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Abstract

We prove that square-free perfect graphs are bipartite graphs or line graphs of bipar-
tite graphs or have a 2-join or a star cutset. It follows that the Strong Perfect Graph
Conjecture holds for square-free graphs.

1 Introduction

In this paper, all graphs are simple. A hole is a chordless cycle with at least four nodes. A
k-hole is a hole with k£ nodes and a 4-hole is also called a square.

In this paper we obtain a decomposition theorem for graphs that contain no odd hole
and no 4-hole. (We say that a graph G contains H if H is an induced subgraph of G). This
decomposition theorem implies that the Strong Perfect Graph Conjecture (SPGC) holds for
square-free graphs. Partial results in this direction were obtained by Xue [30], [31], Fouquet
[17] and recently by Linhares-Sales and Maffray [20].

A graph G is perfect if, in every induced subgraph, the size of a largest clique equals the
chromatic number. A graph G is minimally imperfect if G is not perfect, but every proper
induced subgraph of G is perfect.

The SPGC, due to Berge [1], states that if G is a minimally imperfect graph, then either
G or the complement of G is an odd hole.

The class of square-free graphs was the last class of H-free graphs with |V (H)| = 4 for
which the SPGC was not known: Seinsche [25] proved it in 1974 for Py-free graphs, Meyniel
[21], [22] in 1976 for paw-free graphs (see also Olariu [23]), Parthasarathy and Ravindra [24]
in 1976 for claw-free graphs, Tucker [27] in 1977 for Ky-free graphs, Conforti and Rao [12],
[13], Fonlupt and Zemirline [16] and Tucker [28] in 1987 for diamond-free graphs (see also
3])-

Given a graph G and a subset S of its nodes, G \ S denotes the subgraph of G obtained
by removing the nodes in S and the edges with at least one node in S. A node set S is a
cutset of G if the graph G \ S has more connected components than G.

A node set S is a star if it consists of a node x and neighbors of z. Chvatal [2] showed
that a minimally imperfect graph cannot contain a star cutset.

A graph G has a 2-join, denoted by Hi|H,, with special sets Aj, By, Ay, By that are
nonempty and disjoint, if the nodes of G can be partitioned into sets H; and Hsy so that
Ay, By C Hy, Ay, By C Hoy, all nodes of A; are adjacent to all nodes of A, all nodes of By
are adjacent to all nodes of By and these are the only adjacencies between H; and Hs. Also,
for i = 1,2, H; has at least one path from A; to B; and if A; and B; are both of cardinality
1, then the graph induced by H; is not a chordless path. Cornuéjols and Cunningham [15]
showed that a minimally imperfect graph cannot contain a 2-join.

The line graph of a graph G is the graph H whose nodes are the edges of G and two
nodes r, s of H are adjacent in H if and only if the edges r, s of G are incident to a common
node of G. It is well known and easy to prove that that bipartite graphs and line graphs of
bipartite graphs are perfect.

The main result of this paper is the following.

Theorem 1.1 A square-free graph that contains no odd hole is bipartite or the line graph of
a bipartite graph or has a star cutset or a 2-join.



Theorem 1.1 can be used to prove the validity of the SPGC for square-free graphs.
Theorem 1.2 Let G be a minimally imperfect square-free graph. Then G is an odd hole.

Proof: Let G be a minimally imperfect graph. Chvétal [2] showed that G cannot contain a
star cutset and Cornuéjols and Cunningham [15] showed that G cannot contain a 2-join (see
also Cornuéjols [14]). Now if G is a square-free graph, by Theorem 1.1, G must be an odd
hole. O

In fact, we prove the following result which is more general than Theorem 1.1. We sign
a graph by assigning 0,1 weights to its edges. A graph G is even-signable if there exists a
signing such that, in every triangle the sum of the weights of its edges is odd and in every
hole the sum of the weights is even. It is obvious that G contains no odd holes if and only if
G is even-signable and the above property is satisfied by assigning to all the edges of G the
weight 1.

Theorem 1.3 A square-free even-signable graph is triangle-free or the line graph of a triangle-
free graph or has a star cutset or a 2-join.

The approach we use in this paper to prove Theorem 1.3 might be used as a template for
the decomposition of general perfect graphs in the same way as the work of Conforti and Rao
[11] on linear balanced matrices was a template for the decomposition of general balanced
matrices [9] and [7], [8]. For general perfect graphs, it is natural to consider as basic not only
the bipartite graphs and the line graphs of bipartite graphs, but also their complements. In
terms of decompositions, star cutsets need to be replaced by more general cutsets such as
T-cutsets and U-cutsets (Hoang [19]) or skew partitions (Chvétal [2]).

1.1 Even-signable graphs

A wheel, denoted by (H,z), is a graph induced by a hole H and a node = ¢ V(H) having at
least three neighbors in H. Node z is the center of the wheel. If x has k neighbors in H, the
wheel is called a k-wheel. A wheel (H,z) is odd if it contains an odd number of triangles and
is even if it contains an even number of triangles: That is, (H,z) is odd (even) if the set of
edges of H having both endnodes adjacent to x has odd (even) cardinality.

A 3PC(z1w223,y) is a graph induced by three chordless paths P' = zy,...,y, P? =
To, ...,y and P3 = x3,...,y, having no common nodes other than y and such that the only
adjacencies between nodes of P?\ y and P7 \ y, for 4,57 € {1,2,3} distinct, are the edges of
the triangle induced by {x1,z2,23}. Also, at most one of the paths P!, P?, P3 has length
1. We say that a graph G contains a 3PC(A,.) if it contains a 3PC(xzox3,y) for some
x1,T2,T3,Y € V(G)

It is immediate to check that if G' contains an odd wheel or a 3PC(A,.), G is not even-
signable and hence G contains an odd hole. Our proofs use the following characterization of
even-signable graphs, which can be derived from a theorem of Truemper [26]. (See also [10]).

Theorem 1.4 [5] A graph is even-signable if and only if it does not contain an odd wheel
nor a 3PC(A,.).



Figure 1: L-parachutes

2 WP-Free Graphs

In this section, we introduce a result proven in [4].

A line wheel is a 4-wheel (H,v) that contains exactly two triangles and these two triangles
have only the center v in common. Note that if G is a line wheel, then G is the line graph of
a triangle-free graph. A twin wheel is a 3-wheel containing exactly two triangles. A universal
wheel is a wheel (H,v) where the center v is adjacent to all the nodes of H. A triangle-free
wheel is a wheel containing no triangle. A proper wheel is a wheel that is not any of the above
four types.

Definition 2.1 An L-parachute LP(ca,db,v,z) is a graph induced by a line wheel (H,v)
where H = a,...,z,...,b,d,...,c,a, where a, b, ¢, d are the neighbors of v in H, together
with a chordless path P = v, ...,z of length greater than one. No node of H\ {z,a,b} and at
most one node among a, b, may be adjacent to an interior node of P.

Definition 2.2 A T-parachute TP(t,v,a,b,z) is a graph induced by a twin wheel (H,v)
where H = a,t,b,...,2,...,a, where t, a, b are the neighbors of v in H, together with a
chordless path P = wv,...,z of length greater than one. No node of H \ {z,a,b} and at most
one node among a, b may be adjacent to an interior node of P.

A parachute is either an L-parachute or a T-parachute. A graph G is WP-free if it contains
neither a proper wheel nor a parachute. The results in [4] imply the following:
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Figure 2: T-parachutes

Theorem 2.3 Let G be a square-free even-signable graph. If G is WP-free, then G is a
triangle-free graph, or the line graph of a triangle-free graph, or G has a star cutset or a
2-join.

3 Outline of the proof

Two graphs play an important role in our proof of Theorem 1.3:

A 3PC(ajazag, bibobs) is the graph containing node disjoint triangles ai, as, ag and by, by, bs,
plus three chordless paths, P' = aq,...,b1, P? = as,...,by and P3 = as,...,bs, having no
common nodes and such that the only adjacencies between the nodes of distinct paths are
the edges of the two triangles. A 3PC(ajasas, b1babs) is also referred to as a 3PC(A, A).

A beetle is a 4-wheel (H,v) containing exactly two triangles and these triangles have two
nodes in common, the center v and a node of H.

Now as a consequence of Theorem 2.3, in the proof of Theorem 1.3, we may assume that
G is a square-free graph that contains a proper wheel or a parachute.

-We first prove the theorem when G contains a proper wheel that is not a beetle (Theorem
3.6), and show that if G contains a beetle, then G contains a 3PC(A, A) plus additional nodes
adjacent to it (Section 4, Theorem 3.4).

-We then prove the theorem when G contains an L-parachute (Section 5, Theorem 4.3).

In all the results that we obtain from Section 6 on, make use of the fact that the theorem
holds whenever GG contains an L-parachute, or a proper wheel that is not a beetle.

- In Section 7 we show that if G' contains a beetle or a T-parachute, then G contains a
3PC(A, A) plus some additional nodes adjacent to it.

- From Section 8 on, we show that the theorem holds when G contains a 3PC(A, A).

4 Proper Wheels

Given a subgraph H of a graph G, a node v ¢ V(H) is strongly adjacent to H if |[N(v) N
V(H)| > 2, where N(v) denotes the set of neighbors of = in G.



Following the terminology of West [29], a path P is a sequence of distinct nodes z1, ..., x,,
n > 1, such that x;z; 11 is an edge, for all 1 < ¢ < n. For i < [, the path x;, x;41,...,2; is
called the x;x;-subpath of P and is denoted by P,,.,. The length of a path or a cycle is its
number of edges.

Let A, B,C be three disjoint node sets such that no node of A is adjacent to a node of
B. A path P =xzy,...,x, connects A and B if either n = 1 and x; has neighbors in A and
B, or n > 1 and one of the two endnodes of P is adjacent to at least one node in A and the
other is adjacent to at least one node in B. The path P is a direct connection between A and
B if, in the subgraph induced by the node set V(P) U AU B, no path connecting A and B
is shorter than P. A direct connection P between A and B avoids C if V(P) N C = (). The
direct connection P is said to be from A to B if x; is adjacent to some node in A and x, to
some node in B.

Lemma 4.1 Let (H,x) be a proper even wheel and let y be a node that is not adjacent to
but has at least 2 neighbors in N(x) N H. Then y has exactly 2 neighbors in H and they are
adjacent.

Proof: Since G is square-free and y is not adjacent to x, all the neighbors of y in N(z) are
adjacent. So y has exactly two neighbors in N(z) N H, say y1, y2 and y1, yo are adjacent. It
remains to show that ¢y has no other neighbor in H.

Claim 1: Let Q) be a subpath of H whose endnodes are in N(x) at least one of which is
distinct from y1, yo and no interior node of @ is in N(x). Then QU {y} contains an even
number of triangles.

Proof of Claim 1: Assume H contains a subpath @ with the above properties such that
QU {y} contains an odd number of triangles. Then this number must be 1 and y has exactly
two neighbors in @, else Q U {z,y} induces an odd wheel with center y. Let z;, x; be the
endnodes of ) and y;, y; be the adjacent neighbors of y in @, closest to x;, x; respectively.
Since G is square-free and the pair y;, y; is distinct from y1, y2, we may assume w.lo.g. that
x; and y; are distinct.

Let xj, 2 be the neighbors of x;, x; in H \ Q. Since (H,z) is a proper even wheel, = has
a neighbor in H \ {zj, z;,j,2}}. So if y also has a neighbor in H \ (Q U {z;,2}), we have a
3PC(yyiyj, ). Therefore N(y) N H C QU {x}, 2 }. Since (H,y) has a positive even number
of triangles, y;, y; are the only two neighbors of y in @ and z; # y;, it follows that z; = y;.
So both = and y are adjacent to x;. Let H' be the hole x;, , 2%, y,y;, Qyz;- Then (H', ;) is
an odd wheel. This concludes Claim 1.

Since y is adjacent to y1, ys, it follows by Claim 1 that if y has at least three neighbors
in H, then (H,y) contains an odd number of triangles and is an odd wheel. O

Let (H,x) be a wheel that contains at least one triangle. A sector of (H,x) is a maximal
subpath @ of H such that Q U {z} is a triangle-free graph. Two sectors Q; and @); are
adjacent if Q; U Q; U {z} contains at least one triangle. Note that a sector may have length
Z€ro.



A bicoloring of a proper even wheel (H,x) is a partition of the nodes in H into nonempty
sets R and B (the red and blue nodes) so that nodes in the same sector have the same color
while nodes in adjacent sectors have distinct colors.

Lemma 4.2 Let (H,x) be a proper even wheel that is bicolored and let y be a node that is
not adjacent to x but has at least two neighbors in H painted with distinct colors. Then y
has ezxactly 2 neighbors in H and these nodes are endnodes of adjacent sectors of (H,x).

Proof: Let y1, y2 be neighbors of y in H having distinct colors, such that one of the yiys-
subpaths of H, say @), contains no other neighbor of y. Since y1, y2 have distinct colors, then
Q U {z} contains an odd number of triangles. This number must be 1 and x has exactly
two neighbors in @, else Q U {x,y} induces an odd wheel with center x. Let x1, xo be the
neighbors of x in @, closest to y1, y2 respectively.

If x and y have two common neighbors in H, we are done by Lemma 4.1. So we assume
w.l.o.g. that ys # x9. Let 4}, y} be the neighbors of y1, yo in H \ Q.

Claim 1: Node x has a neighbor in H \ (Q U {y},v5}).

Proof of Claim 1: Assume not. Since (H,z) is a proper even wheel, then y; = 21, node z is
adjacent to both v}, ¥4 and y}y) is not an edge. Node y has at least three neighbors in H,
else we have an odd wheel with center x, but y is not adjacent to y] or y, else we are done
by Lemma 4.1. Let y3 be the neighbor of y in H \ @ closest to y; and let ) be the neighbor
of y in H, distinct form ys.

If y3 # y3, there is an odd wheel (H',y1) where H' =y, y2, 95,2, Hyr,),y. So y3 = y5 and
we have a 3PC(y y12,y4). This completes the proof of Claim 1.

If y has a neighbor in H \ (Q U {y],y5}), by Claim 1, we have a 3PC(x zox,y). So all
the neighbors of y in H are included in {y},y1,92,y5}. Now y; = 21 and both z and y are

adjacent to y], else we have an odd wheel with center . But now we are done by Lemma
4.1. O

Definition 4.3 A diamond is a graph with four nodes and five edges. Connected diamonds
D(ajasasaq, bibobsby) consist of two node disjoint sets {a1,...,as} and {by,...,bs} each of
which induces a diamond such that ajas and biby are not edges, together with four paths
P, .., PY such that fori=1,...,4, P' is an a;b;-path. Paths P',..., P* are node disjoint
and the only adjacencies between them are the edges of the two diamonds.

Lemma 4.4 Let R, B be a bicoloring of a proper even wheel (H,z) and let P = yi,...,Yn,
n > 1, be a chordless path with the following properties:

1) y1 is adjacent to a node in B and to no node in R, y, is adjacent to a node in R and
no node in B, and y1, yn have nonadjacent neighbors in H.

2)No node of P is adjacent to x and no interior node of P is adjacent to a node of H.

Then (H,x) is a beetle and (H,z) U P induces connected diamonds.

Proof: Let t1, to be blue and red neighbors of y1, y, in H such that one of the ;t2-subpaths,
say Q12 of H is shortest. Then Q12 U {z} contains an odd number of triangles and therefore



x has exactly two neighbors in ()12, else there is an odd wheel. Let z1, xo be these two
neighbors, closest to t1, to in Q12 respectively. Since (H,x) is a proper wheel and y;, y, have
nonadjacent neighbors in H, then y; or y, has at least one other neighbor in H, else there is
an odd wheel with center x.

Assume w.l.o.g. that y; has at least one other neighbor and let ¢3 be such node, closest to
to in H\ Q2. Let t4 be the neighbor of y,,, closest to t3 in the t3te-subpath of H \¢;. (Possibly
t4 = ta). Let Q34 be the tsty-subpath of H \ ¢;. By the above argument, = has exactly two
neighbors in Q34. Let x3, x4 be these two neighbors, closest to t3, t4 in Q34 respectively. We
use the notation H = t1,Q19,to, Qo4,t4, Q34,t3, Q13,t1. If t5 and £4 coincide, Qo4 has length
0.

Now either ¢t and t3 are adjacent or to = t4 = x4, else we have a 3PC(x1x91,y1). Assume
the second case does not hold: So ¢; and t3 are adjacent. Since t; t3 are both blue nodes, x
cannot be adjacent to both. So, since (H,z) is not a line wheel, z has at least one neighbor
z* in H \ {21, 22,23, 24} and by construction z* is an interior node of Q24. This implies that
to and t4 are distinct and nonadjacent and in H U P there is a 3PC(y1t1ts, yn)-

So the second case must hold, i.e. t9 = t4 = 4. Furthermore since z1, o are the unique
neighbors of x in @12, we must have xo =t = t4 = x4.

Since (H,z) is not a twin wheel, = has at least one other neighbor, say x*, and by
construction z* is an interior node of (Q13. Now x* must be adjacent to both ¢1, t3, else there
is a 3PC(x1x9w,y1) or a 3PC(xsxax,y1). Finally t; # x1 and t3 # x3, else (H,z) is either
an odd wheel or an universal wheel. So (H,z) is a beetle. Finally z* is adjacent to y, else
we have a 3PC(x1xz9x,t1). Therefore (H,x) U P induces connected diamonds. O

Theorem 4.5 Let G be a square-free even-signable graph that contains a proper even wheel
(H,x). Furthermore if (H,x) is a beetle, assume that no connected diamonds contain (H,x).
Let R, B be a bicoloring of the nodes in H and assume w.l.o.g. that B\ N(x) is nonempty.
Then (N(x)Uz)\ R is a star cutset of G, separating R from B\ N(z).

Proof: Assume not and let P = y,...,y, be a direct connection from R to B\ N(z) in
G\ (N(x)Uxz UH). Let yx be the node of lowest index with a neighbor in B that is not
adjacent to all the neighbors of y; in R. (Possibly k = n). By Lemma 4.2, k > 1. So y;, has
no neighbor in R. If no node of P with index smaller than k is adjacent to a node in B, the
theorem holds as a consequence of Lemma 4.4. Let r € R be adjacent to y; and let y;, j <k,
be the node of lowest index adjacent to a node b € B. Since j < k, b and r are adjacent. If
j =1, by Lemma 4.2, b and r are the unique neighbors of y; in H and if j > 1, since G is
square-free and b is adjacent to all the neighbors of y; in H, r is the unique neighbor of y;
in H. Let z be the neighbor of r in H \ {b}.

Since (H,x) is a proper even wheel and B\ N(x) is nonempty, « has a neighbor b; € B
that is adjacent to neither b nor z. Let by be a neighbor of y in H \ {z, 7, b}, so that the by ba-
path T in H\{z,r,b} is shortest and let Q = yx, b2, T, b1, 2. Then H' = z,7,y1, Py g, Yi» @, x
is a hole.

Claim 1: If z € B, then z has no neighbor in H' \ {z,r}.

Proof of Claim 1: Assume not. Then both (H',b) and (H', z) are wheels. If (H',b) is a proper
wheel, the claim follows by Lemma 4.2 applied to z and a bicoloring of (H’,b). Furthermore



if (H',z) is a proper wheel, then b contradicts Lemma 4.2. So (H',b) and (H’, z) are either
line wheels or twin wheels. There are three possibilities depending on whether both are line
wheels, both are twin wheels or one is a line wheel and the other is a twin wheel. Since b and
z are not adjacent to by, it can be verified that in all three cases there is an odd wheel or a
square and this proves Claim 1.

Let b’ be the first neighbor of y;, encountered when traversing H\ {r} from z to b and let S
be the rb'-subpath of H\{b}. By Claim 1, z has no neighbor in P, 4, , so 7,y1, Py,y,, Yi, V', S, 7
is a hole. Since b’ € B and r € R, S U {x} contains an odd number of triangles. Therefore
is adjacent to r, z and to no other node of S, else there in an odd wheel with center x. In
particular, by Claim 1, ¥/ # z, so b/ € N(z) and y; = yp.

