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Abstract

We show that every 3-connected {K; 3,I's}-free graph is Hamilton-connected, where I's
is the graph obtained by joining two vertex-disjoint triangles with a path of length 3.
This resolves one of the two last open cases in the characterization of pairs of connected
forbidden subgraphs implying Hamilton-connectedness. The proof is based on a new
closure technique, developed in a previous paper, and on a structural analysis of small
subgraphs, cycles and paths in line graphs of multigraphs. The most technical steps of
the analysis are computer-assisted.
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1 Terminology and notation

We generally follow the most common graph-theoretical notation and terminology, and for
notations and concepts not defined here we refer the reader to [4]. Specifically, by a graph
we always mean a simple finite undirected graph; whenever we admit multiple edges, we
always speak about a multigraph. If G is a multigraph and x;xs € E(G), we denote pg(z122)
(or simply p(xixs)) the multiplicity of the edge x5 in G (with u(xyze) = 0 if xq, 29 are
nonadjacent), and we use Es(G) (Ey(G)) to denote the set of all simple nonpendant (multiple)
edges of G, respectively. If z129 € Ey(G) and we need to distinguish the individual edges
joining z; and x5, we use the notation (z,15)!, (z175)? etc. We say that vertices x1, 25 € V(G)
are twins in a multigraph G if pg(z1u) = pe(zou) for each u € V(G).

We say that S is an induced subgraph of a graph G if S can be obtained from G by removing
some vertices, we denote this by S 'C G. We say that a (multi)graph S is a sub(multi)graph
of a multigraph G, denoted S C G, if V(S) C V(G) and for every x1,22 € V(S) we have
ps(xi1xe) < pe(zi22), and we say that S is a flat subgraph of G if S is a sub(multi)graph
of G where for every 1,25 € V(9), if 129 € E(G), then pg(z1z2) € {1, pe(xi2)}. We
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write G ~ G if the (multi)graphs G, Go are isomorphic, and (M)q to denote the induced
sub(multi)graph on a set M C V(G).

We use dg(x) to denote the degree of a vertex z in G (note that if G is a multigraph,
then dg(z) equals the sum of multiplicities of the edges containing z). For z € V(G), Ng(x)
denotes the neighborhood of x in G, and for M C V(G) we set Ny (z) = Ng(x) N M.

If € V(G) is of degree 2 with Ng(x) = {y1,92}, then the operation of replacing the
path y1zys by the edge y,ys is called suppressing the vertex x. The inverse operation is called
subdividing the edge y1y» with the vertex x. For z,y € V(G), distg(z,y) denotes the distance
of x and y in G, and if FF C G is a connected subgraph and x,y € V(F), then distp(x,y)
denotes the distance of x,y in F', i.e., the length of a shortest (z,y)-path in F. If C'is a cycle
in G, then an edge xy € E(G) such that z,y € V(C) and diste(x,y) > 2 is called a chord of
C'. If C has no chords, we say that C' is chordless (note that some edges of a chordless cycle
can still be multiple in H).

A triangle having a multiple edge is called a multitriangle (see Fig. 6(a)), and by a diamond
we mean the graph K, — e (see Fig. 6(b)). By a clique in G we mean a complete subgraph of
(7, not necessarily maximal.

We say that a vertex x € V(G) is simplicial if (Ng(x))e is a clique, and we use Vg;(G)
to denote the set of all simplicial vertices of G, and Vyg(G) = V(G) \ Vsi(G) the set of
nonsimplicial vertices of G. For k > 1, we say that a vertex x € V(G) is locally k-connected
in G if (Ng(z))¢ is a k-connected graph.

A graph is Hamilton-connected if, for any u,v € V(G), G has a hamiltonian (u,v)-path,
i.e., an (u,v)-path P with V(P) = V(G).

Finally, if F is a family of graphs, we say that G is F-free if G does not contain an
induced subgraph isomorphic to a member of F, and the graphs in F are referred to in
this context as forbidden (induced) subgraphs. If F = {F'}, we simply say that G is F-free.
Here, the claw is the graph K 3, P; denotes the path on ¢ vertices, and I'; denotes the graph
obtained by joining two triangles with a path of length i (see Fig. 1(d)). Several further
graphs that will occur as forbidden subgraphs are shown in Fig. 1(a), (b), (¢). Whenever we
will list vertices of an induced claw K 3, we will always list its center as the first vertex of the
list, and when listing vertices of an induced subgraph I';, we always list first the vertices of
degree 2 of one of the triangles, then the vertices of the path, and we finish with the vertices
of degree 2 of the second triangle (i.e., in the labeling of vertices as in Fig. 1(d), we write

({t1,t2, 1y pivas tss ta}) e = 1y).
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2 Introduction and main result

There are many results on forbidden induced subgraphs implying various Hamilton-type prop-
erties. While forbidden pairs of connected graphs for hamiltonicity in 2-connected graphs were
completely characterized already in the early 90’s [1, 8], the progress in forbidden pairs for
Hamilton-connectedness is relatively slow. For forbidden pairs of connected graphs, a list of
potential candidates is known: one of them has to be the claw K 3, and the second one belongs
to a list that will be mentioned in Section 6.

Let W denote the Wagner graph and W the graph obtained from W by attaching exactly
one pendant edge to each of its vertices (see Fig. 2).

w W+

Figure 2: The Wagner graph W and the graph W+

Theorem A below lists the best known results on pairs of forbidden subgraphs implying
Hamilton-connectedness of a 3-connected graph.

