be the odd path,
obtained by stretching Py, as follows: let v; play the role of v, and replace the edge vy
by the odd path vivgvey — that is, Q) := v1v9v2y . .. z. For the single ears P; that follow
(that is, j > k), we define the odd path @; to be the same as P;, except that the role of
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v is played by either v; or vy, as appropriate. More precisely, suppose P; := vw...x. If
w € Ng(v1), then we define Q; to be vjw ...z, and if w € Ng(v2), then we define @; to be
vow ...x. For each 7 such that 1 < <r —1, we let G,1 :== G; U Q;;1. We observe that
the sequence G; C Gy C --- C G, is an ear decomposition of G.

Case 2: In G, the vertex s is a neighbour of vy, whereas ¢ is a neighour of vs.

Suppose the odd cycle H; := svt...s. Now we define G; to be the odd cycle, obtained
by stretching H;, as follows: replace the vertex v by the even path vyvgvs — that is,
G 1= sv109V2 ... 5. For each single ear P;, we define the odd path @); to be the same
as Pj, except that the role of v is played by either v; or v, as in the previous case.

We let G,y = G; U Q41 for each ¢ such that 1 < ¢ < r — 1, and observe that the
sequence G; C G5 C --- C G, is an ear decomposition of G.

In each case, we obtain an ear decomposition of G. Thus, Theorem 3.5 implies that G
is 2-connected and critical. O

3.3 Index of a thin edge

As mentioned earlier, all of our proofs in this chapter use the Strictly Thin Edge Theo-
rem (1.17), which says that every (simple) brick G, except for the Norine-Thomas bricks,
has a strictly thin edge e; and in this case, the retract of G — e is also a simple brick. To
carry out the case analysis, we shall find it convenient to associate each thin edge e with
a number, called its index, which is:

e zero, if both ends of e have degree four or more in Gj;

e one, if exactly one end of e has degree three in G;

e two, if both ends of e have degree three in GG and e does not lie in a triangle;

e three, if both ends of e have degree three in GG and e lies in a triangle.

The following proposition is easily verified.
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Proposition 3.7 Let G be a brick, let e be a thin edge of G, and let H be the retract of
G — e. If the index of e is zero, then H = G — e. If the index of e is one, then G — e has
precisely one vertex of degree two; and H has just one contraction vertex, and its degree
s at least four. If the index of e is two, then G — e has precisely two vertices of degree
two, and they have no common neighbour; and H has two contraction vertices, and their
degrees are at least four. If the index of e is three, then G — e has precisely two vertices
of degree two, and they have a common neighbour; and H has just one contraction vertex,
and its degree is at least five. O

O] 63

G G Gs
Figure 3.3: Strictly thin edges of indices one, two and three

Figure 3.3 illustrates strictly thin edges of indices one, two and three. The edge e; in
(G1 has index one, and the retract of G; — e; is the odd wheel on six vertices. The edge e,
in G5 has index two, and the retract of G5 — e is G;. The edge e3 in (G5 has index three,
and the retract of G3 — e3 is again the odd wheel on six vertices.

Let G be a brick, let e be a thin edge of G, and let J be a cubic brick. If G is J-free,
then clearly G — e is also J-free. Since the retract of G — e is the brick of G —e, by applying
Theorem 2.8, we have the following relevant fact.

Proposition 3.8 Let G be a brick and e be a thin edge of G. Let H be the retract of G —e.
For any cubic brick J, if G is J-free then H is also J-free. O

In particular, if G is a K,-free (Cg-free) brick, and G1, Ga, . .., G, s a sequence of bricks
as in Theorem 1.18, then each G; is also Ky-free (Cg-free).
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3.4 K,-free planar bricks

In this section we will establish that a planar brick is Ky-free if and only if it has exactly
two odd faces (Theorem 1.11). Our proof of this result relies on the fact that, in a planar
brick with exactly two odd faces, every even facial cycle is conformal.

It should be noted that an arbitrary planar brick may not satisfy this property. For
example, in the brick (3, shown in Figure 3.3, the outer face is even but not conformal.
Furthermore, an arbitrary planar matching covered graph with precisely two odd faces,
may not satisfy this property either. For instance, the outer face of the graph shown in
Figure 3.4 is not conformal. However, it is easily verified that in a plane bipartite matching
covered graph, every facial cycle is conformal; this was also shown by McCuaig | .

(e, / \ O

Figure 3.4: Matching covered graph with two odd faces — the bold lines depict tight cuts

As alluded to earlier, proving the above fact concerning even facial cycles by induction
requires proving a statement concerning all facial cycles. Before formally stating and
proving that assertion concerning facial cycles, we shall set up the required notation and
make a few useful observations.

Let G be a planar brick with f,4q(G) = 2. Let e := ugvy be a strictly thin edge of
G, and let H be the retract of G — e. It follows from Proposition 3.3 that fogq(H) = 2.
Furthermore, as H is obtained from G — e by either zero, one or two bicontractions, there
is a one-to-one correspondence between the sets of faces of H and G — e. For any face ®
of G — e, we shall denote by ®’ the corresponding face of H.

We shall denote the two faces of G whose bounding cycles share the edge e by F} and F5,
and by F' the unique face of G — e which contains both ug and vg. (Thus F” is the face of
H that corresponds to F.) Let uy € V/(Fy)\vy and us € V(F3)\vy be neighbours of ug. Let
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v1 € V(F1)\uo and ve € V(F3)\ug be neighbours of vy. Note that, for i € {1,2}, if u; = v;
then F; is an odd face. Since an odd wheel has at least four odd faces, G is not an odd
wheel and thus by Proposition 3.2, at most one of F; and F5 is an odd face. We assume
that F3 is an even face and hence that uy # vy, and admit the possibility that u; = v;.

Depending on the index of the edge e, there are four possible scenarios. If the index
of e is zero, then H = G — e. If the index of e is one, exactly one end of e, say ug, has
degree three; the other end vy has degree at least four. In this case, H is obtained from
G — e by shrinking {uy, ug, uz} to a single vertex; we shall denote the resulting contraction
vertex by u (see Figure 3.5a). If the index of e is two, both ends of e have degree three.
In this case, H is obtained from G — e by shrinking {u;,ug,us} to a single vertex, and
{v1,v0,v2} to a single vertex; we shall denote the two resulting contraction vertices by
u and v, respectively (see Figure 3.5b). If the index of e is three, then both ends of e
have degree three and u; = v, and H is obtained from G — e by the bicontractions of
up and vg. This amounts to shrinking {us, ug, u1, vg, v2} to a single vertex; we shall denote
the resulting contraction vertex by w (see Figure 3.5¢).

u
Uy Uy Uz A Uy U U2 A

Figure 3.5: (a) Index of e is one, (b) Index of e is two, (c¢) Index of e is three

Proposition 3.9 FEach vertex on F', other than ug and vy, has a neighbour outside F'.

Proof: If there is an edge of G — e joining two non-consecutive vertices on F', then it would
be a chord of F’ in H. This is not possible because H is a simple 3-connected graph and
F' is a face of H. O
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Proposition 3.10 If the index of e is one, any face ® of G which contains u; and uy also
contains ug. If the index of e is two or three, then any face which contains uy and us also
contains ug, and any face which contains vy and ve also contains vy.

Proof: Let us consider the case in which e has index one. By the proof of Proposition 3.9,
uy and uy are not adjacent. Thus, if a face  contains both u; and us but not ug, the two
ujug-segments of the bounding cycle of ® contain internal vertices, and there would have
to exist a path connecting them which is internally disjoint from the bounding cycle. Such
a path would have to pass through uy. This is impossible because the degree of uq is three.
The case in which the index of e is two or three is similar. O

Proposition 3.11 Suppose that ® is an odd face of G, and x ¢ V(®) is any vertex. Then
x has at least two neighbours in G which do not lie in V(®).

Proof: Suppose not. Then there exist edges s and =t which are consecutive in the cyclic
order around z, such that s,t € V(®). Note that s and ¢t must be adjacent since otherwise
{s,t} is a 2-separation. Now, the triangle zstz bounds an odd face that is not disjoint
from the odd face @, which contradicts Proposition 3.2. O

Proposition 3.12 Suppose the face Fy is odd, and let upxixs...Topvoug be the cycle
bounding Fy, where x1 := us and xor := vo. Then there exist vertices yi,ya, ..., Yok, which
are not on the boundary of F' such that x;y; is an edge for 1 < 1 < 2k, and y; # yis1
forie{1,3,...,2k —1}.

Proof: By Proposition 3.9, each x; has a neighbour outside V' (F'). Suppose that there is
only one vertex y ¢ V(F) that is adjacent to both x; and x;,; for some i € {1,3,...,2k—1}.
Then yx;x; 11y would be the boundary of a triangular face, and the graph H would then
have two odd faces which are not vertex-disjoint. ]

With this preparation, we are now ready to state and prove the result concerning the
conformality of even facial cycles.
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Theorem 3.13 Let G be a planar brick with fo4a(G) = 2. Then:

(i) each even facial cycle is conformal, and,

(ii) for each odd facial cycle of G, the graph obtained from G by deleting the vertices of
that cycle is a 2-connected critical graph.

Proof: As noted earlier, the two odd faces of G must be vertex-disjoint. We use induction
on the number of edges to prove the theorem.

If G is a Norine-Thomas brick, then G is either a prism, or an even staircase, or a
truncated biwheel. In each case, it can be easily checked that the assertion holds.

Hence we may assume that G is not a Norine-Thomas brick. It follows that G has a
strictly thin edge e such that the retract of G — e, say H, is a planar brick with strictly
fewer edges than G. As already noted, fogq(H) = 2, and thus H has two vertex-disjoint
odd faces. We shall adopt the notation described earlier in this section. It should be
remembered that F' is the face of G — e that contains the edge e, and that, for any face ®
of G — e, the face of H that corresponds to ® is denoted by ®’. (In particular, F” is the
face of H that corresponds to the face F' of G — e.) If e has index zero, or if V(®’) does
not contain any contraction vertex, then ® = ®. Otherwise, ® and ® are different. When
this is the case, careful analysis is required.

Case 1: Both F| and F; are even.

Since F7j is even, e cannot be of index three. We shall divide the analysis into three cases
depending on the index. Cases dealing with indices one and two are very similar.

Index of e is zero: In this case, H = G —e and F” is an even face of H. Hence, by induction,
F' is conformal in H, implying that F; U Fy is conformal in G. But each of F; and F5 is
conformal in F} U F,. We deduce that both F; and F5 are conformal in G.

Let ® be any even face of G distinct from F; and F;. Then & is also a face of H. By
induction, ® is conformal in H. Since G — V(®) is either H — V(®) or H — V(®) + e, it
follows that @ is conformal in G.

Now let ® be an odd face of G. Then @ is also a face of H. By induction, H — V(®)
is a 2-connected critical graph. But G — V(®) is either H — V(®) or H — V(®) +e. Tt
follows that G — V(®) is a 2-connected critical graph.
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Index of e is one: We first note that if ® is any face of ¢ distinct from F; and Fj, it follows
from Proposition 3.10 that {ug, uq, us} NV (P) is either {ug, ui, us}, or {us} or {us}, or it
is empty. The main problem to contend with in analysing this case is that even if a face ®
of G contains just one vertex of {ug, u;.us}, the corresponding face & in H contains the
contraction vertex u.

Let us note that F” is an even face of H, but it contains the contraction vertex. However,
H —V(F'") and G — V(F, U F3) are still identical, implying that F; and F» are conformal
subgraphs of G (as in the index zero case).

Suppose that ® # F, Fy is an even face of G. Then @’ is an even face of H and, by
induction, H — V(®') has a perfect matching, say M. If {ug, u1,us} NV (P®) = {ug, us, us},
then G — V(®) = H — V(®') and M itself is a perfect matching of G — V(®). In each
of the other cases, either M + ugus or M + uguy, as appropriate, is a perfect matching of
G —V(®). (Thus, suppose f is the edge of M which is incident with the contraction vertex
uin H —V(®'). In G—V(®), this edge might be incident with either u; or with us. In the
former case, M + ugus is a perfect matching of G — V(®), and in the latter case, M + uguy
is the desired perfect matching.)

Now suppose that ® is an odd face of G. Then @’ is an odd face of H and, by induction,
H':= H — V(') is a 2-connected critical graph. Let us first note that if u; ¢ V(@) then,
by Proposition 3.11, u; has at least one neighbour, different from ug, which does not lie in
V(®). (A similar statement holds for us.)

If {ug, ur,u} NV (®) = {ug, ur,us}, then G — V(@) = H — V(P’), and thus G — V(D)
is a 2-connected critical graph.

If {ug, u1, ua} NV (P) = ), then the contraction vertex u is a vertex of H' := H —V (9’).
Furthermore, by the observations made earlier, among the edges incident with u in H’,
there is at least one which is incident with u; in GG, and at least one incident with u,. Thus
the graph G — V(®) can be obtained from H’ by appropriately bi-splitting u. Thus, by
Lemma 3.6, G — V(@) is 2-connected and critical.

Now, suppose that {ug, uy,us} N V(®) = {u;}. In this case, the contraction vertex u
does belong to ', and not to H' := H — V(®’). However, at least one neighbour of us, say
y # ug, is in H'. The graph G — V(®) can be obtained from H’ by adding the ear yusugvy,
and then any remaining edges incident with wus. It follows that G — V(@) is 2-connected
and critical. The case in which {ug, uy,us} NV (®) = {uy} is similar.

Index of e is two: The face F’ contains both the contraction vertices, and G — V(F) =
H — V(F"), implying, as before, the conformality of the even faces F; and F5.

54



For any face ® # F, I of G, {ug, uy, uz, vo, vy, v2} N'V(P) is either empty; or is one of
the four singletons {u;}, {us}, {v1}, and {vy}; or is one of the two doubletons {u;,v;} and
{ug,v9}; or is one of {ug, us,us} and {vg, vy, va}.

Suppose that ® # Fj, F; is an even face of G, and let M be a perfect matching of
H— V(q)/) Then one of M+UOU1 +’U0'U1, M+UOU1 +U0?)2, M+UOU2+UOU1, M+UOU2 +Uo?}2,
M+vgvy, M+vgve, M~+uguq, or M~+ugus, as appropriate, is a perfect matching of G-V (P).

Now suppose that ® is an odd face of G, and let H' := H — V(®'). By induction, H’
is a 2-connected critical graph. We need to deduce from it that G — V(®) is 2-connected
and critical.

If {ug, uy, ug, vo, v1, V2 }NV (P) is empty, then neither u nor v lies in V(®'), and G-V (P)
can be obtained from H’ by bi-splitting u and v successively, and is thus 2-connected and
critical.

If {uo, uy, us, v, v1,v2} NV (P) = {ug, u1,us}, then the contraction vertex u € V(9’),
but v ¢ V(®'). In this case, G — V(®) can be obtained from H’ by bi-splitting v. (The
case in which the intersection is {vg, vy, v} is similar.)

If {ug, uq, ug, v, v1,v2} N V(P) is a singleton, then the bi-splitting operation, followed
by the addition of an ear of length three and any remaining edges does the trick. If
the intersection is a doubleton, say {uj,v;}, then u; and v, are adjacent. We note that
ug and vy are not adjacent since otherwise H is not simple. Both u and v belong to V(®'),
and in G, each of uy and vy would have a neighbour in V(F,) — {ug, v}, say s and ¢
respectively, which are distinct. In this case adding the ear susugvovst to H’, and then
adding any remaining edges incident with uy and vy yields G — V(®). This completes the
analysis of Case 1.

Case 2: F}) is odd and F3 is even.

Index of e is zero: In this case, F” is an odd face of H. By induction, H' := H -V (F’) is a
2-connected critical graph. Using this, we now show that F, is conformal. There must be
a neighbour y of u; that is not in F’, and hence in V/(H’). Let M be a perfect matching of
H' —y. Let G’ denote the graph induced by the edge set E(F}) + yu; — ujug — ugvg — vovs.
Since G’ is an odd path, it has a perfect matching, say M’. Then M U M’ is a perfect
matching of G — V(F}).

Let ® be an even face of G distinct from F5. Then ® is also an even face of H.
Conformality of ® in H implies the conformality of ® in G.
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Now let us turn to odd faces of G. First let ® be the odd face distinct from Fj. Then
® is also an odd face of H. By induction, H — V(®) is a 2-connected critical graph. Since
Fy and ® are vertex-disjoint, we have G — V(®) = H — V(®) + ¢, and thus G — V() is
2-connected and critical.

Finally, consider the odd face F;. To show that G — V(F}) is a 2-connected critical
graph, we show that the 2-connected critical graph H' := H — V/(F’) can be aug-
mented using appropriate ear additions to obtain G — V(F}). Let us label the vertices
such that the cycle bounding F5 is ugxis . . . xorvoug, where x; = us and w9 = vo. Then,
by Proposition 3.12, there exist vertices yi, 9o, ...,y ¢ V(F), which are neighbours of
x1,Ta, ..., Tk, respectively, such that y; # y;q for i € {1,3,...,2k — 1}. Adding the ears
Y1T122Y2, Y3L3L4Y4, - - - Yok—1L2k_1L2xY2r 10 H' successively results in a 2-connected critical
graph whose vertex set is V(G) —V(F}). Now any remaining missing edges can be added as
ears of length one to obtain the graph G — V' (F}). It follows that G — V' (F}) is 2-connected
and critical.

Index of e is one: Since F” is an odd face of H, by induction, H — V(F") is a 2-connected
critical graph. The fact that F3 is conformal in G follows by an argument analogous to the
one used in the index zero case.

Let & # F, be an even face of G. Then @' is an even face of H and, by induction,
H' := H—V(®’) has a perfect matching, say M. If {ug, u1,us} NV (P®) = {ug, u1, us}, then
M is a perfect matching of G — V(®) as well. If {ug, us,ug} NV(P) is either empty, or is
a singleton {u;} or {us}, then either M + ugu; or M + ugus, as appropriate, is a perfect
matching of G — V(®), and thus ® is conformal.

Now let ® # F} be an odd face of G. Then @’ is an odd face of H and is vertex-disjoint
from F’. By induction, H' := H — V(®') is 2-connected and critical. Let us first note that
since u; ¢ V(®), by Proposition 3.11, u; has at least one neighbour, different from wy,
which does not lie in V/(®). (A similar statement holds for uy.) Thus, the graph G — V(®)
can be obtained from H’ by appropriately bi-splitting u, which implies that G — V(®) is
2-connected and critical.

Finally, consider the odd face Fj. As in the index zero case, G — V' (F}) can be obtained
from the 2-connected critical graph H — V (F") using appropriate ear additions, and is thus
2-connected and critical.

Index of e is two: As before, we note that H — V(F”) is a 2-connected critical graph. The
conformality of F; follows using an argument analogous to the previous cases.
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Let ® # F5 be an even face of G, and let M be a perfect matching of H — V' (®’). Then
one of M + uguy + vov1, M + uguy + vove, M + ugus + vov1, M + ugus + vova, M + vgvy,
M + vgve, M + uguy, or M + ugus, as appropriate, is a perfect matching of G — V' (®).

Now let @ # F} be an odd face of G. By induction, H' := H — V(®') is 2-connected
and critical. Since ® and F’ are vertex-disjoint, G — V(®) can be obtained from H’ by
bi-splitting u and v successively, and is thus 2-connected and critical.

We note that G —V(F}) can be obtained from the 2-connected critical graph H —V (F”)
by adding ears appropriately, and is thus itself 2-connected and critical.

Index of e is three: First we note that u; = v;. Recall that H is obtained from G —
e by shrinking {us, ug, u1, v, v2} to a single vertex, and that the resulting contraction
vertex is denoted by w. Observe that us and vy are neither adjacent, nor do they have a
common neighbour, since otherwise H would not be simple. For any face ® # F, F5 of G,
{ug, u1,ug,v9,v2} NV (®P) is either empty; or is one of the three singletons {u;}, {us} and
{va}; or is one of {ug, uy,us} and {vg, vy, vo}.

In H, the face F’ is an odd face, and by induction, H' := H — V(F") is a 2-connected
critical graph. Let y be a neighbour of u; that is not in F’, and let M be a perfect matching
of H —y. Then M + yu; is a perfect matching of G — V' (Fy), and thus F} is conformal.

Let @ # F; be an even face of G, and let M be a perfect matching of H —V(®’). Then
one of M + uguy + vova, M + ugus + vova, M + ugus + vov1, M + ugus, or M + vguo, as
appropriate, is a perfect matching of G — V (®).

Now let & # F} be an odd face of G. Since ® and F’ are vertex-disjoint faces of H,
neither uy nor v, lies in V(). By Proposition 3.11, uy has at least one neighbour, different
from ug, which does not lie in V(®). Similarly, vy has at least one neighbour, different
from vg, which does not lie in V(®). Now, we observe that G — V(®) can be obtained
from the 2-connected critical graph H — V(®’) by appropriately bi-splitting the vertex w
into u; and us, and thereafter appropriately bi-splitting the vertex w; into u; and vy, and
adding the remaining edge ugvg. Thus, G — V(®) is 2-connected and critical.

Finally, consider the odd face F;. Let s and t be neighbours of us and vy, respectively,
such that s,t ¢ V(F3). As noted earlier, s and t are distinct. We note that s,t lie in the
2-connected critical graph H' := H — V(F"). Let Fy := ugx1x3 . .. TorUoltgy, where z1 = uy
and x9, = vo. Adding the ear sxixy...x9t to H' results in a 2-connected critical graph
whose vertex set is V(G) — V(F1). Now any remaining missing edges can be added as ears
of length one to obtain the graph G'— V(F}), which is thus 2-connected and critical. This
completes the analysis of Case 2.
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Thus, all the facial cycles of GG possess the desired properties, and this completes the
proof of Theorem 3.13. O

We will use Theorem 3.13 to characterize K,-free planar bricks. However, before that
we need another technical result, which proves the existence of a conformal bi-subdivision
of K4 whenever a plane matching covered graph contains a certain configuration.

Lemma 3.14 Let G be a plane matching covered graph. Let Fy and F be two odd faces
which share exactly one edge e such that G — V (Fy U Fy) has a perfect matching. Then G
15 K4-based.

Proof: We note that the subgraph with vertex set V(F; U Fy) and edge set E(Fy U Fy) —e
is an even cycle; denote this cycle by C, and label its vertices such that C' := wyws . . . wopwy,
wy € V(Fy) and e := wywg;41 for some 1 < j < k. See Figure 3.6. Observe that w; and w11
belong to the same colour class of C. We refer to the vertices of C' which belong to the
same colour class as wy as black vertices, and the remaining vertices as white vertices.

By hypothesis, G — V(C') has a perfect matching; taking the union of such a match-
ing and the set {wjwsy, w3wy, ..., wox_ 1wy}, we obtain a perfect matching M of G itself.
Let M, denote some perfect matching of G which contains e. Clearly, the edges wyws,
e = WiWajt1, and wyj1We o lie in an (M., M)-alternating cycle; we let P denote the
unique (M., M)-alternating path which starts at wo and ends at ws; 4o and does not con-
tain e. See Figure 3.6. The edges in wavy lines depict the matching M, and those in thick
lines indicate the matching M.,.

Since the path P has origin in V (F3) —{wy, wej41} and terminus in V' (Fy) —{wq, waj+1},
it must clearly have a segment which has its origin in V' (Fy) — {wy, w41} and terminus
in V(F) — {wy, w41} and is otherwise vertex-disjoint with C'. Our goal is to show that
there is at least one such segment of P, say @), both of whose ends are white vertices; in
general, the path P may have some segments which do not satisfy this property.

The first time that P leaves V (F3), it must clearly be from a white vertex. Suppose
that its next visit to V(Fy), if any, is at a white vertex, say wy;. Let Plws, wy;] denote
the (wq, wy;)-segment of P, and let C’ denote the cycle wywq Plws, we;|wewat1 . . . Wajriwy.
The black vertex ws;—; and the terminal vertex wsy;;o of P would be in different regions
determined by the cycle C’. Since P must continue on from ws; to wy;_; and eventually
terminate at woji9, this is impossible because G is a plane graph. Thus all re-entrances
of P in to V(Fy), if any, must be at black vertices; which implies that all exits of P from
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V(F3) must be from white vertices. A similar argument shows that all entries of P into
V(Fy) are at white vertices. We conclude that there must be a segment () of P starting at a
white vertex z € V(F,) — {wy, we;j+1} and ending at a white vertex y € V(Fy) —{wy, waj1}
which is internally-disjoint from V' (Fy) UV (F3), as shown in Figure 3.6.