Let a’ be the first neighbor of x, encountered when traversing H \ {r} from ¥ to b and
let T be the b'z’-subpath of H \ {b}. If ¥’ is the unique neighbor of y; in T, there is a
3PC(xrz,b). If y, has exactly two neighbors in T, say ¥, 1/, and ¥, b are adjacent, there is
a 3PC(yxb'b”, x). Finally if y, has two nonadjacent neighbors in T, there is a 3PC(zrz, yi ).
g

The following result is an immediate consequence of the above theorem.

Theorem 4.6 Let G be a square-free even-signable graph. If G contains a proper wheel that
is not a beetle, then G has a star cutset.

5 L-Parachutes

In this section, we assume that G is a square-free even-signable graph that contains an L-
parachute II = LP(ca,db, v, z).

We use the following notation. The two triangles are acv and bdv. The top path is P4
(the cd-path of H \ b) and we indicate with ¢/, d’ the neighbors of ¢ and d in P.y. The bottom
path is Py, (the ab-path of H \ d). The middle path is P,,., where z in an interior node in Py,
and m is a neighbor of v in P.

Lemma 5.1 Lety be a node not adjacent to v but adjacent to at least two nodes in {a, b, c,d}.
Then N(y) N1II is either {a,c} or {b,d}.

Proof: Since G is square-free, N(y)N{a,b, c,d} is either {a, c} or {b,d} and we assume w.l.o.g.
that N(y) N{a,b,c,d} = {a,c}.

Claim 1: P,y U {y} contains an even number of triangles.

Proof of Claim 1: Assume not. If y contains a neighbor in P4\ {c¢, '}, since y is adjacent to
¢, P.qU{v,y} induces an odd wheel with center y. So ¢, ¢ are the only neighbors of y in P4
and P.q U {v,a,y} induces an odd wheel with center c. This proves Claim 1.

The argument used in Claim 1 also shows that P,;Uy contains an even number of triangles.
So a, ¢ are the only neighbors of y in H = P.q U Py, else (H,y) is an odd wheel. Suppose y
has a neighbor in F,,,. Note that y is not adjacent to m since otherwise v, ¢, y, m induces a
square. Let R be a shortest path from y to b in y U Py, U Py, \ m. Then (RU P, Uy,v) is
an odd wheel. a



Lemma 5.2 Let y be a node not adjacent to v but adjacent to a node in Py and to a node
in Py U Ppz. Then N(y) NII is either {a,c} or {b,d}.

Proof: By Lemma 5.1, it suffices to assume that y has at most one neighbor in {a, b, ¢, d} and
derive a contradiction.

Claim 1: Node y has exactly two neighbors in P.q and they are adjacent.

Proof of Claim 1: Assume not, then y has either 1 neighbor or 2 nonadjacent neighbors in
P.y.

If y; is the unique neighbor of y in P.4, assume w.lo.g. that y; # ¢. When y has a
neighbor in Py, U Py, \ {b,m} there is a 3PC(acv,y1). Since G is square-free, y cannot be
adjacent to both b and m. If y is adjacent to b then it is not adjacent to d and there is a
3PC(acv,b). So m is the unique neighbor of y in Py, U Py,.. If y; = d then v, m,d,y induces
a square. So y; # d. W.l.o.g. a does not have a neighbor in P, \ z. But then there is a
3PC(acv,m).

Assume y has nonadjacent neighbors in F.;. Since y has at most one neighbor in
{a,b,c,d}, there is a 3PC(acv,y) or a 3PC(bdv,y) whenever y has a neighbor in P, U
P>\ {m}. So m is the unique neighbor of y in P, U P,,,, and assume w.l.o.g. that a does
not have a neighbor in P, \ z. Then there is a 3PC(acv,m) and this completes Claim 1.

So P.qU{y} contains a unique triangle, say yy1ys. If y has a neighbor in P, U P, \{a, b},
there is a 3PC(yy1y2,v). So y is adjacent to a or b and no other node of Py. Since y has at
most one neighbor in {a,b,c,d}, P.qU Py, Uy induces an odd wheel with center y. O

Theorem 5.3 Let G be a square-free even-signable graph. If G contains an L-parachute,
then G has a star cutset.

Proof: We show that, if G contains an L-parachute II = LP(ca,db,v, z) then S = v U N(v) \
{a,b,m} is a star cutset of G, separating P.q \ {c,d} from Py, U P,,.

Assume not and let P = yi,...,y, be a direct connection from F.4 \ {c,d} to Py U P,
in G\ S. We assume w.l.o.g. that II and P are chosen so that the cardinality of the node
set of ITU P is minimized. By Lemma 5.2 n > 1. It also follows from our assumption that at
most one of ¢, d has a neighbor in P\ {y,} and if ¢ is adjacent to a node in P\ {y,}, then
¢ and possibly ¢ are the only neighbors of 3; in II. From now on, we assume that d has no
neighbor in P\ {y,}.

Claim 1: No node of P\ {yn} is adjacent to c.
Proof of Claim 1: Assume not. Then ¢’ and possibly ¢ are the only neighbors of y; in II.

Case 1: Node y; is the only neighbor of ¢ in P\ {y,}.

If y, has a neighbor in Py, U Py, \ {a,b}, by Lemma 5.2, y, is not adjacent to ¢ or d
and there is a 3PC(yjcd,v). If y, is adjacent to a, possibly ¢ and to no other node of II
there is an odd wheel with center c¢. If y, is adjacent to b, d and to no other node of II
there is a 3PC(yicd,d). Finally, if y, is adjacent to b and to no other node of II there is a
3PC(y1ccd,b). By Lemma 5.2, these are all the possibilities.
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Case 2: Node c has a neighbor in P\ {y1,yn}

If y,, has a neighbor in P, U Py, \ {m, b}, by Lemma 5.2, y,, is not adjacent to d. Then
Py U Py U{yn} \ {m, b} contains a y,a-path Q1 and Py, U Py, U{y,} contains a y,b-path Q2
such that Hy = d, Py, ,y1, P,yn, Q1,a,v,d and Hy = d, Py, ,y1, P,yn, Q2,b,d are both
holes. Now one of (Hy,c), (Ha,c) is an odd wheel. If y,, is adjacent to b and has no neighbor
in Py UP,, \{m,b} there is a 3PC(acv, b). Finally if m is the only neighbor of y,, in Py, U Py,
there is a 3PC(acv, m) or a 3PC(bdv, m). This completes Claim 1.

By the minimality of II U P, y; has either a unique neighbor or two adjacent neighbors
in Pcd-

Assume that y; has a unique neighbor, say y*, in P.4. If y, is adjacent to ¢ or d, say d,
by Lemma 5.2, y,, is adjacent to b, d and to no other node of IT and there is a 3PC(y,bd, y*).
If y,, has a neighbor in Py, U Py, \ {m} there is a 3PC(acv, y*) or a 3PC(bdv,y*). So m is
the unique neighbor of y,, in IT and there is a 3PC(acv,m) or a 3PC(bdv, m).

So y; has two neighbors, say 3/, y” in P.; and 3/, y” are adjacent. By Claim 1, y; is
not adjacent to ¢ or d. If y, has a neighbor in P, U Py, \ {a,b}, by Lemma 5.2, y,, is not
adjacent to ¢ or d and hence there is a 3PC(y'y"y1,v). By Lemma 5.2 y,, is not adjacent to
both a and b. So w.l.o.g. a is the unique neighbor of y, in P, U P,y,. By Lemma 5.2, y, is

1,11

not adjacent to d. If y, is not adjacent to c there is a 3PC(y'y"y1,a) and otherwise there is
a 3PC(y'y"y1,c). O

6 Nodes Adjacent to a 3PC(A,A)

We denote by ¥ a 3PC(ajasas, bibobs) with the three paths P! = P,;,, P? = P,,;, and
P3 = Pup,. For i =1,2,3, we denote by a the neighbor of a; in P? and by b, the neighbor
of b; in P*. For distinct 4, j € {1,2,3}, we denote by H;; the hole induced by P*U P.

Lemma 6.1 Let G be an even-signable graph and let 3 be a 3PC (A, A). If node u is adjacent
to X, then it is one of the following types.

Type tj for j =1,2,3: Node u has exactly j neighbors in ¥ and they are either all contained
in {a1,a2,as} or all in {b1,ba,bs}.

Type pl: Node u has exactly one neighbor in 3 and w is not of Type t1.

Type p2: Node u has exactly two neighbors in X, which are furthermore adjacent and con-
tained in P' for some i € {1,2,3}.

Type p3: Node u has at least two nonadjacent neighbors in X, and all the neighbors of u in
Y are contained in P, for some i € {1,2,3}.

Type p4: Node u has exactly four neighbors in X, uy, us, us and uyg, where ujus is an
edge that belongs to some P*, i € {1,2,3}, and usuy is an edge that belongs to some
Pi, j e {1,2,3}\ {i}. Purthermore, u is not adjacent to both a; and aj, and it is not
adjacent to both b; and b;.
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Type t2p: For distinct indices i,j,k € {1,2,3} and for z € {a,b}, u is adjacent to z;
and z;, it has at least one neighbor in PF\ {2}, and is not adjacent to any node in
(P U PTU{ze}) \ {2, 2}

Type t3p: Node u has at least four neighbors in X. For some z € {a,b}, u is adjacent to
21, 29 and z3, and all the other neighbors of u in X belong to P’ for some i € {1,2,3}.

Type tj for j =4,5,6: Node u is adjacent to j nodes in {a1,as,as,b1,be, b3} and possibly
other nodes of . Furthermore, if u is of Type t4, then u has two neighbors in {a,as,as}
and two in {by,be,bs}.

Proof: Assume that u is not of Type p2 or p3. Then, w.lo.g. u has neighbors in both P!
and P2.

Case 1: u does not have a neighbor in P3.

First assume that « has a unique neighbor in P or P2, say P'. Let u; be the neighbor of
uin P!, and w.l.o.g. assume that u; # a;. Let uy be the neighbor of v in P2 that is closest to
as. If uy # by, then the node set P'U PaQQu2 U P3U{u} induces a 3PC(ajasas, u1). If ug = bo,
then either u is of Type t2 or the node set P, UP?U P3 U {u} induces a 3PC(a1azas, uz).

Now assume that u has at least two neighbors in both P' and P?. Let u; (resp. v1) be
the neighbor of u in P! that is closest to aj (resp. b1). Let us (resp. wvg) be the neighbor
of w in P? that is closest to as (resp. by). First suppose that both ujv; and ugvy are edges.
If u is adjacent to both aj and as, then P? U P3 U {u, a1} induces an odd wheel with center
as. So u is not adjacent to both a; and a9, and similarly « is not adjacent to both b; and bs.
Hence u is of Type p4. Now assume w.l.o.g. that ujv; is not an edge. If w is not adjacent
to all four of the nodes a1, ag, by and by, then either Py, UP,, UPZ UPU{u} or
Pl U Pl}lbl U Pszb2 U P3 U {u} induces a 3PC(A,u). So u is adjacent to a1, as, by and by,
and hence it is of Type t4.

Case 2: u has a neighbor in P3.

For i € {1,2,3}, let u; (resp. v;) be the neighbor of u in P? that is closest to a; (resp. b;).
If w is adjacent to at most one node in {a1, as,as} and at most one node in {by,bs,bs}, then
the node set P., UP2, UP3, U{u} induces a 3PC(b1bybs, u). So assume w.l.o.g. that u
is adjacent to by and by. If u does not have a neighbor in (P! U P?)\ {b1,by}, then u is of
Type t2p, t3 or t3p. So assume w.l.o.g. that u; # by. Suppose u is not of Type t4, t5 ot t6.
Then u is adjacent to at most one node of {aj,as,as}. If ug = by and ug = bs, then w is of
Type t3p. Otherwise, P}, U P2, UP3 U{u} induces a 3PC(aaza3,u). O

Nodes adjacent to ¥ are further classified as follows.

Type t6a: A node u that is of Type t6 w.r.t. ¥, such that none of the paths of X is an edge
and u has no neighbors in the interior of any of the paths of 3.

Type t6b: A node u that is of Type t6 w.r.t. X but is not of Type tba w.r.t. 3.
Type t4d: For distinct Z?] € {17 27 3}7 N(U) N {a17a27 as, b17 b?: b3} = {(11, a2, as, bl: b27 b3} \
{ai, b]}
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Type tds: For somei € {1,2,3}, N(u)N{a1,as,as,by,be,bs} = {a1,as,as,by,be, b3}\{a;, b;}.

Lemma 6.2 Let G be a square-free even-signable graph with no star cutset. If ¥ = 3PC(ajasas, bybabs)
then the following holds.

(i) If u is of Type t6b w.r.t. ¥, then u is adjacent to all nodes of 3.

(ii) If w is of Type t5 w.r.t. X, say not adjacent to as, then none of the paths of ¥ is an
edge and N(u) N X = {ay,as,b1,ba, b3, bs}.

(iii) If u is of Type t4d w.r.t. ¥, say not adjacent to az and by, and a1by is not an edge,
then N(u) N Y = {ay, ag,ah, by, b3, b5}, {a1,a9,b1,b3,b)} or {ai,a9,a],b1,bs}.

(i) If u is of Type t4s w.r.t. X, say not adjacent to ag and bs, then a1by and asbs are not
edges.

Proof: Let u be of Type t6 w.r.t. ¥. For 4,5 € {1,2,3}, (H;j,u) must be a line wheel or a
universal wheel. If (Hj2,u) is a line wheel, then so is (Hi3,u), and hence none of the paths of
3 is an edge and v has no neighbors in the interior of any of the paths of X, i.e. u is of Type
tba w.r.t. X. If (Hi2,u) is a universal wheel, then so is (Hi3,u), and hence w is adjacent to
all nodes of X.

Let u be of Type t5 w.r.t. X, say not adjacent to as. Suppose that (Hi2,u) is a universal
wheel. Since G is square-free, a1b; and asby cannot both be edges. W.l.o.g. a1b; is not an
edge. But then (Hi3,u) is a proper wheel that is not a beetle, contradicting Theorem 4.6. So
(Hi2,u) cannot be a universal wheel, and hence it must be a line wheel. But then (Hs,u)
must be a beetle, and so (ii) holds.

Let w be of Type t4d w.r.t. X, say not adjacent to ag and bs. Suppose a1b; is not an
edge. (Hja,u) must be a beetle or a line wheel. Suppose (Hig,u) is a line wheel. Then
N(u) N (PU P?) = {a1,a2,b1,b)}. If u has a neighbor in P3 \ b3, then (Hi3,u) is a proper
wheel that is not a beetle, contradicting Theorem 4.6. So now assume that (Hi2,u) is a beetle.
Suppose that u is adjacent to aj. Then N(u)N(P'UP?) = {a1,a2,a}, b1 }. If u has a neighbor
on P3\ b3, then (His,u) is a proper wheel that is not a beetle, contradicting Theorem 4.6.
Finally suppose that u is adjacent to ab. Then N(u)N (P'U P?) = {a1,as,ab,b1}. But then
(Ha3,u) must be a line wheel and hence N (u) N P? = {bs, b }.

Let u be of Type tds w.r.t. 3, say not adjacent to as and b3. Suppose a1b; is an edge.
Since G is square-free, asbs is not an edge. Node v must have a neighbor in P3, since otherwise
P3 U {a1,a2,b,u} induces an odd wheel with center a;. So (Hijz,u) must be a line wheel.
But then (Has,u) is a proper wheel that is not a beetle, contradicting Theorem 4.6. So a1b;
is not an edge, and similarly neither is agbs. O

If node w is of Type p3, t2p or t3p w.r.t. ¥, then a subset of the node set ¥ U {u} induces
a Y =3PC(A,A) that contains u. We say that ¥’ is obtained by substituting u into . If
is of Type t2p or t3p w.r.t. X, and for some z € {a,b} and i € {1,2,3}, ¥’ does not contain
z;, then we say that u is a sibling of z;.
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7 Beetles and T-Parachutes

To prove the main result of this section, we need the following lemma, whose proof appears
in [4].

Lemma 7.1 Let G be a T-parachute TP(t,v,a,b, z) that is not an L-parachute and such that
no proper subgraph of G is a parachute or a proper wheel. Then G is one of the following
graphs, see Figure 2.

Type a: No interior node of P is adjacent to a or b.

Type b: An interior node of P is adjacent to a or b, say a, (Cy,a) is a triangle-free wheel
and a is adjacent to z.

Type c: An interior node of P is adjacent to a or b, say a, (Cy,a) is a twin wheel and a is
adjacent to z.

Theorem 7.2 Let G be a square-free even-signable graph. Assume that G has no 3SPC(A, A)
with a Type t2, t2p or t4 node. Then G is a triangle-free graph, or the line graph of a triangle-
free graph, or G has a star cutset or a 2-join.

Proof: By Theorem 2.3, the result holds for WP-free graphs. By Theorem 4.6, the result
holds when G contains a proper wheel that is not a beetle. By Theorem 5.3, the result
holds when G contains an L-parachute. So we may assume that G contains a beetle or a
T-parachute.

Let X be a beetle or a T-parachute TP(t,v,a,b, z). If ¥ is a T-parachute, by Lemma 7.2,
we assume that ¥ is of Type a, b or ¢ of Figure 2. If ¥ is a beetle (H,v), denote the neighbors
of v on the hole by a,t,b, z where atv and tbv are the triangles. If ¥ is a T-parachute, denote
by (H,v) its twin wheel with center v. We assume w.l.o.g. that if ¥ is a T-parachute of
Type ¢, then G contains no beetle and no T-parachute of Type a or b. We denote by P the
path of ¥ from v to z that uses no edge of H and by H,, and H,; the subpaths of H from z
to a and from z to b that do not contain node t. W.l.o.g. b has no neighbor in the interior of
P. Let C be the hole of ¥ containing b, v, z. Consider the star S = (vU N(v)) \ {¢,m} where
m is the neighbor of v in X distinct from a,b,f. Assume that S is not a cutset separating
t from B = V(%) \ {a,b,v,t} and let Q = z1,...,z, be a direct connection from ¢ to B in
G\ S. No node of @ is adjacent to both a and b since G is square-free.

Case 1: n =1, or n > 1 and no node of Q3,,, , is adjacent to a or b.

Node z, has at least one neighbor in C if 3 is a T-parachute of Type b or ¢ and, by
symmetry, we assume w.l.o.g. that this is also the case when ¥ is a beetle or a T-parachute
of Type a.

If x,, has exactly one neighbor p in C, then there is a 3PC/(but, p) since p is distinct from
b and v.

Assume z, has exactly two adjacent neighbors in C'. Assume first that one of these
neighbors is b and the other is &’ adjacent to b in H,p,. If n = 1, there is an odd wheel with
center b. So n > 1. If 2, has no neighbor in H,, \ z, there is a 3PC(x,bb,t). Let 2’ be the
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neighbor of z in H.,. If z, has a neighbor in H,, \ {z,2'}, then there is a 3PC(z,,bV/,v).
Therefore x,, is adjacent to 2. If ¥/ # z, (H,xz,) is an odd wheel. So b’ = z and (H,z,) is a
twin wheel. Now QU X\ b induces a 3PC(A, A) and b is a Type t4s node with respect to it,
so the result holds.

Now assume that both neighbors of z,, in C are distinct from b. Then there is a 3PC(A, A)
with a node of Type t2 (when X is a beetle or of Type a) or of Type t2p (when X is of Type b)
or of Type t4d (when X is of Type ¢). Therefore the result holds.