Theorem A [3, 6, 12, 13, 14, 19, 20].  Let G be a 3-connected {K, 3, X }-free graph,
where
(1) [6] X =Ty, or
(i1) [3] X = Py, or
(i7) [19] X = Z; and G % L(W™), or
(iv) [20] X =B, fori+j <7, or
(v) [12, 13, 14] X = N4 fori+j+k <7
Then GG is Hamilton-connected.

Let W be the family of graphs obtained by attaching at least one pendant edge to each of
the vertices of the Wagner graph W, and let G = {L(H)| H € W} be the family of their line
graphs. Then any G' € G is 3-connected, non-Hamilton-connected, Pjo-free, Zs-free, B, ;-free
for i + j = 8 and N, j -free for i 4+ j + k = 8. Thus, this example shows that parts (i¢), (i),
(1v) and (v) of Theorem A are sharp.

The following theorem is our main result.
Theorem 1.  Every 3-connected { K 3, '3 }-free graph is Hamilton-connected.
Proof of Theorem 1 is postponed to Section 5.

In Section 3, we collect necessary known results and facts on line graphs and on closure
operations, and then, in Section 4, we present a closure technique, introduced in the previous
paper [10], that will be crucial for the proof of the main result. Section 5 contains the proof
of the main result, in which the most technical parts (namely, the proof of Lemma 4, and the
introductory part and Case 1 of the proof of Theorem 1) are computer-assisted. More details



on the computation can be found in Section 6, and detailed results of the computation and
source codes are available at [24] and [25]. Finally, in Section 6, we briefly update the discussion
of remaining open cases in the characterization of forbidden pairs for Hamilton-connectedness
from [13] and [20].

3 Preliminaries

In Subsections 3.1 — 3.4, we summarize some known facts that will be needed in the proof of
Theorem 1.

3.1 Line graphs of multigraphs and their preimages

The following characterization of line graphs of multigraphs was proved by Bermond and
Meyer [2] (see also Zverovich [23]).

Theorem B [2]. A graph G is a line graph of a multigraph if and only if G does not
contain a copy of any of the graphs in Figure 3 as an induced subgraph.

Y B & B
DA B

Figure 3: Forbidden subgraphs for line graphs of multigraphs

While in line graphs of graphs, for a connected line graph G, the graph H such that
G = L(H) is uniquely determined with a single exception of G = Kj, in line graphs of
multigraphs this is not true: a simple example is the graphs H; = Z; and Hy a double edge
with one pendant edge attached to each vertex — while H; % H,, we have L(H;) ~ L(Ha).
Using a modification of an approach from [23], the following was proved in [17].

Theorem C [17]. Let G be a connected line graph of a multigraph. Then there is, up
to an isomorphism, a uniquely determined multigraph H such that G = L(H) and a vertex
e € V(@) is simplicial in G if and only if the corresponding edge e € E(H) is a pendant edge
in H.

The multigraph H with the properties given in Theorem C will be called the preimage
of a line graph G and denoted H = L™'(G). We will also use the notation a = L(e) and
e = L7!(a) for an edge e € F(H) and the corresponding vertex a € V(G).



An edge-cut R C F(H) of a multigraph H is essential if H — R has at least two nontrivial
components, and H is essentially k-edge-connected if every essential edge-cut of H is of size
at least k. It is a well-known fact that a line graph G is k-connected if and only if L7Y(G)
is essentially k-edge-connected. It is also a well-known fact that if X is a line graph, then a
line graph G is X-free if and only if L=!(G) does not contain as a subgraph (not necessarily
induced) a graph F' such that L(F) = X.

Note that in the special case of the graph I's, there are three nonisomorphic multigraphs
Fy, Fy, F3 such that L(F;) = I's, 1 = 1,2,3, see Fig. 4. It is straightforward to verify that if
G =T3, then L7 (G) = F}, however, if G contains F' ~ I'3 as a proper induced subgraph, then
the corresponding subgraph L~!(F) can be any of Fy, Fy, Fs (for example, if G is obtained
from I's by adding to F' = I's new vertices uy, us and edges ujus, usty, usts, then in L‘l(G),
L~Y(F) is the multigraph F).
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Figure 4: The graph I's and its three preimages

Recall that a closed trail T is a dominating closed trail (abbreviated DCT) if ' dominates all
edges of G, and an (e, f)-trail is an internally dominating (e, f)-trail (abbreviated (e, f)-IDT)
if Int(7") dominates all edges of G. Harary and Nash-Williams [9] established a correspondence
between a DCT in H and a hamiltonian cycle in L(H). A similar result showing that G = L(H)
is Hamilton-connected if and only if H has an (ey, e2)-IDT for any pair of edges e;,es € E(H),
was given in [11] (in fact, part (ii) of the following theorem is slightly stronger than the
result from [11], and its easy proof is given in [12]). Note that these results were proved for
line graphs of graphs but it is easy to verify that they remain true also for line graphs of
multigraphs.

Theorem D [9, 11].  Let H be a multigraph with |E(H)| > 3 and let G = L(H).
(1) [9] The graph G is hamiltonian if and only if H has a DCT.
(1) [11] For every e; € E(H) and a; = L(e;), i = 1,2, G has a hamiltonian (ay, as)-path if
and only if H has an (ey, e5)-IDT.