Woj+2

Figure 3.6: A conformal bi-subdivision of K}

Let H be the subgraph of G with vertex set V(C)UV (Q) and edge set E(C)UE(Q)+e.
Clearly, H is a bi-subdivision of K. It is a conformal subgraph of GG because the restriction
of the perfect matching M to F(H) is a perfect matching of H. O

We now proceed to prove the main result of this section.
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3.4.1 Proof of Theorem 1.11

Let G be a planar brick. We may assume that G is simple. By Proposition 3.4, if G has
exactly two odd faces then G is Ky-free. It remains to prove the converse.

We show that if fo4e(G) > 4, then G must be Ky-based. We use induction on the
number of edges. If GG is a Norine-Thomas brick, then it must be either an odd wheel or
an odd staircase. In either case, it can be easily checked that G is Ky-based.

Hence we may assume that G is not a Norine-Thomas brick. It follows that G has a
strictly thin edge e such that the retract of G — e, say H, is a planar brick with strictly
fewer edges than G. Proposition 3.3 implies that 2 < fogq(H) < foua(G). If fogqa(H) > 4,
then it follows from the induction hypothesis and Proposition 3.8 that G is K -based. We
may thus assume that fogq(H) = 2. Proposition 3.3 implies that foqq(G) = 4.

Let us now see how it is possible for the number of odd faces of G to be four, whereas
the number of odd faces of H is only two. The edge e is drawn in a face F' of G — e, giving
rise to two faces F} and F, of G. Any face ® # F, F, of GG is a face of G — e as well, and
thus corresponds to a unique face ¢’ of H, whose parity is the same as that of ®. In case
of the face F’ of H that corresponds to the face I’ of G — e, the parity of F’ is the sum
(modulo 2) of the parities of the two faces F} and F,. Thus the reduction in the number of
odd faces in going from G to H can occur only if both F} and F, are odd and F” is even.

Since foqq(H) = 2, the even face F’ is conformal in H by Theorem 3.13. This implies
that the face F' is a conformal even face of G — e. In other words, F; and F, are two odd
faces of G’ which share exactly one edge e such that G —V (F; U F») has a perfect matching.
It follows from Lemma 3.14 that G is K,-based. O

Recall that a matching covered graph is a near-brick if it has precisely one brick. It
can be shown that Theorem 1.11 in fact holds for all plane near-bricks.

3.5 Cs-free planar bricks

Observe that Cy has two vertex-disjoint odd cycles, whence each Cg-based graph inherits
this property. In particular, odd wheels are Cs-free. By investigating the odd cycles of
an odd staircase, it may be verified that these are also Cg-free. (The remaining planar
Norine-Thomas bricks have exactly two odd faces, whence they are Ky-free and Fﬁ—based.)

Apart from the odd wheels and the odd staircases, there is one exceptional Cy-free
simple planar brick. This graph, which we call the Tricorn, is the unique planar brick G

60



with a strictly thin edge e of index three such that the retract of G —e is the odd wheel Wi.
See Figure 3.7.

Uo Vo

U2 (]

Figure 3.7: (a) Tricorn, (b) W5

To see that the Tricorn is Cg-free, consider any subgraph H of the Tricorn which is
a bi-subdivision of C5. Then H consists of two vertex-disjoint odd cycles C; and Cs,
together with a 3-linkage linking C; and Cy (three disjoint paths linking three vertices
of C with three vertices of Cy). The Tricorn has precisely three 5-cycles and no two of
them are disjoint. So, one of C and (5 has to be a triangle because the Tricorn has ten
vertices. Assume without loss of generality that C] is a triangle. If C5 is one of the other
two triangles, any 3-linkage linking C; and C5 includes a path of length two, and so the
resulting subgraph would not be a bi-subdivision of Cg. If Cs is the unique 5-cycle disjoint
from (1, again any 3-linkage linking C'; and C includes a path of length two. Finally, if
(5 is the unique 7-cycle disjoint from Cf, the unique 3-linkage linking €'} and C5 consists
of three paths of length one. However, the ends of these three paths on Cy do not effect a
bi-subdivision of Cs. We, thus have the following.

Proposition 3.15 Odd wheels, odd staircases and the Tricorn are Cg-free. O

We now proceed to show that if GG is a planar brick, e is a strictly thin edge of G, and
the retract of G — e is an odd wheel Wy, then
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(i) either G is Cg-based,
(ii) or the index of e is three, k = 2, and G is the Tricorn.

If e were a strictly thin edge of index two, then the retract of G — e would have at least
two vertices of degree exceeding three (see Proposition 3.7). Since Way, 1 has at most one
vertex of degree greater than three, this rules out the case in which e has index two. We
examine the other three possibilities in the following propositions.

Proposition 3.16 Let G be a brick, and let e := ugvg be an edge of G such that G — e 1s
an odd wheel Wy 1. Then G is Cg-based.

Proof: Clearly, 2k + 1 > 5 and both ends of e are rim vertices of Wo, ;. Label the hub
of Wsi11 as h, and the rim vertices in cyclic order as r¢, 71, ...,y such that ro = uy and
r9; = v for some 1 < j <k — 1. Then the two vertex-disjoint odd cycles ror; ... 7279 and
rorlraj11r2j42 - . . Tok, together with the three edges rorax, r1h and rgjry 4 linking the two
cycles, constitute a spanning subgraph of G, which is a bi-subdivision of C. O

Proposition 3.17 Let G be a planar brick, and let e := ugvg be a strictly thin edge of
index one such that the retract of G — e is an odd wheel Wy 1. Then G is Cg-based.

Proof: Since e has index one, exactly one end of e has degree three. Suppose that ug
has degree three and that u; and s are its two neighbours in G — e. The contraction
vertex resulting from the bicontraction of uy has degree at least four, and thus 2k +1 > 5.
Since the hub h of Wy, is the only vertex of degree greater than three, it must be the
contraction vertex in the retract of G — e. Thus the vertices of GG, other than ug, u; and
Uy, must be rim vertices of Wo,1; the neighbours of u; and wuy, other than wug, together
must consist of the set of all the rim vertices.

In G — e, the degree of ug is two, and vy is a vertex on the rim. Thus vy must have
degree exactly four in GG, and exactly one of u; and us is a neighbour of vy. Without loss
of generality, assume that u; is a neighbour of vy. Since G is planar, all the neighbours of
uy and those of uy (other than uy) must appear consecutively on the rim, and exactly one
of the neighbours of vy on the rim should be adjacent to us. Let 1y = vy, and label the
remaining rim vertices in cyclic order as 7,7y, ..., o such that r9; is a neighbour of wu,.
Then rouguirg and ropusror_179k are two triangles in GG. The odd paths rgrok, ugus, and
UT1Ty . .. To_1 link pairs of vertices of those two triangles. Together, they constitute a
spanning subgraph of G, which is a bi-subdivision of Cj. O
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Proposition 3.18 Let G be a planar brick, and let e := ugvg be a strictly thin edge of
index three such that the retract of G — e is an odd wheel Woyi1. If k =2, then G is the
Tricorn; otherwise, G is Cg-based.

Proof: In this case, both ug and vy have degree two in G — e, and have exactly one common
neighbour. Let u; = v; be the common neighbour of uy and vy, and let us and vy be the
other two neighbours of uy and vy in G — e, respectively. (See Figure 3.5¢.) The shrinking of
{ug, ug, u1, vy, v2} results in the contraction vertex of the retract of G — e, which has degree
at least five. Thus we have k > 2, and that the hub of W5, ,; must be the contraction
vertex. It follows that in (G, the vertices other than wus, ug, u1, vg, v2 must be the vertices
on the rim of Ws,,1. Among the rim vertices, u; has at least one neighbour, and u, and
v9 have at least two each. Label the rim vertices as rg,rq,...,ro such that ro,rq,....7;
are the neighbours of u; on the rim, and r;4; is a neighbour of uy; in this order, let 7; be
the last vertex on the rim that is adjacent to uy. Thus, according to this convention, r;_;
is adjacent to ug, and r;;; and r;;o are both adjacent to vs.

Let us first consider the case in which 2k + 1 = 5. The rim consists of the five vertices
ro,T1, 72,73 and r4. It will have to be the case that ry is adjacent to u;, the two vertices r;
and ro are adjacent to us, and r3 and r, are adjacent to vy. Clearly, in this case, G has to
be the Tricorn.

Now suppose 2k +1 > 7. We shall consider three different cases and, in each case
indicate a spanning subgraph H of G which is a bi-subdivision of Cs. (Each of these cases,
taking k = 4, is illustrated in Figure 3.8.)

Case 1: Vertex u; has at least two neighbours on the rim. (In this case, both ry and r; are
neighbours of u;.) See Figure 3.8a.

The two triangles r;_jugrjr;—1 and 74209711742 — together with the odd paths
Tj—1Tj—2 - - - T1UITOT2kT2k—1 - - - Tj42 and ugugvove and r;7;4q linking them — constitute the
desired spanning subgraph H.

If uq has just one neighbour, namely g, on the rim, then the parities of the number of
neighbours of us and v, on the rim are the same. We consider two cases according to their
common parity.

Case 2: Vertex rq is the only neighbour of u; on the rim, and both uy and vy have an odd
number of neighbours on the rim. See Figure 3.8b.
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The two triangles ujugvou; and r;_jugr;r;—1 — together with the odd paths uirgr; ... r;_4
and uous and vovarogrok—_1 ... 7 417, linking them — constitute the desired spanning sub-
graph H.

Figure 3.8: Index of e is three

Case 3: Vertex rg is the only neighbour of u; on the rim, and both us and v, have an even
number of neighbours on the rim. See Figure 3.8c.
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Since 2k + 1 > 7, at least one of us and vy has at least four neighbours on the rim.
Without loss of generality, assume that u, has at least four neighbours on the rim. The
two triangles ujugvour and rj_susrj_17j_9 — together with the odd paths uirory...r;—o
and uoue and vovaregrak—_1 ... 7;7;—1 linking them — constitute the desired spanning sub-
graph H.

In each of the above cases, we see that G is Cy-based. O

Next, we shall prove that if GG is a planar brick, e is a strictly thin edge of GG, and the
retract of G — e is an odd staircase Stopy4, then G is Cg-based. Observe that if e is of
index one or more, then the retract of G — e would have a vertex of degree four or more
(see Proposition 3.7). Since a staircase is cubic, the only possibility is that e is of index
zero, that is, G is obtained from Sts; 4 by adding the edge e.

Proposition 3.19 Let G be a brick, and let e be an edge of G such that H := G — e is an
odd staircase Storys. Then G is Cg-based.

Proof: In order to have a convenient labelling of the vertices, we shall redefine odd staircases
as follows. Let rory...r, and sgsy ... s, be two vertex-disjoint paths where k£ > 2 and k is
even. The odd staircase Stor.4 is the graph obtained by the union of these two paths, along
with two new vertices x and y, and joining r; to s; for 0 < ¢ < k, and joining x to rg and s,
y to ry and sg, and z and y to each other. Figure 3.9 shows this labelling for the smallest
odd staircase Stg.

To r T2

S0 51 S2

Figure 3.9: The odd staircase Stg
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We label the vertices of H := Sto,14 as in the preceding paragraph. We shall divide the
proif into several cases, depending on the ends of e. In each case, we find a bi-subdivision
of Cg, which is a conformal subgraph of G.

Case 1: e := xry;41 for some 0 < 254+ 1 < k.

The two odd cycles xrgj4179; ... 702 and yrysyy — together with the three odd paths
xy and 794172542 ... 7% and ToS0S1 - - - Sk linking them — constitute a spanning subgraph
of G, which is a bi-subdivision of Cj.

Case 2: e := xry; for some 0 < 25 < k.

The two odd cycles xrgsor and yryrg—1 ... 72;72j—152j—152; - - . Sy — together with the
three odd paths xry; and rory ... rg;—; and sps; . . S2j-1 linking them — constitute a span-
ning subgraph of G, which is a bi-subdivision of Cg.

Case 3: e :=r;r; such that i < jand ¢ = j =0 (mod 2).

The two odd cycles r;ri1...7;7; and xspsy...spyxr — together with the three odd
paths r;s; and 7,415,417 and TS linking them — constitute a conformal subgraph of G,
which is a bi-subdivision of Cs.

Case 4: e :=r;rj such that i < jand ¢ = j =1 (mod 2).

The two odd cycles r;ri 1 ... 7;r; and x195057 . .. sprpyr — together with the three odd
paths r;s; and 7,415,417 and TS linking them — constitute a conformal subgraph of G,
which is a bi-subdivision of Cs.

Case 5: e := r;r; such that i < j and ¢ # j (mod 2).

Observe that j —i is at least three. The two odd cycles xrgry ... 7rr; 18,118 ...Sor and
Yrglh—1...7;7j-15j-15; . . . Sy — together with the three odd paths r;r; and 7, 1749 ... 71
and s;;15i12...5;-1 linking them — constitute a spanning subgraph of G, which is a bi-
subdivision of Cj.

Case 6: e := r;s; such that ¢ < j and ¢ = j (mod 2).

The two triangles xrgsoxr and ys,ripy — together with the three odd paths zy and
TOT1 - .- TiSjSj41 - - .Sk and sps7 ... $iSit1Ti1Tit2 - - - Tk linking them — constitute a conformal
subgraph of G, which is a bi-subdivision of C.
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Case 7: e :=r;s; such that ¢ < j and ¢ # j (mod 2).

Without loss of generality, assume that i = 0 (mod 2). The two odd cycles ;741 ... 78,7
and yrysiy — together with the three odd paths r;r;_1...79s0zy and 7141 ...7, and
5j8;41 - - - Sk linking them — constitute a conformal subgraph of GG, which is a bi-subdivision
of Cg.

In each of the above cases, we see that G is Cg-based. O

Figure 3.10: Adding an edge to the Tricorn

Finally, we show that adding an edge to the Tricorn results in a Cg-based brick. De-
pending on the ends of e, there are six cases to be checked (up to isomorphism). The
various possibilities are shown in Figure 3.10, and in each case, the edges depicted by the
bold lines constitute a spanning bi-subdivision of Cs. We thus have the following.

Proposition 3.20 Let G be a brick, and let e be an edge of G such that H := G — e is the
Tricorn. Then G is Cg-based. O

We are now ready to prove the main result of this section.
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3.5.1 Proof of Theorem 1.12

Let G be a planar brick. We may assume that G is simple. As discussed, if G is an odd
wheel or an odd staircase or the Tricorn, then G is Cs-free. We now establish the converse.

We use induction on the number of edges. If G is a Norine-Thomas brick, then the
result holds trivially.

Hence we may assume that GG is not a Norine-Thomas brick, and thus, G has a strictly
thin edge e such that the retract of G — e, say H, is a Cy-free planar brick with strictly
fewer edges than G. By induction, H is either an odd wheel, or an odd staircase, or the
Tricorn. We note that odd staircases and the Tricorn are cubic graphs, and that an odd
wheel has at most one vertex of degree exceeding three. If the index of e is two, then H
would have at least two vertices of degree at least four; thus we rule out this possibility.

If H is an odd staircase or the Tricorn, then e must be a strictly thin edge of index
zero, and H = G — e. Using Proposition 3.19 or 3.20, as appropriate, we conclude that G
must be Cg-based, which is a contradiction.

If H is an odd wheel, then using Proposition 3.16, 3.17 or 3.18, as appropriate, we
conclude that G is either Cg-based which contradicts the hypothesis, or otherwise G is
isomorphic to the Tricorn and we are done. O

3.6 Nonplanar K -free and Ci-free bricks

There is an extensive class of bricks, known as solid bricks | ], which are Cg-free
and are of particular interest in matching theory. For example, each nonbipartite Mobius
ladder is a solid brick, and thus Cy-free. The Petersen graph is an example of a Cg-free
brick which is not solid.

There do exist infinite families of nonplanar K -free bricks. The smallest such brick,
which we refer to as the Trellis, is shown in Figure 3.11.
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Figure 3.11: The Trellis — a nonplanar K,-free brick

69






Chapter 4
Near-bipartite graphs

Here, we will examine properties of near-bipartite graphs that are relevant to us in Chap-
ters 5 and 6. Recall that an R-graph G is a near-bipartite graph with a fixed removable
doubleton R. We will adopt the following notational conventions.

Notation 4.1 For an R-graph G, we shall denote by H[A, B] the underlying bipartite
graph G—R. We let a and 3 denote the constituent edges of R, and we adopt the convention
that o := ajas has both ends in A, whereas B := biby has both ends in B.

As we will see, certain pertinent properties of GG are closely related to those of H. For
this reason, we also review well-known facts concerning bipartite matching covered graphs.

4.1 The exchange property

Recall that an edge of a matching covered graph is removable if its deletion results in
another matching covered graph. The removable edges of a bipartite graph satisfy an
‘exchange property’ and its proof immediately follows from bipartite ear decompositions;
see Section 1.2.1.

Proposition 4.2 [EXCHANGE PROPERTY OF REMOVABLE EDGES| Let H denote a bi-

partite matching covered graph, and let e denote a removable edge of H. If f is a removable
edge of H — e, then:
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(i) f is removable in H, and

(ii) e is removable in H — f.

Proof: Observe that the graph H — f may be obtained from the matching covered graph
H — e — f by adding a single ear (that is, edge e). Thus, by Proposition 1.5, H — f is
matching covered. This proves (7). Statement (7i) follows immediately since H — f — e is
matching covered. O

The following is a generalization of Proposition 4.2, and it is applicable to certain
situations that arise in Chapter 6:

Proposition 4.3 Let K be a conformal matching covered subgraph of a bipartite matching
covered graph H. Let e denote a removable edge of K. Then e is removable in H as well.

Proof: Since K is a conformal matching covered subgraph, H admits a bipartite ear decom-
position starting with K, say Hy C Hy C --- C H,. Note that H; = K and H, = H. Each
graph in this sequence includes the edge e. Now, consider the bipartite ear decomposition
H —eCHy;—eC---C H, — e of the graph H —e. Since H; — e = K — e is matching
covered, Proposition 1.5 implies that H, — e = H — e is also matching covered, that is, e
is removable in H. O

Figure 4.1: f is removable in Stg — e, but it is not removable in Stg

We point out that the conclusion of Proposition 4.2 does not hold, in general, for
arbitrary removable edges of nonbipartite graphs. For instance, as shown in Figure 4.1,
the edge f is removable in the matching covered graph Sts — e, but it is not removable
in Stg. However, as we prove next, the exchange property does hold for R-compatible
edges. Recall that an R-compatible edge of an R-graph G is one which is removable in G
as well as in the underlying bipartite graph H := G — R; see Section 1.7.1.
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Proposition 4.4 [EXCHANGE PROPERTY OF R-COMPATIBLE EDGES| Let G be an R-graph,
and let e denote an R-compatible edge of G. If f is an R-compatible edge of G — e, then:

(i) f is R-compatible in G, and

(i1) e is R-compatible in G — f.

Proof: Let H := G — R. Since f is R-compatible in G — e, each of the graphs G —e — f
and H — e — f is matching covered. To deduce (i), we need to show that each of G — f and
H — f is matching covered. Since f is removable in H — e, it follows from Proposition 4.2
that f is removable in H as well. That is, H — f is matching covered.

Next, we note that the edge e is admissible in H — f. Thus e is admissible in G — f.
As G — e — f is matching covered, we conclude that G — f is also matching covered. This
proves (i). Statement (i) follows immediately, since each of G — f —e and H — f — e is
matching covered. O

4.2 Non-removable edges of bipartite graphs

Let H[A, B] denote a bipartite graph, on four or more vertices, that has a perfect matching.
Using the well-known Hall’s Theorem, it can be shown that an edge f of H is inadmissible
(that is, f is not in any perfect matching of H) if and only if there exists a nonempty
proper subset S of A such that |[N(S)| = |S] and f has one end in N(S) and its other end
is not in S.

Now suppose that H is matching covered, and let e denote a non-removable edge of H.
Then some edge f of H — e is inadmissible. This fact, coupled with the above observation,
may be used to arrive at the following characterization of non-removable edges in bipartite
matching covered graphs; see Figure 4.2.

Proposition 4.5 [CHARACTERIZATION OF NON-REMOVABLE EDGES| Let H[A, B] de-
note a bipartite matching covered graph on four or more vertices. An edge e of H 1is
non-removable if and only if there exist partitions (Ao, A1) of A and (By, B1) of B such
that |Ag| = |Bo| and e is the only edge joining a vertex in By to a vertex in A;. O
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Ao Ay

Figure 4.2: Non-removable edge of a bipartite graph

In Figure 4.2, e is the only edge with one end in By and the other in A;. Consequently,
any edge f, with one end in Ay and the other in By, is inadmissible once e is deleted. This
fact yields the following corollary. (A 4-cycle is referred to as a quadrilateral.)

Corollary 4.6 Suppose that Q) is a quadrilateral of a bipartite matching covered graph H,
and let e and [ denote two nonadjacent edges of Q). If f is admissible in H — e then e is
removable in H. O

In our work, we will often be interested in finding an R-compatible edge incident at
a specified vertex v of an R-brick G. As a first step, we will upper bound the number
of edges of d(v), which are non-removable in the underlying bipartite graph H := G — R.
For this purpose, the next lemma of Lovéasz and Vempala [[.V] is especially useful. It is an
extension of Proposition 4.5. See Figure 4.3.

Lemma 4.7 [THE LOVASZ-VEMPALA LEMMA| Let H[A, B] denote a bipartite matching
covered graph, and b € B denote a vertexr of degree d > 3. Let bay,bas,...,bay be the
edges of H incident with b. Assume that the edges bay,bas, ..., ba, where 0 < r < d
are non-removable. Then there exist partitions (Ao, A1, ..., A,) of A and (By, By, ..., B;)
of B, such that b € By, and for i € {1,2,...,r}: (i) |A;| = |Bil, (i) a; € A;, and
(111) N(A;) = B; U{b}; in particular, ba; is the only edge between By and A,. O

Observe that, as per the notation in the above lemma, if ba; and bas are non-removable
edges, then the vertices a; and as have no common neighbour distinct from b. That is,
there is no quadrilateral containing edges ba; and ba, both. This proves the following
corollary of Lovéasz and Vempala [LV].
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Figure 4.3: Non-removable edges incident at a vertex

Corollary 4.8 Let H denote a bipartite matching covered graph, and b denote a vertex of
degree three or more. If e and f are two edges incident at b which lie in a quadrilateral ()
then at least one of e and f is removable. O

We conclude with an easy application of the Lovasz-Vempala Lemma in the context of
near-bipartite bricks.

Corollary 4.9 Let G be an R-brick, and let H := G — R. Then for any vertex b, at most
two edges of Oy (b) are non-removable in H.

Proof: We adopt Notation 4.1; assume without loss of generality that b € B. If b has only
two distinct neighbours in H then the assertion is easily verified. Now suppose that b has
at least three distinct neighbours in H, and let d denote the degree of b in H.

Suppose instead that there are r > 3 non-removable edges incident with b; we denote
these as bay, bas, . . ., ba,. Then, by the Lovasz-Vempala Lemma (4.7), there exist partitions
(Ao, A1,..., A,) of Aand (By, By, ..., B,) of B, such that b € By, and fori € {1,2,...,r}:
(1) |A;| = |Bil, (ii) a; € A;, and (iii) Ng(A;) = B; U {b}. See Figure 4.3.

Observe that, for i € {1,2,...,r}, every vertex of A; is isolated in H — (B; U {b});
consequently, B; U {b} is a nontrivial barrier of H. Since G is free of nontrivial barriers
(by Theorem 1.9), adding the edges of R must kill each of these barriers. In particular, «

must have an end in each A; for ¢ € {1,2,...,r}. This is not possible, as r > 3; thus we
have a contradiction. This completes the proof of Corollary 4.9. O
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4.3 Barriers and tight cuts

We begin with a property of removable edges related to tight cuts which is easily verified;
it holds for all matching covered graphs, and will be useful to us in Chapter 5.

Proposition 4.10 Let G be a matching covered graph, and J(X) a tight cut of G, and e
an edge of G|X]. Then e is removable in G/X if and only if e is removable in G. a

Let us revisit the notion of a barrier cut. If S is a barrier of a matching covered graph G
and K is an odd component of G — S then J(V(K)) is a tight cut of G, and is referred
to as a barrier cut. In Sections 4.3.1 and 4.3.2, among other things, we will see that every
nontrivial tight cut of a bipartite or of a near-bipartite graph is a barrier cut.