Assume x,, has two nonadjacent neighbors in C. Then there is a 3PC(bvt, xy,) if n > 1
or if x, is not adjacent to b. So assume n = 1 and x; is adjacent to b. If ; has a neighbor
in H,, \ z, there is an odd wheel with center ¢. So all the neighbors of x; in ¥ are in C Ut.
If ¥ is a beetle, there is a 3PC(avt,z). So ¥ is a T-parachute. Assume first that X is of
Type a. If 21 has no neighbor in P, there is a 3PC(avt, z). If 1 has a unique neighbor p in
P, there is a 3PC(avt, p). Therefore 1 has several neighbors in P. Node z is adjacent to b
since, otherwise, there is an odd wheel with center t. Let p be the neighbor of z; in P that
is closest to z. Then H,, U P,, U {t,z} induces a hole H; and, if p # z, (H;,b) is an odd
wheel. So p = z. Let 2/ be the neighbor of z in P. If z1 has a neighbor in P\ {z,z'}, there
is a 3PC(bzx1,v). So the neighbors of z; in P are exactly z and 2’ and therefore (C,z1) is
a twin wheel. Then (X \ b) Ux; induces a 3PC(A,A) and b is a Type t4d strongly adjacent
node with respect to it, so the result holds. Now assume that X is a T-parachute of Type b
or c¢. Node z1 is not adjacent to m since, otherwise, m,v,t,x; would be a square. Since x;
has a neighbor in C' distinct from b and its neighbor in C, there is an odd wheel with center
t.

Case 2: n > 1 and some node of Q;,,, , is adjacent to a or b.

Let x; be such a node with lowest index.

Assume first that j > 2. Denote by d the node among a,b that is adjacent to z;. Let R
be a shortest path from z, to v in X\ {a,b,t} and let R’ be a shortest path in ¥\ {¢,v,d}
from x,, to the node d’ among a,b that is distinct from d. Let H; be the hole induced by
RUQ Ut and Hs the hole induced by R’ U Q Ut. We will show that the wheel (Hy,d) is
a proper wheel that is not a beetle. (Hj,d) is not a universal wheel since d is not adjacent
to x1 nor a triangle-free wheel since d is adjacent to v and ¢, nor a twin wheel since x; is
adjacent to d but not to ¢ or v. Suppose (Hi,d) is a line wheel. Then (Hs,d) is a proper
wheel. Suppose (Ha,d) is a beetle. Then j = n—1 and z is adjacent to both z,, and d, and z,,
has a neighbor in P, \ z. Note that if d = b, then az cannot be an edge (since bz is an edge
and H cannot be a square) and hence ¥ cannot be a T-parachute of Type a or b. If x,, has a
neighbor in P\ {z, 2’} (where 2’ is the neighbor of z in P), then there is a 3PC(tvd’, x,,). So
z and 2’ are the only neighbors of z,, in P, and hence there is a 3PC(A, A) with a Type t4d
node and the result holds. Finally, suppose (Hi,d) is a beetle. Then d = a, X is of Type ¢
and x,, is adjacent to m. If z,, has no other neighbor in ¥, there is a 3PC(tvd’,m). If z,
has a neighbor distinct from m and z in C, there is a 3PC(tvd’, z,). If x,, has exactly m and
z as neighbors, there is a 3PC(A, A) with node d being of Type t4d relative to it. So the
result holds. Therefore (Hj,d) is a proper wheel that is not a beetle. So the result holds by
Theorem 4.6.

Assume now that j = 1. Denote by d the node among a, b that is adjacent to x.

Case 2.1: No node of @z,,,, is adjacent to a or b.
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If every chordless path from x,, to t in ¥\ {d,v} contains m, then let R; be such a path
and let Hs be the hole Ry U Q. Then (Hs,v) is an odd wheel unless d = b and ¥ is a T-
parachute of Type c¢. But then Q U X \ v induces a 3PC(A,A) and v is a strongly adjacent
node of Type t4d with respect to it. So the result holds.

Now assume some chordless path Ry from z, to t in ¥\ {d, v} does not contain m. If Ry
does not contain neighbors of d, then let Hy be the hole (R \ t) U Q U {v,d}. Then (Hy,t)
is an odd wheel. So Ry contains a neighbor of d. Let Hs be the hole Ry U Q. Then (Hs,d)
is an odd wheel.

Case 2.2: Some node of ();,,,, is adjacent to a or b.

Let xj, be such a node with lowest index. If z;, is not adjacent to d, then Q4,5 U{a,v, b}
induces a hole Hg and (Hg,t) is an odd wheel. So xj is adjacent to d. Let H7 be a hole in
QU X\ {a,b} that contains v. Since d is adjacent to v,t,x; and xy, the wheel (H7,d) is a
proper wheel or a universal wheel.

Case 2.2.1: (Hy,d) is a proper wheel.

If (H7,d) is not a beetle, the result holds by Theorem 4.6. So assume (Hry,d) is a beetle.
If d = a then ¥ cannot be a T-parachute of Type c¢. The node in {a, b} \ {d} has no neighbor
in @, since otherwise a subpath of () together with a, t and b induces an odd wheel with
center d. Let R be a chordless path from z, to ¢t in ¥\ {d,v}. Some interior node of R
must be adjacent to d since, otherwise, there is an odd wheel with center d. x, must have
a neighbor in ¥ distinct from the neighbor d’ of d in H,4 since, if d’ were the only neighbor
of x, in X, the assumption that (H7,d) is a beetle would be contradicted. This implies that
d' = z and that z,, has all its neighbors in P. So ¥ is not a beetle. Let Hg be the hole RUQ.
(Hg,d) is a wheel. Since d is adjacent to ¢ and x; but not its neighbors on Hsg, it is not a
beetle. So if (Hg,d) is a proper wheel, the result holds by Theorem 4.6. If (Hg,d) is not a
proper wheel, it must be a line wheel. This implies that £ = n and that z,, is adjacent to z.
If d = b then, since bz is an edge, az cannot be an edge (else H is a square) and so ¥ cannot
be a T-parachute of Type c. 3 cannot be a T-parachute of Type b since, otherwise, d = a
and there is a 3PC(azxy,v). So ¥ is a T-parachute of Type a. Since (H7,d) is a beetle, x,,
has a neighbor in P\ z. If 2, has a neighbor in P\ z distinct from the neighbor 2’ of z, there
is a 3PC(dzxy,v). So x, has exactly three neighbors in X, namely d, z and z’. In this case,
QUX\ d induces a 3PC(A,A) and the node d is a strongly adjacent node of Type t4d with
respect to it. So the result holds.

Case 2.2.2: (Hy,d) is a universal wheel.

Then ¥ is a T-parachute of Type ¢ and d = a. Let Hy be the hole in Q UX \ {a,v} that
contains b. Then (Hy,a) is a proper wheel that is not a beetle unless n = 2 and z,, has a
neighbor in C'\ {z,m,v,b}. Since n = 2, x4 is not adjacent to m (otherwise there is a 5-wheel
with center a) but x5 is adjacent to z since (Hz, a) is a universal wheel. Let 2’ be the neighbor
of z on C distinct from m and p the neighbor of 5 closest to b in H \ {a, z}. Suppose p # 2’
and let Hig be the hole induced by Hy, U {v,m,z,z2}. Then (Hig,a) is an odd wheel. So
p = 2. But now X\ a U {x1, 29} induces a 3PC(A,A) and node a is a Type t4ds node. So
the result holds. O

17



Figure 4: Crosspath

8 Different Paths

In this section, we assume that G is an even-signable graph.

Definition 8.1 A crosspath w.r.t. ¥ = 3PC(A,A) is a chordless path P = x1,...,xy, in
G\ X that satisfies one of the following:

e n=1 and x1 is of Type p4 w.r.t. 3, or

e n>1, 21 and x, are of Type p2 w.r.t. 3, with neighbors in different paths of X, and
no interior node of P has a neighbor in X. See Figure J

If z1 or x, has neighbors in a path P of ¥, we say that P is a P'-crosspath w.r.t. ¥.

Definition 8.2 A weak connection w.r.t. ¥ = 3PC(ajaqas, bibebs) is a chordless path P =
Z1,...,xy in G\ X such that no interior node of P has a neighbor in ¥, N(x1) N ¥ = p and
N(zp,)NE =gq, p # q, and either both p, q are contained in {a1,as,as} or both are contained

in {bl, bg, bg}.

Theorem 8.3 Let G be an even-signable graph, let ¥ = 3PC(A,A) and let P = x1,...,xy,
n > 1, be a chordless path in G\'Z. If 0 # N(x1) NS C P, 0 # N(z,)NE C PI, i # j, and
no interior node of P has a neighbor in X, then P is a crosspath or a weak connection w.r.t.
3.

If, furthermore, G is square-free and has no star cutset, then P is always a crosspath.

Proof: Assume w.l.o.g. that i = 1 and j = 2. Since N(z;) N C P! and N(z,) N X C P?,
z1 and x, are of Type t1, pl, p2 or p3 w.r.t. ¥. Suppose that P is not a crosspath. Then
w.l.o.g. x1 is of Type t1, pl or p3 w.r.t. X. If z; is of Type p3 w.r.t. X, then we consider
the 3PC(A, A) obtained by substituting x; into X. It follows from Lemma 6.1 that x,, is of
Type t1, pl, p2 or p3 w.r.t. this new 3PC(A,A). So we may assume that z; is of Type t1
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or pl w.r.t. ¥ and similarly that z, is of Type t1, pl or p2 w.r.t. X. If z, is of Type p2
w.r.t. %, then the node set Pt U P2 U P induces a 3PC(A,.). Hence x, is also of Type t1
or pl wr.t. 3. Let u; (resp. ua) be the unique neighbor of z; (resp. z,) in ¥. W.lo.g.
uy # a1. If uy = by and ug = by, then P is a weak connection, and otherwise the node set

P'U P2, UP?UP induces a 3PC(arazas, u1).

Now assume that G is square-free and has no star cutset. Suppose ¥ = 3PC(ajazas, bybabs)
has a weak connection P = x1,...,x, from a; to as. Let S = (N(a1)Uaq) \ {z1,d]}. Since
S is not a star cutset, there exists a direct connection @ = y1,...,yn from P to ¥\ S in

G\ S. The nodes of PU P'U P3Uay induce a Mickey Mouse as defined in [5]. By the Mickey
Mouse theorem [5], some node of @ is adjacent to both ay and az. Choose P, @ such that Q
is as short as possible subject to the condition that P is a weak connection with one endnode
adjacent to a; and the other adjacent to either as or as. Let y, be the node of lowest index
adjacent to both as and as.

Claim 1: If k > 2, no node yi,...,yx_1 18 adjacent to as or as.

Proof of Claim 1: Suppose not and let y; be the node of lowest index adjacent to as or az
(note that j = 1 is possible). Node y; has a unique neighbor on P and this neighbor is
Ty, since, otherwise, our choice of P, () would be violated. If y; is adjacent to as, there is a
3PC(a1az2a3,xy,). So y; is adjacent to ag. Let y;, j < i < k, be the node of lowest index
adjacent to az. Then W = (leyia;),alP, ag) is a wheel that is not triangle-free, universal, a
twin wheel or a beetle. Suppose it is a line wheel with triangles asx,y; and ajasas. Then
1 < k and therefore there is an L-parachute with middle path as, yg, y&—1,...,¥y;. But then
G has a star cutset by Theorem 5.3, a contradiction. So W is a proper wheel that is not a
beetle. But then G has a star cutset by Theorem 4.6, a contradiction. This completes the
proof of Claim 1.

Let S" = (N(a2) Uaz) \ {zn,as}. Since G has no star cutset, there is a direct connection
Q = z,...,% from P to ¥\ S"in G\ S'. By the Mickey Mouse theorem applied to the
Mickey Mouse induced by the nodes P U P? U P3 U ay, there is node of @’ adjacent to both
ay and a3. Let z; be the node of lowest index in " adjacent to both a; and as. Let z; be the
node of lowest index in @)’ that is adjacent to a; or as.

Case 1: t <

Suppose first that z; is adjacent to as. Then z; is adjacent to aq, P in a triangle since,
otherwise, there is a 3PC(ajasas,.). Let u,v be the neighbors of z; on P. If u,v # a;, then
there is a 3PC(zjuv,a1). So w or v coincides with a;. But then there is an L-parachute
induced by a subpath of PUQ?,, U {a1,a2,a3}. So, by Theorem 5.3, there is a star cutset,
a contradiction.

So z is adjacent to aj. Let z. be the node of Q' with lowest index adjacent to az. Clearly
t < r <. Let H be the hole passing through ag in Q" U P U as. Then (H,a;) is a wheel
that is not triangle-free, universal or a twin wheel. If r < [, then the wheel (H,a;) is not
a beetle. Suppose it is a line wheel with triangles ajx12; and ajasas. Then there is an
L-parachute with middle path being a subpath of a1, z;, 21, ..., 2. If (H,a;) is a line wheel
with triangles a1z;2;11 and ajasas, then there is an L-parachute with middle path being a
subpath of a1, z;,...,2.. But then G has a star cutset by Theorem 5.3, a contradiction. So
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Figure 5: Paths from a Type t1 node

W is a proper wheel that is not a beetle. But then G has a star cutset by Theorem 4.6, a
contradiction. Therefore r = [. Now (H,a1) is not an L-wheel. Since G does not have a star
cutset, (H,a;) cannot be a proper wheel by Theorem 4.6, so it must be a beetle. Note that @
is a path from the top of the beetle to the bottom that does not induce connected diamonds
with the nodes of the beetle (since yy is adjacent to ag), contradicting Lemma 4.4.

Case 2: t=1

Let R be a shortest path from y; to z; in P UQ U Q’. If R contains neither x1 nor x,,
then R U {a1,as,a3} induces an odd wheel with center as. So R contains z; or x, and @,
Q' have no adjacent nodes. W.l.o.g. assume that y; is adjacent to x; or x,,. Then there is a
3PC(ajasz, x1) or a 3PC(agasyy, Tn). O

Lemma 8.4 Let P = x1,...,x, be a chordless path in G\ such that x1 is of Type t1 w.r.t.
Y, say adjacent to ai, x, has a neighbor in ¥\ {a1,as,as}, and no interior node of P has a
neighbor in 3. Then one of the following holds.

(i) xp is of Type t1, p1 or p3 w.r.t. ¥, with a neighbor in P'.

(ii) xy, is of Type t2, t2p or t3p w.r.t. ¥ and N(x,) N (P2 U P3) = {by, b3}.
(iii) xp, is of Type t2p or t3p w.r.t. ¥ with at least two neighbors in {a1,as,as}.
(iv) xyp is of Type p2 or p4 w.r.t. ¥ and it is adjacent to a;.

(v) xn is of Type t4, t5 or t6 w.r.t. X.

Proof: Suppose x,, is of Type t1 or pl with a unique neighbor « in . If w is not in P!, then
P?U P3U PUx induces a 3PC(ajasas,u). Similarly, if z, is of Type p3, then it must satisfy
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Figure 6: Paths from a Type t2 node

(i), else there is a 3PC(ajazas, xy,). Suppose z, is of Type p2, with neighbors v and v in ¥,
and w.l.o.g. assume that u and v are not in P3. If x,, does not satisfy (iv), then P*UP?2U P
induces a 3PC(uvxy,a1). If z, is of Type t2 and it does not satisfy (ii), then w.l.o.g. we may
assume that it is adjacent to b; and b3, and hence P U P? U P2 induces a 3PC (ayazas, b3).
Suppose z,, is of Type t2p or t3p and it does not satisfy (ii) or (iii). W.l.o.g. x, is adjacent
to by, b3 and it has a neighbor in P2\ by. Then (PU P! U P?)\ by contains a 3PC (ajazas, v,).
If x, is of Type t3, then it is adjacent to by, by, b3 and PU P! U P? induces a 3PC (byboy, a1).
Finally assume that z, is of Type p4. If the neighbors of x,, in ¥ are contained in P? U P2,
then ((P?U P3)\ {b2,b3})UPUay contains a 3PC(ajasas,zy,). Else, we may assume w.l.o.g.
that the neighbors of x,, in ¥ are contained in P! U P2. If z,, does not satisfy (v), then
(3 \ {ba,d}}) U P contains a 3PC(ajasas, xy). O

Lemma 8.5 Let P =x1,...,x, be a chordless path in G\'¥ such that x1 is of Type t2 w.r.t.
Y, say adjacent to a1 and as, T, has a neighbor in ¥\ {a1,as,a3}, and no interior node of
P has a neighbor in X. Then one of the following holds.

(i) xp is of Type t1, pl or p3 w.r.t. ¥, with a neighbor in P?.

(ii) xy, is of Type t2, t2p or t3p w.r.t. ¥ and N(x,) N (P U P3) = {by,b3}.

i11) xp s of Type t2p or t3p w.r.t. ¥ with at least two neighbors in {a1,as,as}.
] T t2 3, t. X with at least t jghb 3

(iv) xy is of Type t4, t5 or t6 w.r.t. ¥
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Proof: Suppose x,, is of Type t1 or pl with u being its unique neighbor in ¥ and (i) does not
hold. Then w.l.o.g. w is in P! and hence P' U P3 U P induces a 3PC(z1a1a3,u). Suppose x,
is of Type p3 and it does not satisfy (i). W.l.o.g. the neighbors of z;, in X are in P. If n = 2
and z, is adjacent to a;, then P! U P? U P U as contains an odd wheel with center a1, and
otherwise P! UP3U P contains a 3PC(z1a1as, x,). Suppose x, is of Type p2, with neighbors
wand v in ¥, and w.l.o.g. assume that u and v are not in P3. If z,, is not adjacent to a;, then
P! U P? U P induces a 3PC(z,uv,a1). So x, is adjacent to a;, and hence P' UP? U P Uas
induces an odd wheel with center a; when n > 2 and P' U P3 U P induces an odd wheel
with center a; when n = 2. If z,, is of Type t2, adjacent to by and say by, then P* U P2 U P
induces a 3PC(z,b1bse,ay). So, if x,, is of Type t2, then it satisfies (ii). Similarly, if x,, is of
Type t3, then there is a 3PC(x,b1be,a1). If x, is of Type t2p or t3p, and it does not satisfy
(ii) or (iii), then w.l.o.g. we may assume that z,, is adjacent to by, by and a node of P3\ bs.
But then P! U P? U P induces a 3PC(x,b1bs,a;). Finally assume that z,, is of Type p4. If
the neighbors of x,, in ¥ are contained in P'U P3, then w.l.o.g. x, is not adjacent to as and
hence (X \ {a1,a5})U P contains a 3PC (b1 babs, x,). Otherwise, w.l.o.g. we may assume that
the neighbors of x,, in ¥ are contained in P! U P2, and hence (X \ {a1,a2}) U P contains a
3PC(blb2b3,xn) O

Lemma 8.6 Let P = x1,...,x, be a chordless path in G\ such that x1 is of Type t3 w.r.t.
Y, say adjacent to ay,as and as, x, has a neighbor in ¥\ {a1,a2,as3}, and no interior node
of P has a neighbor in X. Then one of the following holds.

(i) zp, is of Type p2 or t3 w.r.t. .

(i) n =2, x, is of Type t2p or t3p w.r.t. ¥ with at least two neighbors in {by,ba,bs} and
Ty 18 adjacent to ai,as or as.

(iii) xp, is of Type t2p or t3p w.r.t. ¥ with at least two neighbors in {a1,as,as}.
(iv) n =2, x, is of Type p3 w.r.t. ¥ adjacent to ay, ag or as.

(v) xn is of Type t4, t5 or t6 w.r.t 3.

Proof: If x,, is of Type t1 ot pl with its neighbor u in say P, then there is a 3PC(ajasz, u).
If x, is of Type p3, with neighbors in say P!, and (iv) does not hold, then P? U P U P
contains a 3PC(x1a1a2,x,). By Lemma 8.5, x,, cannot be of Type t2 w.r.t. X. Suppose z,
is of Type t2p or t3p, but (ii) and (iii) do not hold. Then w.l.o.g. =, is a sibling of b;, and
hence (P' U P2 U P)\ by contains a 3PC(z1a1az,x,). Finally assume that z,, is of Type p4,
with neighbors w.l.o.g. in P2U P3. Then (X U P) \ {a1,a3} contains a 3PC(bybgbz, x,). O
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9 Type t4, t5 and t6b Nodes

Theorem 9.1 Let G be a square-free even-signable graph. If G contains a ¥ = 3PC(A,A)
with a Type t4, t5 or t6b node then G has a star cutset.