3.2 Strongly spanning trailable multigraphs

A multigraph H is strongly spanning trailable if for any e; = ujvq, €2 = ugvy € E(H) (possibly
€1 = ey), the multigraph H(eq, e5), which is obtained from H by replacing the edge e; by a
path ujv.,v; and the edge es by a path usve,ve, has a spanning (ve,, ve, )-trail.

By Theorem D(i7), it is straightforward to see that if H is strongly spanning trailable, then
G = L(H) is Hamilton-connected.



We will need the following two results on “small” strongly spanning trailable multigraphs
from [14]. Here, W is the set of multigraphs that are obtained from the Wagner graph W by
subdividing one of its edges and adding at least one edge between the new vertex and exactly
one of its neighbors.

Theorem E [14].
(1) Every 2-connected 3-edge-connected multigraph H with circumference ¢(H) < 8 other
than the Wagner graph W is strongly spanning trailable.
(i1) Every 3-edge-connected multigraph H with |V (H)| < 9 such that H ¢ {W}UW is
strongly spanning trailable.

3.3 The core of the preimage of a 3-connected line graph

To avoid difficulties that can occur with the core of a multigraph, we define the core only
for the case we need, i.e., for the preimage of a 3-connected line graph (then e.g. vertices
of degree 2 are independent by the connectivity assumption, and pendant multiedges cannot
occur by Theorem C).

Thus, let G be a 3-connected line graph and let H = L~'(G). The core of H is the
multigraph co(H) obtained from H by removing all pendant edges and suppressing all vertices
of degree 2.

Shao [22] proved the following properties of the core of a multigraph.

Theorem F [22]. Let H be an essentially 3-edge-connected multigraph. Then
(1) co(H) is uniquely determined,
(17) co(H) is 3-edge-connected,
(1ii) V(co(H)) dominates all edges of H,
(iv) if co(H) has a spanning closed trail, then H has a DCT,
) H

1
(v) if co(H) is strongly spanning trailable, then L(H) is Hamilton-connected.

3.4 Closure operations

For x € V(G), the local completion of G at x is the graph G, = (V(G), E(G) U {y1ya] v1,y2 €
Ng(7)}) (ie., G, is obtained from G by adding all the missing edges with both vertices in
Ng(z)). In this context, the edges in F(G,) \ E(G) will be refereed to new edges, and the
edges in E(G) are old. Obviously, if G is claw-free, then so is . Note that in the special case
when G is a line graph and H = L~(G), G, is the line graph of the multigraph H|, obtained
from H by contracting the edge e = L~!(z) into a vertex and replacing the created loop(s) by
pendant edge(s) (Thus, if G = L(H) and = = L(e), then G, = L(H|.)).

Also note that clearly z € Vg;(G,) for any = € V(G), and, more generally, Vs;(G) C
Vsi(G,) for any x € V(G).

We say that a vertex = € V(G) is eligible if (Ng(z))¢ is a connected noncomplete graph,
and we use VgL (G) to denote the set of all eligible vertices of G. Note that in the special case
when G is a line graph and H = L™(G), it is not difficult to observe that z € V(G) is eligible
if and only if the edge L™'(x) is in a triangle or in a multiple edge of H. Based on the fact
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that if G is claw-free and x € Vg1 (G), then G, is hamiltonian if and only if G is hamiltonian,
the closure cl(G) of a claw-free graph G was defined in [15] as the graph obtained from G
by recursively performing the local completion operation at eligible vertices, as long as this
is possible (more precisely: cl(G) = Gy, where Gy, ..., Gy is a sequence of graphs such that
G =G, G = (Gl)m for some x; € Vg (G),i=1,...,k—1, and Vg (Gx) = 0). The closure
cl(G) of a claw-free graph G is uniquely determined, is a line graph of a triangle-free graph,
and is hamiltonian if and only if so is G. However, as observed in [5], the closure operation
does not preserve the (non-)Hamilton-connectedness of G.

To handle this problem, the closure concept was strengthened in [12] by omitting the
eligibility assumption for the application of the local completion operation. Specifically, for a
given claw-free graph G, we construct a graph GY by the following construction.

(¢) If G is Hamilton-connected, we set GY = Ky (g,

(#7) If G is not Hamilton-connected, we recursively perform the local completion operation
at such vertices for which the resulting graph is still not Hamilton-connected, as long
as this is possible. We obtain a sequence of graphs Gy, ..., Gy such that

L G1 = G,
e Gi1 = (Gz)x for some z; € V(G;),i=1,...,k—1,
e (. has no hamiltonian (a,b)-path for some a,b € V(Gy),
e for any z € V(Gy), (Gy), is Hamilton-connected,
and we set GY = G},
A graph GY obtained by the above construction is called an ultimate M-closure (or briefly a
UM-closure) of the graph G, and a graph G equal to its UM-closure is said to be UM-closed.

The following theorem summarizes basic properties of the UM-closure operation.