4.3.1 Bipartite graphs

Suppose that X is an odd subset of the vertex set of a bipartite graph H[A, B]. Then,
clearly one of the two sets AN X and B N X is larger than the other; the larger of the
two sets, denoted X, is called the majority part of X; and the smaller set, denoted X_,
is called the minority part of X.

The following proposition is easily derived, and it provides a convenient way of visual-

izing tight cuts in bipartite matching covered graphs. See Figure 4.4.

Proposition 4.11 [TiGHT CuUTs IN BIPARTITE GRAPHS| A cut O(X) of a bipartite
matching covered graph H is tight if and only if the following hold:

(i) |X| is odd and | X,| = | X_| + 1, consequently | X .| = |X_| + 1, and

(ii) there are no edges between X_ and X _. O

Observe that, in the above proposition, X, and X, are both barriers of H. It follows
that every tight cut of a bipartite matching covered graph is a barrier cut.

Recall that, for a bipartite matching covered graph H[A, B], its maximal barriers are
precisely its color classes A and B. Now let S denote a nontrivial barrier of H which is not
maximal, and adjust notation so that S C B. It may be inferred from Proposition 4.11
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Figure 4.4: Tight cuts in bipartite matching covered graphs

that H — S has precisely |S| — 1 isolated vertices each of which is a member of A, and it
has precisely one nontrivial odd component K which gives rise to a nontrivial barrier cut
of H, namely O(V(K)).

Since braces are bipartite matching covered graphs which are free of nontrivial tight

cuts, Proposition 4.11 may be used to obtain the following characterizations of braces.

Proposition 4.12 [CHARACTERIZATIONS OF BRACES| Let H[A, B] denote a bipartite
graph of order six or more, where |A| = |B|. Then the following statements are equivalent:
(i) H is a brace,
(i1) |N(S)| > |S| + 2 for every nonempty subset S of A such that |S| < |A| — 1, and

(i1i) H — {ay1,aq,b1,b2} has a perfect matching for any four distinct vertices ai,as € A
and bl, by € B. O

4.3.2 Near-bipartite graphs

Let G denote an R-graph. We adopt Notation 4.1. For an odd subset X of V(G), we
define its majority part X, and its minority part X_ by regarding it as a subset of V(H).

Observe that, if X is the shore of a tight cut in G then it is the shore of a tight cut
in H as well. This observation, coupled with Proposition 4.11, may be used to derive the
following characterization of tight cuts in near-bipartite graphs.
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Proposition 4.13 [TIGHT CUTS IN NEAR-BIPARTITE GRAPHS| A cut 9(X) of an R-graph G
is tight if and only if the following hold:

(i) X is odd and | X | = |X_| + 1, and consequently, | X | = |X_| + 1,

(ii) there are no edges between X_ and X _; adjust notation so that X_ C A,

(iii) one of « and 8 has both ends in a majority part; adjust notation so that o has both
ends in X, and

(iv) B has at least one end in X _.

Consequently, X, is a nontrivial barrier of G. Moreover, the a(X)-conm@ion G/X is
near-bipartite with removable doubleton R, whereas the O(X)-contraction G/X is bipartite.

Proof: A simple counting argument shows that if all of the statements (i) to (iv) hold then
J(X) is indeed a tight cut of G. See Figure 4.5. Now suppose that 9(X) is a tight cut;
as noted earlier, 9(X) — R is a tight cut of H. Thus (i) and (%i) follow immediately from
Proposition 4.11. Adjust notation so that X_ C A.

X, X_ X, X_
« (0%
o—oO o—oO
Oo———oO O O
g g
X_ X4 X_ Xy

(a) (b)

Figure 4.5: Tight cuts in near-bipartite graphs

As each perfect matching of G' which contains o must also contain 3, we infer that at
most one of a and [ lies in 9(X). Furthermore, if o has both ends in X_, and likewise, if 3
has both ends in X _, then a simple counting argument shows that any perfect matching M
of G containing « and  meets 9(X) in at least three edges; this is a contradiction.

The above observations imply that at least one of & and § has both ends in a majority
part; this proves (4ii). As in the statement, adjust notation so that « has both ends in X .
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Now, if § has both ends in X, then it is easily seen that o and 5 are both inadmissible.
This proves (- iv)_. Note that, either # has both ends in X _ as shown in Figure 4.5a, or it
has one end in X _ and the other end in X, as shown in Figure 4.5b.

Note that X, is a nontrivial barrier of G, and that G/ X is bipartite. We let G} := G/X
denote the other d(X)-contraction. Observe that H, := H/X is bipartite and matching
covered. Furthermore, in GG, a has both ends in one color class of Hy, and likewise, (8
has both ends in the other color class of Hy; this is true for each of the two cases shown
in Figure 4.5. Since H; = G; — R, we infer that G; is near-bipartite with removable
doubleton R. This completes the proof of Proposition 4.13. O

Recall that a near-brick is a matching covered graph whose tight cut decomposition
yields exactly one brick. The following is an immediate consequence of Proposition 4.13.

Corollary 4.14 An R-graph G is a near-brick, and its unique brick is also near-bipartite
with removable doubleton R. |

In other words, a near-bipartite graph G is a near-brick, and its unique brick, say J,
inherits its removable doubletons. The rank of G, denoted rank(G), is the order of the
unique brick of G. That is, rank(G) := [V (J)].

Proposition 4.13 shows that every tight cut of a near-bipartite graph is a barrier cut.
Now, let S denote a nontrivial barrier of an R-graph G, and adjust notation so that S C B.
It may be inferred from Proposition 4.13 that G — S has precisely |S| — 1 isolated vertices
each of which is a member of A, and it has precisely one nontrivial odd component K which
yields a nontrivial tight cut of G, namely O(V (K)). Thus there is a bijective correspondence
between the nontrivial barriers of G and its nontrivial tight cuts.

4.4 The Three Case Lemma

Recall that a removable edge e of a brick G is b-invariant if G — e is a near-brick. In this

section, we will discuss a lemma of Carvalho, Lucchesi and Murty | | that pertains

to the structure of such near-bricks, that is, those which are obtained from a brick by

deleting a single edge. This lemma is used extensively in their works | , ,
|, and it will play a vital role in Chapter 5.

We will restrict ourselves to the case in which G is an R-brick and e is R-compatible.
(By Proposition 1.20, e is b-invariant.) We adopt Notation 4.1. As the name of the lemma
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suggests, there will be three cases, depending on which we say that the ‘index’ of e is zero,
one or two. In particular, the index of e (defined later) will be zero if G — e is a brick.

Now consider the situation in which GG — e is not a brick; that is, G — e has a nontrivial
tight cut. By Proposition 4.13, G — e has a nontrivial barrier; let S be such a barrier which
is also maximal, and adjust notation so that S C B. We let I denote the set of isolated
vertices of (G — e) — S; note that I C A. Since G itself is free of nontrivial barriers, we
infer that one end of e lies in I and its other end lies in B — S. This observation, coupled
with the Canonical Partition Theorem (1.3) and the fact that e has only two ends, implies
that G — e has at most two maximal nontrivial barriers; furthermore, if it is has two such
barriers then one is a subset of A and the other is a subset of B.

The index of e, denoted index(e), is the number of maximal nontrivial barriers in G — e.
(This notion is closely related to the ‘index of a thin edge’ defined in Section 3.3. In fact, for
an R-thin edge, these are equivalent; see Proposition 4.17.) It follows from the preceding
paragraph that the index of e is either zero, one or two; and these form the three cases.
This is the gist of the lemma; apart from this, it provides further information in the index
two case which is especially useful to us. We now state the Three Case Lemma | ,
as it is applicable to an R-compatible edge of an R-brick; see Figures 4.6 and 4.7. (The
reason for the asymmetry in our notation in Case (2) is discussed in Section 4.4.2.)

Lemma 4.15 [THE THREE CASE LEMMA| Let G be an R-brick, and e an R-compatible
edge. Let H[A, B] := G — R. Then one of the following three alternatives holds:

(0) G — e is a brick.

(1) G—e has only one maximal nontrivial barrier, say S. Adjust notation so that S C B.
Let I denote the set of isolated vertices of (G —e) —S. Then I C A, and e has one
end in I and other end in B — S.

(2) G — e has two mazimal nontrivial barriers, say S1 and S5. Adjust notation so that
S1 C B and S; C A. Let I denote the set of isolated vertices of (G —e) — Sy, and
I the set of isolated vertices of (G —e) — S5. Then the following hold:

(1) I, C A and I C B;

(ii) e has one end in Iy — S5 and other end in I3 — Si;

(111) Sy = Sy — Iy is the unique maximal nontrivial barrier of (G — e)/X1, where
Xy := 51U L; furthermore, Sy is a barrier of G — e as well, and Iy := I3 — 5,
is the set of isolated vertices of (G — e) — Ss. a
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Now, let e denote an R-compatible edge of an R-brick G. By the rank of e, denoted
rank(e), we mean the rank of the R-graph G — e. That is, rank(e) := rank(G — ¢e). Recall
that e is R-thin if the retract of G — e is a brick. In particular, every R-compatible edge
of index zero is R-thin, and these are the only edges whose rank equals n := |[V(G)].

In what follows, we will further discuss the cases in which the index of e is either one or
two; in each case, we shall relate the rank of e with the information provided by the Three
Case Lemma, and we examine the conditions under which e is R-thin. These discussions
are especially relevant to an important result in Chapter 5, namely, Lemma 5.17.

We adopt Notation 4.1. Let y and z denote the ends of e such that y € A and z € B.
Note that, if y is cubic, then the two neighbours of y in G'— e constitute a barrier of G — e;
a similar statement holds for z. It follows that if both ends of e are cubic then the index
of e is two.

4.4.1 Index one

Suppose that the index of e is one. As in case (1) of the Three Case Lemma, we let S
denote the unique maximal nontrivial barrier of G — e, and I the set of isolated vertices
of (G—e)—S. Note that |I| = |S| — 1. We adjust notation so that S C B and I C A; see
Figure 4.6. Observe that y € [ and z € B — S.

A—-1T I

B-S S

Figure 4.6: An R-compatible edge of index one

In this case, G — e has a unique nontrivial tight cut 9(X), where X := S U I. Conse-
quently, (G —e)/X is the brick of G —e, and the rank of e is |V (G) — X |+ 1. Furthermore,
e is R-thin if and only if |S| = 2; and in this case, y is cubic, N(y) = S U {z}, and
rank(e) = n — 2.

81



4.4.2 Index two

Suppose that the index of e is two. As in case (2) of the Three Case Lemma, we let S
denote one of the two maximal nontrivial barriers of G—e, and I; the set of isolated vertices
of (G — e) — S}, adjusting notation so that S; C B and I; C A. Note that |[;| = |[5] — 1
and that y € I1; see Figure 4.7.

Now, let S5 denote the unique maximal nontrivial barrier of G — e which is a subset
of A, and I the set of isolated vertices of (G — ¢e) — ;. As in the index one case (see
Figure 4.6), we would like to break V(@) into disjoint subsets in order to be able to
compute the rank of e. However, this is complicated by the possibility that S5 N I; may
be nonempty. This explains the asymmetry in our notation in case (2). Fortunately, it
turns out that Sy := S5 — I; is the only maximal nontrivial barrier of (G — ¢e)/X;, where
Xy := 51U . Furthermore, S is a barrier of G — e as well, and I, := I; — 5 is the set of
isolated vertices of (G — e) — Sy. Note that |I5| = |Ss| — 1 and that z € Io; see Figure 4.7.
We let X2 = 52 U IQ.

SQ ]1

B zZ 0

I, Sh
Figure 4.7: An R-compatible edge of index two

In this case, 9(X;) and J(X3) are both tight cuts of G — e; more importantly, 9(X5) is
the unique tight cut of (G —e)/X;. Consequently, ((G —e)/X;)/Xs is the brick of G — e,
and the rank of e is |[V(G) — X7 — Xo| + 2.

Furthermore, e is R-thin if and only if |S;1]| = 2 = |S3|; and in this case, y and z are
both cubic, N(y) = S1U{z} and N(z) = SoU{y}, and rank(e) = n — 4; also, by switching
the roles of S} and S5, we infer that |S5| = 2.
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4.4.3 Index and Rank of an R-thin Edge

The following characterization of R-thin edges is immediate from our discussion in the
previous two sections.

Proposition 4.16 [CHARACTERIZATION OF R-THIN EDGES IN TERMS OF BARRIERS|
An R-compatible edge e of an R-brick G is R-thin if and only if every barrier of G — e has
at most two vertices. O

In summary, if the index of e is zero then e is thin and its rank is n := |V(G)|. If the
index of e is one then rank(e) < n — 2, and equality holds if and only if e is thin. Likewise,
if the index of e is two then rank(e) < n — 4, and equality holds if and only if e is thin.

We conclude by showing that, for an R-thin edge, the notion of index used here is
equivalent to the one defined in Section 3.3.

Proposition 4.17 Let G be an R-brick, and e an R-thin edge. Then the following state-
ments hold:

(i) index(e) = 0 if and only if both ends of e have degree four or more in G;
(ii) index(e) = 1 if and only if exactly one end of e has degree three in G; and

(71) index(e) = 2 if and only if both ends of e have degree three in G and e does not lie in
a triangle.

Proof: We note that index(e) = 0 if and only if G — e is free of nontrivial barriers, that is,
G — e is a brick; and since e is a thin edge, the latter holds if and only if both ends of e
have degree four or more in G. This proves ().

Let n := |V(G)|. We note that index(e) = 1 if and only if rank(e) = n — 2; and since e
is a thin edge, the latter holds if and only if exactly one end of e has degree three in G.

Now suppose that index(e) = 2, whence rank(e) = n — 4, and consequently, both ends
of e have degree three in G. Conversely, if both ends of e have degree three in GG then
G — e has two nontrivial barriers which lie in different color classes of (G —e) — R, and
thus index(e) = 2; furthermore, since e is R-compatible, neither end of e is incident with
an edge of R and thus e does not lie in a triangle. O
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Chapter 5

(Generating near-bipartite bricks

In this chapter, we establish the generation procedure for near-bipartite bricks discussed
in Section 1.7.2. Recall that an edge of an R-brick is R-thin if it is R-compatible as well
as thin. Our goal is to prove Theorem 1.22, which is restated below.

Theorem 1.22 [R-THIN EDGE THEOREM| Every R-brick distinct from K4 and Cg has an
R-thin edge.

In fact, we will show something stronger, which is especially useful in the proof of
the main result of Chapter 6. Let G be an R-brick distinct from K, and Cg. Then, by
Theorem 1.21 of Carvalho et al., G has an R-compatible edge; let e be any such edge.
Recall from Chapter 4 that there are two parameters associated with e: the rank of e is the
order of the unique brick of G — e; and, the index of e is the number of maximal nontrivial
barriers of G — e, which by the Three Case Lemma (4.15) is either zero, one or two. Using
these parameters, we may state our stronger theorem as follows.

Theorem 5.1 Let G be an R-brick which is distinct from K4 and Cg, and let e denote an
R-compatible edge of G. Then one of the following alternatives hold:

e cither e i1s R-thin,
e or there exists another R-compatible edge f such that:

(i) f has an end each of whose neighbours in G — e lies in a barrier of G — e, and

(11) rank(f) + index(f) > rank(e) + index(e).
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Since the rank and index are bounded quantities, the above theorem immediately im-
plies the R-thin Edge Theorem (1.22). Our proof uses tools from the work of Carvalho
et al. | |, and the overall approach is inspired by their proof of the Thin Edge
Theorem (1.15).

The following proposition shows that condition (i7) in Theorem 5.1 is implied by a
weaker condition involving only the rank function.

Proposition 5.2 Suppose that e and f denote two R-compatible edges of an R-brick G.
If rank(f) > rank(e) then rank(f) + index(f) > rank(e) + index(e).

Proof: Note that, since the rank of an edge is even, rank(f) > rank(e)+1. As the index of an
edge is either zero, one or two, we only need to examine the case in which index(e) = 2 and
index(f) = 0. However, in this case, rank(f) = n and rank(e) < n — 4 where n := |V(G)],
and thus the conclusion holds. O

In the statement of Theorem 5.1, if the given R-compatible edge e is thin, then the
assertion is vacuously true. Thus, in its proof, we may assume that e is not thin. It then
follows from Proposition 4.16 that G — e has a barrier with three or more vertices; let S be
such a barrier. In the next section, we introduce the notion of a candidate edge (relative
to e and S) which, as we will see, is an R-compatible edge that satisfies condition (i) in
the statement of Theorem 5.1, and has rank at least that of e.

5.1 The candidate set F(e, S)

Let G be an R-brick, and let e := yz denote an R-compatible edge which is not thin. We
first set up some notation which is used throughout this chapter.

Notation 5.3 We shall denote by H[A, B] the underlying bipartite graph G — R. We let
R = {«, 8}; and we adopt the convention that o := ajay has both ends in A, whereas
B = biby has both ends in B. Adjust notation so that y € A and z € B.

The reader is advised to review Section 4.3.2 before proceeding further. Let S be a
barrier of G — e such that |S| > 3, and [ the set of isolated vertices of (G —e) — S. Adjust
notation so that S C B and I C A, as shown in Figure 5.1a. Observe that X := SU I is
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the shore of a tight cut in G — e, as well as in H — e. By Proposition 4.13, o has both
ends in A — I; whereas 3 either has both ends in B — S, or it has one end in B — S and
another in S. We denote the bipartite matching covered graph

(H—e)/X =T

by H(e,S). Note that its color classes are the sets [ U {Z} and S; see Figure 5.1b.

) w T Y w
A-1T o o | I o | o o | I
f f
B-S o oS oS
z u u

(a) (b)

Figure 5.1: (a) S is a barrier of G — e such that |S| > 3 ; (b) the bipartite graph H (e, S)

Definition 5.4 [THE CANDIDATE SET F(e,S)| We denote by F(e,S) the set of those
removable edges of H(e,S) which are not incident with the contraction vertex T, and we
refer to it as the candidate set (relative to e and the barrier S of G —e), and each member
of F(e,S) is called a candidate edge.

We remark that Carvalho et al. | | used a similar notion. Since their work
concerns general bricks (that is, not just near-bipartite ones), they consider the graph
(G — e)/X — T and its removable edges which are not incident with the contraction vertex.
See Lemma 23 and Theorem 24 in | |.

Now, let f := uw denote a member of the candidate set F(e, S), as shown in Figure 5.1b.
The end w of f lies in I, and all of the neighbours of w, in G — e, lie in the barrier S;
consequently, f satisfies condition (i), Theorem 5.1. It should be noted that e and f are
adjacent if and only if w is the same as y. We now show that f is an R-compatible edge
and it has rank at least that of e. The argument pertaining to ranks is the same as that
in | , Lemma 26].
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Proposition 5.5 [PROPERTIES OF CANDIDATE EDGES| FEvery member of F(e, S) is an
R-compatible edge of G — e, and of G, and has rank at least that of e. Conversely, each
R-compatible edge of G — e, which is incident with a vertex of I, is a member of F(e,S).

Proof: Let f be any member of F(e,S), as shown in Figure 5.1b. We will use Proposi-
tion 4.10 to show that f is R-compatible in G — e.

Observe that H (e, S) is one of the C-contractions of H — e, where C := 9(X) —e — R
is a tight cut. Since f is removable in H(e,S) and f ¢ C, Proposition 4.10 implies that
f is removable in H — e as well. A similar argument shows that f is removable in G — e.
Thus, f is R-compatible in G — e; the exchange property (Proposition 4.4) implies that f
is R-compatible in G as well.

Note that since both ends of f are in the bipartite shore X, the brick of G —e — f is
the same as the brick of G — e. In particular, rank(G — e — f) = rank(G — €). On the other
hand, note that if D is any tight cut of G — f then D —e is a tight cut of G —e — f, whence
rank(G — f) > rank(G — e — f). Thus rank(f) > rank(e). This proves the first statement.

Now suppose that f is an R-compatible edge of G — e which is incident at some vertex
of I. In particular, H — e — f is matching covered; that is, f is removable in H — e. By
Proposition 4.10, f is removable in H (e, S). This completes the proof of Proposition 5.5.
(I

In summary, we have shown that every candidate edge is R-compatible; furthermore,
it satisfies condition (i), Theorem 5.1; and it has rank at least that of e.
The following property of candidate sets will be useful in dealing with those nontrivial

barriers of G — e which are not maximal.

Corollary 5.6 Let S* be any barrier of G —e. If S C S* then F(e,S) C F(e, S*).

Proof: Let f be a member of F(e,S). Then f is incident with some vertex of I, say w.
Note that w also lies in I* which denotes the set of isolated vertices of (G — e) — S™.

As f is a member of F(e, S), Proposition 5.5 implies that f is R-compatible in G — e.
Consequently, since f is incident at w € I*, the last assertion of Proposition 5.5, with S*
playing the role of S, implies that f is a member of F(e, S*). Thus F(e, S) C F(e, S*). O
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Now, we will prove two lemmas; each of which gives an upper bound on the number of
non-removable edges incident at a vertex of the bipartite graph H (e, S), which is distinct
from the contraction vertex T. Both of them are easy applications of the Lovasz-Vempala
Lemma (4.7); we will use arguments similar to those in the proof of Corollary 4.9.

Lemma 5.7 Let u denote a vertex of S which has degree three or more in H(e,S). Then
at most two edges of d(u) — [ are non-removable in H(e,S). Furthermore, if precisely two
edges of O(u) — B are non-removable in H(e,S) and if vertices u and T are adjacent then
the edge uT is non-removable in H (e, S).

Proof: Assume that there are £ > 1 non-removable edges incident with the vertex u,
namely, wwy, uws, ..., uwg. Then, by Lemma 4.7, there exist partitions (Ag, A1, ..., Ag)
of I U{x}, and (By, B1,...,B;) of S, such that u € By, and for j € {1,2,...,k}:
(i) |4;] = |By|, (ii) w; € A; and (iii) N(A;) = B; U {u}. See Figure 5.2.

Ao Al A2 Ak

Iu{z} P | o W2 | oWk

S uC//

By By By By,

Figure 5.2: Illustration for Lemma 5.7

For 1 < j < k, note that B; U {u} is a barrier of H(e,S). Moreover, if the set A;
contains neither the contraction vertex = nor the end y of e, then B; U{u} is a barrier of G
itself, which is not possible as G is a brick. We thus arrive at the conclusion that k < 2,
which proves the first part of the assertion.

Now consider the case when £ = 2. It follows from the above argument that one of
the vertices y and T lies in the set A;, whereas the other vertex lies in the set A,. Adjust
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notation so that y € A; and T € A,. Observe that if u and T are adjacent, then uT is the
unique edge between By and Ay, and it is non-removable in H (e, S) by assumption. This
completes the proof of Lemma 5.7. O

Now we turn to the examination of non-removable edges of H (e, S) incident with ver-
tices in I. The proof is similar to that of Lemma 5.7, except that the roles of the color
classes S and I U {Z} are interchanged.

Lemma 5.8 Let w denote a vertex of I which has degree three or more in H(e,S). Then
at most two edges of O(w) — e are non-removable in H(e,S). Furthermore, if precisely two
edges of O(w) — e are non-removable in H(e,S) then the following hold:

(i) an end of [ lies in S; adjust notation so that by € S,
(i1) in H(e,S), the vertices by and T are nonadjacent,
(#i) if by and w are adjacent then the edge byw is non-removable in H(e,S), and

(iv) w is distinct from the end y of e.

Proof: Suppose that there exist £ > 1 non-removable edges incident at the vertex w,
namely, wuy, wus, . .., wuy. Then, by Lemma 4.7, there exist partitions (Ag, Ay, ..., Ag) of
the color class I U{Z}, and (By, By, . .., By) of the color class S, such that w € Ay, and for
jgeA{1,2,...,k}: (i) |A;| = |By|, (ii) u; € B; and (iii) N(B;) = A; U{w}. See Figure 5.3.

For 1 < j <k, note that A;U{w} is a barrier of H (e, S). Furthermore, if the contraction
vertex T is not in A;, or if an end of the edge § is not in Bj;, then A; U {w} is a barrier
of G itself, which is absurd since G is a brick. Clearly, this would be the case for some
jeA{1,2,... .k} if k> 3. We conclude that £ < 2, thus establishing the first part of the
assertion.