Proof: Assume G has no star cutset. Then by Theorem 4.6, G contains no proper wheel that
is not a beetle.

Let C be the set of all ordered pairs 3, u such that ¥ = 3PC(A,A) and w is of Type t4,
th or t6b w.r.t. X.

For ¥,u € C, we assume w.l.o.g. that if uw is of Type t5 w.r.t. ¥ then u is not adjacent
to ag, if u is of Type t4d w.r.t. X then w is not adjacent to ag and by, and if u is of Type t4s
w.r.t. 3 then wu is not adjacent to az and bs.

For ¥,u € C define the corresponding sets S as follows. If u is of Type t5 or t6 w.r.t.
Y, then let S = (N(u) Uwu) \ (X \ {a1,a2,b2,b3}). If u is of Type t4d w.r.t. X, then
let S = (N(u)Uwu)\ (2\ {a1,a2,b1,b3}). If u is of Type t4s w.r.t. X, then let S =
(N(u)Uu)\ (X\{a1,a2,b1,b2}). Since S is not a star cutset, there exists a direct connection
P=2x1,...,0, in G\ S from P!UP? to P3. Let X, u be chosen from C so that the cardinality
of N(u)N X is minimized and, subject to this, the size of the corresponding P is minimized.

Claim 1: No node of P is of Type t4, t5 or t6 w.r.t. X.

Proof of Claim 1: It is enough to show that if v and w are both of Type t4, t5 or t6 w.r.t. X,
then vw is an edge. Suppose not. Since v and w both have at least two neighbors in each of
the sets {a1,a2,a3} and {b1, by, bs}, for some 4,5 € {1,2,3}, a; and b; are common neighbors
of v and w. Since {a;,b;,u,v} cannot induce a square, a;b; is an edge. W.lo.g. i =j =2,
N@w)n{ay,a2,as} = {a1,as} and N(w)N{a1,as,as} = {az,as}. But then {ay, as,as, by, v, w}
induces an odd wheel with center as. This completes the proof of Claim 1.

Claim 2: No node of P is of Type p3 w.r.t. X.

Proof of Claim 2: Suppose z; is of Type p3 w.r.t. X. Let ¥’ be obtained from ¥ by
substituting z; into X. Since x; € G\ S, node z; is not adjacent to u. Therefore |[N(u)NY/| <
|N(u)NX|. Therefore ¥',u and P’, where P’ = Py, or P' = P,, ., contradict our choice
of 3, u and P. This completes the proof of Claim 2.

Claim 3: No node of P is of Type t2p or t3p w.r.t. X.

Proof of Claim 3: Suppose that x; is of Type t2p or t3p w.r.t. ¥ and let ¥’ be obtained
from X by substituting x; for its sibling. Note that « cannot be of Type t6 w.r.t. X, since
otherwise u is of Type t5 w.r.t. ¥, contradicting our choice of X, u. In particular, u is not
adjacent to as.

Suppose x; is a sibling of a;. Since u is adjacent to ao,b; and at least one of bs, b3, and
it is not adjacent to z; and a3, node u must be of Type t2p or t3p w.r.t X', adjacent to bs.
In particular, N(u) N P® = {b3} and b is the unique neighbor of u in the x;b;-path of ¥'.
Node z; is not adjacent to by, else {ag, by, z;, u} induces a square. Hence (Hi3,u) must be
a line wheel with u adjacent to a}. But then (P'\ {a1,b1}) U P3 U {as,u,z;} contains a
3PC(z;a0a3,u).
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Suppose z; is a sibling of as. Since w is adjacent to a1, b; and at least one of bs, bs, and it
is not adjacent to as and x;, it must be of Type t3p w.r.t. ¥, and hence of Type t5 w.r.t. X.
Since u is of Type t3p w.r.t. ¥/, N(u) NP3 = {b3}. But this contradicts Lemma 6.2 applied
to ¥ and wu.

Suppose x; is a sibling of az. Then 7 > 1 and u is of the same type w.r.t. ¥/ as it is w.r.t.
Y. But then ¥',u and P, , contradict our choice of ¥, u and P.

Suppose x; is a sibling of b;. Then w is of Type t2p or t4d w.r.t. X', adjacent to b3. If u
is of Type t4d w.r.t. ', then ¥, u contradict our choice of ¥,u. So u is of Type t2p w.r.t.
Y. In particular, N(u) N P? = {as}. So u must be of Type t4d w.r.t. ¥. Node x; cannot
be adjacent to ap, else {ai, b3, x;,u} induces a square. So ajb; is not an edge. By Lemma
6.2, N(u) N P® = {b3} and u has a neighbor in P!\ {a1,b1}. So there is a subpath P’ of
P\ {a1,b1} such that one endnode of P’ is adjacent to u, the other to z; and no proper
subpath of P’ has this property. But then P? U P’ U {b3, x;,u} induces a 3PC (bobsz;, u).

Suppose x; is a sibling of by. Then u must be of Type t4d w.r.t. ¥’. Node z; is not
adjacent to ag, else {ag,bs, x4, u} induces a square. So i = 1. Since u is adjacent to bs, node
bs is in S and hence n > 1. But then X', u and P,,,, contradict our choice of ¥, u and P.

Finally suppose that z; is a sibling of b3. Then w is of Type t4s w.r.t. ¥'. If u is of Type
t5 w.r.t. X, then ¥, u contradict our choice of X, u. So u is of Type t4s w.r.t. X. Hence i = n
and n > 1. But then ¥',u and Py, , contradict our choice of ¥, u and P. This completes
the proof of Claim 3.

Claim 4: If x; is of Type p4 w.r.t. X, then i = 1 and the neighbors of x; in X are contained
in P1U P2,

Proof of Claim 4: Suppose x; is of Type p4 w.r.t. 3. If the neighbors of z; in ¥ are contained
in P! U P? then i = 1.

Suppose that the neighbors of ; in ¥ are contained in P*UP3 for k = 1 or 2. For j = k, 3,
let u; (resp. vj) be the neighbor of z; is P/ that is closest to a; (resp. b;). If u is of Type t6b
w.r.t. 3, then by Lemma 6.2, u is adjacent to all nodes of ¥ and hence {u, z;, vi,us} induces
a square. Therefore, u is not adjacent to as.

First suppose that z; is adjacent to as. Then x; is not adjacent to a; and so (XUz;) \PUS3 b
induces a ¥’ = 3PC/(ajasas, uxvgpz;). Since u is adjacent to ai,as,b; and it is not adjacent
to as, x;, it must be of Type t4s w.r.t. ¥’. Hence u is adjacent to uy and vg. Node u cannot
have neighbors in P3, since otherwise ¥, u would contradict the choice of ¥,u. So u is of
Type tds w.r.t. X. Since u is adjacent to ux # ag, (Hi2,u) must be a universal wheel. Then
by Lemma 6.2, a1b; and agbs are not edges and so both (His,u) and (Has,u) must be twin
wheels. Hence both P! and P? are of length 2. But then {ay,as,uy,r;} induces a square.
Therefore z; is not adjacent to as.

Let X' = 3PC(ayasa3, x;v3us) induced by (XUx;) \Pfkbk. Since u is adjacent to ai, as and
at least one of by, b (i.e. it has a neighbor in the agvs_g-path of ¥’), and it is not adjacent to
as and x;, it must be of Type t4d w.r.t. X'. If k = 1, ¥, u contradicts our choice of 3, u since
by is adjacent to u and belongs to X\ ¥'. So k = 2. If a1b; is an edge, then {u,x;,us, b1}
induces a square. But then by Lemma 6.2, v3 = bg and N(u) NX = {a1,as, by, bs,bs}. Hence
P? U {u,x;,by,b4} induces a 3PC (ugvax;, u). This completes the proof of Claim 4.

Claim 5: n > 1, z1 is of Type t1, pl, p2, t2, t3 or p4 w.r.t. 3, and x, is of Type t1, pl,
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p2, t2 or t3 w.r.t. 3.
Proof of Claim 5: Follows from Claims 1, 2, 3 and 4.

Claim 6: If a; (resp. as) has a neighbor in the interior of P, then by and bs (resp. by and
bs) do not.

Proof of Claim 6: Suppose that z; and x; are nodes of the interior of P such that x; is
adjacent to a1, x; is adjacent to bg or b, and no proper subpath of Py, has this property.

First suppose that z; is adjacent to both by and bs. Then, by the definition of S, b; has
no neighbor in the interior of P and u is of Type t5 or t6 w.r.t. ¥. By Claims 1 and 3, x;
is of Type t2 w.r.t. ¥. By Lemma 8.5 applied to a subpath of P;,;,, a2 has no neighbor in
Pz, Then P2UP?U Py, Uay induces a ' = 3PC(a1agas, x;bobs). If w is of Type t6 (resp.
t5) w.r.t. X then it is of Type t5 (resp. t4d) w.r.t. X', contradicting our choice of X, u.

Next suppose that x; is adjacent to bo and not to b3. If by does not have a neighbor in
Py,z;, then PluP3uU Py;z; U by induces a 3PC (bibobs, a1). If ag does not have a neighbor
in Py, then P2uPuU Prz; Uap induces a 3PC(ajazas,bs). So both as and by have a
neighbor in Py,;;. Let z; and x; be nodes of Py, such that zy, is adjacent to ag, x; to by and
no proper subpath of Py, ., has this property. If j # k,[ then P? U P3U Py, ,, Ub; induces a
3PC(bybobs, as). If i # k,l then P* U P3U Py, 2, U as induces a 3PC(ajazas, br). By Claim
1,i# j. If j = k and ¢ = [, then by Claim 2, {a1,a9,b;,bs} induces a square. So j = [ and
i = k. Hence P'U P2 U Py,z; induces a 3PC(aiax;, bibax;). Since by, by € S, u is of Type tds
w.r.t. ¥ and hence w.r.t. ¥ as well. If i < j let P’ = Py,4,_, and otherwise let P’ = Py,4, .
Then ¥, u and P’ contradict our choice of ¥, u and P.

Finally suppose that z; is adjacent to bg and not to by. So by has no neighbor in Py, If
ag has no neighbor in sz.a;j, then P2UP3U Px,-xj Ua; induces a 3PC(ajazas, bs). So ag has a
neighbor in Py,,;. Let zy be such a neighbor that is closest to z;. By Claims 1 and 3, @ # j.
Suppose i # k. Then by Lemma 8.4 applied to a subpath of Py, ., by has a unique neighbor
Tjin Py ;. Since by, b3 € S, u is of Type tdd w.r.t. 3. Let X' = 3PC(a1aga3, biz;b3) induced
by PlUuP3uU Py z; Uag. Then u is of Type t4d w.r.t. ¥ as well. If 4 > j let P’ = Py, ., and
if i <jlet P'= Py s, Then ¥',u and P’ contradict our choice of ¥,u and P. So i =k
and hence z; is of Type t2 w.r.t. ¥. By Lemma 8.5 applied to a subpath of Py, by does not
have a neighbor in Py,;;. Hence PlUP? U Py, Ubs induces a ¥' = 3PC (a1agx;, b1babs). Note
that  is of Type t5 or t4d w.r.t. ¥'. If i < j let P’ = Py, , and otherwise let P’ = Py 4, .
Then ¥, u and P’ contradict our choice of ¥, u and P.

Therefore, if a1 has a neighbor in the interior of P, then by and b3 do not.

Now suppose that as and at least one of by, by has a neighbor in the interior of P. Let x;
and z; be nodes of the interior of P such that z; is adjacent to as, x; is adjacent to by or bs,
and no proper subpath of Py, has this property.

First suppose that x; is adjacent to both b; and b3. Then a; has no neighbor in the interior
of P by the first part of Claim 6 and w is of Type t4d w.r.t. X. Let ¥’ = 3PC/(a1a2as3, bi2;b3)
induced by P' U P3U Py,z; Uag. Then u is of Type tdd wrt. ¥ If 4 < j let P’ = Py, s,
and otherwise let P’ = P;, ;.. Then ¥, u and P’ contradict our choice of ¥, u and P.

Next suppose that z; is adjacent to by and not to b3. If a; does not have a neighbor in
Pyz;, then PluP3U Py,z; U ag induces a 3PC(ajazas,b1). So a; has a neighbor in Py,
and hence by does not by the first part of Claim 6. But then P2 U P3U Pyz; U by induces a
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3PC(blb2b3, ag).

Finally suppose that x; is adjacent to b3 and not to b;. Then a; does not have a neighbor
in the interior of P by the first part of Claim 6, and hence P' U P3 U Py,z; U ag induces a
3PC(ajasag, bs). This completes the proof of Claim 6.

Claim 7: If a; has a neighbor in the interior of P, then b1 does not.

Proof of Claim 7: Suppose both a; and b; have a neighbor in the interior of P. Then, by
Claim 6, as, by and bg do not. Since b; € S, w is of Type t4 w.r.t. X.

Suppose a1b; is not an edge. Let z; and x; be nodes of the interior of P such that x;
is adjacent to aj, x; to by, and no proper subpath of Py, has this property. Let ¥ =
3PC(ajasas, bibobs) induced by P? U P3 U Prw; Udar, b1} If 0 > 5 let P' = P, 2, and
otherwise let P’ = Py, ,4,. Note that u is of the same type w.r.t. ¥’ as it is w.r.t. ¥. But
then ¥/, u and P’ contradict our choice of X, u and P.

Therefore, a1b; is an edge. By Lemma 6.2, u is of Type t4dd w.r.t. ¥ and hence z,, has
a neighbor in P3\ b3. Let z; (resp. x;) be the node of the interior of P with highest index
adjacent to by (resp. ai). Suppose z, is of Type t1, pl or p2 w.r.t. ¥. By Theorem 8.3
applied to Py, or Py g,, i = j and z, is of Type p2 wr.t. 3. Let uz (resp. v3) be the
neighbor of z,, in P3 that is closest to ag (resp. b3). Let ¥/ = 3PC(a1by;, usvaw,) induced
by PtuUP3 U Py, Since u is adjacent to aj,b; and b3, and to no node of Py, , it must be of
Type t4s w.r.t. ¥/, adjacent to us and v3. But then ¥’, u contradicts the choice of X, u since
as is a neighbor of w in ¥ but not X'. Therefore, z,, is of Type t2 or t3 w.r.t. X, adjacent to
as. If z, is not adjacent to as, then P2U P3U Py iz, Uby induces a 3PC(b1babs, az). So xy, is
adjacent to as.

Suppose that x; is of Type t1, pl or p2 w.r.t. ¥. Since a1b; is an edge and a1,b; € S,
the neighbors of x; in ¥ are contained in P2. If x; is of Type t1 or pl, then P2U P32 U P
induces a 3PC/(agasxy,). So x1 is of Type p2. Let uy (resp. vy) be the neighbor of 1 in
P? that is closest to as (resp. by). Let z be the node of the interior of P with lowest index
adjacent to a1 or b;. By Theorem 8.3 applied to P, 4, , ) is adjacent to both a; and b;. But
then Pl U P2U Py, induces a X/ = 3PC(a1bixy, ugvawr). Since u is adjacent to ai,b; and
az, and no node of Py, , it must be of Type tds w.r.t. ¥'. But then X', u contradicts the
choice of ¥, u since bs is a neighbor of u in ¥ but not X',

Suppose that x; is of Type p4 w.r.t. X. Define us and vy as before. Then uy # as, and
hence P2 U P32 U P induces a ¥/ = 3PC(ajasxn,ugvex). Since u is adjacent to ay and b,
and to no node of P U ag, it must be of Type p4 w.r.t. ¥'. In particular, u is adjacent to a).
But then (Hpa,u) is a proper wheel that is not a beetle.

Therefore, 1 is of Type t2 or t3 w.r.t. 3. Since b1,b3 € S, 1 is adjacent to bs. Node
x1 must be adjacent to bs, else P? U P3 U P induces a 3PC(aza3xn,by). Then PlupPduUP
induces a ¥ = 3PC/(agaswy,babsx1). Since u is adjacent to as and by and to no node of
P U {as, by}, it must be of Type p4d w.r.t. ¥'. In particular, u is adjacent to afy. But then
(Hi2,u) is a proper wheel that is not a beetle. This completes the proof of Claim 7.

Claim 8: If as has a neighbor in the interior of P, then by does not.

Proof of Claim 8: Suppose that both as and by have a neighbor in the interior of P. Then,
by Claim 6, a;,b; and bs do not. Since by € S, u cannot be of Type t4d w.r.t. ¥. By an
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analogous argument as in Claim 7, asby is an edge. Hence, by Lemma 6.2, u is of Type t6
w.r.t. ¥ adjacent to all nodes of ¥. Then b3 € S and so b3 cannot be the unique neighbor of
zn, in P3. Let x; (resp. z;) be the node of the interior of P with highest index adjacent to
ay (resp. bo).

Suppose that z;, is of Type t1, pl or p2 w.r.t. 3. By Theorem 8.3 applied to Py,z,, or Py,
1 = j and x,, is of Type p2 w.r.t. X. Hence P2UP3UPxixn induces a ¥’ = 3PC(agbox;, ugvsey,),
where u3 and vz are the neighbors of x, in P3. Since v is adjacent to all nodes of ¥ and no
node of Py, , it must be of Type tds w.r.t. ¥’ contradicting our choice of X, u.

Therefore, x, is of Type t2 or t3 w.r.t. X, adjacent to as. Suppose x, is adjacent to a;.
Then P'U P3U Py iz, U by induces a Y = 3PC(ayxpas, bibebs). Since u is of Type t6 w.r.t.
Y, it is of Type t5 w.r.t. X', contradicting our choice of ¥, u. So x, is not adjacent to aj.
But then P'UP3U P, sz, U bo induces a 3PC (b1babs, a3). This completes the proof of Claim
8.

Claim 9: If ay or as has a neighbor in the interior of P, then N(x,)NX C {a1,as,a3}.

Proof of Claim 9: Let z; be the node of the interior of P with highest index adjacent to a;
or ay, and suppose that z;,, has a neighbor in ¥ \ {a1,as,as}. By Claims 6, 7 and 8, by, bo
and b3 do not have neighbors in the interior of P.

First suppose that x; is adjacent to both a; and ap. By Lemma 8.5 applied to Py, , and
since z,, has a neighbor in P3 and is of Type t1, pl, p2, t2, or t3 by Claim 5, z,, must be of
Type t1 or pl w.r.t. X. Let ¥’ = 3PC(a1a2w;, b1babs) contained in (X \ ag) U Py,z,. If u is
of Type t6 w.r.t. X, then it is of Type t5 w.r.t. ¥, contradicting our choice of X, u. So u is
of the same type w.r.t. ¥’ as it is w.r.t. X. But then X', u and Py, , contradict our choice
of ¥,u and P.

Next suppose that z; is adjacent to ap and not to a;. By Lemma 8.4 applied to Py,,,,,
Ty, is of Type t2 w.r.t. 3, adjacent to by and bs. Let X' = 3PC(ajasag, byzybs) contained
in (£\ b2) U Py,z,. By definition of S, z, must be of Type tds w.r.t. ¥. But then z, is a
strongly adjacent node relative to ¥’ that violates Lemma 6.1.

Finally suppose that z,, is adjacent to a; and not to as. By Lemma 8.4 applied to Py,,,,,
xp is of Type t2 w.r.t. X, adjacent to by and bs. Then u is of Type tds w.r.t. X. Let
Y = 3PC(ajasas, xybabs) induced by pPrup? U Pz, Uar. Then u violates Lemma 6.1 w.r.t.
Y. This completes the proof of Claim 9.

Claim 10: If by or by has a neighbor in the interior of P, then N(x,) N3 C {by,ba,bs}.

Proof of Claim 10: Let x; be the node of the interior of P with highest index adjacent to b;
or by, and suppose that z,, has a neighbor in X\ {b1,bo, b3}. By Claims 6, 7 and 8, a; and as
do not have neighbors in the interior of P.