Theorem G [12]. Let G be a claw-free graph and let GY be one of its UM-closures. Then
GY has the following properties:
(i) V(G) =V(GY) and E(G) C E(GY),
(ii) GY is obtained from G by a sequence of local completions at vertices,
(iit) G is Hamilton-connected if and only if GY is Hamilton-connected,
(v) if G is Hamilton-connected, then GV = Ky (q)),
v) if G is not Hamilton-connected, then (GY), is Hamilton-connected for any x € V(GY),
(vi) GY = L(H), where co(H) contains no diamond, no multitriangle and no triple edge,
and either
(o) at most 2 triangles and no multiedge, or
(B) no triangle, at most one double edge and no other multiedge, and if co(H)
contains a double edge, then this double edge is also in H,
(vit) if GY contains no hamiltonian (a,b)-path for some a,b € V(GY) and
(a) X is a triangle in co(H), then E(X) N {Lg}(a), Ly (b)} # 0,
(8) X is a multiedge in co(H), then E(X) = {Lzy(a), Lo (b)}.

We will also need the following lemma from [18].

Lemma H [18]. Let G be an SM-closed graph and let H = L™'(G). Then H does not
contain a triangle with a vertex of degree 2 in H.



Note that Lemma H was proved in [18] for SM-closed graphs (which we do not define here),
but since every UM-closed graph is also SM-closed (see e.g. [12]), it is true also for UM-closed
graphs.

4 ['s-closure
The UM-closure operation preserves Hamilton-connectedness, but there is still a problem that

the local completion G, of a {K)3,'s}-free graph G is not necessarily I's-free. To handle
this problem, we define the concept of a I's-closure G'* of a { K3, '3}-free graph G. For a

set M = {a1,22,...,2:} C V(G), we set Gy; = ((G,, )4, ---)z,- It is implicit in the proof of
uniqueness of cl(G) in [15] (and easy to see) that, for a given set M = {z1, 2z, ...,2x} C V(G),

G, is uniquely determined (i.e., does not depend on the order of the vertices zy, s, ..., x4
used during the construction).

If G is not Hamilton-connected, then a vertex z € Vygs(G), for which the graph G, is still
not Hamilton-connected, is said to be feasible in G. A set of vertices M C V(G) is said to
be feasible in G if the vertices in M can be ordered in a sequence x1, ...,z such that z; is
feasible in Gy = G, and x4, is feasible in G; = (G;_1),,, i =1,...,k—1. Thus, if M C V(G)
is feasible, then M C Vis;(G},), but G}, is still not Hamilton-connected.

Note that it is possible that some two vertices x,y of a graph G are feasible in GG, but z is
not feasible in G; (for example, if H is obtained from the Petersen graph by adding a pendant
edge to each vertex, subdividing a nonpendant edge x;xo with a vertex w, replacing each of
the edges z;w with a double edge, and if G = L(H) and 2}, 2] € V(G) correspond to the two
edges joining x; and w in H, i = 1,2, then G is not Hamilton-connected, each of the vertices
x,, xf is feasible in G, i = 1,2, but e.g. 2z and z/ are not feasible in G;,Q ~ Gxg) Thus,
the recursive form of the definition is essential for verifying feasibility of a set M C V(G)
(although the resulting graph G, does not depend on their order).

Recall that in the special case when G = L(H), a local completion at a vertex x € V(G)
corresponds to the contraction of the corresponding edge e = L™'(H). In this case, when
x = L(e) is feasible in G = L(H), we also say that the edge e € E(H) is contractible in H, and,
similarly, if a set M C V(G) is feasible, then the corresponding set of edges L™ (M) C E(H)

is said to be contractible in H.

Now, for a { K 3, [3}-free graph G, we define its I's-closure G'* by the following construc-
tion.
(i) If G is Hamilton-connected, we define G'* as the complete graph.

(#7) If G is not Hamilton-connected, we recursively perform the local completion operation
at such feasible sets of vertices for which the resulting graph is still I'3-free, as long as
this is possible. We obtain a sequence of graphs Gy, ..., G} such that

G, =G,

Git1 = (Gy)yy, for some set M; C V(G;),i=1,...,k—1,

G}, has no hamiltonian (a,b)-path for some a,b € V(Gy),

for any feasible set M C Vyg(G}), (G),, contains an induced subgraph isomor-
phic to I's,

and we set G'3 = Gy,.



A resulting graph G'* is called a I'3-closure of the graph G, and a graph G equal to (some) its
['s-closure is said to be I's-closed. Note that for a given graph G, its ['s-closure is not uniquely
determined.

The following two theorems give basic properties of the I's-closure operation, proved in
[10] (for the graphs Wy, Wy, P? and P27, see Fig. 5).

wy Wy ) v ) v
Wi W, 2 U1 3 p2+ U 3

4 Py 6
w W9
B o c " ’
Wq w3 W3

Figure 5: The 5-wheel Wy, the 4-wheel W), and the graphs P? and P2*

Theorem I [10]. Let G be a {K 3,3 }-free graph and let G'* be its I's-closure. Then G"3
is {Kl’g, W5, W4, P627 P62+}—f1'€6.

To show that G'* is a line graph of a multigraph, by Theorem B, it is sufficient to show
that G'* does not contain as an induced subgraph any of the graphs G4, ..., G; of Figure 3.
Since G ~ K, 3, G ~ W5, each of the graphs G5, G, G7 contains an induced Wy, G ~ PZ,
and G4 ~ P?", Theorem I immediately implies the following crucial fact.

Theorem J [10].  Let G be a {Kj3,'s}-free graph and let G be its T's-closure. Then
there is a multigraph H such that G** = L(H).

Further structural properties of a I's-closure of a graph and of its preimage will be shown
in Section 5 (Lemma 2 and Lemma 3).

The following results will be useful to identify feasible vertices.