Now suppose that £k = 2. It follows from the preceding paragraph that an end of
lies in By or in Bs. This proves (7). Adjust notation so that b; € Bj. Furthermore,
the contraction vertex 7 lies in A,. Consequently, vertices by and T are nonadjacent; this
verifies (7i). Note that if b; and w are adjacent, then the edge bjw is the unique edge
between Ay and By, and it is non-removable in H (e, S) by assumption. This proves ().
Finally, consider the case in which w = y, where y is the end of e in I. Observe that the
neighbourhood of Ay— y lies in the set By in the graph H (e, S) as well as in GG, whence
By is a barrier of G. We conclude that |Byg| = 1, and that y is the only vertex of A.
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Figure 5.3: Illustration for Lemma 5.8

Furthermore, the neighbourhood of A; lies in By U By, and thus B; U By is a nontrivial
barrier in H (e, S) as well as in G, which is absurd. We conclude that w is distinct from
the end y of e; thus (iv) holds. This completes the proof of Lemma 5.8. a

The above lemma implies that each vertex of I, except possibly the end y of e, is
incident with at least one candidate. Furthermore, if y has degree three or more in H (e, S)
then y is incident with at least two candidates; and likewise, if any other vertex of I, say w,
has degree four or more then w is incident with at least two candidates. We thus have the
following corollary which is used in the next section.

Corollary 5.9 The candidate set F(e,S) has cardinality at least |S| — 2. (In particular,
the set F(e,S) is nonempty.) Furthermore, if F(e,S) is a matching then each vertex of I
is cubic in G and |F(e, S)| = |S] — 2. O

As we will see later, by a result of Carvalho et al. (Corollary 5.19), if the candidate set
F(e,S) is not a matching then it has a member whose rank is strictly greater than that
of e. For this reason, in the proof of Theorem 5.1, we will mainly have to deal with the
case in which the candidate set is a matching.
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5.1.1 When the candidate set is a matching

In this section, we suppose that the candidate set F(e, S) is a matching. We will make
several observations, and these will be useful to us in Section 5.3 where the proof of
Theorem 5.1 is presented. For all of the figures in the rest of this chapter, the solid vertices
are those which are known to be cubic in the brick GG; the hollow vertices may or may not
be cubic.

Since F(e, S) is a matching, Corollary 5.9 implies that every vertex of I is cubic in G,
as shown in Figure 5.4. Furthermore, each of these vertices, except for the end y of e, is
incident with exactly one candidate edge; in particular, |F(e, S)| = |I| — 1 = |S] — 2.

Notation 5.10 We let wy,ws, ..., wy denote the vertices of I —y, where k := |S|—2, and
for 1 < j <k, denote the edge of F(e,S) incident with w; by f; and its end in S by u,.

x Yy w1 W Wi

o /o\ . ° [ I
H(675)3 fi Ja oo e

/ o o o o |9

by U w1 uz - Uk

Figure 5.4: When F(e, S) is a matching

Note that, since F(e, S) is a matching, the vertices uy, us, . .., uy are distinct, as shown
in Figure 5.4. Since every vertex of [ is incident with two non-removable edges of H (e, S),
we deduce the following by assertions (i), (i) and (iii) of Lemma 5.8, respectively:

(1) an end of f lies in S; adjust notation so that b, € S,

(2) in H(e,S), vertices b; and T are nonadjacent; consequently, in G, all neighbours of by,
except by, lie in I, and

(3) by is distinct from each of uq, us, ..., ug.
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Furthermore, since by is not incident with any member of F(e, S), Lemma 5.7 implies
that it has precisely two neighbours in I; in particular, b; is cubic in G.

Notation 5.11 We let uy denote the vertex of S which is distinct from by, uy, us, ..., ug.
That is, S = {b1, ug, u1,us, ..., ux}t. (See Figure 5.4.)

As the vertex ug is not incident with any candidate, we conclude using Lemma 5.7
that up has at most one neighbour in /. Observe that if uy has no neighbours in / then
(S —up)U{z} is a barrier of G (where z is the end of e which is not in I), which is absurd
as GG is a brick. Thus, ug has precisely one neighbour in 1.

We note that if y is the unique neighbour of ug in the set I, then S — uq is a barrier
of G, which leads us to the same contradiction as before. We thus conclude that uy has
precisely one neighbour in the set I — y, and that its remaining neighbours lie in X see
Figure 5.5. In particular, in H (e, S), there are are least two edges between ug and 7.

z Yy wr w2 Wi
/o\ ) )] ° I
He, S) fi ook
/
/ \3/ \_( ° o | S
by U0 U1 Uz - Ug

Figure 5.5: up and u; are the only vertices adjacent with the contraction vertex *

Finally, since each vertex wu; in the set {uj,uo,...,u} is incident with exactly one
candidate, Lemma 5.7 implies that u; must satisfy one of the following conditions:

(i) either u; has some neighbour in the set X and it has precisely two neighbours in the
set I,

(ii) or otherwise, u; has no neighbours in the set X and it has precisely three neighbours
in the set I.
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Observe, by counting degrees of the vertices in I, that there are precisely 3k + 2 edges
with one end in [ and the other end in S. Of these 3k + 2 edges, precisely two are incident
with by, and only one is incident with ug. Thus there are 3k —1 edges with one end in I and

the other end in {uy,us,...,ux}. It follows immediately that exactly one vertex among
Uy, Usg, . . ., U satisfies condition (i); every other vertex satisifes condition (ii).
Notation 5.12 We adjust notation so that uy is the only vertex in {uy, us, ..., ux} which

has neighbours in X. (See Figure 5.5.)

Adopting the notation introduced thus far, the next proposition summarizes our obser-
vations in terms of the brick G.

Proposition 5.13 [WHEN THE CANDIDATE SET IS A MATCHING| The following hold:

(i) each vertex of I is cubic,

(i1) by is cubic and its neighbours lie in I U {by},
(iii) o has precisely one neighbour in I — 1y, and all of its remaining neighbours lie in X,
(iv) uy has precisely two neighbours in I, and all of its remaining neighbours lie in X,

(v) if |S| > 4, then each vertex of S —{by, ug,u1} has precisely three neighbours and these
netghbours lie in I. |

Observe that, if the barrier S has precisely three vertices, then the candidate set F (e, S)
has only one edge (that is, fi = ujw;); in this case, all of the edges of G[X] are determined
by Proposition 5.13, as listed below, and as shown in Figure 5.6. (Note that the underlying
simple graph of H(e, S) is a ladder of order six whose cubic vertices are u; and w;.)

Remark 5.14 Suppose that |S| = 3. Then the following hold:

(i) the three neighbours of by are y,w; and bs,
(ii) g is adjacent with wy, and all of its remaining neighbours lie in X,

(iii) uy is adjacent with y and with wy, and all of its remaining neighbours lie in X.
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Figure 5.6: When F(e, S) is a matching, and S has only three vertices

We shall now consider the situation in which |S| > 4, that is, & > 2. Note that, as
per our notation, f; = wujw; is the only candidate whose end in S (that is, uy) has a
neighbour in X. In this sense, f; is different from the remaining candidates fa, fs, ..., f&.
In the following proposition, we first show that b; is nonadjacent with the end w; of fi.
Consequently, by is adjacent with at least one of wg, ws, ..., ws; we shall assume without
loss of generality that b; is adjacent with wy, as shown in Figure 5.7. In its proof, we will
apply the Lovasz-Vempala Lemma (4.7) to the graph H (e, S), first at wy, and then at wo;
each of these applications is a refinement of the situation in Lemma 5.8.

Proposition 5.15 Suppose that |S| > 4. Then the following hold:

(i) by and wy are nonadjacent; adjust notation so that byws is an edge of G,
(i1) y is adjacent with each of by and uy, and

(77i) uo and wy are nonadjacent.

Proof: First, we apply Lemma 4.7 to the graph H(e, S) at vertex w;. Since f; = ujw; is
the only removable edge incident with wy, there exist partitions (Ag, A1, As) of TU{Z}, and
(Bo, By, Bs) of S, such that w; € Ay, and |A4;| = |Bj| for j € {0, 1,2}, vertex u; lies in By,
and the remaining two neighbours of w; lie in B; and in Bs, respectively. Furthermore,
N(Bl) = Al U {U)l} and N(BQ) = A2 U {U)l}

Suppose that b; is a neighbour of w;, and adjust notation so that b, € B;. The
contraction vertex T lies in Ag, since otherwise A, U {w;} is a nontrivial barrier in G. We
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will deduce that each of the sets By, B; and B, is a singleton, and thus the barrier S has
precisely three vertices, contrary to the hypothesis.

First of all, note that the neighbourhood of B; — b; is contained in A;, and thus
if |[A1] > 2 then A is a nontrivial barrier in G; we conclude that |A;| = 1 and that
B; = {b1}. Observe that the contraction vertex Z is only adjacent with w;, which lies
in By, and with uy. Thus the neighbourhood of By — uy is contained in (A —7) U {w, },
whence the latter is a barrier of G; we infer that A; = {T}; consequently, the unique vertex
of By has precisely two neighbours, namely w; and Z. It follows that By = {ug}. Since the
vertex wj is cubic, the neighbourhood of By — u; is contained in (Ag — wy) U Ay, whence
the latter is a barrier of G; we infer that Ay = {w;}, thus By = {u;}. It follows that
|S| = 3, contrary to our hypothesis. Thus b; and w; are nonadjacent; this proves (7). As
in the statement of the proposition, adjust notation so that b; and w, are adjacent; see
Figure 5.7.

To deduce (ii) and (7ii), we apply Lemma 4.7 to the graph H (e, S) at vertex ws. Similar
to the earlier situation, there exist partitions (Ag, A1, A2) of TU{Z}, and (By, By, Bs) of S,
such that wy € Ay, and |A;| = |B,| for j € {1,2,3}, vertex uy lies in By, and the remaining
two neighbours of ws lie in B; and in Bs, respectively. Adjust notation so that b; lies in Bj.
Also, N(By) = A; U{wy} and N(Bs) = As U{ws}. As before, we conclude that Z lies in
Ay, and that |A,| = |B;| = 1.

Observe that the unique vertex of A; has all of its neighbours in the set By U B;. We
will show that By = {us}; this implies that the unique vertex of A; has precisely two
neighbours, and so it must be the end y of e; this immediately implies (7).

Note that the neighbourhood of Ag—ws is contained in By. Thus, if |Ag| > 2 then y lies
in Ay (since otherwise By is a barrier of G). If |Ay| > 3 then By is a barrier of G — e with
three or more vertices. (Note that the barrier By is contained in the barrier S.) Since no
end of /3 lies in By, it follows from our earlier observations that the candidate set F (e, By)
is not a matching. However, by Corollary 5.6, F(e, By) is a subset of F(e,S), and the
latter is a matching; this is absurd. We conclude that Ay has at most two vertices, that
is, either Ag = {wy} or Ag = {y,ws}. Now suppose that Ay = {y,wy}. The unique vertex
of A; is adjacent with by, and thus statement (i) implies that w; ¢ A;. Assume without
loss of generality that A; = {ws}. Since wy is cubic, we conclude that its neighbourhood is
precisely BoU By, and thus By = {ug, u3}. Observe that @) := wsuswsybyws is a quadrilateral
in H(e,S) containing the vertex ws, and thus by Corollary 4.8, one of the edges wsusy
and wsb; is removable in H (e, S); however, this contradicts our hypothesis since the only
removable edges are the members of F(e,S). We thus conclude that Ay = {ws}. As
explained earlier, A; = {y}, and thus y is adjacent with each of b; and wus; this proves (7).
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Figure 5.7: When F(e,S) is a matching, and S has four or more vertices; the vertices
up and ws are nonadjacent

Now suppose that uy and wy are adjacent. Observe that u; € Bs, and thus all of its
neighbours lie in A, whence |As| > 3. The neighbourhood of By — {ug,u;} is contained
in As — 7, whence the latter is a nontrivial barrier of G, which is a contradiction. We
thus conclude that uy and wy are nonadjacent; this proves (iii), and completes the proof
of Proposition 5.15. |

5.2 The Equal Rank Lemma

Here, we present an important lemma which is used in the proof of Theorem 5.1. This
lemma considers the situation in which G is an R-brick and e := yz is an R-compatible
edge of index two that is not thin, and f is a candidate relative to a barrier of G — e such
that f is also of index two and its rank is equal to that of e. The reader is advised to
review the Three Case Lemma (4.15) and Section 4.4.2 before proceeding further.

The Equal Rank Lemma (5.17) relates the barrier structure of G — f to that of G — e.
More specifically, the lemma establishes subset/superset relationships between eight sets
of vertices: the barriers S; and Sy of G — e (as in Case 2 of Lemma 4.15) and their
corresponding sets of isolated vertices Iy and I, and likewise, the barriers S3 and S
of G — f and their corresponding sets of isolated vertices I3 and I,. Among other things,
the lemma shows that S; Ul{ USyU Iy, = S3U 13U S, U L. We now introduce the relevant
notation more precisely.
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Since e is of index two, by the Three Case Lemma, G — e has precisely two maximal
nontrivial barriers, and since e is not thin, at least one of these barriers, say S7, has three
or more vertices (see Proposition 4.16). We adopt Notation 5.3 for the brick G and edge e.
Assume without loss of generality that S; C B, and let I; denote the set of isolated vertices
of (G —e)—S;. We shall denote by S, the maximal nontrivial barrier of (G —e)/X; where
X := S1UI4, and by I, the set of isolated vertices of (G —e) — S,. Note that the end z of e
lies in I which is a subset of B, whereas the other end y of e lies in I; which is a subset
of A. See Figure 5.8 (top).

By Corollary 5.9, the candidate set F(e, S1) is nonempty, and by Proposition 5.5, each
of its members is an R-compatible edge whose rank is at least that of e. Now, let f := uw
be a member of F(e,S1) such that u € S; and w € I;, and suppose that the index of f
is two. The following result of Carvalho et al. | , Lemma 32| plays a crucial role in
our proof of the Equal Rank Lemma (5.17).

Lemma 5.16 Assume that index(e) = index(f) = 2. If rank(e) = rank(f) then Sy is a
subset of a barrier of G — f. O

We shall let S3 denote the maximal nontrivial barrier of G — f which is contained in
the color class B, and I3 the set of isolated vertices of (G — f) — S3. Furthermore, let
S, denote the maximal nontrivial barrier of (G — f)/(S3 U I3), and I, the set of isolated
vertices of (G — f) — S4. Note that the end w of f lies in Iy, and its other end w lies in I5.
See Figure 5.8 (bottom). We are now ready to state the Equal Rank Lemma using the
notation introduced so far.

Lemma 5.17 [THE EQUAL RANK LEMMA| Assume that index(e) = index(f) = 2. If
rank(e) = rank(f) then the following statements hold:
(i) e and f are nonadjacent,
(1) S5 C St —w and I3 C I —y,
(iii) S» C Sy and I» C I,
(iv) S1Uly=S3Uly and SoU T} =Sy U I3,
(v) N(u) C Sy U I, and
(vi) e is a member of the candidate set F(f,S).
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Proof: We examine the graph G — e — f in order to prove (i) and (ii). Clearly, S; is a
barrier of G —e— f. Observe that, since f has an end in Si, every barrier of G —e — f which
contains S is a barrier of G —e as well. Since 57 is a maximal barrier of G —e, we infer that
S is a maximal barrier of G — e — f as well. By the Canonical Partition Theorem (1.3),
to prove that Ss is a subset of S, it suffices to show that S7 NS5 is nonempty. To see this,
note that w € I1 N I3, and thus any neighbour of w in G —e— f lies in S;N.S3. Furthermore,
since u ¢ S3, we conclude that S3 C S; — w; this proves part of (). In particular, z ¢ Ss.

Figure 5.8: The Equal Rank Lemma

Consequently, y ¢ I3, and thus y and w are distinct. This proves (7).

Now we prove the remaining part of (ii). Let v € I3, that is, v is isolated in (G — f)—Ss.
Consequently, v is isolated in (G — f) — S;. Since f has an end in S, we infer that v is

isolated in (G — e) — Sy, that is, v € I;. Thus I3 C I; — y. This proves (ii).
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We will now prove (i) and (iv). We begin by showing that Sy is a subset of S;. By
Lemma 5.16, Sy is a subset of the unique maximal nontrivial barrier of G — f which is
contained in the color class A, say S;. By the Three Case Lemma (4.15), S; = S, U I’
for some (possibly empty) subset I’ of I3. That is, Sy is a subset of S; U I’. Note that
Sy and I are disjoint; by (ii), So N I’ = (). Thus, Sy C S,.

Since the ranks of e and f are equal, it follows that |A — (So U I)| = |A — (S4 U I3)|
and likewise, |B — (S1 U LL)| = |B — (S3 U I)|. In order to prove (iv), it suffices to prove
the following claim.

Proof: Let vy € A — (Sy U I1). By (i), vy ¢ I3. To prove that v; lies in A — (Sy U I3), it
suffices to show that v; ¢ Sy.

Now, let v5 be any vertex in S;. We have already shown that Sy C Sy, and thus v, € ;.
Note that, if v; also belongs to the barrier Sy, then (G — f) — {v1,v2} would not have a
perfect matching. In the following paragraph, we will show that (G —e — f) — {vy,v2} has
a perfect matching, say M; consequently, vq & Sj.

Let H; be the graph (G—e— f)/X; — 71, and let Hy be the graph (G—e—f)/ X, — T3
where X5 := Sy U I,. Note that H; and H, are bipartite matching covered graphs. Let
J:=((G—e—f)/X1 — x1)/ X2 — x2. Note that J is the brick of G —e — f. Let M; be a
perfect matching of J —{xs,v;}. Let g denote the edge of M incident with the contraction
vertex x1. Let M; be a perfect matching of H; which contains g. Let My be a perfect
matching of Hy — {v,,T3}. Observe that M := M; + M; + M, is the desired matching.

Now, let v € B — (51 U Iy). By (ii), v ¢ S5. To prove that v lies in B — (S5 U I),
it suffices to show that v ¢ I,. To see this, note that since J is a brick, by Theorem 1.9,
J — {1, 29} is connected; thus, v is not isolated in (G — f) — Sy, that is, v ¢ 1. O

It follows from (ii) and (iv) that the end y of e lies in Sy, and thus S, is a proper subset
of S;. Also, we infer from (%) and (iv) that I, is a subset of ;. Furthermore, the end u
of f lies in I, whence I, is a proper subset of I,. This proves (%ii).

It remains to prove (v) and (vi). As noted above, u € I;. Thus, all neighbors of v in G
lie in Sy U {w} C Sy U I3. It follows from (iv) that N(u) C Sy U ;. This proves (v).

Finally, we prove (vi). Recall that H(f,S41) denotes the bipartite matching covered
graph (H — f)/X4 — 74 where Xy := S; U Iy, and that F(f,Ss) is the set of those
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removable edges of H(f,S;) which are not incident with the contraction vertex T;. Since
f is R-compatible in G — e (by Proposition 5.5), the exchange property (Proposition 4.4)
implies that e is R-compatible in G — f. Now, since the end z of e lies in I4, the last
assertion of Proposition 5.5 implies that e is a member of F(f,S;). This proves (vi), and
finishes the proof of the Equal Rank Lemma. O

5.3 Proof of Theorem 5.1

Before we proceed to prove Theorem 5.1, we state two results of Carvalho et al. | |
which are useful to us. Suppose that GG is an R-brick and e is an R-compatible edge which
is not thin. We let S; denote a maximal nontrivial barrier of G — e such that |S;| > 3, and
let f denote a member of the candidate set F(e, Sy).

Note that, since e is not thin, its rank is at most n — 4 where n := |V (G)|. If the index
of f is zero then its rank is n, and in particular, it is greater than that of e. The following
result of Carvalho et al. | , Lemma 31] shows that this conclusion holds even if the
index of f is one.

Lemma 5.18 Suppose that f is a member of the candidate set F(e,Sy). If the index of f
is one then rank(f) > rank(e). O

The following corollary of Lemmas 5.16 and 5.18 was used implicitly by Carvalho et
al. | | in their proof of the Thin Edge Theorem (1.15). We provide its proof for the
sake of completeness.

Corollary 5.19 Assume that the index of e is two. If the candidate set F(e, S1) contains
two adjacent edges, say f and g, then at least one of them has rank strictly greater than
rank(e).

Proof: We know by Proposition 5.5 that each of f and ¢ has rank at least rank(e). If
either of them has rank strictly greater than that of e then there is nothing to prove. Now,
suppose that rank(f) = rank(g) = rank(e). It follows from Lemma 5.18 that both f and ¢
are of index two. We intend to arrive at a contradiction using Lemma 5.16. We let I3
denote the set of isolated vertices of (G — e) — S, and Sy denote the unique maximal
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nontrivial barrier of (G —e)/(S1UI;). By Lemma 5.16, S, is a subset of a barrier of G — f,
and likewise, S is a subset of a barrier of G — g.

Consider two distinct vertices of S5, say vy and vy. Let M be a perfect matching of
the graph G — {v1,v2}. (Such a perfect matching exists as G is a brick.) As noted above,
S, is a subset of a barrier of G — f. In particular, v; and v, lie in a barrier of G — f,
whence (G — f) — {v1,v2} has no perfect matching. Thus f lies in M. Likewise, g also lies
in M. This is absurd since f and g are adjacent. We conclude that one of f and ¢ has
rank strictly greater than rank(e). This completes the proof of Corollary 5.19. a

We now proceed to prove Theorem 5.1.

Proof of Theorem 5.1: As in the statement of the theorem, let e denote an R-compatible
edge of an R-brick G. If the edge e is thin, then there is nothing to prove. Now consider the
case in which e is not thin. By the Three Case Lemma (4.15), G — e has either one or two
maximal nontrivial barriers, and by Proposition 4.16, at least one such barrier has three
or more vertices. Our goal is to establish the existence of another R-compatible edge f
which satisfies conditions (i) and (i) in the statement of Theorem 5.1.

Recall that each candidate edge (relative to e and a barrier of G — e with three or
more vertices) is an R-compatible edge of G which satisfies condition (i) of Theorem 5.1
and has rank at least rank(e). (See Definition 5.4 and Proposition 5.5.) Furthermore, if a
candidate has rank strictly greater than rank(e), then by Proposition 5.2, it also satisfies
condition (7i) of Theorem 5.1, and in this case we are done. Keeping these observations in
view, we now use Lemma 5.18 to get rid of the case in which index of e is one.

Claim 5.20 We may assume that the index of e is two.

Proof: Suppose not. Then the index of e is one, and we let S denote the unique maximal
nontrivial barrier of G — e. As discussed earlier, |S| > 3. Let f denote a member of the
candidate set F(e, S), which is nonempty by Corollary 5.9. If the index of f is zero then its
rank is clearly greater than rank(e), and by Lemma 5.18, this conclusion holds even if the
index of f is one. Now consider the case in which f is of index two. Since rank(f) > rank(e),
we conclude that f satisfies condition (i7), Theorem 5.1. Thus, irrespective of its index,
the edge f satisfies both conditions (i) and (7i), and we are done. O

We shall now invoke Corollary 5.19 to dispose of the case in which the candidate set
(relative to some barrier of G — e) is not a matching.
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Claim 5.21 We may assume that if S is a nontrivial barrier (not necessarily mazimal)
of G — e with three or more vertices then the corresponding candidate set F(e,S) is a
matching.

Proof: Suppose that the candidate set F(e, S) is not a matching, and thus it contains two
adjacent edges, say f and g. We let S* denote the maximal nontrivial barrier of G — e
such that S C S*. By Corollary 5.6, edges f and g are members of F(e, S*) as well. Since
e is of index two (by Claim 5.20), Corollary 5.19 implies that at least one of f and g,
say f, has rank strictly greater than that of e. Thus f satisfies both conditions (i) and
(i1), Theorem 5.1, and we are done. O

Now, since e is of index two (by Claim 5.20), the graph G — e has precisely two maximal
nontrivial barriers. Among these two, we shall denote by S; the barrier which is bigger
(breaking ties arbitrarily if they are of equal size), and by I; the set of isolated vertices
of (G—e)—S;. Thus |S;1]| > 3. Let y and z denote the ends of e. We adopt Notation 5.3.
Assume without loss of generality that S; is a subset of B, and thus by the Three Case
Lemma (4.15), the end y of e lies in I;.