First suppose that x; is adjacent to both by and by. Then w is of Type t4s w.r.t. X, and
hence b3 does not have a neighbor in the interior of P. By Lemma 8.5 applied to Pz, , T is
of Type t1 or pl w.r.t. X. Then (X \ b3) U Py, contains a ¥/ = 3PC(ajazas, bibaz;). Node
u is of Type t4s w.r.t. ¥/, and hence ¥, u and Py, ,, , contradict our choice of ¥,u and P.

Next suppose that x; is adjacent to b; and not to by. If x,, is of Type t1, pl or p2 w.r.t.
¥, then P U P2 U (P2 \ b3) U Py, contains a 3PC(ajasas,bi). So z,, is of Type t2 or t3
w.r.t. 3, adjacent to as. Node x,, cannot be adjacent to both a1 and as, else P'U P?U B,
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induces a 3PC(ajasxy,b1). Suppose z, is adjacent to a;. Then z, is of Type t2 w.r.t. X,
and so by Lemma 8.5, z; is the unique neighbor of b3 in Py, . Hence P'UP3U Py, induces
a Y = 3PC(ayxnas,bix;bs). Since by, b3 € S, u is of Type t4d w.r.t. 3, and hence it violates
Lemma 6.1 applied to ¥'. Hence x,, is of Type t2 w.r.t. X, adjacent to as and ag. If b3 has a
neighbor in Pz, , then a subpath of P,,;, contradicts Lemma 8.5 applied to X. So b3 does not
have a neighbor in P,,,, and hence P?U P3U P,,,, Ub; induces a ¥ = 3PC(x,azas, b1babs).
If u is of Type t6 w.r.t. ¥ then it is of Type t5 w.r.t. X', and hence X', u contradicts our
choice of ¥, u. If u is of Type t4s or t5 w.r.t. X, then by Lemma 6.2, v and X’ violate
Lemma 6.1. So wu is of Type t4d w.r.t. X, and hence of Type t2p w.r.t. ¥’. In particular,
N(u) NP3 = {bs}. So by has no neighbors in the interior of P. If b3 has a neighbor in the
interior of P, then P? U P3 U P,,,, contains a 3PC(x,azas,b3). So b has no neighbors in
the interior of P. Suppose a1b; is not an edge. Then by Lemma 6.2 (iii), P* U Py, {as,u}
induces an odd wheel with center w. So a1b; is an edge, and hence z; has a neighbor in P2 \asg.
Let x; be the node of the interior of P with lowest index adjacent to by. If x1 is of Type t1,
pl or p2 wr.t. ¥, then Py ;; contradicts Theorem 8.3. If z; is of Type p4 w.r.t. X, then
(P%\ bg) U P2 U {x1,u} contains an odd wheel with center u. So z; is of Type t2 or t3 w.r.t.
¥ adjacent to by. If 21 is not adjacent to bz then P U P?U P? induces a 3PC (z,a2a3,b2). So
x1 is adjacent to bz, and hence P U P? U P? induces a ¥” = 3PC(x,a2a3, v1bobs). But then
u and Y7 violate Lemma 6.1.

Finally suppose that x; is adjacent to b2 and not to b;. If x, is of Type t1, pl or p2
w.r.t. X, then (X\ b3)U Py, contains a 3PC(ajazag,ba). So xy, is of Type t2 or t3 w.r.t. X,
adjacent to as. Node x, cannot be adjacent to both a; and as, else P'U P2U Py, ., induces
a 3PC(ajagmwy,be). Suppose x, is adjacent to ay. Then x, is of Type t2 w.r.t. ¥ and so by
Lemma 8.5, x; is the unique neighbor of b3 in P, . Let ¥’ = 3PC(azasxy, bobsx) induced
by P?2U P3U Py,y,. Since bg,bg € S, u is of Type t5 or t6 w.r.t. . If u is of Type t6
w.r.t. X, then u is of Type th w.r.t. Y/, contradicting our choice of 3, u. If u is of Type
t5 w.r.t. X, then u violates Lemma 6.1 applied to ¥'. Therefore z,, is adjacent to a; and
not to as. By Lemma 8.5, b cannot have a neighbor in P,,;,. Then PlUP3U Pz, Uby
induces a X' = 3PC(ajznas,b1babs). If u is of Type t6 w.r.t. X, then w is of Type t5 w.r.t.
Y’ contradicting our choice of X,u. If u is of Type t6 w.r.t. X, then by Lemma 6.2, u is
adjacent to b5 and hence it violates Lemma 6.1 applied to X/. If u is of Type t4 w.r.t. X,
then it violates Lemma 6.1 applied to ¥'. This completes the proof of Claim 10.

By Claim 5, we now consider the following cases.

Case 1: z, is of Type t1, pl or p2 w.r.t. X.
Case 1.1: z; is of Type t1, pl or p2 w.r.t. 3.

We first show that a; and as do not have a neighbor in the interior of P. Assume not.
Then by Claims 6, 7 and 8, by, by and b3 do not. By Claim 9, N(z,)NE = {as}. W.lLo.g. we
may assume that the neighbors of z; in ¥ are contained in P'. If as does not have a neighbor
in the interior of P, then (X \ a;) U P contains a 3PC(b1bsbs,as). Let x; be the node of P
with lowest index adjacent to as. Then (X \ a1) U Py, 5, contains a 3PC(bybabs, ag).

Suppose that b3 is the unique neighbor of x,, is ¥. Then w is of Type t4ds w.r.t. ¥ and so
x1 has a neighbor in (P! U P?)\ {a1,as,b1,b2}. We may assume w.l.o.g. that the neighbors
of 21 in ¥ are contained in P2. Then (X \ bo) U P contains either a 3PC(ajasas, b3) (if by has
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no neighbors in the interior of P) or a 3PC(ajasas,b1) (otherwise). So bs is not the unique
neighbor of z,, in ¥, and hence by Claim 10, b; and by do not have neighbors in the interior
of P.

Suppose b3 has a neighbor in the interior of P, and let x; be such a neighbor with lowest
index. Then P, ., contradicts Theorem 8.3. So b3 does not have a neighbor in the interior
of P. By Theorem 8.3 applied to P, x; and x, must both be of Type p2 w.r.t. 3.

Suppose that the neighbors of 1 in ¥ are contained in P2. Let uy (resp. v2) be the
neighbor of z; in P? that is closest to as (resp. bs). Let ug (resp. v3) be the neighbor of
x, in P? that is closest to az (resp. b3). Let ¥/ be the 3PC(ugvox1,u3vszy,) induced by
P2UP3UP. Let P,,,, be the ugug-path of ¥’ and similarly define P},,.. Since u is adjacent
to ag, it has a neighbor in P, . \ u3. Since u is adjacent to by or bs, it has a neighbor in
Péwg. Note that u cannot be of Type t2 w.r.t. ¥ since then u is of Type t4s w.r.t. ¥ and
asby is not an edge by Lemma 6.2, a contradiction. If u is of Type t4s w.r.t. ¥, then our
choice of ¥, u is contradicted. Therefore, u is of Type p4 w.r.t. ¥’. By Lemma 6.2, u is not
of Type t6 w.r.t. ¥, and hence u is not adjacent to as. So the neighbors of u in P, ,. are ay
and aj. But then P, U P U {u,a;} induces an odd wheel with center as.

Analogous argument holds when the neighbors of z; in ¥ are contained in P'.

Case 1.2: z; is of Type t2 or t3 w.r.t. 2.

Then z; is adjacent to by or by, and v is not of Type tds w.r.t. 3. So b3 € S.

Suppose that a; or as has a neighbor in the interior of P. Then by Claims 6, 7 and 8,
bi,by and bg do not. By Claim 9, N(z,) N ¥ = {ag}. Let x; (resp. z;) be the node of P
with lowest index adjacent to a; (resp. ag). Suppose x; is adjacent to bs, and say by. If
as has no neighbor in the interior of P then P? U P2 U P induces a 3PC (bobszy,as), and
otherwise P2 U P3 U Py, z; induces a 3PC (bobsw1,ag). Hence x; is not adjacent to bs, and so
it is adjacent to by and bo. So z1 is of Type t2 w.r.t. 3 and hence by Lemma 8.5, i = j. Let
Y = 3PC(ajaszi, bibaw1) induced by P'U P2U Py, ... If u is of Type t5 or t6 w.r.t. 3, then
u is of Type t4s w.r.t. ¥/, contradicting our choice of X, u. If u is of Type t4d w.r.t. 3, then
u is a strongly adjacent node to X’ violating Lemma 6.1. Therefore a; and as do not have
neighbors in the interior of P.

Since by € S, bg cannot be the unique neighbor of z, in ¥, and so by Claim 10, b; and by
do not have a neighbor in the interior of P. Node x1 must be adjacent to both b; and bo, else
(3 \ b3) U P contains a 3PC(ajazas,by) or a 3PC(ajazas, be). Hence, (X \ b3) U P contains
a Y = 3PC(ajasas,biboxy). If w is of Type t5 or t6 w.r.t. X, then wu is of Type t4s or t5
respectively w.r.t. ', contradicting our choice of X, u. If u is of Type t4d w.r.t. X, then u
is a strongly adjacent node to ¥’ that violates Lemma, 6.1.

Case 1.3: z1 is of Type p4 w.r.t. X.

Suppose that a; or as has a neighbor in the interior of P. Then by Claims 6, 7 and 8,
b1,be and b3 do not. By Claim 9, N(x,) NE = {asg}. But then (X \ {a1,a2}) U P contains a
3PC (b1babs, z1). Therefore a; and ag do not have neighbors in the interior of P.

Then (XU P) \ {b1,b2} contains a 3PC(ajasas,x1).

Case 2: z, is of Type t2 or t3 w.r.t. X, adjacent to as.
Then by Claim 10, b; and by do not have neighbors in the interior of P. Suppose bs has a
neighbor in the interior of P and let x; be such a neighbor with highest index. By Claims 6
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and 7, a1 and as do not have neighbors in the interior of P. Then P, , contradicts Lemma

8.4. Therefore, b does not have a neighbor in the interior of P.

iLn

Case 2.1: z; is of Type tl, pl or p2 w.r.t. 3.

Suppose that the neighbors of x; in ¥ are contained in P'. If as does not have a neighbor
in Py,z,, then (X \ a1) U P contains a 3PC(b1babs,a3). Let z; be the node of P, with
lowest index adjacent to as. If @ # n then (X \ a;) U Py,,, contains a 3PC/(bibabs, asz). So
i =n and hence (X \ a1) U P contains a X' = 3PC(zpa2as3,b1bebs). If u is of Type t6 w.r.t.
3, then it is of Type t5 w.r.t. ¥/, contradicting our choice of 3, u. If u is of Type t5 w.r.t.
Y, then by Lemma 6.2, N(u) N X = {a1,a2,b1,ba, b3, b5}, and hence u is a strongly adjacent
node to ¥’ that violates Lemma 6.1. If u is of Type t4s w.r.t. ¥, then u violates Lemma 6.1
w.r.t. ¥. So u is of Type t4d w.r.t. X, and hence it must be of Type t2p w.r.t. ¥'. In
particular, u has no neighbor in P3 \ bs. Since z; has a neighbor in pt \ S, ajb; is not an
edge. Hence, by Lemma 6.2, P3 U P U {u,as} U P*\ {a1} contains a 3PC(z,aza3,u).

Now suppose that the neighbors of z; in ¥ are contained in P?. If a; does not have a
neighbor in Py, , then (X \ ag) U P contains a 3PC(b1babs, as). Let x; be the node of Py,
with lowest index adjacent to a;. If ¢ # n then (X \ ag) U Py, contains a 3PC(b1babs, a1).
So i = n and hence (X \ ag)U P contains a ¥/ = 3PC(ajzna3,b1babs). If uw is of Type t6 w.r.t.
3, then it is of Type t w.r.t. X', contradicting our choice of ¥, u. If u is of Type t5 w.r.t. X
then by Lemma 6.2, u is adjacent to b5 and hence it violates Lemma 6.1 w.r.t. ¥'. If w is of
Type t4 w.r.t. X, then it violates Lemma 6.1 w.r.t. X',

Case 2.2: x; is of Type t2 or t3 w.r.t. X.

Then the neighbors of z; in ¥ are contained in {b1, b, b3}, and w is not of Type t4s w.r.t.
3. Let x; be the node of P,,,, with lowest index adjacent to a; or as.

Suppose x; is adjacent to by and by. Node z; must be adjacent to both a; and as, else P'U
P2UP,,,, induces a 3PC(bybax1, ). Then PLUP?UP,,,, induces a ¥ = 3PC(ajasxn, bibax1).
If u is of Type t5 or t6 w.r.t. X, then it is of Type t4s w.r.t. ¥/, contradicting our choice of
Y, u. If u is of Type t4d w.r.t. X, then it violates Lemma 6.1 w.r.t. ¥'. Therefore, z1 is not
adjacent to both b; and by, and hence it is adjacent to bs.

Suppose that x; is adjacent to b;. Not both a; and as can be adjacent to x;, else
PluP?U P, s, induces a 3PC(ajasx;,b1). Suppose a; is adjacent to z;. By Lemma 8.5,
i =n, and hence P! U P2 U P induces a X' = 3PC(ayzna3, biz1bz). If u is of Type t6 w.r.t.
Y, then it is of Type t4s w.r.t. X', contradicting our choice of X, u. If u is of Type t5 w.r.t.
Y, then it violates Lemma 6.1 w.r.t. ¥'. Since N(z1) N X = {b1,bs}, u cannot be of Type
tdd w.r.t. X. Therefore a; is not adjacent to z;, and so as is. By Lemma 8.5, i # n, and
hence P' U P3 U P,,,, induces a ¥ = 3PC(ajasas, bix1bs). If u is of Type t6 (resp. tb)
w.r.t. X, then it is of Type t5 (resp. t4d) w.r.t. ¥’, contradicting our choice of X, u. Since
N(z1) N3 = {b1,bs}, u cannot be of Type t4d w.r.t. X.

Therefore N(z1) N X = {ba,b3}. Hence u must be of Type t4d w.r.t. 3. If ay is not
adjacent to a node of Py, , then P2 U P? U P induces a 3PC/(x1bobs, a3). Let x; be the
node of P, with lowest index adjacent to as. If j # n then P2 U P3U Py,z; induces a
3PC(x1bobs,az). So j = n and hence x,, is the unique neighbor of ag in P. Then P?UP3U P
induces a ¥/ = 3PC(xpasas, x1bebs). Since u is of Type t4d w.r.t. X, it must be of Type p4
w.r.t. ¥/, adjacent to a, and bs. Note that a;b; cannot be an edge, else (Hy2,u) induces an
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odd wheel. So, by Lemma 6.2, N(u) N Y = {a1,as,ab, by, bs,bs}. If i #n, then (H,u), where
H is the hole induced by P3? U Py z; Uay, is an odd wheel. So i =n. If a; is adjacent to y,
then P! U P? U P induces a 3PC(ajasxy,bs). Hence a; has no neighbor in P. Let H be the
hole induced by P U {ay,as, by, by, u}. Then (H,as) is an odd wheel.

Case 2.3: z; is of Type p4 w.r.t. X.
Then (XU P) \ {a1,a2} contains a 3PC(b1babs, as3).

Case 3: x, is of Type t2 or t3 w.r.t. X, adjacent to bs.

Then b3 ¢ S and hence u is of Type tds w.r.t. X. By Claim 9, a; and as do not have
neighbors in the interior of P.

Suppose that x; is of Type t1, pl or p2 w.r.t. 3. We may assume w.l.o.g. that the
neighbors of ; in ¥ are contained in P'. Suppose by has a neighbor in the interior of P,
and let z; be the node of P with lowest index adjacent to by. Then (X \ b1) U Py, ,, contains
a 3PC(ajagas,be). Hence by has no neighbors in the interior of P. If by is not adjacent to
Ty, then (X \ b1) U P contains a 3PC/(ajasas, bs). Therefore by is adjacent to z;, and hence
(3X\ b1) U P contains a ¥/ = 3PC(ajagas, xpbabs). Since u is of Type tds w.r.t. X, it violates
Lemma 6.1 w.r.t. X'

Since u is of Type tds w.r.t. X, a1,a9,b1,bs € S and hence 1 cannot be of Type t2 or t3
w.r.t. X. So z is of Type p4 w.r.t. ¥. But then (SUP)\{b1, be} contains a 3PC(ajasas, x1).
O

10 Attachments

In this section, we assume that G is a square-free even-signable graph. Furthermore, we
assume that G has no star cutset. So by Theorem 9.1, there are no Type t4, tb and t6b
nodes.

Definition 10.1 Let ¥ = 3PC(ajagas, bibabs) and let u be of Type t1 w.r.t. ¥, adjacent to
say asz. A chordless path P = y1,...,ym in G \ (¥ Uu) is an attachment of u to ¥ if u is
adjacent to y1 and to no other node of P, no node of P\ ym has a neighbor in ¥\ af and
one of the following holds.

(i) Ym is of Type t1, pl or p3 w.r.t. X, it is not adjacent to as and it has a neighbor in
P3 \ {a3, ag}

(ii) Ym is of Type t2, t2p or t3p w.r.t. ¥, adjacent to by, by and no node of (P*\ by) U (P?\
bg) Uas.

(111) ym is of Type p2 w.r.t. ¥, N(a5) NP = {Ym—1,Ym} and yn, is not adjacent to as.

Definition 10.2 Let ¥ = 3PC(ajagas, bibabs) and let u be of Type t1 w.r.t. ¥, adjacent to
say ag. A chordless path P =y1,...,ym in G\ (¥ Uu) is a bad connection of u to ¥ if u is
adjacent to y1 and to no other node of P, no node of P\ yn, has a neighbor in ¥\ ab and yp,
is of Type t2 or t2p w.r.t. 3, adjacent to a1 and as.
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Figure 7: Attachments of a node of Type t1
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Figure 8: Attachments of a node of Type t2

Definition 10.3 Let ¥ = 3PC(ajagas, bibabs) and let u be of Type t2 w.r.t. ¥, adjacent to
say as and ag. A chordless path P = y1,...,ym in G\ (X Uu) is an attachment of u to ¥
if u is adjacent to y; and to no other node of P, no node of P\ ym, has a neighbor in ¥\ a;
and one of the following holds.

(i) Ym is of Type t1, pl or p3 w.r.t. ¥ and it has a neighbor in P!\ a;.
(ii) ym is of Type t2, t2p or t3p w.r.t. ¥, adjacent to by, bz and no node of (P2UP3)\{by, bs}.

(i) Yy, is of Type p2 w.r.t. ¥ and N(a1) N P = {Ym—1,Ym}-

Suppose u is of Type t1 or t2 w.r.t. 3. If there exists an attachment of u to X, we say
that u is attached to X. If P is an attachment of u to X, then a subset of ¥ U P Uw induces a
¥ =3PC(A,A) that contains u and two of the paths of X. We say that ¥/ is obtained from
3. by substituting v and P into 3.

Lemma 10.4 Every Type t1 node w.r.t. ¥ = 3PC(A,A) is either attached to X or it has a
bad connection to X..

Proof: Let ¥ = 3PC(ajasas,bibsbs) and assume that w is of Type t1 w.r.t. X, say adjacent
to asz. Let S = (N(a3)Uag) \ w and let x1,...,x, be a direct connection from u to X\ S
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in G\ S. Let xg = w and P = g, x1,...,z,. By definition of S, z, cannot be of Type t6a
w.r.t. 3 and the only nodes of ¥ that can have a neighbor in P\ {x¢,x,} are a1, as and dj.

First suppose that a; or as has a neighbor in P \ x,. Let x; be the node of P\ z, with
lowest index adjacent to a; or as. Since G is square-free, z; is not adjacent to aj. If x; is
adjacent to exactly one of a1, as, then Theorem 8.3 is contradicted. So x; is adjacent to both
ay and az. Thus P, ,, is a bad connection of u to .