Theorem K [16]. Let G be a claw-free graph and let x € V(G) be locally 2-connected in
G. Then G is Hamilton-connected if and only if G, is Hamilton-connected.

Thus, in our terminology, Theorem K says that a locally 2-connected vertex is feasible.

Lemma L [17].  Let G be a claw-free graph, x € V(G), and let H c (Ng(z))e be a
2-connected graph containing two disjoint pairs of independent vertices. Then x is locally
2-connected in G.

Note that if a vertex z € V(G) is feasible by virtue of Theorem K (i.e., x is locally 2-
connected in G), then, for any y € V(G) y # =z, x is locally 2-connected also in G;, but
(Ngz ()@ can be complete (if Ng(2) C Ng(y)). Thus, for any y € V(G), x is feasible or
simplicial in G;.

We thus define more generally: a set M C V(G) is weakly feasible in G if the vertices in
M can be ordered in a sequence xq,...,x; such that z; is feasible in Gy = G, and z;,; is
feasible or simplicial in G; = (Gi_l);, t=1,...,k— 1. Thus, similarly, if G is not Hamilton-
connected and M C V(G) is weakly feasible in G, then G, is still not Hamilton-connected
and all vertices of M are simplicial in G,.



5 Proof of Theorem 1

In the proof, we will need the following three lemmas. Let D be the diamond (see Fig. 6(b)),
and D' and D? the diamond in which one or two of the edges ac;, i = 1,2, are subdivided,
respectively (see Fig. 6(c), (d)). We will use the labeling of the vertices of D, D' and D? as
in Fig. 6.

Lemma 2. Let G be a 3-connected { K, 3,I's}-free graph that is not Hamilton-connected,
let G be its I's-closure, and let H = L™*(G). Then
(1) H does not contain as a subgraph the diamond D,
(17) for any triangle T C H, every vertex x € V(T') has a neighbor in V(H) \ V(T),
(iti) H contains as a subgraph neither the graph D' such that Ny(dy) = {a,ci}, nor the
graph D? such that Ny (d;) = {a,c;},i=1,2.

D a D1 a D2 a

(> > @ @
b b b
(a) (b) (¢) (d)

Figure 6: The multitriangle, the diamond D, and the graphs D' and D2

Proof. (i) If H contains a subgraph F ~ D, then, since L(D) = Wy, G is not Wj-free,
contradicting Proposition I.

(77) Let T' = ujuqug be a triangle in H, denote e; = ujus, s = ugug, e3 = uzuy, v; = L(e;),
i = 1,2,3, and suppose, to the contrary, that Ng(u;) = {ug,us}. By Theorem G(vi) and
Lemma H, G is not UM-closed, hence some of the vertices vy, vs, v3 is feasible in G, implying
that some of the edges ey, es, e3 is contractible in H. By the definition of the I's-closure, some
G;, i € {1,2,3}, contains an induced T's, i.e., the corresponding subgraph H|., contains an

L71(T'3). We will use the labeling of the vertices of I's and L™(T'3) as in Fig. 4.
By symmetry, it is sufficient to consider the cases when v; or v, is feasible.

Case 1: v is feasible in G.

Then the edge e; = ujuy is contractible in H, and H|®* contains a subgraph F such that
L(F) =T3, ie., F is one of the three graphs in Fig. 4.

Let ujp € V(H]|e,) be the vertex obtained by identifying u; and wus. Clearly, un € V(F)
(otherwise also F' C H), and at least one of the edges ujoug is in E(F') (since Ny (uy) =
{ug,uz}). If ujpus = ¢;qi11 for some i € {1,2,3,4}, then also F' C H, a contradiction.
Hence, up to a symmetry, ujous = s12q;. Then, replacing in F' the edges (ui9u3)!, (uious)?
by ujus, usus (if ¢ = ug), or by ujus, uyus (if ¢ = uis), we have an L=YT3) in H, a
contradiction.
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Case 2: v, is feasible in G.

Then the edge e = upus is contractible in H and H|., contains a subgraph F ~ L~1(T'3).
Since Ny, , (u1) = {uas}, by symmetry, usz € {q1,q2, 3}

If ugs = ¢y, then it is straightforward to obtain an L™(T'3) in H.

Let us3 = q. Then, replacing in F the edges ¢1q2 and ¢151, 152 (or (q1512)%, (q1512)%) by
the edges uous, usur, uaqy (if us = qo), or usus, usui, usq (if us = qo), we have an L=1(T'3)
in H.

Finally, let us3 = ¢3. By symmetry, choose the notation such that, in H, qus € E(H)
and quug € E(H). Since Ny(u1) = {ug, us} and {gous, usqs} cannot be an essential edge-
cut in H, us or uz has a neighbor w € V(H) \ (V(F) U {u1,ug,uz}). By symmetry, let
usw € E(H). Then the edges (512611)la (312(11)2 (or s1¢1,52q1) and qiq2, gous, Usuy, Ujug,
u3qs, ugw determine an L~(T'3) in H, a contradiction.

(ii7) Suppose that H contains a subgraph F' € {D', D*} such that Ny (d;) = {a, ¢}, and
if F = D? then also Ny(ds) = {a,cy}.

We first show that, in each of the cases, the subgraph F' is contractible to a double edge
with some pendant edges (i.e., the subgraph ' C H contains some contractible subgraphs such
that their contraction turns F' into a double edge plus some pendant edges). This will imply
that L(H) is not UM-closed, implying that L(H) (where H is the multigraph obtained from
H by the contractions) is still not Hamilton-connected. Consequently, L(H) must contain an
induced I'3, and we show that this is not possible.