As the candidate set F(e, S1) is a matching (by Claim 5.21), we invoke the observations
made in Section 5.1.1, with S; playing the role of S, and I; playing the role of I, and
likewise, X7 := 57 U I playing the role of X. In particular, we adopt Notations 5.10, 5.11
and 5.12 and we apply Proposition 5.13. See Figure 5.9.

Yy wr w2 Wy
So o— A ° ° o |}
fl f2 o fk
/
I 0 o e// }3/ c{ ° o |5
z b p by uo ur U U,

Figure 5.9: Index of e is two, and S is the largest barrier of G — e
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We let S, denote the unique maximal nontrivial barrier of (G — e)/X;, and I, the set
of isolated vertices of (G — e) — Sy. By the Three Case Lemma (4.15), the end z of e lies
in I, as shown in Figure 5.9. Note that |Sy| < |S;| by the choice of 5.

Note that, as per statements (iv) and (v) of Proposition 5.13, the edge f; = ujw; is the
only member of the candidate set F(e, S1) whose end in the barrier S; (that is, vertex u,)
has some neighbour which lies in X;. Also, if |S;| = 3 then f; is the unique member of
F(e, S1). For these reasons, it will play a special role.

Claim 5.22 We may assume that rank(f;) = rank(e). Consequently, the following hold:

(i) the index of fi is two,
(i) all neighbours of uy lie in Sy U I, and
(111) the vertex ug has at least one neighbour in the set A — (Sy U I4).

Proof: By Proposition 5.5, f; is an R-compatible edge which has rank at least that of e,
and it satisfies condition (%), Theorem 5.1. If rank(f;) > rank(e), then by Proposition 5.2,
f1 satisfies condition (ii) as well, and we are done. We may thus assume that rank(f;) =
rank(e). It follows from Lemma 5.18 that the index of f; is two; that is, (i) holds. Since e
and f; = wyw; are of equal rank and of index two each, the Equal Rank Lemma (5.17)(v)
implies that each neighbour of u; lies in the set S, U I1, and this proves (i). We shall now
use this fact to deduce (7).

Since H is bipartite and matching covered, Proposition 1.4 (i) implies that the neigh-
bourhood of the set A—(S;UI;), in the graph H, has cardinality at least |[A— (SoUI;)|+1,
and since |A — (Se U I1)| = |B — (51 U I1)|, we conclude that the set A — (Sy U I;) has
at least one neighbour which is not in B — (S; U I5); it follows from Proposition 5.13 and
statement (i1) proved above that the only such neighbour is the vertex ug of barrier S;. In
other words, the vertex wg has at least one neighbour in the set A — (S U I1) as shown in
Figure 5.9; this proves (i), and completes the proof of Claim 5.22. O

We shall now consider two cases depending on the cardinality of S;.

Case 1: 5] > 4.

We invoke Proposition 5.15, with S; playing the role of S, and we adjust notation accord-
ingly. See Figure 5.10. Observe that () := uswsbiyus is a quadrilateral of G which contains
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the edge fo = uows. Since f5 is a candidate, it is an R-compatible edge whose rank is at
least that of e, and it satisfies condition (i), Theorem 5.1. We will use the quadrilateral @
and the Equal Rank Lemma to conclude that f; has rank strictly greater than that of e,
and thus it satisfies condition (i) as well.

Yy wr W2 Wi
So o—] AN o |}
f2 e fk
I 0 o e// }3/ c{ \u o |5
z b2 6 bl Uo Uy Ug te Uk

Figure 5.10: When |S;| > 4

Now, let v denote the neighbour of wy which is distinct from us and b;. Clearly, v € Si;
by Proposition 5.15 (%), v is distinct from ug.

Since each end of f5 is cubic, it is an R-compatible edge of index two. We first set up
some notation concerning the barrier structure of G — fo. We denote by S3 the maximal
nontrivial barrier of G — f; which is a subset of B, and by I3 the set of isolated vertices
of (G— f3)—S5. We let Sy denote the unique maximal nontrivial barrier of (G— f3)/(S5U13),
and I, the set of isolated vertices of (G — f2) — S4. By the Three Case Lemma (4.15), the
end us of fy lies in Iy, and its end wsy lies in I3. Also, since wy € I3, v € Ss.

Now, suppose for the sake of contradiction that rank(f;) = rank(e). Then we may apply
the Equal Rank Lemma (5.17) to conclude that S; Uy = S3U 1y and that SoUT = SyU 5.
Furthermore, by Claim 5.22(7ii), the vertex ug has a neighbour in A — (S4 U I3), and thus
ug ¢ Iy. We infer that uy € S3. We have thus shown that v and wg are distinct vertices
of the barrier S3 of G — f5. Consequently, (G — f2) — {v,up} has no perfect matching; we
will now use the quadrilateral () = uswsbiyus to contradict this assertion.

Since G is a brick, G — {v,uo} has a perfect matching, say M. If f; is not in M then
we have the desired contradiction. Now suppose that fo € M. Since v and ug both lie in
the color class B of H, we conclude that « € M and that 8 ¢ M. See Figure 5.10. Note
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that each of v and ug is distinct from b;, and that the neighbours of b; are precisely by, wo
and y. Since § = biby is not in M, and since fy = usws lies in M, it must be the case
that yb; lies in M. Now observe that the symmetric difference of M and @ is a perfect
matching of (G — f3) — {v,up}, and thus we have the desired contradiction.

We conclude that rank(fz) > rank(e), and thus f, is the desired R-compatible edge
which satisfies both conditions (i) and (i), Theorem 5.1.

Case 2: |S| = 3.

We note that since S has precisely three vertices, by Remark 5.14, all of the edges of G[X}]
are determined (where X; = S; U ;). See Figure 5.11. Furthermore, f; is the only
member of the candidate set F(e, S;), and by Claim 5.22, its index is two and its rank is
equal to rank(e). We will examine the barrier structure of G — f; using the Equal Rank
Lemma (5.17), and argue that some edge adjacent with the given edge e = yz (that is,
either incident at y, or incident at z) is R-compatible and that its rank is strictly greater
than rank(e). Observe that, since index(e) = 2, each edge adjacent with e satisfies condition
(i), Theorem 5.1.

We let S3 denote the unique maximal nontrivial barrier of G — f; which is a subset
of B, and I3 the set of isolated vertices of (G — fi) — S3. We denote by S; the unique
maximal nontrivial barrier of (G — f1)/(S3 U I3), and by I, the set of isolated vertices
of (G — f1) — S4. See Figure 5.11. By the Three Case Lemma (4.15), the end u; of f lies
in I, and its end w; lies in I3. Since each of b; and ug is a neighbour of wy in G — f7, they
both lie in the barrier S;. By Lemma 5.17 (i), with f; playing the role of f, we conclude
that S5 = {by,uo} and that I3 = {w,}, as shown in the figure.

Observe that by the choice of Si, the barrier S; of G — e contains either two or three
vertices. However, irrespective of the cardinality of S5, it follows from the above and from
Lemma 5.17 (iv) that Sy = Sy U {y} and that Iy = I, U {uy}. In particular, the barrier S,
of G — f; contains either three or four vertices. Note that the end z of e lies in I which is
a subset of I, and its end y lies in Sy. Furthermore, Lemma 5.17 (vi) implies that e is a
member of the candidate set F(fi,S4).

Claim 5.23 We may assume that e is the only member of F(f1,Ss) which is incident
with z. Furthermore, we may assume that |Sa| = 2.

Proof: Suppose there exists an edge ¢ incident with z such that ¢ is distinct from e and
that g € F(f1,S4). By Proposition 5.5, g is an R-compatible edge of the brick G. We now
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Figure 5.11: When |S;| = 3

apply Corollary 5.19 (with f; playing the role of e, and with edges e and ¢ playing the roles
of f and g); at least one of e and ¢ has rank strictly greater than rank(f;). However, by
Claim 5.22, the ranks of e and f; are equal; consequently, rank(g) > rank(f;) = rank(e). By
Propostion 5.2, the edge g satisifes condition (i), Theorem 5.1, and it satisfies condition (%)
because it is adjacent with the edge e, and thus we are done. So we may assume that e is
the only member of F(f;,S;) which is incident with z. Using this, we shall deduce that
the barrier Sy of G — e has only two vertices.

Suppose to the contrary that |S;| = 3. By Claim 5.21, the candidate set F(e, S3) is a
matching. Consequently, as we did in the case of S7, we may now invoke the observations
made in Section 5.1.1, with S playing the role of S, and I, playing the role of I, and
likewise, X5 := S5 U Iy playing the role of X. In particular, by Remark 5.14, all of the
edges of G[X3] are determined. It is worth noting that Ss is also a maximal barrier of G —e
(by the choice of S7). That is, each of S; and S, is a maximal barrier of G — e with exactly
three vertices. Keeping this symmetry in view, we now choose appropriate notation for
those vertices of Xy which are relevant to our argument. See Figure 5.12.
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Figure 5.12: When |S;| = |Ss| =3

We shall let f; := usws denote the unique member of the candidate set F(e, Ss), where
us € Iy and wy € Sy. In particular, Iy = {us,2}. One of the ends of @ = ajay lies in
the barrier Sy; we adjust notation so that ay € S5. Consequently, w, and as are distinct
vertices of Sy. The vertex asy is cubic, and its neighbours are z,us and a;. The vertex ws
is adjacent with z and us, and all of its remaining neighbours lie in Xo.

Observe that @ := zwyusasz is a quadrilateral of the bipartite graph H(f;,S4) which
contains the vertex z whose degree is three. Consequently, by Corollary 4.8, at least one of
zwy and zag is removable in H( f1,S,). However, since ay has degree two in H( f1,Sy), zas is
non-removable; whence zw, is removable. It follows that zw, is a member of the candidate
set F(f1,S4); this contradicts our first assumption. We conclude that the barrier Sy has
only two vertices, and this completes the proof of Claim 5.23. O

By Proposition 4.16, an R-compatible edge of index two is thin if and only if its rank
is n — 4; where n := |V(G)|. Observe that, since |S;| = 3 and |Sy| = 2, the rank of e is
n — 6, and in this sense, it is very close to being thin; the same holds for the edge f;. We
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will establish a symmetry between the barrier structure of G — e and that of G — fi; see
Figure 5.13. Thereafter, we will argue that the edge g := yu; is an R-thin edge of index
two; in particular, it is R-compatible and its rank is n — 4, and thus it satisfies condition
(1), Theorem 5.1. Since g is adjacent with e, it satisfies condition (7) as well.

Since |S;| = 2, the set I contains only the end z of e, and the neighbourhood of z is
precisely the set SoU{y} = Sy. Also, Iy = I, U {u1} = {z,u1}, and by Claim 5.23, ¢ = yz is
the only member of the candidate set F( f1, S4) which is incident with z. In other words, z is
incident with only one removable edge of the bipartite graph H(f, S;), namely, the edge e.
We now deduce some consequences of this fact using standard arguments.

Wo a2 o a1 Yy wq
S2 % N ° ] A D
G—e: fi
I, J —o o s ¥ N S1
z bg B b1 Uo Uy
Yy W G2 aj w1y
Q
St N_R L ° 7 haRE
G — fl : (&
1 ./ V —o o \a/ >J S
z Uy bg B bl Ug

Figure 5.13: When |S;| = 3 and |Sy| =2

First of all, by Lemma 5.8(7), an end of the edge o = ajay lies in the barrier S;. Adjust
notation so that as € S;. By statement (ii) of the same lemma, as has no neighbours
in the set X; where X, := S, U I;. Consequently, the neighbourhood of ay is precisely
I4U{a1} = {z,u1,a,}. Clearly, y and ay are distinct vertices of Sy, and we denote by wy
the remaining vertex of Sy. Note that Sy = {wy, as}.
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Next, we observe that if the vertices u; and wy are adjacent then () := zwgujasz is
a quadrilateral of the bipartite graph H(f1,S;) and it contains the vertex z which has
degree three; by Corollary 4.8, one of the two edges zwy and zay is removable; however,
this contradicts the fact that e = yz is the only removable edge incident with z. Thus, the
vertices u; and wy are nonadjacent. It follows that u; is cubic, and its neighbourhood is

precisely {y, as, w; }.

Observe that we have six cubic vertices whose neighbourhoods are fully determined;
these are: the ends y and z of e, the ends u; and w; of fi, the end b, of 3, and the end as
of a. There is a symmetry between the barrier structure of G — e and that of G — fi; as
is self-evident from Figure 5.13. We have not determined the degrees of the two vertices
up and wy; observe that if these vertices are not adjacent with each other then ug has at least
two neighbours in A— (S,U ) and likewise, wy has at least two neighbours in B —(S1Ul);
whereas if ugwg is an edge of G then v has at least one neighbour in A — (S; U ;) and
likewise, wy has at least one neighbour in B — (S} U [5).

As mentioned earlier, we now proceed to prove that g = yu; is an R-thin edge. We let
J:=((G—-e)/X; — x1)/ X5 — x5 denote the unique brick of G — e, where X; = S; U 4
and X, := S5 U I,. Note that J is near-bipartite with removable doubleton R.

Claim 5.24 The edge g = yuy is R-thin. (That is, g is an R-compatible edge of index two
and its rank isn —4.)

Proof: Observe that @ := yujw,b1y is a quadrilateral in H = G — R which contains the
cubic vertex y. By Corollary 4.8, at least one of the edges g = yu; and yb; is removable
in H. Note that yb; is not removable, whence g is removable in H. To conclude that g
is R-compatible, it suffices to show that edges o and  are admissible in G — g. We shall
prove something more general, which is useful in establishing the thinness of g as well.

Observe that, in G — g, the vertex y has neighbour set {z,b;}, and vertex w; has
neighbour set {wy,as}. We will show that, if v; and v, are distinct vertices of the color
class B such that {vy, va} # {z,b1}, then (G — g) — {v1, v2} has a perfect matching, say M.
This has two consequences worth noting. First of all, if {vy,vo} = {b1, b2} then M + 3 is
a perfect matching of G — ¢ which contains « and 8 both, whence ¢ is an R-compatible
edge of G. Secondly, it shows that {z,b;} is a maximal nontrivial barrier of G — g. An
analogous argument establishes that {wy, as} is also a maximal nontrivial barrier of G — g,
and consequently Proposition 4.16 implies that ¢ is indeed R-thin.
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As mentioned above, suppose that v; and v, are distinct vertices of B such that
{v1,v19} # {z,b1}. Let N be a perfect matching of G — {vy,v2}. In what follows, we
consider different possibilities, and in each of them, we exhibit a perfect matching M of
(G —g) — {v,v2}. If g ¢ N then clearly M := N. Now suppose that ¢ € N. Note that,
since vy,vy € B, the edge « lies in N and f does not lie in N. If by ¢ {v, vy}, then the
edge byw; lies in N, and we let M := (N — g — bywy) + f1 + yb1.

Now consider the case in which b; € {v1,v2}, and adjust notation so that b = v;.
Thus vy # z, whence zwy € N. Also, wiug lies in N. Observe that vy lies in the set
B — (S1 U Iy). First, we consider the case when ugwy is an edge of G. Observe that the
six cycle C' := uyyzwougwiu; is N-alternating and it contains the edge ¢. In this case, let
M denote the symmetric difference of N and C.

Finally, consider the situation in which ugwy is not an edge of G. (In this case, to
construct M, we will not use the matching N.) As noted earlier, since uy and wy are
nonadjacent, wy has at least two distinct neighbours in the set B — (57U Iy). In particular,
wo has at least one neighbour, say v, which lies in B—(S;UI,) and is distinct from vy. Now,
let M; be a perfect matching of J—{v’, v5}. Observe that o € M; and § ¢ M. Note that,
in the matching M}, the contraction vertex z is matched with some vertex in A— (SyUI4),
which is a neighbour of ug in the graph G. Now, we let M := M; + wov' + f1 + €.

In every scenario, M is a perfect matching of (G — g) — {v1,v5}, as desired. Thus, as
discussed earlier, g is R-compatible as well as thin. This proves Claim 5.24. O

In summary, we have shown that g = yu, is an R-compatible edge which satisfies both
conditions (i) and (i), Theorem 5.1. This completes the proof. O
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Chapter 6

(Generating simple near-bipartite bricks

Here, we will use Theorem 5.1 from the last chapter to establish the generation proce-
dure for simple near-bipartite bricks discussed in Section 1.7.3. Recall that, for a simple
R-brick G, a strictly R-thin edge e is one which is R-compatible as well as strictly thin,
and in this case, the retract of G — e is also a simple R-brick. We will prove Theorem 1.24,
which is restated below.

Theorem 1.24 [STRICTLY R-THIN EDGE THEOREM| Let G be a simple R-brick. If G is
free of strictly R-thin edges then G belongs to one of the following infinite families:

(i) Truncated biwheels (vit) Double ladders of type I
(i) Prisms (viii) Laddered biwheels of type I

(iii) Mdébius ladders , .
(iv) Stai (ixz) Double biwheels of type II
iv) Staircases

(v) Pseudo-biwheels (z) Double ladders of type 11
(vi) Double biwheels of type 1 (xi) Laddered biwheels of type II

There are eleven infinite families in the statement of the above theorem. The first four
of these (truncated biwheels, prisms, Mobius ladders and staircases) are Norine-Thomas
families, that is, they are free of strictly thin edges; these are described in Section 1.3.3.
All of the remaining seven families contain strictly thin edges, and these are described in
Section 1.7.3. We denote by N the union of all of these eleven families.

Recall the definitions of ladders and partial biwheels from Section 1.3.3. In our descrip-
tions of the aforementioned eleven families, we constructed their members using either one
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or two disjoint bipartite matching covered graphs, each of which is either a ladder or a
partial biwheel, and thereafter, adding a few vertices and/or edges and possibly identify-
ing two pairs of vertices. As we will see, these constructions are indicative of how these
graphs appear in our proof of Theorem 1.24. In the next section, we will define two special
types of subgraphs, namely, an ‘R-biwheel configuration’ and an ‘R-ladder configuration’;
we will conclude the section with a proof sketch of Theorem 1.24.

Throughout this chapter, we adopt the following notational and figure conventions.

Notation 6.1 For a simple R-brick G, we shall denote by H[A, B] the underlying bipartite
graph G—R. We let a and 3 denote the constituent edges of R, and we adopt the convention
that o := aias has both ends in A, whereas [ := biby has both ends in B. We denote
by V(R) the set {ay,as,by,bo}. Furthermore, in all of the figures, the hollow vertices are
in A, and the solid vertices are in B.

6.1 R-configurations

We will also adopt the following notational conventions for a subgraph which is either a
ladder or a partial biwheel.

Notation 6.2 When referring to a subgraph K of H, such that K is either a ladder or a
partial biwheel with external rungs/spokes au and bw, we adopt the convention that a,w € A
and b,u € B; furthermore, when K is a partial biwheel, u and w shall denote its hubs; as
shown in Figures 6.1 and 6.3. (We may also use subscript notation, such as a;u; and b;w;
where 1 is an integer, and this convention extends naturally.)

6.1.1 R-biwheel configurations

Let K be a subgraph of H such that K is a partial biwheel with external spokes au and bw;
see Figure 6.1. We say that K is an R-biwheel configuration of GG if it satisfies the following
conditions:

(i) in G, the hubs u and w are both noncubic, and every other vertex of K is cubic,
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a € V(R) beV(R)

w

Figure 6.1: An R-biwheel configuration; in G, the free corners (hubs) u and w are noncubic,
and every other vertex is cubic.

(7i) the ends of K, namely a and b, both lie in V(R), and,

(i4i) in G, every internal spoke of K is an R-thin edge whose index is one.

A pseudo-biwheel, as shown in Figure 6.2, has two removable doubletons R := {a, f}
and R := {«/, f'}. The subgraph K, depicted by solid lines, is an R-biwheel configuration.
(To see this, note that every internal spoke of K is an R-thin edge of index one.) However,
K is not an R’-biwheel configuration because its ends a and b are not incident with edges

of R'.

Figure 6.2: A pseudo-biwheel has only one R-biwheel configuration

115



6.1.2 R-ladder configurations

Let K be a subgraph of H such that K is a ladder with external rungs au and bw; see
Figure 6.3. We say that K is an R-ladder configuration of G if it satisfies the following
conditions:

(i) in G, every vertex of K, except possibly for v and w, is cubic,
(7i) the vertices a and b both lie in V(R), and,

(i1i) in G, every internal rung of K is an R-thin edge whose index is two.

u be V(R) u w

a€V(R) w a € V(R) beV(R)

Figure 6.3: Two R-ladder configurations of different parities; each vertex, except possibly
for the free corners v and w, is cubic in G

A prism of order n has § removable doubletons. If R := {a, 3} is a fixed removable

doubleton of a prism G of order ten or more, then the graph H = G — R is itself an R-ladder
configuration, as shown in Figure 6.4. (An analogous statement holds for Mobius ladders
of order eight or more.)

6.1.3 Corners, rungs and spokes

We shall often need the flexibility of referring to a subgraph K which is either an R-ladder
configuration or an R-biwheel configuration, and in this case, we simply write that K is
an R-configuration. Additionally, we may also state that K has external rungs/spokes
au and bw (possibly with subscript notation); in this case, we implicitly adopt the conven-
tions stated in Notation 6.2, and we refer to a, u, b and w as the corners of K. Furthermore,
as shown in Figures 6.1 and 6.3, we will assume that a,b € V(R). We refer to v and w as
the free corners of K; these may lie in V(R) as in Figure 6.4, or they may not lie in V(R)
as in Figure 6.2. Observe that any vertex of K, which is not a corner, does not lie in V(R).
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Figure 6.4: A prism has only one R-ladder configuration

For any two distinct rungs/spokes of an R-configuration K, say e and f, we say that
e and f are consecutive, or equivalently, that e is consecutive with f, whenever an end of e
which is not a free corner is adjacent with an end of f which is also not a free corner.
Clearly, each internal rung (spoke) is consecutive with two rungs (spokes); whereas each
external rung (spoke) is consecutive with only one rung (spoke) and the latter is internal.
Now, let e denote an internal rung (spoke) of K, and let f and g denote the two rungs
(spokes) with which e is consecutive. By definition, e is an R-thin edge of G. Observe that
f and ¢ are multiple edges in the retract of G — e; consequently, e is not strictly thin.

6.1.4 Two distinct R-configurations

A laddered biwheel of type II, as shown in Figure 6.5, has two removable doubletons
R:={a,p} and R :={d/,5'}. Observe that the graph obtained by removing the edge
set RU R’ has two connected components, of which one is an R-ladder configuration with
external rungs a;u; and byw;, and the other is an R-biwheel configuration with external
spokes asuo and bows. In this case, the two R-configurations are vertex-disjoint.

On the other hand, a double ladder of type I, as shown in Figure 6.6, has only one
removable doubleton R := {«, 8} and it has two R-ladder configurations which share their
free corners u; and wy, but are otherwise vertex-disjoint. One of these is depicted by
dashed lines, and it has external rungs a;u; and b;w;, whereas the other one has external
rungs asu; and bowy .

The reader is advised to check that members of all of the eleven families that appear
in Theorem 1.24, except for K, and Cjy, have either one or two R-configurations for an
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Figure 6.5: A laddered biwheel of type II has two vertex-disjoint R-configurations

Figure 6.6: A double ladder of type I has two R-configurations which share their free
corners but are otherwise vertex-disjoint

appropriately chosen removable doubleton R. (The choice of R matters only in the case of
three families, namely, pseudo-biwheels, double biwheels of Type II and laddered biwheels
of Type II. Figure 6.2 shows a pseudo-biwheel and its two removable doubletons.)

In order to sketch a proof of Theorem 1.24, we will require a few results which are stated
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next; their proofs will appear in later sections. In particular, the following proposition
states that two distinct R-configurations are either vertex-disjoint, or they have the same
free corners but are otherwise vertex-disjoint; its proof appears in Section 6.3.1.

Proposition 6.3 [R-CONFIGURATIONS ARE ALMOST DISJOINT| Let G be a simple R-brick,
and let Ky denote an R-configuration with free cornersu; andwy. If K5 is any R-configuration
distinct from Ky, then precisely one of the following statements holds:

(i) K1 and Ko are vertex-disjoint, or,

(11) uy and wy are the free corners of Ky, and Ky is otherwise vertex-disjoint with K.