So now we may assume that a; and ay do not have neighbors in P\ x,. If a4 does not
have a neighbor in P\ x,, then the result follows from Lemma 8.4 applied to P. So we may
assume that af has a neighbor in P\ x,. Let z; be such a neighbor with highest index.

If z,, is of Type t1, pl, p2 or p3 with neighbors in ¥ contained in P! U P?, then Py,
contradicts Theorem 8.3. If z,, is of Type t1, pl or p3 with neighbors in ¥ contained in P32,
then the result follows. Suppose z,, is of Type p2 and its neighbors in ¥ are contained in P3.
Then z,, is adjacent to af, else P1 U P?U P,,,, induces a 3PC(A, a}). But then PLUP3U P
must induce a beetle with center a4, and hence the result follows.

Suppose x,, is of Type t2, t2p, t3 or t3p w.r.t. ¥ and the result does not hold. Then we
may assume w.l.o.g. that z,, is adjacent to by, b3 and to no node of (P! U P3)\ {b1,b3}. But
then P! U P3U P, induces a 3PC(b1b3xy, aj).

Suppose x,, is of Type p4 w.r.t. 3. If the neighbors of x,, in ¥ are contained in P' U P2,
then (X \ {a1,a2,a3}) U Py, contains a 3PC(b1bebs, xy,). So we may assume w.l.o.g. that
the neighbors of z,, is ¥ are contained in P! U P3. But then (X \ {ai,a}}) U P contains a
3PC(blb2b3,xn). O

Lemma 10.5 Every Type t2 node w.r.t. ¥ = 3PC(A,A) is attached to ¥. Furthermore, let
Y = 3PC(ayagas, bibsbs) and u be a Type t2 node adjacent to ay and as. Then every direct
connection from u to ¥\ {a1,as,as} that contains no neighbor of as is an attachment.

Proof: Let ¥ = 3PC(ajasas, bibebs) and let u be a node of Type t2 w.r.t. X, say adjacent
to ag and ag. Let S = (N(as) Uas) \ {u,as} and let 1,...,x, be a direct connection from
utoX\Sin G\S. Let xg = v and P = zg,x1,...,x,. By definition of S, x,, cannot be of
Type t6a w.r.t. ¥ and the only nodes of ¥ that can have a neighbor in P\ {zo,z,} are a;
and as. Let z; be the node of P \ z, with highest index adjacent to ag. If a; has a neighbor
in P\ z,, then let x; be such a neighbor with highest index.

Case 1: >0

We first show that as is adjacent to x1. Suppose not and let x be the node of P\ u with
lowest index adjacent to ag. Let H be the hole in (¥ U P) \ {a1, a2} that contains u. Since
j >0, W = (H,ag) is a wheel. Since as is adjacent to ag and u but not to aj and z1, W is
either a proper wheel that is not a beetle, or a line wheel. In the former case, Theorem 4.6
is contradicted. So assume W is a line wheel. Then (W, as) belongs to an L-parachute with
center path obtained by taking the shortest path from ay to W in ¥\ {a1,as}. So Theorem 5.3
is contradicted. Therefore ao is adjacent to x;.

Case 1.1: a; has a neighbor in P\ z,.

Let xj be such a neighbor with lowest index. If & = 1 then {a1,as,zo,z1} induces a
square. So k > 1. Py, U{ai,az, ag} must be a universal wheel with center as. In particular,
as is adjacent to xo.
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Let H be a hole that contains u in PUX U {ay,as}. By construction, H contains aj. So
(H,a9) is a proper wheel that is not a beetle.

Case 1.2: a; does not have a neighbor in P\ z,.

By Lemma 8.4 applied to Pys,, T, is either of Type tl, pl or p3 wr.t. X with a
neighbor in P2\ ag, or of Type t2, t2p or t3p w.r.t. ¥ adjacent to by, b3 and no node of
(P U P3)\ {b1,b3}, or of Type t2p w.r.t. ¥ adjacent to aj,as and a node of P\ ag, or of
Type p2 or p4 w.r.t. ¥ adjacent to as. If x, is of Type t1, pl, p2 or p3, then (X \ as) U P
contains a 3PC/(b1bobs,as). If x, is of Type t2, t2p or t3p adjacent to b; and b3, then
P'uU P3U P induces a 3PC (byxpbs, a3). If z, is of Type p4 with a neighbor in P!, let u; be
such a neighbor closest to a;. Then Pallu1 U P U {asg,as} induces a proper wheel with center
as that is not a beetle. If z,, is of Type p4 with a neighbor in P3, then P' U P2 U P Uas
induces a proper wheel with center as that is not a beetle. So z, is of Type t2p adjacent to
a1 and ao. Note that n > 1 since otherwise aq, ag,u, x1 induces a square. Let H be the hole
induced by P U {ay,a3}. (H,as) must be a universal wheel. In particular, as is adjacent to
all nodes of P. Let v be the neighbor of z,, in P2 that is closest to as. Let H' be the hole
induced by P2 U P. Then (H’,as) is a proper wheel that is not a beetle.

asv

Case 2: j =0

Suppose a; does not have a neighbor in P\ z,,. By Lemma 8.5 applied to P, Py, is
either an attachment of u to 3, or xz, is of Type t2p w.r.t. ¥ adjacent to a; and as. Suppose
xy, is of Type t2p adjacent to a; and ag. If n =1 then {a1,as,xo,x1} induces a square. So
n > 1. But then P U {aj,as,a3} induces an odd wheel with center as.

So we may assume that a; has a neighbor in P\ z,,. By Lemma 8.4 applied to Py, zp
is either of Type t1, pl or p3 w.r.t. ¥ adjacent to a node of P!\ aj, or of Type p2 or p4
w.r.t. X adjacent to a1, or of Type t2, t2p or t3p w.r.t. 3 adjacent to ba, bs and no node of
(P2 U P3)\ {by, b3}, or of Type t2p w.r.t. ¥ adjacent to a; and as. If z, is of Type t1, pl or
p3, or of Type t2, t2p or t3p adjacent to by and b3, then P, is an attachment of u to X. If
Ty, is of Type p4, then w.l.o.g. z,, does not have a neighbor in P2, and hence (X\ {a;,a3})UP
contains a 3PC (b1babs, v,,). If ,, is of Type p2, then P! U P? U P must induce a beetle with
center aj, and hence Py, ;, is an attachment of u to X. So we may assume that z,, is of Type
t2p w.r.t. X, adjacent to a; and as. Let ug be the neighbor of x, in Ps that is closest to as.
Then Py, U P induces a hole H and (H,a2) is an odd wheel. O

Lemma 10.6 Let ¥ = 3PC(ajagas,bibabs) and let y be a Type t2 or t2p node w.r.t. 3,
adjacent to say by and bs. Then

(i) there cannot ezist a node x that is of Type t1 w.r.t. ¥ adjacent to by and y;

(ii) every node x of Type t2 or t2p w.r.t. ¥ adjacent to by, by is adjacent toy. Every sibling
x of by of Type t3p w.r.t. 3 is adjacent to y.

Proof: We first prove (i). By Lemma 10.5 let PY = yi,...,y,, be an attachment of y to X,
and let XY be obtained by substituting y and PY into . Assume there is a node = of Type
t1 w.r.t. 3, adjacent to bs and to y. By Lemma 6.1 applied to XY, z is of Type t2 w.r.t. Y.
By Lemma 10.5, let P* = zq,...,z, be an attachment of x to XY.
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First we show that no node of P! is adjacent to or coincident with a node of P? \ .
Assume not and let z; be the node of P*\ z,, with lowest index that is adjacent to a node of
P!, If by has no neighbor in P¥ , , then x, P¥ . contradicts Theorem 8.3 applied to X. So
be has a neighbor in Py, and let z; be such a neighbor with lowest index. By Theorem 8.3
applied to z, P, and X, i = j. By Lemma 6.1 applied to x; and X, z; is of Type t2 w.r.t.
¥, adjacent to b and by. Let R be the shortest path from b; to y in PY U P U {y,a3}. Then
RU Py .. U{by, r} induces an odd wheel with center by. Therefore, no node of P! is adjacent
to or coincident with a node of P* \ zj,.

If by has a neighbor in P* \ z,, then Pag:uri (where z; is the neighbor of by in P* \
with lowest index) contradicts Theorem 8.3 applied to ¥. So by has no neighbor in P? \ x,,.
In particular, x, is not of Type p2 w.r.t. XY and therefore the attachment P* of x to XY
satisfies Definition 10.3(i) or (ii). Suppose that z, is of type t1, pl or p3 w.r.t. ¥¥. Then
its neighbors in XY are contained in P2. By Lemma 8.4 applied to z, P* and ¥, z,, is of
Type t2 w.r.t. 3, adjacent to a; and as and y is a Type t2 node w.r.t. ¥ with attachment
PY satisfying Definition 10.3(ii). But then P! U P* U {x,y, by, b3} induces an odd wheel with
center bs. So x, is of Type t2, t2p or t3p w.r.t. 3¥Y. So x, is adjacent to as, and if it is of
Type t2p or t3p w.r.t. XY then it has a neighbor in P2\ ay. If z, is adjacent to aj, then
by Lemma 6.1 x, is of Type t2, t2p or t3p w.r.t. 3, and hence z, P* contradicts Lemma 8.4
applied to X. So z,, is not adjacent to a;. By Lemma 6.1, x, is of Type t1 w.r.t. X and y is
of Type t2 w.r.t. ¥. But then P! U P* U {x,y, b, b3, a3} induces an odd wheel with center
bs.

Now we prove (ii). If z is of Type t2p or t3p w.r.t. X, let 3’ be obtained from X by
substituting x for its sibling bs. If x is of Type t2 w.r.t. 3, then by Lemma 10.5, there is an
attachment Q = x1,...,x, of z to X. In this case, let ¥’ be obtained by substituting = and
its attachment @ into X. Note that P! U P? C X'. Let P32 be the path of X'\ (P! U P?).
Suppose that y is not adjacent to . Then by Lemma 6.1 applied to ', y is of Type t1 w.r.t.
Y’ and hence of Type t2 w.r.t. 3. By Lemma 10.5, there is an attachment PY = y1,...,Ym
of y to X. Let X¥ be obtained by substituting y and PY into X. If z is of Type t2p or t3p in
3, then z violates Lemma 6.1 in 3¥. So x is of Type t2 in X.

Let R be a shortest path from x to y in PY UX'\ (P? U {b1,b3}). Then R U by induces a
hole H'. If b; has a neighbor in R\ x, then W = (H’,b;) is a wheel that is not a twin wheel,
a triangle-free wheel, a universal wheel or a beetle. Suppose W is a line wheel. Then there is
an L-parachute with center path included in P! U PY U az. But then, by Theorem 5.3, there
is a star cutset. So W is a proper wheel that is not a beetle and by Theorem 4.6 there is a
star cutset. So b; has no neighbor in R\ x. Similarly b3 has no neighbor in R\ . But then
(Rbgbl, bg) is an odd wheel. O

11 Type t6a Nodes

Theorem 11.1 Let G be a square-free even-signable graph. Let ¥ = 3PC' (ajagas, bibabs)
and let u be a Type t6a node w.r.t. X. If for some i € {1,2,3}, there is no P'-crosspath w.r.t.
3., then G has a star cutset.

Proof: Assume there is no P3-crosspath w.r.t. ¥. Suppose there is no star cutset. Then by
Theorem 9.1, no node is of Type t4, t5 or t6b w.r.t. a 3PC(A,A). Let S = (N(u)Uu)\ (X
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{a1,a9,b3}) and let P = x1,...,x, be a direct connection from P! U P? to P?in G\ S.
Claim 1: No node of P is of Type t2, t2p, t3p or tba w.r.t. X.

Proof of Claim 1: If x; is of Type t2p or t3p w.r.t. X, then let ¥’ be obtained from X by
substituting z; for its sibling. If x; is of Type t2 w.r.t. X, then by Lemma 10.5, z; is attached
to X. Let ¥’ be obtained from ¥ by substituting z; and its attachment into X. Since w is not
adjacent to z;, it is of Type t5 or t4s w.r.t. ¥/, a contradiction. Since G is square-free, every
node of Type tba w.r.t. X is adjacent to u. It follows from the definition of S that no node
of P is of Type t6a w.r.t. 3. This completes the proof of Claim 1.

Claim 2: n > 1, 1 is of Type t1, pl, p2, p8 or p4 w.r.t. ¥ with neighbors contained in
PYU P2, or of Type t3 w.r.t. ¥ adjacent to by, by and bs, and x,, is of Type t1, p1, p2 or p3
w.r.t. ¥ with neighbors contained in P2, or of Type t3 w.r.t. ¥ adjacent to ai,as and as.

Proof of Claim 2: Since there is no P3-crosspath, if a node of P is of Type p4 w.r.t. ¥, then
its neighbors are contained in P' U P2. Now the result follows from Claim 1. This completes
the proof of Claim 2.

Claim 3: If a1 or as has a neighbor in the interior of P, then bs has no neighbor in the
interior of P.

Proof of Claim 3: Let x; and x; be nodes in the interior of P adjacent to a; or as, and to
bs respectively so that the Py, subpath is shortest possible. W.lo.g. assume that z; is
adjacent to a;. By Claim 1, z; is of Type t1 w.r.t. 3, and hence Py, U P? U P? induces a
3PC(ajasag, bs). This completes the proof of Claim 3.

Claim 4: No interior node of P is adjacent to ai,as or bs.

Proof of Claim 4: Assume first that bs has a neighbor in the interior of P. Let x; be a node
with highest index in P,,,, , adjacent to b3. By Claim 3, no interior node of P is adjacent
to ay or ag. So, by Lemma 8.4 applied to Py, , , is of Type t1, pl or p3 with neighbors in
P3 or of Type p2 adjacent to bs. Similarly by Theorem 8.3 and Lemma 8.4, 1 is of Type p4
with neighbors in P! U P2, or of Type t3 adjacent to by, by, bs. If 21 is of Type p4, there
is a 3PC(b1babs, x1) contained in (P UX)\ {a1,a9,as,z,}. If z1 is of Type t3 adjacent to
b1, by, bs, then (P UX) \ bs contains a 3PC(ajazas,bibex1) and w is of Type t5 w.r.t. it, a
contradiction.

Assume now that some interior node of P is adjacent to a; or as. Let x; be the node
with lowest index in P,,,, , adjacent to aj or ag, say a;. By Claim 1, x; is of Type t1 w.r.t.
Y. By Lemma 8.4 applied to Py,.,, x1 is of Type t1, pl or p3 with neighbors in P! or of
Type p2 or p4 adjacent to a;. Suppose ag has a neighbor in P, , and let x; be such a
neighbor with lowest index. If 21 is of Type t1, p1, p2 or p3 w.r.t. ¥, then (XU Ppy,) \ a1
contains a 3PC(bybgbs,az). If 1 is of Type p4 w.r.t. ¥, then Pt U P3 U Py, z; Uag induces
a proper wheel with center a; that is not a beetle, contradicting Theorem 4.6. Therefore ao
has no neighbor in P,,,, ,. Then, by Theorem 8.3, z,, is of Type t3 adjacent to a1, a9, as. If
xy is of Type p4 w.r.t. X, then (¥ U P) \ {a1,a2} contains a 3PC(b1babs, z1). So 1 is not
of Type p4 w.r.t. ¥ and hence by a symmetric argument as in the previous paragraph, we
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obtain a contradiction. This completes the proof of Claim 4.

Case 1: z, is of Type t1, pl, p2 or p3 w.r.t. X.

If z; is of Type t1, pl, p2 or p3 w.r.t. X, by Theorem 8.3, P is a P3-crosspath, a
contradiction. Suppose 1 is of Type t3 w.r.t. X. Let ¥ = 3PC(ajazas, bibox1) contained
in (X\ b3)UP. Then u is of Type t5 w.r.t. X', a contradiction. So x; is of Type p4 w.r.t. X.
But then (X \ {b1,b2,b3}) U P contains a 3PC(ajazas, z1).

Case 2: z, is of Type t3 w.r.t. X
Suppose 1 is of Type t1, pl, p2 or p3 w.r.t. ¥, with neighbors w.l.o.g. in P2. (X\as)UP
contains a ¥’ = 3PC(ayxpas, bibebs). But then u is of Type t5 w.r.t. ¥'; a contradiction.
Suppose 1 is of Type t3 w.r.t. ¥. Then PUP3U P induces a ¥’ = 3PC(a1z,a3, b171b3).
Then u is of Type tds w.r.t. ¥, a contradiction. So x is of Type p4 w.r.t. X. But then
(2\{a1,a2}) U P contains a 3PC/(bybabs, x1). O

12 Type t2 and t2p Nodes

In this section, we assume that G is a square-free even-signable graph. Furthermore, we
assume that G has no star cutset. So by Theorem 9.1, there are no Type t4, t5 and t6b
nodes.

Definition 12.1 A 3PC/(ajasas,bibebs) = X in G is decomposable if there exists a node of
Type t2 or t2p w.r.t. ¥, say adjacent to ay and as, but there is no P'-crosspath w.r.t. 3.
Path P! of ¥ is called the middle path.

Denote by H the graph induced by a decomposable 3PC(ajasas, bibabs) together with
a node a4 of Type t2 or t2p adjacent to ag,as. Let H; = P'Uay and Hy = P? U P3.
Then Hi|Hs is a 2-join of H with special sets A; = {a1,a4}, B1 = {b1}, A2 = {az,a3} and
By = {by,b3}. In this section, we show that the 2-join Hy|H; of H extends to a 2-join of G.
First, we prove the following result.

Theorem 12.2 If G contains a 3PC(A, A) with a Type t2 or t2p node, then G contains a
decomposable 3PC(A, A).

Proof: First suppose that G contains a connected diamonds D(ajasazag, bibabsby). Let ¥ =
3PC(ajasas, bibobs) (resp. ¥ = 3PC(asazas, bibabs)) induced by paths P!, P? and P? (resp.
P* P? and P3?) of D. Suppose that P = x1,...,z, is a P'-crosspath w.r.t. ¥. W.Lo.g. z;
has a neighbor in P! and x, has a neighbor in P2. Let u; and v; be the neighbors of z;
in P!. If no node of P* has a neighbor in P, then P! U (P2?\ by) Ubs U P* U P contains
a 3PC(x1uv1,az). So a node of P* has a neighbor in P. Let x; be such a neighbor with
highest index. Let v be the neighbor of z; in P? that is closest to a4. By Lemma 6.1 and
Theorem 8.3 applied to Py, and ¥, Py, is a P4-crosspath w.r.t. ¥'. Hence v # by. If
i # 1 then the path P(fw, P,,., contradicts Lemma 8.5 applied to ¥. So 7 =1 and hence the
path P;{w, x1 contradicts Lemma 8.5 applied to ¥. Therefore, there is no P'-crosspath w.r.t.
¥, and hence ¥ is a decomposable 3PC(A, A).

Now we may assume that G does not contain connected diamonds.
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Let ¥ be a 3PC(A,A) with a Type t2 or t2p node that has shortest middle path. Let
Y = 3PC(ajazas, bibobs) and w.l.o.g. let ay be a node of Type t2 or t2p adjacent to as
and a3. Suppose ¥ is not decomposable and let P = z1,...,z, be a Pl-crosspath w.r.t. X.
W.lo.g. x; has a neighbor in P! and z,, in P?. Let u; (resp. v1) be the neighbor of z; in
P! that is closest to a; (resp. by).

First suppose that u; # a;. Let ¥ = 3PC(ajasas,uixiv1) contained in (X U P) \ bs.
Since a4 cannot be of Type t4 or t5 w.r.t. X', it must be of Type t2 or t2p w.r.t. ¥/, Since
Y/ has a shorter middle path than X, this contradicts our choice of . Therefore, u; = a;.