Case 1: the edges ady, cidy, and ads, cady if F' = D?, are simple.
Then co(H) contains a diamond, thus, by Theorem G(vi), L(H) is not UM-closed, implying
that some edge f € F(F) is contractible.

Subcase 1.1: F = D!

First, if f € {ady, c1dy, c1b}, then Fy = F|; is a diamond, hence L(ab) has a 2-connected
neighborhood in Hy = H|y, implying that ab is contractible in Hy. Then, in Hy = Hi|a,
F contracts to two double edges. By Theorem G(vi)(/3), one of the double edges is
contractible, and its contraction yields a double edge (plus some pendant edges).

Secondly, if f = ab, then F|; is a triangle with a vertex of degree 2 plus a double edge. By
Theorem G, some of the edges of the triangle is contractible and the contraction yields a
double edge (plus some pendant edges).

Finally, if f € {acq, bca}, then Fy = F|; is the graph with edges ady, ¢1dy, ¢1b and a double
edge ab, and since d; is of degree 2, F corresponds to a multitriangle in co(H|s). Thus, by
Theorem G(vi), some edge f1 € E(F})is contractible in Hy = H|;. If fi € {ady, c1dy, ¢1b},
then F, = Fi|y, is a multitriangle, ab is contractible in Hy = H;|f, (since it has 2-
connected neighborhood), and Fy|,, yields a double edge. If f; = ab, then Fy = Fily is a
triangle with a vertex of degree 2, and a contraction of any of its edges (by Theorem K)
yields again a double edge (plus pendant edges).

Subcase 1.2: F = D2
If f € E(F)\ {ab}, then F; = F|; ~ D" and we are in some of the previous cases. Thus,
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let f = ab. Then F} = F'|; consists of two triangles, each with a vertex of degree 2, which
by Theorem G and Lemma H yields again a double edge.

Case 2: some of the edges ady, cidy, and ady, cady if F = D?, is multiple in H.
In this case, we have the following fact.

Claim. FEach of the edges ad,,cidi, and ads, cody if F' = D?, that is multiple in H, is
contractible.

Proof.  Suppose that some f € {ad;, ¢1d;} is multiple but not contractible.

First observe that the edge ab is not contractible, since otherwise, in F|,;, the edges ady, ¢1d;
and ¢1b create a multitriangle in which f is in a multiple edge, hence L(f) has 2-connected
neighborhood and f is contractible, a contradiction. Thus, ab is not contractible, specifically,
ab is simple.

If both ad; and ¢;d; are multiple, then one of them is contractible (by Theorem G(vi)), and
its contraction yields again a multitriangle with f in multiple edge, implying contractibility
of f, a contradiction. Thus, exactly one of the edges ad;, cid; is multiple.

Now, if F' = D!, then abc, is a triangle, and since f is a noncontractible multiedge, some
of the edges acy, beo is contractible, implying contractibility of ab, a contradiction. Thus,
F = D%

If none of the edges ady, cads is multiple, then abcy is a triangle in co(H). Since f is
a noncontractible multiedge, some of the edges ads, cady is contractible, implying again
contractibility of ab, a contradiction. Thus, some edge f; € {ads, cody} is multiple. But
then again, by Theorem G(vi), fi is contractible, implying, as before, contractibility of ab,
a contradiction. O

We summarize that some edges of F' are multiple, and each multiple edge of F' is contractible.
But now, contracting some of the multiple edges of F', in each of the cases, we are in some of
the previous cases. Thus, we conclude that F' can be contracted to a double edge plus some
pendant edges, and for the resulting multigraph H, L([:I ) is still not Hamilton-connected.

By the definition of the I'3-closure, H contains a subgraph F~ Lt (I'3). Moreover, observe
that, in each of the cases, the contraction of F' to a double edge contracts some of the two
“subdivided triangles” of F' to a vertex (plus some pendant edges). More specifically, either
the subgraph F! with edges ady,d;c1, ;b and ab, or the subgraph F? with edges ady, dacy (or
acy if F'= D), cob and ab, is contracted to a vertex plus pendant edges, and this turns F into
a double edge (plus some pendant edges). Thus, at most one of the edges of F is an edge of
F'. Denote the vertices of F as in Fig. 4.

We will consider the vertex of H resulting from the contraction of F! or F? as a “new”
vertex, and will distinguish cases according to which of the vertices of F is new, and, subject
to this, which of the edges ¢;qi11, © = 1,2,3,4, is an edge of F'. To reach a contradiction, in
each of the cases, we will list edges of an L™(T's) in H. We will also list which part of F (i.e.,
F' or F?) corresponds to the new vertex, and its vertices that are used in the L=!(T'3) in H.
The cases and subcases are distinguished up to a symmetry, and, in symmetric situations, we
will always list the possibility that F! is contracted (note that if FF = D!, it is possible that
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the L™1(T'3) in H uses the edge ad; or ¢;d; when F! is contracted, while it uses the edge ab
if F? is contracted, and we consider these situations also symmetric). In all cases, when the
edges ¢151 and ¢;59, or @583 and ¢5s4 are used, it is always implicitly understood that there is
also a possibility of a double edge ¢;s12 or g534.