By the above proposition, the only vertices that can be possibly shared between two
distinct R-configurations are their respective free corners. The remaining two corners of
each R-configuration lie in V(R). Since |V(R)| = 4, we immediately have the following
consequence.

Corollary 6.4 A simple R-brick has at most two distinct R-configurations. a

For instance, if G is a Norine-Thomas brick or if it is a pseudo-biwheel then it has only
one R-configuration. On the other hand, if G is a double biwheel or a double ladder or a
laddered biwheel, then it has two R-configurations, say K; and K,. Furthermore, if G is
of type II then K; and K, are vertex-disjoint as in Proposition 6.3(7); whereas, if G is of
type I then K7 and K5 have the same free corners but they do not have any other vertices
in common as in Proposition 6.3 (7).

6.1.5 The R-biwheel and R-ladder Theorems

It is easily verified that if G is any R-brick in A/, then every R-thin edge of G lies in an
R-configuration. Here, we state two theorems which show that this is not a coincidence.

Now, let G be a simple R-brick which is free of strictly R-thin edges. Given any R-thin
edge e of G, we may invoke one of these theorems (depending on the index of e) to find an
R-configuration K containing the edge e. In particular, if the index of e is one, we apply
Theorem 6.5 and in this case K is an R-biwheel configuration; whereas, if the index of e
is two, we apply Theorem 6.6 and in this case K is an R-ladder configuration.
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Theorem 6.5 |R-BIWHEEL THEOREM| Let G be a simple R-brick which is free of strictly
R-thin edges, and let e denote an R-thin edge whose index is one. Then G contains an
R-biwheel configuration, say K, such that e is an internal spoke of K.

The proof of the above theorem appears in Section 6.2.2, and it is along the same lines
as the proof of | , Theorem 4.6].

Given the statement of Theorem 6.5, one would expect that, likewise, if e is an R-thin
edge whose index is two then G contains an R-ladder configuration, say K, such that e
is an internal rung of K. Unfortunately, this is not true, in general. Consider the double
ladder of type I, shown in Figure 6.6; e is an R-thin edge of index two, and although it is
part of an R-ladder configuration, it is not a rung of that ladder. We instead prove the
following slightly weaker statement concerning R-thin edges of index two.

Theorem 6.6 [R-LADDER THEOREM| Let G be a simple R-brick which is free of strictly
R-thin edges, and let e denote an R-thin edge whose index is two. Then G contains an
R-ladder configuration, say K, such that e € E(K).

The proof of the above theorem appears in Section 6.2.3 and it is significantly longer
than that of the R-biwheel Theorem (6.5). These two theorems (6.5 and 6.6) are central
to our proof of the Strictly R-thin Edge Theorem (1.24).

6.1.6 Proof Sketch of Theorem 1.24

As in the statement of the theorem, let G be a simple R-brick which is free of strictly
R-thin edges. Our goal is to show that G is a member of one of the eleven infinite families
which appear in the statement of the theorem, that is, to show that G € N. We adopt
Notation 6.1.

We may assume that G is different from K, and Cg, and thus, by the R-thin Edge
Theorem (1.22), G has an R-thin edge, say e;. Depending on the index of e;, we invoke
either the R-biwheel Theorem (6.5) or the R-ladder Theorem (6.6) to deduce that G has
an R-configuration, say K7, such that e; € F(K;). We shall let a;u; and bjw; denote the
external rungs/spokes of K, and adjust notation so that u; and w; are its free corners.

We will show that either u; and w; both lie in V(R), or otherwise neither of them lies
in V(R). In the former case, we will conclude that G is either a prism or a Mdbius ladder
or a truncated biwheel, and we are done.
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Now suppose that uy,w; ¢ V(R). In this case, we will show that either G is a staircase
or a pseudo-biwheel, and we are done; or otherwise, G has an R-compatible edge which
is not in E(K7). In the latter case, we will apply Theorem 5.1 to deduce that G has an
R-thin edge, say e, which is not in F(K;). Depending on the index of e, we may once
again use either the R-biwheel Theorem (6.5) or the R-ladder Theorem (6.6) to conclude
that G has an R-configuration, say K5, such that e; € E(K5).

By Proposition 6.3, either K; and K are vertex-disjoint, or otherwise K5 has the same
free corners as K; but is otherwise vertex-disjoint with K;. In the latter case, we will
conclude that G is either a double biwheel or a double ladder or a laddered biwheel, each
of type I, and we are done.

Now suppose that K; and K, are vertex-disjoint. We will argue that either G is a
double biwheel or a double ladder or a laddered biwheel, each of type II, and we are done;
or otherwise, G has an R-compatible edge which is not in E(K;UK5). In the latter case, we
will once again apply Theorem 5.1 to conclude that G has an R-thin edge, say es, which is
not in F(K; UK5). As usual, depending on the index of e3, we invoke either the R-biwheel
Theorem (6.5) or the R-ladder Theorem (6.6) to deduce that G has an R-configuration,
say K3, such that e3 € E(Kj3).

We have thus located three distinct R-configurations in the brick G, namely, K, K,
and K3. However, this contradicts Corollary 6.4, and completes the proof sketch of the
Strictly R-thin Edge Theorem (1.24).

6.2 R-thin edges

Here, we will prove the R-biwheel Theorem (6.5) and the R-ladder Theorem (6.6). Our
proofs are inspired by the work of Carvalho et al. | |. In the next section, we will
review conditions under which an R-thin edge is not strictly thin, and we will state a few
key lemmas (6.10, 6.11 and 6.12) from | | which are used in our proofs.

6.2.1 Multiple edges in retracts
Throughout this section, GG is a simple R-brick, and we adopt Notation 6.1. Furthermore,

we shall let e denote an R-thin edge which is not strictly thin, and J the retract of G — e.
Since e is not strictly thin, J is not simple, and we shall let f and g denote two multiple
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(parallel) edges of J. It should be noted that since J is also an R-brick, neither edge of R
is a multiple edge of J. In particular, f and g do not lie in R.

We denote the ends of e by letters y and 2z with subscripts 1; that is, e = y;21.
Adjust notation so that y; € A and z; € B. If either end of e is cubic, then we denote
its two neighbours in G — e by subscripts 0 and 2. For example, if y; is cubic then

N(y1) = {z1, %0, y2}-

As G is simple, it follows that J has a contraction vertex which is incident with both
f and g. We infer that one end of e, say v, is cubic, and that f is incident with 1y, and
g is incident with y,. See Figure 6.7. As noted earlier, f ¢ R; consequently, e and f are
nonadjacent. Likewise, e and ¢ are nonadjacent.

Figure 6.7: f and g are multiple edges in the retract J of G — e; the vertex y; is cubic.

We will consider two separate cases depending on whether the edges f and g are adjacent
(in G) or not. In the case in which they are adjacent, we shall denote their common end
by w, as shown in Figure 6.8a. Now suppose that f and g are nonadjacent. Since they are
multiple (parallel) edges of J, we infer that both ends of e are cubic, and that f and g join
the two contraction vertices of J. This proves the following proposition; see Figure 6.8b.

Proposition 6.7 Suppose that f and g are nonadjacent in G. Then the following hold:

(i) each end of e is cubic,
(ii) consequently, the index of e is two, and

(i1i) one of f and g is incident with zy whereas the other one is incident with zs. O
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20 21 22

Yo Y Y2

(a) (b)

Figure 6.8: (a) when f and g are adjacent; (b) when f and g are nonadjacent

In view of statement (%ii), whenever f and g are nonadjacent, we shall assume without
loss of generality that f := 129 and g := 9922, as shown in Figure 6.8b.

Let us now focus on the case in which f and g are adjacent, as shown in Figure 6.8a.
We remark that, in this case, the index of e is not determined; that is, its index could
be either one or two depending on the degree of its end z;. Instead, we are able to say
something about the degree of w.

Proposition 6.8 Suppose that f and g are adjacent in G, and let w be their common end.
Then w has degree four or more.

Proof: First suppose that w is not a neighbour of z;. In this case, w is not affected by the
bicontractions in GG — e. Consequently, w is a vertex of the brick J, whence it has at least
three distinct neighbours. Since f and g are multiple edges, w has degree four or more.

Now suppose that w is a neighbour of z;. Observe that the neighbours of y; are precisely
Yo, Y2 and zq; each of which is adjacent with w. See Figure 6.8a. Note that, if w is cubic,
then its neighbourhood is the same as that of y;; and in this case, {yo,y2, 21} is a barrier
of the brick G; this is absurd. Thus w has degree four or more. |

Note that f and g, being multiple edges of J, are both R-thin in J. We shall now
examine conditions under which one of them, say f, fails to be R-thin in G. This may be the
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case for three different reasons; firstly, f is non-removable in the bipartite graph H = G—R;
secondly, f is non-removable in G; and thirdly, f is removable in G but it is not thin.

We begin with the situation in which f is non-removable in H. Note that, if an end
of f is cubic (in G) and if it also lies in V(R), then it has degree two in H, rendering f
non-removable. We will now argue that the converse also holds.

Lemma 6.9 The edge f is non-removable in H if and only if it has a cubic end which lies

in V(R).

Proof: Suppose that f has no cubic end which lies in V(R). Consequently, each end of f
has degree two or more in H — f. Furthermore, since e and f are nonadjacent, each end
of f has degree two or more in H — e — f as well. We will argue H — e — f is matching
covered, that is, f is removable in H — e. The exchange property (Proposition 4.2) then
implies that f is also removable in H.

Note that f is a multiple edge of J — R, whence J — R — f is matching covered. Recall
that any graph obtained from a matching covered graph by means of bi-splitting a vertex is
also matching covered. (See Section 1.5.2.) We will argue that H — e — f may be obtained
from J — R — f by means of bi-splitting one or two vertices.

Note that J is obtained from G — e by means of bicontracting one or two vertices (of
degree two); likewise, J — R may be obtained from H — e by means of bicontractions.
Conversely, H — e may be obtained from J — R by means of bi-splitting one or two vertices;
these are the contraction vertices of J. As noted earlier, since each end of f has degree
two or more in H — e — f, we may similarly obtain H — e — f from J — R — f by means
of bi-splitting the same vertices. As discussed above, H — e — f is matching covered;
consequently, f is removable in H. O

We now turn to the situation in which f is non-removable in GG. For convenience, we
will state two lemmas (6.10 and 6.11), depending on the index of e. These appear in the
work of Carvalho et al. | , Lemma 4.2| as a single lemma. (In their work, they deal
with the more general context in which e is a thin edge of a brick G, which need not be
near-bipartite.)

The first lemma (6.10) considers the scenario in which the index of e is one. By
Proposition 6.7 (i), f and g are adjacent; and by Proposition 6.8, their common end w is
non-cubic.
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Lemma 6.10 | | Suppose that the index of e is one. If f is non-removable in G

then f has a cubic end which is adjacent with both ends of e. (In particular, the cubic end
of f lies in V(R).) O

As w is non-cubic, yg is the cubic end of f, and it is adjacent with z;, as shown in
Figure 6.9a. Clearly, the edge joining 1, and z; is none other than f.

Figure 6.9: Hlustration for Lemma 6.10

The situation in Lemma 6.10 arises in truncated biwheels, as shown in Figure 6.9. Note
that, every perfect matching which contains e also contains f, rendering f non-removable.

The second lemma (6.11) deals with the scenario in which the index of e is two, that

is, each end of e is cubic.

Lemma 6.11 | | Suppose that the index of e is two. If f is non-removable in G
then the following hold:

(i) each end of f is cubic,
(ii) consequently, f and g are nonadjacent, and

(11i) the ends of f have a common neighbour.

(In particular, one of the ends of f is cubic and it also lies in V(R).) O
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By statement (i), each end of f is cubic; thus f and ¢ are nonadjacent (see Proposi-
tion 6.8). By Proposition 6.7, and as per our notation, f = yozyp and g = y22, as shown
in Figure 6.10a. By statement (iii), yo and zy have a common neighbour, say x. Clearly,
one of xyy and xz is an edge of R, depending on whether x lies in A or in B; however,
these cases are symmetric. Adjust notation so that z € B; thus xyg is the edge 5. Using
the fact that G is free of nontrivial barriers, it is easily verified that x is not an end of g.

20 21 z9
X e g o)
B B
O
Yo Y1 Y2

(a) (b)

Figure 6.10: Illustration for Lemma 6.11

The situation in Lemma 6.11 is observed in staircases, as shown in Figure 6.10b. The
edge f is non-removable since every perfect matching which contains e also contains f.

Finally, we turn to the case in which f is removable in G but it is not thin. This is
handled by Lemma 6.12 which appears in the work of Carvalho et al. | , Lemma 4.3|.

Lemma 6.12 | | If f is removable in G but it is not thin then the following hold:

(i) the index of e is two,
(1) f and g are adjacent and their common end w is not adjacent with any end of e,
(11i) g is a thin edge, and

(iv) N(yo) C N(z1) U{w}; recall that yo is the other end of f, and z; is the end of e not
adjacent with yq. |
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The lemma concludes that the index of e is two; that is, its end z; is cubic, and as per
our notation, the neighbours of z; are precisely yi, zg and z,. Furthermore, it concludes
that f and g are adjacent and that their common end w is distinct from each of zg and zs,
as shown in Figure 6.11a. Another consequence which may be inferred from their proof is
that all of the neighbours of y lie in the set N(z1) U{w} = {w,y1, 20, 22}. (This is not
stated explicitly in the statement of | , Lemma 4.3].) Since y, has degree at least
three, we may adjust notation so that y, is adjacent with 2y, and it may or may not be
adjacent with zs.

Figure 6.11: Illustration for Lemma 6.12

The situation in Lemma 6.12 is best illustrated by a double ladder of type I in which at
least one of the two R-ladder configurations is of order eight, as shown in Figure 6.11b. The
edge e is R-thin; deleting it and taking the retract yields the staircase Sty with multiple
edges, two of which are f and ¢. It may be verified that both f and g are removable, but
of them only g is thin.

6.2.2 Proof of the R-biwheel Theorem

In this section, we prove the R-biwheel Theorem (6.5); our proof is along the same lines
as that of | , Theorem 4.6]. Before that, we need one more lemma pertaining to the
structure of R-thin edges of index one (in an R-brick which is free of strictly R-thin edges).
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Lemma 6.13 Let G be a simple R-brick which is free of strictly R-thin edges, e an R-thin
edge whose index is one, and y; the cubic end of e. Let yy and yo denote the neighbours
of yp in G —e. Then yo and yo are both cubic, and they have a common neighbour w which
15 non-cubic. Let f = wyy and g := wy,. Furthermore, the following statements hold:

(1) if f is not R-compatible then yo € V(R), and
(i1) if [ is R-compatible then it is R-thin and its index is one.

(Similar statements also apply to g.)

Proof: Let J denote the retract of G — e, that is, J is obtained from G — e by bicontracting
the vertex y;. By hypothesis, e is not strictly thin, whence J has multiple edges. This
implies that G has a vertex w, distinct from y;, that is adjacent to both yg and o, as
shown in Figure 6.8a. As in the statement of the lemma, let f := wyy and g := wy,. By
Proposition 6.8, w has degree four or more.

First consider the case in which f is not R-compatible. That is, either f is not removable
in H or it is not removable in G, and it follows from Lemma 6.9 or from Lemma 6.10,
respectively, that the end yo of f is cubic and it lies in V' (R).

Now consider the case in which f is R-compatible. Since the index of e is one,
Lemma 6.12 implies that f is thin, whence it is R-thin. By hypothesis, f is not strictly
R-thin. Consequently, the end gy, of f is cubic, and the index of f is one. Applying a
similar argument to the edge g, we may conclude that y, is also cubic. O

Proof of the R-biwheel Theorem (6.5): As in the statement of the theorem, let G be a
simple R-brick which is free of strictly R-thin edges, and let e denote an R-thin edge
whose index is one. Our goal is to show that G has an R-biwheel configuration of which e
is an internal spoke.

As in the statement of Lemma 6.13, we let y; denote the cubic end of e, and y, and ys
the neighbours of y; in G — e. By the lemma, yy and y, are both cubic, and they have
a common neighbour w which is non-cubic. We denote by u the non-cubic end of e, as
shown in Figure 6.12. Observe that yoyiys is a path in H — {u, w}.

We let P := vjvy...v;, where j > 3, be a path of maximum length in the graph
H — {u,w} that has the following properties (see Figure 6.13):

(i) y; is an internal vertex of P,
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Figure 6.12: e is an R-thin edge of index one; 1y, y; and y, are cubic; u and w are non-cubic

(ii) every vertex of P is cubic in G; furthermore, if it lies in A then it is adjacent with u,
and if it lies in B then it is adjacent with w, and

(iii) for every internal vertex v; of P, the edge that joins v; to one of u and w is R-thin of
index one.

(Note that the path yoy172 shown in Figure 6.12 satisfies all of the above properties;
thus such a path P exists.)

We adjust notation so that v; lies in B as shown in Figure 6.13. It should be noted that
the other end of P, namely v;, may lie in A or in B, depending on whether P is an odd
path or even. We shall let K denote the subgraph of H, which has vertex set V(P)U{u,w}
and edge set E(P)U{v;w:1<1i<jandiodd}U{vu:1<1i<jandieven}.

Our goal is to show that K is an R-biwheel configuration. To this end, we need to
establish two additional properties of the path P: first, that it is an odd path; and second,
that both its ends v; and v; lie in V/(R).

We begin by arguing that the two ends of P are nonadjacent (in G). Suppose not, that
is, say v1v; is an edge of G. Since each vertex of P is cubic, it follows that V(G) = V(K);
since otherwise {u,w} is a 2-vertex-cut of GG, and we have a contradiction. Since G has
an even number of vertices, P is of odd length. Furthermore, either G is the same as K,
or otherwise, G has an additional edge joining v and w. In both cases, the graph G is
bipartite; this is absurd. Thus v; and v; are nonadjacent.
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V2 V4 Vg

Figure 6.13: Illustration for the R-biwheel Theorem

Now, let f denote the edge viw. We will argue that f is not R-compatible, and then
use this fact to deduce that v; € V(R). Suppose instead that f is R-compatible. Applying
Lemma 6.13(77), with veu playing the role of e, we conclude that f is R-thin and its index
is one. Let vy denote the neighbour of v; which is distinct from vy and w; note that vy € A.
By the preceding paragraph, v is distinct from v;, and since each vertex of P is cubic, vy
is not in V(P). Applying Lemma 6.13 again, this time with f playing the role of e, we
deduce that vy is cubic. Furthermore, vy and v have a common neighbour whose degree
is four or more; thus vy is adjacent with u. Observe that the path vyv P contradicts the
maximality of P. We conclude that f = vjw is not R-compatible. By Lemma 6.13(7), the
cubic end vy of f lies in V(R).

A similar argument shows that v; lies in V(R). Since v; and v, are nonadjacent, one
of them lies in A and the other one lies in B. (As per our notation, v; € B and v; € A.)
In particular, P is an odd path, and thus K is an R-biwheel configuration. Observe that
by property (i) of the path P, the end y; of e is an internal vertex of P, whence e is an
internal spoke of K, as desired. This completes the proof of Theorem 6.5. a
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6.2.3 Proof of the R-ladder Theorem

Here, we prove the R-ladder Theorem (6.6); its proof is significantly longer than that of
the R-biwheel Theorem. In its proof, we will need two lemmas (6.14 and 6.15), each of
which pertains to the structure of R-thin edges of index two (in an R-brick which is free
of strictly R-thin edges); these lemmas correspond to two cases that appear in the proof
of Theorem 6.6.

Lemma 6.14 Let G be a simple R-brick which is free of strictly R-thin edges and e := y; 2
an R-thin edge whose index is two. Let yy and y, denote the neighbours of y1 which
are distinct from zy, and let zy and zy denote the neighbours of z; which are distinct
from yi. Suppose that y; is the only common neighbour of yo and ys, and that z; is the
only common neighbour of zy and zy. Then there are precisely two (nonadjacent) edges,
say f and g, between {yo,y2} and {zo, zo}. Adjust notation so that f := yozo and g := ya25.
Furthermore, the following statements hold:

(1) if f is not R-compatible then an end of f is cubic and it lies in V(R), and
(i1) if f is R-compatible then it is R-thin and its index is two.

(Similar statements also apply to g.)

Proof: Let J denote the retract of G —e, that is, J is obtained from G — e by bicontracting
vertices y; and z;. By hypothesis, e is not strictly thin, whence J has multiple edges.
Also, as stated in the assumptions, y; is the only common neighbour of yo and 75, and
likewise, z; is the only common neighbour of zy and z,. It follows that there are precisely
two nonadjacent edges between {yo,y2} and {2z, 22}, as shown in Figure 6.8b. As in the
statement, adjust notation so that f := yyzg and g := ys25.

First consider the case in which f is not R-compatible. That is, either f is not removable
in H or it is not removable in G, and it follows from Lemma 6.9 or from Lemma 6.11,
respectively, that an end of f is cubic and it lies in V' (R).

Now consider the case in which f is R-compatible. Since f and g are nonadjacent,
Lemma 6.12 implies that f is thin, whence it is R-thin. It remains to argue that the index
of f is two. Suppose to the contrary that an end of f, say 2y, is non-cubic. By hypothesis,
f is not strictly R-thin, whence its other end yq is cubic. Using the fact that y; is the
only common neighbour of y, and ys», it is easily verified that the retract of G — f has no
multiple edges, that is, f is strictly R-thin; this contradicts the hypothesis. Thus, each
end of f is cubic, whence the index of f is two. O
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Lemma 6.15 Let G be a simple R-brick which is free of strictly R-thin edges and e := 1121
an R-thin edge whose index is two. Let yg and ys denote the neighbours of y; which are
distinct from z1, and let zg and zo denote the neighbours of z; which are distinct from y;.
Suppose that yy and y, have a common neighbour w which is distinct from y,. Let f := yow
and g := yow. Then w is non-cubic and is distinct from each of zy and zo. Furthermore,
f and g are both removable, yy and ys are both cubic, and the following statements hold:

(i) one of f and g is R-compatible; adjust notation so that f is R-compatible;
(ii) f is not thin, and its cubic end yo is adjacent with (exactly) one of zy and zy; and,

(111) g is thin but it is not R-compatible, and its cubic end yy lies in V(R).

Proof: Note that f and g are multiple edges in the retract J of G —e. Since f and g
are adjacent, by Proposition 6.8, their common end w is non-cubic. Consequently, by
Lemma 6.11, f and g are both removable. Note that y, and 1y, are nonadjacent, since
otherwise e is non-removable. In particular, at least one of yy and ys does not lie in V' (R).
By Lemma 6.9, at least one of f and g is R-compatible.

We now argue that w is distinct from each of zy and z5. Suppose not, and assume
without loss of generality that w = z;. By Lemma 6.12(ii), f and g are both thin; in par-
ticular, at least one of them is R-thin. Adjust notation so that f is R-thin. By hypothesis,
f 1s not strictly R-thin, whence the retract of G — f has multiple edges; consequently, the
end yo of f is cubic. Let v denote the neighbour of yg which is distinct from y; and 2.
Furthermore, as f is not strictly R-thin, we infer that v and y; have a common neighbour
which is distinct from yg; by Proposition 6.8, such a common neighbour is non-cubic. Since
z1 is cubic, we infer that ys is non-cubic. By Lemma 6.9, g is R-compatible. As noted
earlier, g is thin; whence g is R-thin. Since each end of g is non-cubic, ¢ is strictly R-thin,
contrary to the hypothesis. Thus w is distinct from each of z; and 29; see Figure 6.14.

Let us review what we have proved so far. We have shown that y, and y, are not both ad-
jacent with z5. An analogous argument shows that yo and s are not both adjacent with z,.
By symmetry, z; and 2o are not both adjacent with yg; likewise, zy and z, are not both
adjacent with y,. In summary, there are at most two edges between {yo,y2} and {zo, 22 };
and if there are precisely two such edges then they are nonadjacent.

Now we argue that yo and 3, are both cubic. Suppose instead that 1y is non-cubic;
then, by Lemma 6.9, f is R-compatible. Note that since each end of f is non-cubic, if f is
thin then it is strictly R-thin, contrary to the hypothesis. So it must be the case that f is
not thin. By Lemma 6.12(iv), N(yo) C N(z1) U{w} = {20, 22, y1,w}. As 7 is non-cubic,
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Figure 6.14: Hlustration for Lemma 6.15

it must be adjacent with each of 2y and 29; however, this contradicts what we have already
established in the preceding paragraph. We conclude that yy and y, are both cubic.