Suppose a4 is of Type t2p w.r.t. X. We show that a4 has no neighbor in P. Suppose it
does. Let H be the hole contained in (XU P) \ {a1,ba}. Consider the wheel (H,a4). Since
ay is adjacent to ag,as, (H,ay) is not triangle-free. Since a4 has a neighbor in Py, it is not
a twin wheel. Since a4 is not adjacent to b3, it is not a universal wheel. (H,a4) is not a
line wheel since, if a4 were adjacent to a} and z1, then ai,as, a4, a} would induce a square.
(H,a4) is not a beetle since if z,, were adjacent to as and to a4, there would be an odd wheel
with center as induced by P? U P3 U {a4,7,}. Therefore (H,a4) is a proper wheel that is
not a beetle and by Theorem 4.6, G has a star cutset, a contradiction. Therefore, as has no
neighbor in P. Let H be the hole contained in PU (P!\ a;) U (P?\ by) Uay. Then (H,a) is
an odd wheel.

Therefore, a4 is of Type t2 w.r.t. ¥. By Lemma 10.5, let @ = y1, ..., ym be an attachment
of as to X. Let ¥’ be obtained by substituting a4 and @Q into X. Suppose a4 has a neighbor in
P and let z; be its neighbor in P with highest index. If i = 1 then a4, z1 contradicts Lemma
8.5 applied to ¥ and otherwise a4, Py, contradicts Lemma 8.5 applied to X. So a4 does
not have a neighbor in P. Next we show that no node of @ \ y,, is adjacent to or coincident
with a node of P. Suppose not and let y; be the node of ) with lowest index adjacent to
a node of P, and let x; be the node of P with highest index adjacent to y;. If j = 1, then
a4, Qy,y;» v1 must satisfy Lemma 10.5. Therefore y; is adjacent to a;. But then there is a
3PC(ayy;z1,a2) contained in Qy,y, U (P?\ bo) UP U {ay,as}. If j > 1, then as, Qyyy,» Prjz,
violates Lemma 10.5 w.r.t. . So no node of @ \ y,, is adjacent to or coincident with a node
of P.

Assume y,, is of Type p2 w.r.t. X. Node y,, cannot be adjacent to any node of P\ x;
since, otherwise, there is a 3PC(a1Ym—1Ym, a2). Now yp, is adjacent to 1 since, otherwise,
there is an odd wheel with center a; contained in QU (P?\ by)UPU{ay,as}. But then there
is a 3PC(azasaq, x10ym) with a1 a strongly adjacent node of Type t5, a contradiction.

Assume y,, is of Type t1, pl or p3 w.r.t. ¥. We show that y,, does not have a neighbor
in P. Suppose not and let x; be the neighbor of y,, in P with highest index. Then P,
contradicts Theorem 8.3 applied to ¥’ unless ¢ = 1 and y,, is of Type pl adjacent to a}. But
then there is a 3PC(asaszaq, v1a ym) and a; is a strongly adjacent node of Type t4s relative
to it, a contradiction. Therefore y,, does not have a neighbor in P. Let v be the neighbor of
Ym in P\ a; that is closest to a}. Let H be the hole contained in PUPal,lv U(P2\b)UQUay.
Then (H,a;) is a proper wheel that is not a beetle unless y,, is a strongly adjacent node of
Type p3 adjacent to aj, a} and at least one other node of P!. Since P U a} is a crosspath
w.r.t. ¥, the only other node of P! adjacent to y,, is the neighbor a} of a}. But then a} is
the center of an odd wheel with hole contained in P U {a1,ym} U Py, U P2

Therefore, y,, is of Type t2, t2p or t3p w.r.t. 3. We show that y,, does not have a
neighbor in P. Assume not and let x; be the neighbor of y,, in P with largest index. If
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i =n and z, is adjacent to by, then P?U P3 U {Zn,ym} induces an odd wheel with center
by. Otherwise, P? U Py, UQUay induces a 3PC(A, Yy, ). So ym does not have a neighbor
in P. If yp, is of Type t2 and a; has no neighbor in @, ¥ U @ induces connected diamonds
and the result holds. If y,, is of Type t2 and a; has at least one neighbor in (), there is a
3PC (bab3ym,ay) contained in (P\az)UP2UPUQUay. So y, is of Type t2p or t3p w.r.t. ¥
and hence it has a neighbor in P1\b;. If y,, is adjacent to a1, then (P?\a2)UP3UPU{a1, ym}
induces a 3PC (bab3ym,a1). So Yy, is not adjacent to a;. Let v be the neighbor of ¥, in P!
that is closest to a;. Then P}, U (P?\ by) U PUQ U ay contains a proper wheel with center
a1 that is not a beetle. O

12.1 2-Joins and Blocking Sequences

In this section, we consider an induced subgraph H of G that contains a 2-join H;|Hs. We
say that a 2-join H|Hs extends to G if there exists a 2-join of G, H{|H) with H; C H{ and
Hy C H). We characterize the situation in which the 2-join of H does not extend to a 2-join
of G.

Definition 12.3 A blocking sequence for a 2-join Hi|Hy of a subgraph H of G is a sequence
of distinct nodes x1,...,xy, in G\ H with the following properties:

1. i) Hi|Ho Uz is not a 2-join of H U x1,
it) Hy Uxp|Hy is not a 2-join of H Uz, and
iti) ifn > 1 then, fori=1,...,n—1, HiUx;|HyUx;y1 is not a 2-join of HU{x;,x;y1}.

2. T1,...,%y, 1s munimal with respect to Property 1, in the sense that no sequence xj,, ..., xj,
with {xj,,...,x;, } C{x1,...,2n}, satisfies Property 1.

Blocking sequences with respect to a 1-join were introduced and studied by Geelen in
[18]. Blocking sequences with respect to a 2-join were introduced in [6], where the following
results are obtained.

Let H be an induced subgraph of G with 2-join H;|Hs and special sets Aj, By, Ag, Bs.

In the following remarks and lemmas, we let S = z1,...,z, be a blocking sequence for
the 2-join H;|Hy of a subgraph H of G.

Remark 12.4 H|Hy Uw is a 2-join in H U u if and only if N(u) N Hy = 0, Ay or Bj.
Similarly Hy Uu|Hy is a 2-join in H Uw if and only if N(u) N Hy = (), As or Bs.

Lemma 12.5 Ifn > 1 then, for every node z;, j € {1,...,n—1}, N(z;) N Hy = 0, Ay or
By, and for every node xzj, j € {2,...,n}, N(xz;) N Hi =0, A, or By.

Lemma 12.6 If n > 1 and z;z;11 is not an edge, where i € {1,...,n — 1}, then either
N(.’L’Z) NHy = Ay and N(IL’H_l) NH, = Ay, or N(.’L’Z) N Hy = By and N(le) NH, = B;.

Theorem 12.7 Let H be an induced subgraph of graph G that contains a 2-join Hy1|Hs. The

2-join Hi|Hy of H extends to a 2-join of G if and only if there exists no blocking sequence
for Hi|Hs in G.

40



Lemma 12.8 For 1 <i<mn, H U{zy,...,xi—1}|HoU{Zit1,...,2,} is a 2-join in HU (S \

{zi})-

Lemma 12.9 If xxp, n > k > i+ 1 > 2, is an edge then either N(x;) N Hy = Ay and
N(.’L’k) NH, = Ay, or N(xl) N Hy = By and N(xk) NH, = B.

Lemma 12.10 If z; is the node of lowest index adjacent to a node in Ha, then x1,...,x; is
a chordless path. Similarly, if x; is the node of highest index adjacent to a node in Hy, then
Zj,...,Tn 18 a chordless path.

Theorem 12.11 Let G be a graph and H an induced subgraph of G with 2-join Hy|Hy and
special sets Ay, By, Aa, Bo. Let H' be an induced subgraph of G with 2-join H{|Hs and special
sets A, B}, Ay, By such that Ay N Ay # 0 and B{ N By # (. If S is a blocking sequence for
Hy|Hy and H{ NS # (), then a proper subset of S is a blocking sequence for H{|Hs.

12.2 Decomposable 3PC(A,A) and 2-Joins

Lemma 12.12 Let X be a decomposable 3PC(ajasas, bibabs) and d a Type t2 or t2p node ad-
jacent to as and ag, or to by and bs. Let Hi|Hs be the 2-join of H = ¥,d and let Ay, By, As, By
be its special sets. If w is of Type p3, t2 or t2p w.r.t. X, of Type t3p w.r.t. ¥ being a sib-
ling of aa,as,bs or bs, or of Type t1 w.r.t. ¥ adjacent to a node in {az,as,be,bs} and being
attached to X, then there exists a decomposable ¥’ = 3PC(A,A) and a Type t2 or t2p node
d' such that H' = ¥/ d satisfies the following properties: H; C H', for some i € {1,2},
u € H; = H'\ H; where j =3 — 1, and H;|Hj is a 2-join of H' with special sets A;, By, A}
and B}, where Aj N A} # () and B; N B} # (.

Proof: We consider the following cases.

Case 1: u is of Type p3 w.r.t. 2.

Let Y’ be obtained by substituting u into ¥. By Lemma 6.1, d is of Type t2 or t2p w.r.t.
Y.

Suppose u has a neighbor in P'. Let P’ be the ab;-path of ¥'. Suppose P = x1,..., =,
is a P'-crosspath w.r.t. ¥'. W.lo.g. z; has a neighbor in P’ and z, in P3. Then z; has
a neighbor in P'. Let x; be the node of P with highest index that has a neighbor in P!.
By Theorem 8.3, Py, is a Pl-crosspath w.r.t. %, a contradiction. Therefore, there is no
P’-crosspath w.r.t. X',

If u has a neighbor in P? U P3, then by analogous argument, there is no P'-crosspath
w.r.t. ¥'. Hence, ¥’ is the desired decomposable 3PC(A, A).

Case 2: u is of Type t2 or t2p w.r.t. X, or of Type t3p w.r.t. ¥ being a sibling of as, as, by
or b3.

If u is of Type t2 or t2p w.r.t. ¥ adjacent to ay and ag or to by and bs, then (H \ d) Uwu
is the desired decomposable 3PC(A,A). So by symmetry, it is enough to consider the case
when u is adjacent to a; and ag, and it is of Type t2, t2p or t3p w.r.t. X. If u is of Type t2p
or t3p w.r.t. X, let X be obtained from ¥ by substituting u for its sibling. If u is of Type
t2 w.r.t. X, then by Lemma 10.5, there is an attachment Q = y1,...,yn of w to 3. In this
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case, let ¥’ be obtained by substituting u and @ into ¥. Note that P U P? C ¥'. Let P3 be
the path of X'\ (P! U P?).

We first show that there is no P!-crosspath w.r.t. ¥’/. Suppose not and let P = z1,..., 2,
be a Pl-crosspath w.r.t. ¥’. W.Lo.g. x; has a neighbor in P!. If a node of P has a neighbor
in P\ x,, then by Lemma 6.1 and Theorem 8.3, a subpath of P is a P'-crosspath w.r.t. ¥, a
contradiction. So no node of P? is adjacent to or coincident with a node of P\ x,. Suppose
that x,, has a neighbor in P?. Then by Lemma 6.1, x,, is of Type p2 or p4 w.r.t. 3. Since P
cannot be a P'-crosspath w.r.t. ¥, n > 1, 2, is of Type p4 w.r.t. ¥, and N(x,)NY C P2UP3.
But then (X )\ {a1,a2,a3}) U P contains a 3PC(b1babs, xy,). So z,, does not have a neighbor in
P2, and hence it has a neighbor in P2. If x,, has a neighbor in P2, then by Lemma 6.1 and
Theorem 8.3, P is a P'-crosspath w.r.t. ¥. So x,, does not have a neighbor in P3, and hence
the neighbors of x,, in P2 are contained in P2\ P3. Since x,, is of Type p2 or p4 w.r.t. ¥/, z,
has a neighbor in ). Let y; be such a neighbor with highest index. Node a3 does not have a
neighbor in Qy,y,, ,, since otherwise P, @y,,, (where y; is the neighbor of a3 in Qy,y,, , with
lowest index) contradicts Theorem 8.3 applied to X. If y,, is of Type t1, pl, p2 or p3 w.r.t.
Y, then by Theorem 8.3, P, Qy,y,, is a Pl-crosspath w.r.t. ¥. So y, is of Type t2, t2p or
t3p w.r.t. 3, adjacent to by, by and no node of (P U P?)\ {b1,bo}. If y, is of Type t2 w.r.t.
Y, then P, Qy,y,, contradicts Lemma 8.5 applied to X. So y, is of Type t2p or t3p w.r.t. X.
Let ¥” be obtained by substituting y,, into X. But then P,Q,,y,._, contradicts Theorem 8.3
applied to ¥”. Therefore, there is no P'-crosspath w.r.t. 3.

If d is adjacent to ag, ag then, by Lemma 10.6(ii), d is adjacent to u. Therefore, by Lemma
6.1, d is of Type t2 or t2p w.r.t. ¥, and hence ¥’ is the desired decomposable 3PC(A, A).
Now consider the case where d is adjacent to by, bs. If y,, is of Type t1, pl, p2 or p3, ¥’ is
the desired decomposable 3PC(A, A). If y,, is of Type t2, t2p or t3p then y,, is adjacent to
d by Lemma 10.6(ii), and therefore d is of Type t2 or t2p w.r.t. 3'. Hence X' is the desired
decomposable 3PC(A, A).

Case 3: u is of Type t1 w.r.t. ¥ adjacent to a node in {ag, as, ba, b3} and it is attached to X.

W.lo.g. u is adjacent to a3. Let Q = y1,...,¥yn be an attachment of u to X, and let X’
be obtained by substituting v and @ into . Note that P! U P2 C ¥'. Let P2 be the path of
¥\ (Ptu P?).

We first show that there is no P!-crosspath w.r.t. ¥’/. Suppose not and let P = z1,..., 2,
be a Pl-crosspath w.r.t. ¥’. W.Lo.g. z; has a neighbor in P!. By the same argument as in
Case 2, no node of P? is adjacent to or coincident with a node of P\ x,, and x,, does not have
a neighbor in P2 U P3. So z,, has a neighbor in P2, and its neighbors in P2 are contained in
u, Q. Let y; be the neighbor of z,, in @ with highest index. If a5 has a neighbor in Qy,y,._,
then Qy,qy,, P (where y; is its neighbor in @Qy,y,,_, with lowest index) contradicts Theorem 8.3
applied to X. So aj does not have a neighbor in Qy,y,. ;. If ¥ is of Type t1, pl, p2 or p3
w.r.t. X, then by Theorem 8.3 applied to X, P, Qy,y,, is a Pl-crosspath w.r.t. . If y,, is of
Type t2 w.r.t. X, then P,Q,,,, contradicts Lemma 8.5 applied to X. So y,, is of Type t2p
or t3p w.r.t. 3. Let X" be obtained by substituting y,, into X. Then P, Qy,y,._, contradicts
Lemma 8.4 applied to ¥”. Therefore, there is no P'-crosspath w.r.t. 3'.

Assume d is adjacent to as, az. By Lemma 6.1, d is of Type t2 or t2p w.r.t. X’ and
hence X' is the desired decomposable 3PC(A, A). Assume d is adjacent to bo, bg. If yp, is
of Type t1, pl, p2 or p3, then d is of Type t2 or t2p w.r.t. ¥’, and hence ¥/ is the desired
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decomposable 3PC(A,A). If y,, is of Type t2, t2p or t3p, then, by Lemma 10.6(ii), v,
is adjacent to d and therefore d is of Type t2 or t2p w.r.t. ¥’ and hence X’ is the desired
decomposable 3PC(A, A). O

Theorem 12.13 Let G be a square-free even-signable graph. If G contains a 3SPC(A,A)
with a Type t2 or t2p node, then G has a star cutset or a 2-join.

Proof: Assume G has no star cutset. By Theorems 4.6 and 5.3, G contains neither a proper
wheel that is not a beetle nor an L-parachute. By Theorem 9.1, there is no node of Type t4,
th or t6b w.r.t. a 3SPC(A,A).

Assume G contains a 3PC(A, A) with a Type t2 or t2p node. Then by Theorem 12.2, G
contains a decomposable ¥ = 3PC/(ajazas, b1babs) together with a node d of Type t2 or t2p
adjacent to ag, ag or to be, bs. Suppose that the 2-join H|Hy of H = X, d does not extend to
a 2-join of G. By Theorem 12.7, there is a blocking sequence S = x1,...,x,. W.l.o.g. assume
that H and S are chosen so that the size of S is minimized. Since ¥ has no P'-crosspath,
no node is of Type t6a w.r.t. X by Theorem 11.1. By Lemma 12.12 and Theorem 12.11, no
node of S is of Type p3, t2 or t2p w.r.t. 3, of Type t3p w.r.t. X being a sibling of as, as, by
or b, or of Type t1 w.r.t. ¥ adjacent to a node in {as,as,be,bs} and being attached to 3.

Claim 1: If z; is of Type p4 w.r.t. ¥, then N(x;) N H C P2U P3. If z; is of Type t1, p1 or
p2 w.r.t. ¥ and N(z;) NS C P?2U P3, then N(x;) N H C P?U P3.

Proof of Claim 1: W.lo.g. assume that d is adjacent to a9, as. Suppose x; is of Type p4
w.r.t. Y. Since there is no P'-crosspath w.r.t. ¥, N(z;) N ¥ C P?2U P3. Suppose w; is
adjacent to d. If d is of Type t2 w.r.t. X, then d, x; contradicts Lemma 8.5. So d is of Type
t2p w.r.t. 3, and hence (X \ {a1,a2,a3}) U {d,z;} contains a 3PC(b1bsbs,x;). So z; is not
adjacent to d.

Now suppose that z; is of Type t1, pl or p2 w.r.t. ¥, with neighbors in ¥ contained
in say P3. It is enough to show that z; is not adjacent to d. Suppose z; is adjacent to d.
Suppose x; has a neighbor in P3\ a3. If d is of Type t2 w.r.t. ¥, then d, z; contradicts Lemma
8.5. If d is of Type t2p w.r.t. X, then (X \ {a1,a3}) U{d,z;} contains a 3PC(b1babs,d). So
x; is of Type t1 w.r.t. ¥ adjacent to az. We have seen above that x; cannot be attached
to X. So, by Lemma 10.4, there is a bad connection Q) = y1,...,ym of x; to 3, where y,,
is of Type t2 or t2p w.r.t. ¥, adjacent to a; and as. If d has a neighbor in @, let y; be
such a neighbor with highest index. Then @y,y,, U {a1,a2,as3,d} either contains a square or
induces an odd wheel with center as. So d does not have a neighbor in Q). If d is of Type t2p
w.r.t. ¥, then Q U P U {;,a1,d} contains a 3PC(z;a3d,a1). So d is of Type t2 w.r.t. X.
By Lemma 10.5 there is an attachment P = wq,...,u; of d to . Let ¥/ = 3PC(A,A)
obtained by substituting d and its attachment P into X. By Lemma 6.1 applied to ¥/, x;
does not have a neighbor in P. If (P \ u1) U (Q \ ym) U P! U {;,b3} contains a path from
x; to a1, then a shortest such path together with as, ag and d induces a proper wheel with
center ag that is not a beetle. Therefore no such path exists and hence no node of Q \ yp, is
adjacent to or coincident with a node of P\ u;. By Lemma 6.1 applied to ¥, y,,, does not
have a neighbor in P. Suppose u; has a neigbor in @ and let y; be such a neighbor with
lowest index. If a4 has a neighbor in (Qy,y; then a subpath of @, contradicts Lemma 6.1
or Theorem 8.3 applied to ¥'. So a3 does not have a neighbor in Qy,,, and hence x;, Qy,y,
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contradicts Lemma 8.5 applied to X/. Therefore u; does not have a neighbor in @ and so no
node of @) is adjacent to or coincident with a node of P. Let R be a shortest path from d to
a; in PUPYU{d,b3}. Then RUQ U {z;,a3} induces a proper wheel with center ag that is
not a beetle. This completes the proof of Claim 1.