Case 1: ¢ is new. )
Then possibly E(F) N E(F) = 0 or ¢1g2 € E(F), and (up to a symmetry) ¢; € {c1,b} if
G1q2 ¢ E(F), and ¢; = b if q1qo € E(F). We thus have the following possibilities.

E(F)NE(F) q1 | edges of an L™H(T'3) in H

Fl; c1 | cidy, c1b, c1G2, G293, G344, 4445, G553, 4554
0 F' b | bey, ba, bgz, g2qs, 43ds, 4ags, 4553, 4554

Q12 =bcs | ;b | bey, ba, bes, ¢ags, G344, Gags, G553, G554

Case 2: ¢ is new. .
In this case, possibly E(F) N E(F) = 0, qig2 € E(F), or g2q3 € E(F), and we have the
following possibilities.

E(F)NE(F) g2 edges of an L™Y(T'3) in H
0 F'a,b | bey, bqy, ba, ags, q3qs, 4ags, 4553, 4554
Qg2 =bey | F'yb,cq | beg, ba, bey, €163, 434, 4aGs, 4553, G554
Qg =bey | F'b | ady, ady(acs), ab, bgs, q3qa, Gags, G553, 4554
¢2q3 = bcy Fl; b,ci | c1dy, ciqr, €1, bea, caqa, ags, 4583, @554
¢2q3 = bcy FZ; a,b | aqi,ab,ady,dicy, 194, qaqs, G553, G554

Case 3: (3 is new. )
In this case, possibly E(F)NE(F) =0, gags € E(F), or gsqu € E(F); however, the last two
possibilities are symmetric and we therefore consider only the first of them.

Subcase 3.1: ¢.q5 € E(F).
Then we have the following possibilities.

E(F)NE(F) ¢ edges of an L™!(T'3) in H
G243 = acs Fl; a, cy | €241, 62d2(02b)7 C2Q, GC1, C144, 4445, 4553, 554
¢2q3 = C1b F2; a,b c1q1, a1, cidy, dia, aqy, qags, 4553, 4554

Subcase 3.2: E(F)N E(F) = 0.

Since one of F', F? is contracted and d;, dy have no neighbors outside F, the vertices ¢y
and ¢4 are adjacent in H either to a and b, or to one of a,b and one of ¢;,cy. So, up to a
symmetry, either goa, gub € E(H), or Ny(q2) N {c1,ca} # 0 and Ny(qs) N {a, b} # 0.

Subcase 3.2.1: qa,qb € E(H).
If F = D' then the edges qi51,q159, 102, G2, acs, cab, by, be; determine an L=1(T'3)
in H, a contradiction. Hence F = D?.

If bey is a double edge in H, then the edges q151, q152, q1q2, G2, ady, dicy, (c1b), (c1)?,
and if ad; is double in H, then the edges (ad)', (ady)?, dicy, c1b, bqs, quqs, G583, G554
determine an L~(T'3) in H. Thus, pug(ad;) = py(bey) = 1. Since {ady, bey} cannot be
an essential edge-cut, ¢; has another neighbor z € V(H). We show that z cannot be
any of the vertices sq, s (or $12), g1, 2, a.
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z | edges of an L™1(T'3) in H

S1 | 182,192, 151, S1C1, C1b, ba, ady, ady

S12 (512611)1, (512Q1)2, S12€1, C1b, bq4, qaqs, 4553, 4554

Q1 | @151, 182, q1¢C1, C1b, bq4, qug5, G583, G554

Q2 | 92q1,G2a, q21, €10, bq4, q4G5, G553, 554

a | agqy,ady,acy, c1b, bqs, quqs, 4583, G554
But then the edges ¢151, 182, (142, @20, ady, dic1, ¢z, c1b determine an L™1(T'3) in H, a
contradiction.

Subcase 3.2.2: Ny(q2) N{c1,ca} # 0 and Ny(qs) N {a, b} # 0.
Let Go € {c1,¢2} and @y € {a,b} denote the neighbor of ¢, or ¢4 in F, respectively.

Suppose first that g = ¢;. Then either g4 = a, or g4 = b.
s | edges of an L71(T'3) in H
a | q151, 152, q1G2; G2¢1, C1dy, dra, ab, agy
b | 181, 152, 142, @2¢1, c1d1, dya, ab, ads(acy)
We get a symmetric contradiction if ¢ = ¢, and F' = D?. Thus, we have ¢, = ¢y and
F = D' (and either g4 = a, or @4 = b).
We now show that none of the edges adi,bc; can be a double edge. Suppose the
opposite. Then we have the following possibilities.

double edge | edges of an L=1(I's) in H
ady G151, 152, q1G2, G2C2, C2b, ba, (ad1>1; (ad1)2
by G151, 152, q1G2, G2C2, C2a, ab, (501)17 (501)2
Thus, pg(ady) = pp(bey) = 1. Since {ad;, be;} cannot be an essential edge-cut, ¢;
must have another neighbor z € V(H). Clearly z # c¢» (since then we would have a
diamond in H). We show that z cannot be any of the vertices s, so (or $12), 1, G-

z | edges of an L™1(T'3) in H
s1 | 152, q1G2, 4151, 51€1, C1b, ba, ady, acy
S12 (8126]1)1, (5126]1)2, s12¢1, €1dy, dya, acy, caqa, Cob
@ | @181, @182, qic1, c1dy, dya, acy, Caqa, C2b
Q@2 | @151, q152, 192, @2€1, C1dy, dya, acy, ab
But then the edges 151, q152, 1q2, G2C2, Cab, bey, ¢1dy, ¢z determine an L=Y(T'3) in H, a
contradiction. -

The next lemma will describe some structural properties of a minimal counterexample to
Theorem 1. Here, we say that a graph is minimal with respect to a property P, if G has P,
but for every vertex € V(G), G — x does not have P.