As noted earlier, at least one of f and g is R-compatible. As in statement (i) of the
lemma, adjust notation so that f is R-compatible. We will now argue that f is not thin.

Suppose instead that f is thin. Let v denote the neighbour of y, which is distinct
from y; and w. By hypothesis, f is not strictly R-thin, whence v and y; have a common
neighbour which is distinct from y; by Proposition 6.8, such a common neighbour is non-
cubic. However, this is not possible as each neighbour of y; is cubic. Thus, f is not thin.
An analogous argument shows that if g is R-compatible then ¢ is not thin.

Since f is removable but it is not thin, by Lemma 6.12(iv), N(yo) C N(z1) U {w} =
{20, 22, Y1, w}. It follows from our previous observation that y, is adjacent with exactly one
of zg and z»; adjust notation so that y, is adjacent with zy. This proves statement (7).

Also, by Lemma 6.12, one of f and g is thin; as per our notation, ¢ is thin. Consequently,
g is not R-compatible. By Lemma 6.9, the cubic end y, of g lies in V(R). This proves
statement (774), and we are done. O

Proof of the R-ladder Theorem (6.6): As in the statement of the theorem, let G be a simple
R-brick which is free of strictly R-thin edges, and let e denote an R-thin edge whose index
is two. We shall let ; and z; denote the ends of e, where y; € A and z; € B. Furthermore,
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we let yo and yo denote the neighbours of y; which are distinct from z;, and likewise, we
let zp and 25 denote the neighbours of z; which are distinct from ;.

Our goal is to show that GG has an R-ladder configuration which contains the edge e. As
mentioned earlier, we will consider two separate cases which correspond to the situations
in Lemmas 6.14 and 6.15, respectively.

Case 1: y; is the only common neighbour of y, and ys, and likewise, 2; is the only common
neighbour of zy and 2.

By Lemma 6.14, there are precisely two nonadjacent edges between {yo, 2} and {zo, 22}
Adjust notation so that yyzo and y925 are edges of G, as shown in Figure 6.15. Observe
that the graph in the figure is a ladder of which e is an internal rung; furthermore, it is a
subgraph of H.

20 21 22

Yo n Yo

Figure 6.15: The situation in Case 1

We let K be a subgraph of H of maximum order that has the following properties:

(i) K is a ladder and e is an internal rung of K, and

(ii) every internal rung of K is an R-thin edge whose index is two.

Note that the subgraph K is either an odd ladder or an even ladder; see Figure 6.16.
We shall denote by au and bw the external rungs of K such that a,w € A and b,u € B,
as shown in the figure. It follows from property (ii) of K that each of its vertices, except
possibly a,u, b and w, is cubic in G.

Remark 6.16 Note that, if |V (K)| = 6 then K is the same as the subgraph of H shown in
Figure 6.15; in particular, {u,b} = {yo,y2}, and likewise, {w,a} = {zo, 22}; consequently,
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by our hypothesis, y; is the only common neighbour of u and b, and likewise, z, is the only
common neighbour of w and a.
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Figure 6.16: Illustration for Case 1 of the R-ladder Theorem

Our goal is to show that K is an R-ladder configuration. To this end, we need to
establish that a and b (or likewise, u and w) are both cubic in G and they lie in V(R).

Now, let f denote the edge au. We will argue that f is not R-compatible, and then
use this fact to deduce that one of the ends of f is cubic and it lies in V/(R). As shown in
Figure 6.16, let sy denote the neighbour of u in K which is distinct from a, and likewise,
let t5 denote the neighbour of @ in K which is distinct from wu.

Suppose instead that f is R-compatible. By Lemma 6.14 (4i), with sot5 playing the role
of e, we conclude that f is R-thin and its index is two. We shall let sy denote the neighbour
of w which is distinct from sy and a, and likewise, let ¢, denote the neighbour of @ which is
distinct from ¢ and u. Note that sy € A and ty € B. It is easily seen that if sq is the same
as w then V(K) N A is a (nontrivial) barrier of Gj; this is absurd as G is a brick. Thus
so # w, and likewise, ty # b. It follows that sg,ty ¢ V(K).

We will use the fact that f is not strictly R-thin to deduce that sy and ¢, are adjacent;
this will help us contradict the maximality of K. First suppose that sy and s; have a
common neighbour x which is distinct from u. By Proposition 6.8,  is non-cubic. Observe
that, if |V (K)| > 8 then every neighbour of sy is cubic; and if |[V(K)| = 6 then b is
the only neighbour of s, which is possibly non-cubic. We conclude that |V (K)| = 6 and
that © = b. Now, sg is a common neighbour of u and b; this contradicts the hypothesis
(see Remark 6.16). We conclude that wu is the only common neighbour of sy and s5. An
analogous argument shows that a is the only common neighbour of ¢, and t,. It follows
that so and tq are adjacent, as f is not strictly thin. Now, let K’ denote the subgraph of H
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obtained from K by adding the vertices sg and ¢y, and the edges usg, sotg and tya; then K’
contradicts the maximality of K.

We thus conclude that f = au is not R-compatible. Consequently, by Lemma 6.14(7),
with sty playing the role of e, at least one of a and u is cubic and it also lies in V(R).
Adjust notation so that a is cubic and it lies in V(R).

An analogous argument shows that at least one of b and w is cubic and it lies in V(R);
we claim that b must satisfy both of these properties. Suppose not; then w is cubic and
it lies in V(R); this means that the edge v of R joins the vertices a and w. Observe that
{b,u} is a 2-vertex cut of G; this is absurd as G is a brick.

We have shown that a and b both are cubic and they lie in V(R). Thus K is an R-ladder
configuration. Observe that, by property (i) of K, the edge e is an internal rung of K. In
particular, e is an edge of K, as desired.

Case 2: yy and ys have a common neighbour which is distinct from gy, or likewise, 2y and 2,
have a common neighbour which is distinct from z;.

As shown in Figure 6.17, assume without loss of generality that 3, and 3, have a common
neighbour, say w, which is distinct from y;. We let f := yow and g := yow. We invoke
Lemma 6.15 to infer the following: w is non-cubic and it is distinct from each of zy and zo;
whereas y and y, are both cubic; f and g are both removable edges. Furthermore, adjusting
notation as in the lemma, f is R-compatible but it is not thin and its cubic end ) is adjacent
with one of zp and 2z5. Assume without loss of generality that y, is adjacent with z5. The
edge ¢ is thin but it is not R-compatible and its cubic end y; lies in V(R). As per our
notation, g, is an end of 3; we shall let x denote the other end of .

We will consider two subcases. In the first one, we assume that zy is cubic and it lies
in V(R); and in the second case, we assume that either zy is non-cubic or it is not in V' (R).

Case 2.1: zj is cubic and it lies in V(R).

In this case, we shall denote by K the subgraph whose vertex set is {zo, 21, Yo, y1, W, Y2}
and edge set is {e, 192, 9, f, Y020, 2021, You1 }- Observe that K is a ladder of order six and it
is a subgraph of H; furthermore, two of its corners, namely y, and zq, are cubic and they
both lie in V(R). To complete the proof in this case, we will show that K is an R-ladder
configuration; for this, we only need to prove that the internal rung yoy; is R-thin and its
index is two.
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Figure 6.17: The situation in Case 2

We begin by showing that yoy; is R-compatible, that is, yoy; is removable in H as well
as in G. Here, we will not require the hypothesis that z; is cubic and it lies in V' (R).

Claim 6.17 The edge yoy1 is R-compatible.

Proof: Note that yyy; is removable in the subgraph K. We will argue that K is a conformal
subgraph of H, and then use Proposition 4.3 to deduce that yyy; is removable in H.

Let M be any perfect matching of H which contains the edge zpz;. Since M does not
contain « or 3, it is easily verified that M N E(K) is a perfect matching of K, whence K
is a conformal subgraph of H; consequently, yoy; is removable in H.

To conclude that yyy; is removable in G, we will show that G — yoy; has a perfect
matching M which contains both « and 5. Let N be a perfect matching of G — {21, x};
such a perfect matching exists as G is a brick; note that & € N and 5 ¢ N. Clearly, either
y1y2 € N or g € N. If y190 € N, we let M := (N — 1192) + e + . On the other hand, if
g € N then yoy; € N, and we let M := (N — g — yoy1) + € + f + 3. In either case, M is
the desired perfect matching, and this completes the proof. O

We now proceed to show that yyy; is an R-thin edge. To this end, we will use the
characterization of R-thin edges in terms of barriers given by Proposition 4.16.
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Claim 6.18 The edge yoy1 is R-thin, and its index is two.

Proof: Observe that, since yy and y; are both cubic, G — yy; has two maximal nontrivial
barriers; one of them, say Sj4, is a subset of A and it contains zy and w; the other one,
say Sp, is a subset of B and it contains z; and y,. In particular, the index of yyy; is two.

We will argue that Sy = {29, w}; our argument does not use the fact that w is non-cubic,
and it may be mimicked to show that Sp = {21, y2}; thereafter, we apply Proposition 4.16
to infer that yoy; is R-thin.

Note that w is in the barrier S4. Now, let v be any vertex in A — {2z, w}. We will
show that (G — yoy1) — {w, v} has a perfect matching M; this would imply that v is not in
the barrier Sy. Let N be a perfect matching of G — {w, v}; note that 5 € N and o ¢ N.
If yoy1 ¢ N then let M := N, and we are done. Now suppose that yyy; € N. By our
hypothesis, zg is cubic and it lies in V(R); this means that the three edges incident at z
are zoYo, 2021 and a. Since, yoy; € N and o« ¢ N and v # 2, we conclude that zpz; € N.
Now, M := (N —yoy1 — 2021) + Yozo + € is the desired perfect matching. We conclude that
Sa ={z0,w}. As discussed in the preceding paragraph, this completes the proof. O

We have shown that the only internal rung of K, namely yoy1, is an R-thin edge whose
index is two. As discussed earlier, K is indeed an R-ladder configuration, and since it
contains e, this completes the proof in this case (2.1).

Case 2.2: Either zj is non-cubic or it does not lie in V(R), possibly both.

As per our notation, zy € A; it follows from the hypothesis of this case that z; has at least
one neighbour which lies in B — {21, yo}; we shall let u denote such a neighbour of z, as
shown in Figure 6.18. Observe that u is distinct from ys; however, it is possible that u = x.

In this case, we will prove that z52; is an R-thin edge whose index is two; in particular,
2o is cubic and 2y ¢ V(R). (If not, we will find a strictly R-thin edge contrary to the
hypothesis.) Thereafter, we argue that u is adjacent with zy; this establishes a certain
symmetry between o, y1,y2, w and zg, 21, 22, u, respectively; see Figure 6.20. We shall
exploit this to deduce that yoy; is an R-thin edge (whose index is two), and that z; is cubic
and it lies in V' (R). In the end, we will find an R-ladder configuration of order eight whose
internal rungs are yoy; and zpz.

Our first step is to show that zyz; is R-compatible, that is, zpz; is removable in H as
well as in G.
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Figure 6.18: The situation in Case 2.2 (all labelled vertices are pairwise distinct, except
possibly u and z)

Claim 6.19 The edge zyz; is R-compatible.

Proof: Note that yoy;2120y0 is a quadrilateral containing the edges yoy; and zpz,. We will
show that yyy; is admissible in H — zy21, and then invoke Corollary 4.6 to deduce that zg2;
is removable in H.

We need to show that H — zp2; has a perfect matching M which contains yoy;. Let N
be any perfect matching of H — {u, y;}; such a perfect matching exists by Proposition 1.4.
Observe that g € N; consequently, y9z0 € N. Now, M := (N — yozo) + uzo + yoy1 is the
desired perfect matching. As discussed above, zpz; is removable in H.

To conclude that zyz; is removable in G, we will show that G — zyz; has a perfect
matching M which contains both a and 3. Let N be any perfect matching of G which
contains a and . If zpz; ¢ N then let M := N, and we are done. Now suppose that
2021 € N. Observe that yoy; € N; furthermore, M := (N — yoy1 — 2021) + € + yozo is the
desired perfect matching. This completes the proof. O

We proceed to prove that zpz; is an R-thin edge whose index is two. As we did in
Claim 6.18, we will use the characterization of R-thin edges given by Proposition 4.16.
However, here we need more general arguments since we do not know the degree of zj.
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Claim 6.20 The edge zyz, is R-thin, and its index is two.

Proof: Observe that, since z; is cubic, G — 2327 has a maximal nontrivial barrier, say Sy,
which is a subset of A and contains y; and z. We will first prove that S4 = {y1, 22}

Let v be any vertex in A — {y1,22}. We will show that (G — zp21) — {22,v} has a
perfect matching M this would imply that v is not in the barrier S4. Let N be a perfect
matching of G — {29,v}; note that § € N and o ¢ N. If zp2; ¢ N then let M := N,
and we are done. Now suppose that zpz; € N, and observe that yyy; € N; consequently,
M := (N — 2021 — Yoy1) + € + Yoo is the desired perfect matching. Thus, Sa = {y1, 22}

Since zpz; is R-compatible, by the Three Case Lemma (4.15), either S, is the only
maximal nontrivial barrier of G — zyz1, or G — zp2; has another maximal nontrivial barrier,
say Sp, which is a subset of B. We now argue that, in the former case, zyz; is strictly
R-thin, contrary to the hypothesis.

Suppose that S, is the only maximal nontrivial barrier of G — zyz1; in this case, the
index of zgz; is one. By Proposition 4.16, zpz; is R-thin. Also, 2y is non-cubic, since
otherwise its two neighbours distinct from z; would lie in a barrier. Observe that, since z;
is the only common neighbour of y; and zj, the retract of G — zy2; is simple, and thus 22,
is strictly R-thin; this is a contradiction.

It follows that G — zyz; has a maximal nontrivial barrier, say Sg, which is a subset of B;
in particular, the index of zyz; is two. By the Three Case Lemma (4.15), z is isolated
in (G — z9z1) — Sp; that is, in G — zyz1, every neighbour of z; lies in the barrier Sg. In
particular, u,yo € Sp. We will prove that S = {u,y}.

Let v be any vertex in B — {u,yo}. We will show that (G — zpz1) — {u, v} has a perfect
matching M this would imply that v is not in the barrier S. Let N be a perfect matching
of G — {u,v}; note that « € N and § ¢ N. If zpz; ¢ N then let M := N, and we are
done. Now suppose that zpz; € N. If yoy; € N then M := (N — 2021 — yov1) + € + Y020
is the desired perfect matching. Now suppose that yoy1 ¢ N; then f,y1y2 € N, and
M := (N —2z0z1— [ —11y2) + yo20+ g+ e is the desired perfect matching. Thus, as discussed
above, v ¢ Sp; consequently, Sp = {u,yo}. In particular, zy is cubic. Furthermore, by
Proposition 4.16, zy2; is R-thin. O

We have shown that zyz; is an R-thin edge and its index is two; in particular, both its
ends are cubic. The three neighbours of 2, are g, z; and u; see Figure 6.18.
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By hypothesis, zpz; is not strictly R-thin; whence the retract of G — 22, has multiple
edges. Observe that z; is the only common neighbour of y; and z5. Consequently, at least
one of the following must hold: either v and 1y have a common neigbour which is distinct
from 2y, or v and z, are adjacent. We shall rule out the former case by arriving at a
contradiction.

n

Yo

Figure 6.19: When u is adjacent with w

Suppose that u and yg have a common neighbour which is distinct from zy; this is true
if and only if u is adjacent with w. We now invoke Lemma 6.15, with zpz; playing the role
of e, with u playing the role of y5, and with uw playing the role of g; see Figure 6.19a,
and compare with Figure 6.18. The lemma implies that u is a cubic vertex, and since f is
R-compatible, uw is thin but it is not R-compatible; furthermore, u € V(R). In particular,
u is an end of # which implies that u = x; see Figures 6.18 and 6.19b. Note that all of the
labelled vertices in Figure 6.19b are pairwise distinct; furthermore, each of them except
w and possibly 2o, is cubic. Since z, has at least one neighbour in B which is distinct
from z1, the graph has more vertices; consequently, {w, 22} is a 2-vertex cut of G; this is a
contradiction.

We have shown that zj is the only common neighbour of u and yg; as discussed earlier,
this implies that u and z, are adjacent; see Figure 6.20. Note that u is now a common
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neighbour of zy and 25, and it is distinct from z;; this establishes a symmetry between
Yo, Y1, Y2, w, and zg, 21, 29, u, respectively. We invoke Lemma 6.15 to conclude that u is
non-cubic, whereas z, is cubic and it lies in V(R). Using arguments analogous to those in
the proofs of Claims 6.19 and 6.20, we conclude that yoy; is an R-thin edge (whose index
is two).

Figure 6.20: Ilustration for Case 2.2 of the R-ladder Theorem; u is a common neighbour
of zp and 2o which is distinct from z;

Now, let K denote the subgraph which consists of all of the labelled vertices shown
in Figure 6.20, and all of the edges between those vertices which are shown in the figure.
Note that K is an R-ladder configuration, and since it contains e, this completes the proof

of the R-ladder Theorem (6.6). O

6.3 Properties of R-configurations
In this section, we prove a few results pertaining to R-configurations. These are used in
our proof of the Strictly R-thin Edge Theorem (1.24), which appears in the next section.

For the rest of this section, G is a simple R-brick, and we adopt Notation 6.1; fur-
thermore, K is an R-configuration with external rungs/spokes a;u; and byw;. As usual,
uy and w; are the free corners of K;; see Figure 6.21.
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Figure 6.21: The R-configuration K,

Note that K is either a ladder or a partial biwheel. In either case, it is easily verified
that the graph obtained from K; by adding two edges, one joining a; and by, and another
joining u; and wq, is a brace. This fact, in conjunction with the characterization of braces
provided by Proposition 4.12, yields the following easy observation.

Proposition 6.21 The following statements hold:

(i) for every pair of distinct vertices vi,vy € ANV (Ky), the graph Ky — {by,uq,v1,v9}
has a perfect matching; and likewise,

(i1) for every pair of distinct vertices vi,vo € BNV (Ky), the graph Ky — {a1, w1, v1,v9}
has a perfect matching. |

143



In the following lemma, we prove some conformality properties of R-configurations;
these are useful in subsequent lemmas to show that a certain edge is R-compatible.

Lemma 6.22 The following statements hold:
(1) uy lies in V(R) if and only if wy lies in V(R),

(i1) K is a conformal matching covered subgraph, and
(i1i) the subgraph induced by E(K1) U R is conformal.

Proof: First, we prove (7). Suppose instead that u; € V(R) and w; ¢ V(R); that is,
u1 = by, whereas wy and ay are distinct; see Figure 6.22. For X := V(K;) — wy, note that
every edge in 0(X), except for «, is either incident with u; or with w;. Recall that if M
is any perfect matching, then o € M if and only if 5 € M. Using these facts, it is easy to
see that 0(X) is a tight cut; this is a contradiction.

Ulzbg

by

a2 ai

w1

Figure 6.22: J(X) is a nontrivial tight cut, where X := V(K;) — w;

Now, we prove (i7). Since K is either a ladder or a partial biwheel, it is matching
covered. To show that K7 is conformal, we will display a perfect matching M of G—V (K7).
Let N be a perfect matching of H which contains ajuy; observe that M := N — E(K}) is
the desired perfect matching.

Note that, if u;,w; € V(R), then (4i) follows immediately from (ii). Now suppose
that uy,w; ¢ V(R), and let N be a perfect matching of G — {as, w;}; note that g € N.
A simple counting argument shows that M := N — FE(K;) — R is a perfect matching
of G — V(K;) — V(R); and this proves (ii). O
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In the following two lemmas, apart from other things, we show that under certain
circumstances there exists an R-compatible edge which is not in ;.

Lemma 6.23 Suppose that ui,w; ¢ V(R). Then at most one edge of O(uy) — E(K7) is
not R-compatible. (An analogous statement holds for w,.)

Proof: Note that, by Corollary 4.9, at most two edges of J(u;) are non-removable in H;
one of these is aju;. Consequently, at most one edge of d(uy) — F(K;) is non-removable
in H. To complete the proof we will show that if e is any removable edge of H such that
e € O(uy) — E(K}), then e is removable in G as well; for this, it suffices to show a perfect
matching M which contains a and S but does not contain e.

Let M; be a perfect matching of G — V' (K7) — V(R); such a perfect matching exists by
Lemma 6.22 (7). Let M; be a perfect matching of K7—{ay, b;}; since K7 is bipartite match-
ing covered, such a perfect matching exists by Proposition 1.4. Now, M := M; U My U R
is the desired perfect matching alluded to above, and this completes the proof. ]

Lemma 6.24 Suppose that uy,wy ¢ V(R). If|0(uy) — E(K3)| < 1 and |0(w;) — E(K7)| <
then the following statements hold:

(i) uy and wy are nonadjacent,
(i1) O(uy)—E(K1) has exactly one member, say o, and likewise, O(wy) — E (K1) has exactly
one member, say (',
(11i) « and o/ are adjacent if and only if  and ' are adjacent,

(iv) if a and o are nonadjacent then at most one edge of d(v) — o is not R-compatible,
where v denotes the end of o which is distinct from uy; an analogous statement holds

for 8 and .

Proof: We first verify (i) and (i7). Observe that, if u; and w; are adjacent, or, if the sets
O(uy) — E(K7) and O(wy) — E(K;) are both empty, then {ai,b;} is a 2-vertex cut of G;
this is absurd. This proves (i). Note that, if only one of d(u1) — E(K) and O(w,) — E(K)
is nonempty then H has a cut-edge; this is a contradiction. This proves (ii). As in the
statement, let o’ denote the only member of 0(u;) — E(K}); and likewise, let 5" denote the
only member of d(w;) — E(K7). See Figure 6.23.

We now show that (iiz) holds. Suppose instead that § and /3 are adjacent, whereas
a and o/ are nonadjacent. In particular, §’ has ends wy and by. Welet T := B — V(K;) — bo,
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a2

ba

(b) ()

Figure 6.23: When |0(u;) — E(K3)| = |0(wy) — E(K;)| =1

and note that 7' is nonempty. Furthermore, all of the neigbours of 7' lie in the set
S := A — V(K,); consequently, S is a nontrivial barrier of G; this is absurd.

We now proceed to prove (iv). Suppose that o and o/ are nonadjacent; and as in the
statement of the lemma, let v denote the end of ' which is distinct from w;. By (i),
f and " are also nonadjacent. We will first argue that at most one edge of d(v) — o is
non-removable in H.

Observe that {a/, '} is a 2-cut of H; thus, neither ¢/ nor f’ is removable in H. By
Corollary 4.9, at most two edges of O(v) are non-removable in H; one of these is «'.
Consequently, at most one edge of d(v) — ¢ is non-removable in H. To complete the
proof we will show that if e is any removable edge of H such that e € 9(v) — ¢/, then e is
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removable in G as well; for this, it suffices to show a perfect matching M which contains
« and 8 but does not contain e.

Let M; be any perfect matching of G — {ag,v}; note that § € M;. A simple count-
ing argument shows that 5’ lies in M; as well. Now, let M, be a perfect matching of
Ky — {ay,u1,by,w }; such a perfect matching exists due to Proposition 6.21. Observe that
M = (M; — E(K;)) UMy U {a, '} is the desired perfect matching alluded to above. As
discussed, this completes the proof. O

In the previous two lemmas, we have shown that under certain circumstances there
exists an R-compatible edge which is not in K;. However, in the proof of the Strictly
R-thin Edge Theorem (1.24), we will be interested in finding an R-thin edge which is not
in K;. To do so, we will choose an R-compatible edge appropriately, and use Theorem 5.1,
in conjunction with the following lemma, to argue that the chosen edge is indeed R-thin.

Lemma 6.25 Suppose that ui,w; ¢ V(R). Let e denote an R-compatible edge which does
not lie in E(K7), let S denote a nontrivial barrier of G—e, and I the set of isolated vertices
of (G—e)—S. Then the following statements hold:

(1) SNV(Ky) contains at most one vertez, and
(i) I NV (Ky) is empty.

Proof: Since e is R-compatible, S is a subset of one of the two color classes of H; assume
without loss of generality that S C A. To establish (i), we will show that if v; and vy are
any two distinct vertices in V(K1) N A, then (G — e) — {v1, v2} has a perfect matching M.