By Claim 1, n > 1. Since Hi|H2 U x; is not a 2-join of H U z1, x; has a neighbor in
Pt U {d} and either (i) N(z1) N H C P! U {d}, or (ii) o1 is of Type t3p w.r.t. ¥ being a
sibling of a; or by, or (iii) x; is of Type t3 w.r.t. ¥ adjacent to, say, a1,as and as, x1 is
not adjacent to d, and d is adjacent to ao, as. Note that the case where z; is of Type t3
adjacent to a1, ao, ag and d where d is adjacent to bo, b3 cannot occur since, in this case,
there is a 3PC(x1ajas,bs). Since Hy U x,|Hs is not a 2-join of H U xy,, 2, has a neighbor in
P?U P3, and it is of Type t1, pl, p2 or p4 w.r.t. ¥. By Lemma 12.5, for i € {2,...,n — 1},
x; either has no neighbor in H or N(z;) N X = {aj,as,a3} or {by, by, b3} and, furthermore,
if say N(z;) N X = {a1,a9,a3} then z; is adjacent to d if d is adjacent to ag, ag, and w;
is not adjacent to d if d is adjacent to by, b3. Let x; be the node of S with highest index
adjacent to a node of H;. By Lemma 12.10, z;,...,z, is a chordless path. Note that nodes
Zj41,...,2Tp—1 have no neighbors in H.

Claim 2: Let ¥ be a 3PC(ajazas, bibobs) with no P'-crosspath. Suppose that xj 1s of Type t3
w.r.t. ¥, say adjacent to by, by and bs, and there is a ¥/ = 3PC(arast,biboxj) that contains
P U P? and such that t is not of Type t3 w.r.t. . Then there is no P'-crosspath w.r.t. ¥'.

Proof of Claim 2: Let P’ be the path of ¥’ \ (P! U P?). Suppose P = y1,...,yn is a Pl-
crosspath w.r.t. Y. W.lLo.g. y; has a neighbor in P'. Suppose y,, has a neighbor in P2.
Since P cannot be a Pl-crosspath w.r.t. ¥, a node of P has a neighbor in P3. Let y; be such
a node with lowest index. If ¢ # m then by Theorem 8.3, P, is a Pl-crosspath w.r.t. X.
So i = m and hence y,, is of Type p4 w.r.t. ¥. But then (X \ {a1,a2,a3}) U P contains a
3PC(b1babs, Ym). So Y, has a neighbor in P’. Suppose that P U P3 U P’ \ {z;,t} contains
a path from y; to P3. Then by Theorem 8.3 applied to the shortest such path, there is a
Pl-crosspath w.r.t. ¥. So no such path exists and hence ¢ # a3 and no node of P3 is adjacent
to or coincident with a node of P U P’\ {z;,t}. So t is of Type t2, t2p or t3p w.r.t. X. Note
that P U P"\ z; contains a chordless path T from y; to t. If ¢ is of Type t2 w.r.t. ¥, then T
contradicts Lemma 8.5 applied to X. So t is of Type t2p or t3p w.r.t. X. Let X" be obtained
by substituting ¢ into X. Then T\ ¢ contradicts Theorem 8.3 applied to X”. This completes
the proof of Claim 2.

We now consider the following cases.

Case 1: z; is of Type t3 w.r.t. X.
If x,, is of Type pl or p4 w.r.t. X, then x;,...,x, contradicts Lemma 8.6.

Case 1.1: z,, is of Type p2 w.r.t. X.

W.Lo.g. x, has a neighbor in P? and d is adjacent to as, az. Suppose x; is adjacent to by,
by and bs. Then there is a ¥/ = 3PC/(a1a2a3, bibax;) contained in (X\ b3) U {zj,...,z,}. By
Claim 2, there is no P'-crosspath w.r.t. ¥’. By Lemma 6.1, d is of Type t2 or t2p w.r.t. ¥’
and hence ¥/, d is a decomposable 3PC(A, A). But then, by Theorem 12.11, the minimality
of S is contradicted. So z; is adjacent to a1, ap and a3. Let X' = 3PC(ajasx;,bibabs) be
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contained in (X \ ag) U {zj,...,z,}. By Claim 2, there is no Pl-crosspath w.r.t. ¥'. If d is
adjacent to x;, then by Lemma 6.1 applied to X', x; is of Type t2 or t2p w.r.t. X', and hence
¥/ d is a decomposable 3PC(A, A) and the minimality of S is contradicted.

So d is not adjacent to xj, and hence by Lemma 6.1, d is of Type t1 w.r.t. ¥’ and of Type
t2 w.r.t. X. By Lemma 10.5, let Q = y1, ..., ymn be an attachment of d to 3.

First we show that no node of @) is adjacent to or coincident with a node of {z;,...,x,}.
Suppose not and let y;, be the node of @ with highest index that has a neighbor in {z;,...,z,}.
Let x; be the neighbor of y, in {z;,...,2,} with highest index.

Suppose i # j. If a; has a neighbor in @Q,,,,._, then let y; be such a neighbor with
lowest index. Then Q,,,;,...,7, contradicts Lemma 8.4 applied to X. So a; has no
neighbor in Qy,y,,_,- If ym is of Type t1, pl, p2 or p3 war.t. X, then by Theorem 8.3
applied to X, Qy,y,.s Tis- .., Tp is a Pl-crosspath w.r.t. 3. If y,, is of Type t2 w.r.t. ¥, then
Qyiyms Tis - - -, T, contradicts Lemma 8.5 applied to X. So yp, is of Type t2p or t3p w.r.t. X.
Let X" be obtained by substituting v, into . Then either Qy, .y, _1sZi; ..., Tn (if k& # m)
Or Tj,..., T, (otherwise) contradicts Lemma 8.4 applied to X”. Therefore, i = j.

If z; is adjacent to Y, then y,, and ¥’ contradict Lemma 6.1 (since by our assumption
Ym cannot be of Type t4 or t5 w.r.t. X'). So x; is not adjacent to yp,, i.e. k < m. If a;
does not have a neighbor in Qy,,._,, then y,, is not of Type p2 w.r.t. ¥ and hence z;, Qy, 4.,
contradicts Lemma 8.6 applied to ¥. So a; has a neighbor in Qy,,,_,. If Y, is of Type t2, t2p
or t3p w.r.t. X, then let H' be the hole induced by P2UQ,,,,, Uz;, and H” the hole contained
in (P3\ a3)UQyuy, U{zj,... xn}. If ym is of Type t1, pl ,p2 or p3 w.r.t. X, then let v be the
neighbor of yy, in P! that is closest to by, let H' be the hole induced by P, UP?UQy,y,, Uz;
and let H” be the hole contained in Py, U (P?\ as) U Qy,y,, U {j,...,x,}. Since neither
(H',a1) nor (H”,a1) can be an odd wheel, y;, is the unique neighbor of a1 in Qy,y,,. So Y
is of Type t2 w.r.t. ¥’ and hence Q,,,,, contradicts Lemma 8.5 applied to X.

Therefore, no node of () is adjacent to or coincident with a node of {zj,...,z,}. Let
Y = 3PC(az2asd, A) be obtained by substituting d and @ into ¥. Then z;, ..., z, contradicts
Lemma 8.5 applied to 3.

Case 1.2: z, is of Type t1 w.r.t. X.
Assume w.l.o.g. that x; is adjacent to by, by and bs. If x,, is adjacent to a3, then zj, ..., z,
contradicts Lemma 8.6. So z, is adjacent to bs.

Claim 3: If there exists a X' = 3PC(ajast,bibox;) that contains PYU P2, then t is of Type
t3 w.r.t. X.

Proof of Claim 3: Suppose that there exists a ¥’ = 3PC/(ajasat, bibox;) that contains PluP?
and such that ¢ is not of Type t3 w.r.t. ¥. Then by Claim 2, there is no P'-crosspath w.r.t.
Y. Suppose d is of Type t2 or t2p w.r.t. ¥'. Then X', d is a decomposable 3PC(A, A). Now,
by Theorem 12.11 applied to H = X,d and H' = ¥’, d, the minimality of S is contradicted.
Therefore d cannot be of Type t2 or t2p w.r.t. X'

Assume first that d is adjacent to as and as. If ¢ = ag then d is of Type t2 or t2p w.r.t.
Y’ by Lemma 6.1 applied to ', a contradiction. So we may assume that ¢ # a3. Since t is
adjacent to a1, a9 and it is not of Type t3 w.r.t. %, it is of Type t2, t2p or t3p w.r.t. X. By
Lemma 10.6(ii), d is adjacent to ¢, and hence by Lemma 6.1, d is of Type t2 or t2p w.r.t. ¥/,
a contradiction.
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Assume now that d is adjacent to by and b3. If d is adjacent to z;, then by Lemma 6.1,
d is of Type t2 or t2p w.r.t. X', a contradiction. So d is not adjacent to x;, and hence it is
of Type t1 w.r.t. Y. So d is of Type t2 w.r.t. X. By Lemma 10.5, let Q = y1,...,ym be
an attachment of d to ¥. Let ©% be obtained by substituting d and Q into ¥. Let P’ be the
tz;-path of X',

We now show that z; has a neighbor in Q. Suppose it does not. Suppose that a node
of @\ ym is adjacent to a node of P’. Let y; be such a node with lowest index. Let p be a
neighbor of y; in P’ that is closest to ;. If b does not have a neighbor in Qy,y,, then d, Qy.4,
contradicts Lemma 8.4 applied to X'. So b; has a neighbor in Q,,,,. Let y; be such a neighbor
with lowest index. If y, = y; then y; contradicts Lemma 6.1 applied to ¥'. So y, # y; and
hence d, Qy,,, contradicts Theorem 8.3 applied to ¥'. So no node of @ \ yy, is adjacent to or
coincident with a node of P’. By the same argument as above, b; does not have a neighbor in
Q \ Ym- Then by Lemma 8.4 applied to d, @ and X/, N(y,,) N (X UX') = {as,as} and t # as.
If a3 has no neighbor in P’, then Q U P’ U{ay, ag,as,bs,d} induces an odd wheel with center
as. Otherwise, let u be the neighbor of ag in P’ that is closest to xj. Note that since ¢ is
not of Type t3 w.r.t. ¥, u # t. But then Q U P2 U Py, U{as, d} induces a 3PC(azasym, b2).
Therefore, x; has a neighbor in Q.

Let y; be the neighbor of x; in ) with highest index. We now show that b; is adjacent
to s, it is not adjacent to y;41 and it has at most two neighbors in Qy,y,,, and ¥, is not of
Type p2 w.r.t. X. Suppose that b; has no neighbor in @Qy,y,,. Since y,, is not adjacent to
b1, x5, Qy,y,, and ¥ violate Lemma 8.6. So by has a neighbor in @Q,,,. Let R be a shortest
path from yy, to by in (¥ Uyy,) \ {b1,b3}. Let H be the hole induced by RU Qy,y,, U z;. If
Ym is of Type p2 w.r.t. X, then (H,b;) is an odd wheel. So gy, is not of Type p2 w.r.t. X.
If (H,by) is a line wheel, then H Ub; U P! contains an L-parachute, contradicting Theorem
5.3. So (H,bp) is a twin wheel or a beetle, and hence the result holds.

Next we show that no node of Qy,,,, is adjacent to or coincident with a node of P’ \ ;.
Assume not and let y; be a node of @y, with lowest index adjacent to a node of P\ ;.
If k # m then either Q,,,, contradicts Lemma 8.5 applied to ¥’ (if y; is the unique neighbor
of by in Qy,y,) or a subpath of Qy,, ,, contradicts Theorem 8.3 applied to X’ (otherwise).
So k = m. By Lemma 6.1 applied to y,,, and ¥/, either ¢t = a3 and y,, is of Type t2,
t2p or t3p w.rt. X', adjacent to as,az and possibly a node of P!\ aj, or t # a3 and
N(ym) N (ZUY') = {a,t}. In the second case, t and X¢ violate Lemma 6.1. So t = ag. If by
has a neighbor in Qy,. ,y,, then Qy,,,, UP Ub; induces an odd wheel with center b;. So b; has
no neighbor in Qy,, ,y,,. But then Qy,,,, contradicts Lemma 8.5 applied to ¥'. Therefore, no
node of Qy,y,, is adjacent to or coincident with a node of P\ z;.

Suppose ¥, is of Type t1, pl or p3 w.r.t. ¥ and let y be the neighbor of y,, in P!
that is closest to a;. If by has a neighbor in Qy,,,y,,, then either Qy,,,, U P, U P Ub; or

aly

Qyiym Y Payyy U P2 U {b1,z;} induces an odd wheel with center by. So by has no neighbor in
Qyiyrym- But then Q. contradicts Lemma 8.5 applied to X’. Hence y,, is of Type t2, t2p
or t3p w.r.t. X, and since y,, is not adjacent to ¢, t # az. If by has a neighbor in Qy,, y,,.,
then Qy,y,, U P’ U {ag,b1} induces an odd wheel with center b;. So b; has no neighbor in
Qyis1ym- By Lemma 8.5 applied to Qy,y,, and X', yy, is of Type t1 w.r.t. X" adjacent to as.
So vy, must be of Type t2 w.r.t. X, adjacent to as and as. If ag has no neighbor in P’ then
Qyiym U P U{a1,a2,a3} induces an odd wheel with center as. So ag has a neighbor in P'.

Let u be its neighbor in P’ that is closest to ;. Since ¢ is not of Type t3 w.r.t. X, u # t. But
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then P UQy,y,. U lem:j Uasz induces a 3PC(y;bi1x;, az). This completes the proof of Claim 3.

Let T = (N(by) Uby) \ b and let Q@ = y1,...,ym be a direct connection from z, to ¥\ T
in G\ T. Let yo = z,, and Q' = o, Q. Note that by and b3 are the only nodes of ¥ that can
have a neighbor in @ \ yn,. We first show that by cannot have a neighbor in @ \ y,. Suppose
otherwise and let y; be the node of @ \ y,, with lowest index adjacent to by. If yj is also
adjacent to b3, then yy is of Type t2 w.r.t. ¥ and therefore, by Lemma 10.5, it is attached.
Let X’ be obtained by substituting y; and one of its attachment into X. Let y; be the node
of Q;Oyk_l with highest index adjacent to bs. By Lemma 10.6, ¢ # k — 1. Let y; be the node
of Qgh_yk_l with lowest index that has a neighbor in ¥’ \ b3. By Lemma 6.1, y; is of Type
t1 w.r.t. X', and hence I # i. But then @, contradicts Theorem 8.3 applied to ¥'. So yj
is not adjacent to bs. But then Theorem 8.3 is contradicted in 3 by the path x,,y1,...,yx
when b3 has no neighbor in @), or a subpath starting from y; otherwise. Therefore by does
not have a neighbor in @ \ y,.

Suppose ¥y, is of Type p2 or p4 w.r.t. ¥ adjacent to bs. If y,, is of Type p2 w.r.t. X, then
(X\ b3) U{xj,z,} contains a 3PC(aiazas,bibax;) contradicting Claim 3. So yp, is of Type
pd w.r.t. ¥. W.lo.g. 9, does not have a neighbor in P2. Let R be the shortest path from
Tj 10 Y in Q U {zj,..., 2, }. If by is adjacent to a node of R\ {x;, ¥}, then P2PUP3UR
induces a proper wheel with center b3 that is not a beetle. Otherwise, R contradicts Lemma
8.6 applied to 3. Therefore, y., is not of Type p2 or p4 w.r.t. ¥ adjacent to bs.

Let y; be the node of Q" \ y, with highest index adjacent to bs. By Lemma 8.4 applied
to %iym and X, since y,, is not of Type p2 or p4 w.r.t. X adjacent to bs, ¥y, is either of
Type t1, pl or p3 w.r.t. ¥ with a neighbor in P3\ b3, or of Type t2, t2p or t3p w.r.t. ¥
adjacent to aj,as and no node of (P' U P?)\ {ay,as}. But then (X \b3) UQU {zj,...,z,}
contains a 3PC(ajasat, bibax;) that contains P! U P? and such that ¢ is not of Type t3 w.r.t.
3., contradicting Claim 3.

Case 2: j =1 and z; is of Type t1, pl or p2 w.r.t. X.

If ,, is if Type t1, pl or p2 w.r.t. ¥, then by Theorem 8.3, x1,...,z, is a P'-crosspath
wrt. X. If x, is of Type p4 wr.t. X, then (¥ \ {bo,b3}) U {z1,...,2,} contains a
3PC(ajasas, xy).

Case 3: j =1 and d is the unique neighbor of z; in H.
W.lo.g. assume that d is adjacent to ao, az. If d is of Type t2p w.r.t. X, let X’
be obtained by substituting d into 3. If z, is not of Type t1 adjacent to as or as, then

x1,...,T, contradicts Lemma 8.4 applied to X'. If z,, is of Type t1 adjacent to as or as, then
x1,..., T, contradicts Theorem 8.3 applied to X'.

So d is of Type t2 w.r.t. X. If z, is not of Type t1 w.r.t. X adjacent to as or as, then
d,r1,...,x, contradicts Lemma 8.5. So z, is of Type t1 w.r.t. ¥, w.l.o.g. adjacent to as.
Let ¥’ be a 3PC(A, A) obtained by substituting d and an attachment of d to ¥ into X. Now
Z1,...,Tp Or a subpath starting from x,, contradicts Theorem8.3 applied to X'.

Case 4: j =1 and z; is of Type t3p w.r.t. 2.

W.lo.g. x1 is a sibling of b;. Let ¥’ be obtained by substituting z; into X. Let v be the
neighbor of z; in P! that is closest to ay. If , is not of Type t1 w.r.t. ¥ adjacent to by or bs,
then xo,...,x, contradicts Lemma 8.4 applied to ¥’. So xz, is of Type t1 w.r.t. X, w.l.o.g.
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adjacent to b3. If m # 2, then x1,...,z, contradicts Theorem 8.3 in ¥’. So n = 2.

Let T = (N(by)Uby) \ V) and let Q = y1,...,ym be a direct connection from z,, to X\ T
in G\ T. As in Case 1.2, by does not have a neighbor in @ \ yn,. By Lemma 8.4 applied
to X and x,,Q (if b3 does not have a neighbor in @Q \ y,,,) or a subpath of @ (otherwise),
Ym is either of Type t1, pl or p3 w.r.t. ¥ with a neighbor in P\ b3, or of Type p2 or p4
w.r.t. ¥ adjacent to bs, or of Type t2, t2p or t3p w.r.t. ¥ adjacent to a1, as and no node of
(Pl @] PQ) \ {al,ag}.

Let z, = yo and Q' = 59, Q. Let y; be the node of Q" with highest index adjacent to z7.
By Lemma 6.1 applied to ¥’ and since y,, cannot be of Type t4d w.r.t. ¥/, i # m. If b3 does
not have a neighbor in @, , then @, contradicts Lemma 8.4 applied to ¥'. So b3 has a
neighbor in @, . Let y; be such a node with lowest index. If [ # 4, then Q,,, contradicts
Theorem 8.3 in ¥/. So b3 is adjacent to y;. If b3 does not have a neighbor in Q;H W1
then @y, ~contradicts Lemma 8.5 applied to X'. So bz has a neighbor in @y, , . If yp,
is of Type t2, t2p or t3p w.r.t. 3, then let C' be the hole induced by P? U Q:I'Jiym Uz and
C’ the hole induced by P; , U Qysy, U 1. Then (C,b3) or (C',b3) is an odd wheel. If y,
is of Type t1, pl, p2 or p3 w.r.t. X, then let C' be the hole passing through x; contained
in P2U (P*\ b3) UQ,,, Uz and C’ the hole contained in B}, U (P?\ b3) UQ,., U .
Then (C,bs) or (C’,bs) is an odd wheel. So y,, is of Type p4 w.r.t. X. Since there is no
Pl-crosspath w.r.t. ¥, y,, does not have a neighbor in P'. Hence, P! U P3U Q:/'Jiym U

alv
induces a proper wheel with center b3 that is not a beetle. a
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