Let M, be a perfect matching of (H —e) — {vy, bo} where by is the end of § which is not
in V(K;); such a perfect matching exists by Proposition 1.4 as H —e is matching covered. A
simple counting argument shows that M NA(V (K7)) contains only one edge, and this edge is
incident with the free corner u;. Let M; be a perfect matching of Ky —{by, uy,v1,v2}; such a
perfect matching exists due to Proposition 6.21. Observe that M := (M, —E(K;))+My+0
is the desired perfect matching of (G — e) — {v1, v2}, and this proves (i).

We now deduce (i) from (i). Suppose to the contrary that I NV (K}) is nonempty,
and let x denote any of its members. Observe that z is adjacent with at least two vertices
in V(K3), and each of these must lie in S; this contradicts (i), and completes the proof. O
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6.3.1 Proof of Proposition 6.3

As in the statement of the proposition, let G be a simple R-brick, and let K; be an
R-configuration with external rungs/spokes a;u; and byw;, where u; and w; denote the
free corners of Kj; see Figure 6.21. Suppose that G has an R-configuration K, which is
distinct from K7; that is, K; and K, are not identical subgraphs of G. We assume that
K, and K, are not vertex-disjoint. Our goal is to deduce that u; and w; are the free
corners of Ky, and that K is otherwise vertex-disjoint with K.

We first argue that u;,w; ¢ V(R). Note that every vertex of Kj, except possibly
uy and wy, is cubic in G. Consequently, if ui,w; € V(R) then V(G) = V(K;), since
otherwise {uj,w;} is a 2-vertex cut of G; furthermore, either G is precisely the graph
induced by E(K;)U R, or otherwise, G has one additional edge joining u; and w;; in
either case, it is easily seen that K is the only subgraph with all the properties of an
R-configuration; this contradicts the hypothesis. By Lemma 6.22(7), ui,w, ¢ V(R).

Claim 6.26 Let 2, be any vertex of Ky which is distinct from uy; and wy. If z1 € V(K3)
then every edge of Ky which is incident with z, lies in E(K5).

Proof: Assume that z; € V(K5). First consider the case in which z; € {a,b;}. Note that
the degree of z; in H is two; consequently, both edges of H incident with z; lie in F(K5).

Now consider the case in which z; ¢ {a;,b1}. Note that z; is cubic. Observe that, for
an R-configuration K, any vertex of K, which is not one of its corners, is cubic in K as
well as in G. Thus, it suffices to show that z; is not a corner of Ks.

Suppose instead that z; is a corner of Ky. As z; ¢ V(R), it is a free corner. Since z;
is cubic, K5 is an R-ladder configuration. Also, z; must be adjacent with a corner of Ks
which lies in V(R); such a corner is either a; or b;. Adjust notation so that z; is adjacent
with aq; thus, both edges of H incident with a; lie in E(K5). Note that a;2; is an external
rung of Ks. Also, since u; is not a corner of Ks, it is cubic in K5 and in G. We infer that
K is also an R-ladder configuration; see Figure 6.24.

Let y, denote the neighbour of u; in K which is distinct from a;, and let v denote the
third neighbour of u;. Note that y;,v € V(K3). Since |0(u1) — E(K7)| = 1, Lemma 6.24 (%)
implies that v is distinct from w;. Since K> is a ladder, a;z; lies in a quadrilateral of Ks;
this implies that y;2; € E(K3). Note that u;y; is an internal rung of K.

Let y» denote the neighbour of y; which is distinct from u; and z;. Note that y € V(K3).
Since aiz; and uqy; are rungs of K, it must be the case that v and y, are adjacent and the
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Figure 6.24: Tllustration for Claim 6.26; the solid lines show part of the R-configuration K;

edge joining them is a rung of K5; however, it is easily seen that v and ys are nonadjacent.
We thus have a contradiction. This completes the proof of Claim 6.26. O

We will now use Claim 6.26 to deduce that, since K and K are distinct R-configurations,
the only vertices of K; which may lie in K are its free corners (that is, u; and wy).

Suppose instead that (V(K;) — {uy,w1}) NV(K2) is nonempty. Since K; — {uy, wq}
is connected, Claim 6.26 implies that V(K;) C V(K3) and E(K;) C E(K,). Further-
more, since |V (K;) NV (Ky)| > 6, the set (V(K3) — {ug,w2}) NV(K7) is also nonempty,
where us and ws denote the free corners of K,. By symmetry, V(K3) C V(K;) and
E(K,) C E(K;). We conclude that K; and K, are identical subgraphs of G; contrary
to our hypothesis.

Thus, each member of V(K;) NV(K3) is a free corner of K, and by symmetry, it is a
free corner of K as well. By our hypothesis, V(K;) N V(K3) is nonempty; thus, at least
one of u; and wy is a free corner of K5. Adjust notation so that u; is a free corner of K.
To complete the proof, we will show that w; is also a free corner of K.

Suppose not, that is, say V(K1) NV (K3) = {ui}, and let wy denote the free corner
of K, distinct from u;. Observe that the ends as of o and by of 5 both lie in V(K5);
see Figure 6.25. Furthermore, |B — V(K; U Ky)| = |A — V(K; U K3)| + 1. We shall let
T :=B—V(K;UK,;). Since every vertex of K; U Ky, except possibly u;,w; and ws, is
cubic, all neighbours of T lie in the set S := (A — V(K; U K5)) U {wy,wy}. Consequently,
S is a nontrivial barrier of G; this is absurd.

Thus, u; and w; are the free corners of K5, and K5 is otherwise vertex-disjoint with K.
This completes the proof of Proposition 6.3. O
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Figure 6.25: When K, and K, share only one free corner

6.4 Proof of the Strictly R-thin Edge Theorem

As in the statement of the theorem (1.24), let G be a simple R-brick which is free of strictly
R-thin edges. Our goal is to show that GG is a member of one of the eleven infinite families
which appear in the statement of the theorem, that is, to show that G € N. We adopt
Notation 6.1.

We may assume that G is different from K, and Cg, and thus, by the R-thin Edge
Theorem (1.22), G has an R-thin edge, say e;. Depending on the index of e;, we invoke
either the R-biwheel Theorem (6.5) or the R-ladder Theorem (6.6) to deduce that G has
an R-configuration, say K7, such that e; € F(K;). We shall let aju; and bjw; denote the
external rungs/spokes of K7, and adjust notation so that u; and w; are its free corners.
See Notation 6.2 and Figure 6.21. Note that a; is an end of « and b; is an end of 5.

By Lemma 6.22, either both free corners u; and w; lie in V(R), or otherwise, neither
of them lies in V(R); let us first deal with the former case.
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Claim 6.27 Ifu;,w, € V(R) then G is either a prism, or a Mdobius ladder or a truncated
biwheel.

Proof: Suppose that uy,w; € V(R); that is, & = ajw; and f = bjuy. Since every vertex
of K is cubic in G, except possibly u; and w;, we conclude that V(G) = V(K;) as
otherwise {uy,w;} is a 2-vertex cut of G. Furthermore, either G is precisely the graph
induced by F(K;)U R, or otherwise, G has one additional edge joining u; and w;. In
the latter case, ujw, is a strictly R-thin edge, contrary to the hypothesis. In the former
case, observe that: if K is an R-biwheel configuration, as shown in Figure 6.21a, then
G is a truncated biwheel; if K is an R-ladder configuration of odd parity, as shown in
Figure 6.21b, then G is a prism; and if K is an R-ladder configuration of even parity, as
shown in Figure 6.21c, then G is a Moébius ladder. O

We may thus assume that neither u; nor wy lies in V(R). Consequently, the end as
of o and the end by of § are both in V(G) — V(K;).

Claim 6.28 Fither GG is a staircase or a pseudo-biwheel, or otherwise, G has an R-compatible
edge which is not in E(K).

Proof: We begin by noting that, if |0(u;) — E(K7)| > 2, then by Lemma 6.23, some edge
of d(uy) — F(K;) is R-compatible, and we are done; an analogous argument applies when
|0(wy) — E(Ky)| > 2.

Now suppose that |0(u;) — E(K7)| < 1 and that |0(w;) — E(K;)| < 1. By Lemma 6.24
(i) and (ii), u; and w, are nonadjacent; furthermore, d(u;) — F(K) has a single element,
say «'; likewise, O(wy) — E(K;) has a single element, say (’; see Figure 6.23. We let
R = {«,p'}. By (iii) of the same lemma, o and o are adjacent if and only if g and 3’
are adjacent.

First consider the case in which o and o/ are nonadjacent, and as in the statement of
Lemma 6.24 (i), let v denote the end of o/ which is distinct from w,; note that v ¢ V(K7).
By the lemma, 0(v) — o/ contains an R-compatible edge, and we are done.

Now suppose that o and o are adjacent; whence 3 and ' are also adjacent. Note
that o/ = ujas and ' = wiby. Every vertex of K, except possibly u; and w;y, is cubic
in G; furthermore, 0(u;) — E(K;) = {¢/}, and likewise, O(w;) — E(K7) = {8'}. We infer
that V(G) = V(K;) U {ag, be} as otherwise {as, bo} is a 2-vertex cut of G. Furthermore,
since each of as; and b, has degree at least three, there is an edge joining them; and G
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is precisely the graph induced by F(K;) U R U R U {asbs}. Observe that if K is an
R-biwheel configuration of order at least eight then G is a pseudo-biwheel, and otherwise,
G is a staircase. |

We may thus assume that G has an R-compatible edge which is not in F(K;). We will
now use Theorem 5.1 and Lemma 6.25 to deduce that G has an R-thin edge which is not
n E(Kl)

Claim 6.29 G has an R-thin edge, say ez, which is not in E(K).

Proof: Among all R-compatible edges which are not in E(K7), we choose one, say es, such
that rank(es) + index(ez) is maximum; we intend to show that ey is R-thin. Suppose not;
then, by Theorem 5.1, with e; playing the role of e, there exists another R-compatible
edge f such that (i) f has an end each of whose neighbours in G — e lies in a (nontrivial)
barrier S of G — eq, and (ii) rank(f) + index(f) > rank(ey) + index(es).

Let I denote the set of isolated vertices of (G — ey) — S. Condition (i) above implies
that f has one end in I and another end in S. By Lemma 6.25, with e; playing the role
of e, the set INV(K,) is empty. Since f has one end in I, we infer that f is not in E(K);
this, combined with condition (ii) above, contradicts our choice of e5. We thus conclude
that ey is R-thin. O

Now, depending on the index of ey, we invoke either the R-biwheel Theorem (6.5) or
the R-ladder Theorem (6.6) to deduce that G’ has an R-configuration, say K5, such that
ey € E(Ks). As ey is not in F(K7) but it is in F(K3), the R-configurations K; and Ky are
clearly distinct. By Proposition 6.3: either K; and K, are vertex-disjoint; or otherwise,
uy and w; are the free corners of Ky, and K5 is otherwise vertex-disjoint with K. In either
case, the end a, of o and the end by of 3 are the two corners of Ky which are distinct from
its free corners. Let us first deal with the case in which K; and K5 are not vertex-disjoint;
Figure 6.26 shows an example in which K; and K, are both R-biwheel configurations.

The proof of the following claim closely resembles that of Claim 6.27.

Claim 6.30 If K; and Ky are not vertez-disjoint then G is either a double biwheel or a
double ladder or a laddered biwheel, each of type I.

Proof: As noted above, u; and w; are the free corners of K5, and K> is otherwise vertex-
disjoint with Kj. Consequently, the external rungs/spokes of Ky are asu; and bow;; see
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Figure 6.26: When the two R-configurations are not disjoint; the vertices with the same
labels are to be identified

Figure 6.26. Since every vertex of K; U K5 is cubic in G, except u; and w, we infer that
V(G) =V (K;) UV(K,), as otherwise {uy,w, } is a 2-vertex cut of G. Furthermore, either
G is precisely the graph induced by E(K; U K3) U R, or otherwise, G has one additional
edge joining u; and w;. In the latter case, ujw; is a strictly R-thin edge, contrary to the
hypothesis. In the former case, observe that if K; and K, are both R-biwheel configurations
then G is a double biwheel of type I; likewise, if K7 and K5 are both R-ladder configurations
then G is a double ladder of type I; finally, if one of K7 and K5 is an R-ladder configuration
and the other one is an R-biwheel configuration then G is a laddered biwheel of type I. O

We may thus assume that /K and K are vertex-disjoint; and we shall let asus and baws
denote the external rungs/spokes of Ky; in particular, us and ws denote the free corners
of K5. Figure 6.27 shows an example in which K is an R-ladder configuration and K5 is
an R-biwheel configuration.

We now find the remaining three families, or show the existence of an R-compatible
edge which is not in F(K; U K3); the proof is similar to that of Claim 6.28.

Claim 6.31 Fither G is a double biwheel or a double ladder or a laddered biwheel, each of
type II, or otherwise, G has an R-compatible edge which is not in E(K; U K,).

Proof: We begin by noting that, if |0(u;) — E(K;)| > 2, then by Lemma 6.23, some edge
of (uy) — E(K;) is R-compatible, and since u; ¢ V(K3), such an edge is not in E(K>),
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Figure 6.27: When the two R-configurations are disjoint

and we are done; an analogous argument applies when |0(w;) — E(K;)| > 2, or when
|0(ug) — E(K3)| > 2 or when |0(wy) — E(K3)| > 2.

Now suppose that, for ¢ € {1,2}, |0(u;) — E(K;)| < 1 and [0(w;) — E(K;)| < 1; by
Lemma 6.24 (i) and (7i), u; and w; are nonadjacent; furthermore, each of these inequalities
holds with equality. Let o/ denote the only member of d(u;) — E(K;), and let 8’ denote
the only member of d(w;) — E(K7).

First consider the case in which either w, is not an end of o or uy is not an end
of 3. Assume without loss of generality that w, is not an end of '; thus the end of o
distinet from uy, say v, is not in V(K7 U K3). By Lemma 6.24(iv), 0(v) — o' contains an
R-compatible edge; such an edge is not in E(K; U K5), and we are done.

Now suppose that w, is an end of o' and wusy is an end of 3. Note that every vertex
of K1 U Ky, except possibly u, wy, us and wy, is cubic in G; furthermore, 0(u;) — F(K;) =
O(wqe) — E(K3) = {a'}, and likewise, O(w;) — E(K7) = 0(ug) — E(K3) = {#’'}. We conclude
that V(G) = V(K1UK>) and F(G) = E(K;UK3)URUR'. Observe that: if Ky and K, are
both R-biwheel configurations then G is a double biwheel of type II; likewise, if K; and Ko
are both R-ladder configurations then GG is a double ladder of type II; finally, if one of
K; and K, is an R-ladder configuration and the other one is an R-biwheel configuration
then G is a laddered biwheel of type II. O

We may thus assume that G has an R-compatible edge which is not in F(K; U Kj).
We will now use Theorem 5.1 and Lemma 6.25 to deduce that G has an R-thin edge which

154



is not in E(K; U K,). The proof is almost identical to that of Claim 6.29, except that now
we have to deal with two R-configurations instead of just one.

Claim 6.32 G has an R-thin edge, say es, which is not in E(K; U K,).

Proof: Among all R-compatible edges which are not in F(K; U K5), we choose one, say e,
such that rank(es) + index(e3) is maximum; we intend to show that ez is R-thin. Suppose
not; then, by Theorem 5.1, with es playing the role of e, there exists another R-compatible
edge f such that (i) f has an end each of whose neighbours in G — e3 lies in a (nontrivial)
barrier S of G — es, and (ii) rank(f) 4 index(f) > rank(e3) + index(e3).

Let I denote the set of isolated vertices of (G — e3) — S. Condition (i) above implies
that f has one end in I and another end in S. By Lemma 6.25, with e3 playing the role
of e, the set I NV (K) is empty; likewise, the set I N V(K3) is empty. Since f has one
end in I, we infer that f is not in E(K; U K3); this, combined with condition (ii) above,
contradicts our choice of e3. We thus conclude that e3 is R-thin. O

Now, depending on the index of es, we invoke either the R-biwheel Theorem (6.5) or
the R-ladder Theorem (6.6) to deduce that G' has an R-configuration, say K3, such that
e3 € E(K3). As ez is not in E(K; U K3) but it is in F(K3), the R-configuration K3 is
distinct from each of K; and K. We have thus located three distinct R-configurations
in the brick G; namely, K;, K5 and K3. However, this contradicts Corollary 6.4, and
completes the proof of the Strictly R-thin Edge Theorem (1.24). a
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Chapter 7

Conclusions

Lovész’s Theorem (1.6) led Carvalho, Lucchesi and Murty | | to pose two problems:
(i) determine whether or not a given matching covered graph G is Ky-free, and likewise,
(ii) determine whether or not G is Cg-free. In the first part of the thesis, we solved these
problems for the special case of planar matching covered graphs.

At a high level, our solution may be viewed as comprising of two steps. In Chapter 2, for
any cubic brick J, we reduced the problem of characterizing J-free matching covered graphs
to that of characterizing J-free bricks; see Theorem 1.10. In Chapter 3, we characterized
K-free as well as Cy-free planar bricks; see Theorems 1.11 and 1.12.

The natural extension of our work is to solve the aforementioned problems (i) and (ii)
for general matching covered graphs. In view of our results in Chapters 2 and 3, it suffices
to characterize K -free nonplanar bricks and Cg-free nonplanar bricks.

This is reminiscent of an important problem solved in the context of Pfaffian orienta-
tions. As per a theorem of Little | |, a bipartite matching covered graph is Pfaffian if
and only if it is K3 3-free. Several years later, Robertson, Seymour and Thomas | ],
and independently McCuaig | |, gave a structural characterization of K3 3-free braces.
Recently, in his Ph.D. thesis, Whalen | | gave a third proof of this theorem. It is
worth exploring whether any of these three approaches can be adapted to characterize
either K,-free or Cy-free nonplanar bricks.

In the second part of the thesis, we established generation theorems which are specific
to near-bipartite bricks. In Chapter 5, we proved the R-thin Edge Theorem (1.22), which
states that every R-brick distinct from K, and Cy has an R-thin edge. This is a refinement
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of the Thin Edge Theorem (1.15) of Carvalho, Lucchesi and Murty, which is appropriate
for the restricted class of near-bipartite bricks.

In Chapter 6, we proved the Strictly R-thin Edge Theorem (1.24), which gives a com-
plete characterization of those simple R-bricks which are free of strictly R-thin edges. This
is a refinement of the Strictly Thin Edge Theorem (1.17) of Norine and Thomas, which is
appropriate for the class of near-bipartite bricks.

It would be interesting to find applications of the R-thin Edge Theorem and the Strictly
R-thin Edge Theorem. In particular, since the problems of characterizing K -free nonpla-
nar bricks and Cg-free nonplanar bricks do not seem to be tractable with the inductive
tools available to us, it may be worthwhile studying these questions for the restricted class
of near-bipartite bricks. This approach has been successful in the theory of Pfaffian orien-
tations; although there has been no significant progress in characterizing Pfaffian bricks;
Fischer and Little | | were able to characterize Pfaffian near-bipartite graphs. Related
to this, an easy corollary of the Strictly R-thin Edge Theorem is that every nonplanar
Cg-free brick is Mg-based, where Mg is the Mobius ladder of order eight.

The notions of thin and strictly thin edges are easily generalized to braces; see | ,

|. It was shown by Carvalho, Lucchesi and Murty | | that every brace of order

six or more has a thin edge; their result may also be derived from an earlier theorem of

McCuaig | | concerning the existence of strictly thin edges. In their recent work,

Carvalho et al. | | strengthened McCuaig’s result to show that every simple brace,

which is not in any of four infinite families, has at least two strictly thin edges. They also
give examples to show that their result is the best possible.

In view of the above, we would like to show the existence of at least two R-thin edges
in every R-brick that is distinct from K, Cs and the staircase Sts; see Figure 1.9. Such a
result is likely to be more useful when trying to solve problems pertaining to near-bipartite
bricks using induction; especially, if one can show that there are two R-thin edges which

are somewhat far apart.

More generally, it would be interesting to show the existence of at least two thin edges
in every brick that is distinct from K4, Cs and Sts. Related to this, we were able to find
bricks which have a unique strictly thin edge; one of our examples appears in | |.
We have also found R-bricks which have a unique strictly R-thin edge; in this sense, our
Theorem 1.24 is the best possible.
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Glossary of Notation

(Ao, Ay, ..., A,) partition of set, page 73

F(e, S) candidate set relative to edge and barrier, page 87

N union of all families which appear in statement of Theorem 1.24, page 31
X complement of vertex set (in graph), page 8

d(v) cut associated with vertex (of graph), page 74

J(X) cut associated with vertex set (of graph), page 8

Jc(v) cut associated with vertex of graph, page 74

Jc(X) cut associated with vertex set of graph, page 8

b(G) number of bricks in any tight cut decomposition of graph, page 9

G/(X — z) graph obtained by contracting shore to single vertex, page 8

G/X graph obtained by contracting shore (to single vertex), page 8

Gle] subgraph induced by edge, page 5

G[X] subgraph induced by vertex set, page 94

H (e, S) bipartite matching covered graph defined relative to edge and barrier, page 87
H[A, B] bipartite graph with color classes A and B, page 3

M, ~ Mobius ladder of order n, page 13

N(S) neighbourhood of set of vertices (in graph), page 3
N(v) neighbourhood of vertex (in graph), page 38
N¢(S) neighbourhood of set of vertices in graph, page 3
N¢(v) neighbourhood of vertex in graph, page 38

P, prism of order n, page 13
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P,, path with ends specified, page 36

R = {«, B} two edges which constitute a removable doubleton, page 22

St,  staircase of order n, page 14

T, truncated biwheel of order n, page 13

V(R) set of four vertices which are ends of edges of removable doubleton, page 114

W, odd wheel of order n, page 11

X,  majority part of vertex set (of bipartite or near-bipartite graph), page 76

X_  minority part of vertex set (of bipartite or near-bipartite graph), page 76

fodd(G) number of odd faces of plane graph, page 44

odd(G) number of odd components of a graph, page 1
)

rank(e) rank of R-compatible edge, page 81

(
rank(G) rank of near-bipartite graph, page 79

164



Index

barrier, 2
bi-splitting

a vertex, 19, 47
bi-subdivision

of edge, 4

of graph, 4
bicontraction

of vertex, 18
bicritical graph, 9
brace, 9
brick, 9

R-brick, 24

Norine-Thomas, 11

candidate set, 87
canonical partition, 2
configuration
R-biwheel, 114
R-configuration, 116
R-ladder, 116
conformal subgraph, 4
consecutive
rungs/spokes, 117
contraction
0(X)-contraction, 8
corner
free, 116

of an R-configuration, 116

critical graph, 46
cut
2-separation cut, 9

barrier cut, 9

shore of, 8

tight cut, 8
cycle

facial, 43

decomposition
ear decomposition
bipartite, 5
of 2-connected critical graph, 46
of matching covered graph, 6
tight cut decomposition, 8

ear
double, 6
single, 5

edge
C-crossing, 37
R-compatible, 24
R-thin, 25
b-invariant, 18
admissible, 2
candidate, 87
compatible, 32
inadmissible, 2
non-removable, 16
removable, 16
strictly R-thin, 26
strictly thin, 20
thin, 19

expansion operations, 20
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Graph

graph

Trellis, 68
Tricorn, 15, 60
J-based, 7
J-free, 7
R-brick, 24
R-graph, 24
bicritical, 9
brace, 9

brick, 9

critical, 46

matching covered, 2
near-bipartite, 21
near-brick, 17
underlying bipartite, 24

graph family

double biwheels of type I, 28
double biwheels of type II, 29
double ladders of type I, 28
double ladders of type II, 29
laddered biwheels of type I, 28
laddered biwheels of type II, 29
ladders, 12

Mobius ladders, 13
Norine-Thomas, 11

odd wheels, 11

partial biwheels, 12

prisms, 13

pseudo-biwheels, 28

staircases, 14

truncated biwheels, 13

index

of R-compatible edge, 80
of thin edge, 48

majority part, 76, 77

minority part, 76, 77

near-brick, 17
Norine-Thomas families, 11

path
C-crossing, 37

quadrilateral, 74

rank

of R-compatible edge, 81

of near-bipartite graph, 79
removable doubleton, 22
retract

of a graph, 18

subgraph
conformal, 4

vertex
branch, 36
subdivision, 36
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