For an integer r > 2, K% will denote the family of multigraphs that can be obtained from
the complete bipartite graph Ks, = ({vi,ve}, {w1,ws, ..., w,}) by replacing at least one of
the edges w;v1, w;vs with a double edge (for an example, see Fig. 7(b)). Similarly, K27, will
denote the family of multigraphs obtained by identifying endvertices of r vertex-disjoint paths
P} = vjw;zjve, i = 1,2,...,r, and, for each i = 1,2,...,r, by replacing at least one of the
edges of the P} with a double edge (for an example, see Fig. 7(c)).
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Figure 7: The graph Ks,, a multigraph from K% and a multigraph from K%4.

Lemma 3. Let G be a minimal 3-connected { K 3, I's }-free non-Hamilton-connected graph,
let G be its T'3-closure, and let H = L~Y(G). Then
(1) every vertex x € V(H) is incident with at most two pendant edges,
(i7) every edge e € FE(H) that is in a cycle of length at least three has multiplicity u(e) < 2,
(i4i) H does not contain as a subgraph the graph Ks 4 such that its vertices of degree 2 are
of degree 2 in H,
(iv) H does not contain as a subgraph a multigraph from K}/, such that every vertex of
Ui, Nu(w;) \ {v1,v,} has degree 1 in H,
(v) H does not contain as a subgraph a multigraph from K}}, such that Ny (w;) = {v1, 2}
and Ny (z) = {vo, w;}, i = 1,2, 3,4.

Proof. (i) By the assumption of the lemma, H is essentially 3-edge-connected, not con-
taining an L=(T'3), and H does not have an (e, f)-IDT for some e, f € F(H). Suppose that
H contains s > 3 pendant edges at a vertex x € V(H), choose s — 2 of them such that none of
them is e or f, and let H' be obtained from H by removing the chosen s — 2 pendant edges.
Then clearly H' is still essentially 3-edge-connected, not containing an L~'(I'3), and H’ does
not have an (e, f)-IDT. Since |V (L(H"))| = |V(G)|—(s—2) < |V(G)|, we have a contradiction
with the minimality of G.

(1) Similarly, suppose that pg(e) = s > 3 for some edge e = ab € E(H), lete, f € E(H) be
such that H has no (e, f)-IDT, choose the notation such that none of the edges (ab)?, ..., (ab)*
is any of e, f, and let H' be obtained by from H by removing the edges (ab)?,. .., (ab)*. Then
clearly H' contains no L7!(T'3), no (e, f)-IDT, and since e = ab is in a cycle of length at
least 3, H' is also essentially 3-edge-connected. Thus, the graph G’ = L(H') contradicts the
minimality of G.

(¢43) Suppose that H contains a subgraph F' o~ Ky 4 = ({v1, v2}, {w1, w2, w3, ws}) such that
dy(w;) = 2,i=1,2,3,4. Then in co(H) we have p(viv2) = 4, hence H is not UM-closed by
Theorem G(vi). Thus, some of the edges w;v; is contractible. Choose the notation such that
vjw; is contractible and set Hy = H|y, and Gy = L(Hy). Then, in Gy, (Ng, (L(v1v2)))c,
is 2-connected by Lemma L, hence vjvs is contractible by Theorem K. Set Hy = Hi|y,4, and
Go = L(H3). Then, in H,, the whole F' contracts to a single vertex plus 8 pendant edges, and
(75 is still 3-connected and not Hamilton-connected.

Let now H’ be obtained from H by replacing the subgraph F' with the graph F' = Ky 3 =
({v1,v9}, {w1, we, w3}). Then, analogously, vv;y is a triple edge in co(H'), viw; (say) is con-
tractible in H’, and (Ng; (L(v1v2)))q is 2-connected in G} = L(H}), where H} = H'|,,,. In
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H), = H{|,,v, then F’ contracts to a single vertex plus 6 pendant edges. Moreover, G' = L(H’)
is 3-connected, and G’ is Hamilton-connected if and only if G, = L(H)) is Hamilton-connected.

Since Hy and HJ differ only in number of pendant edges at the vertex resulting from
contracting F' or F’, respectively, G} is also not Hamilton-connected, implying G’ is not
Hamilton-connected. Since G’ is an induced subgraph of G, G’ is I's-free. Thus, G’ contradicts
the minimality of G.

(1v) Suppose that H contains a submultigraph F' € Ké‘ﬁ satisfying the assumptions of the
lemma. Note that, by part (i7), every edge of F' has multiplicity 1 or 2, and, by the definition of
Ké‘ﬁ, at least one of the edges w;vy, w;vy has multiplicity 2, ¢ = 1,2,3,4. For each i = 1,2, 3,4,
let f; be one of the edges w;vy, w;vy with p(f;) = 2.

By Theorem G(vi)(f3), some three of the edges fi, f2, f3, f4 are contractible, and we choose
the notation such that the contractible edges are fs, f3 and f4.

Let H' be the multigraph obtained from H by removing the vertex w, and possibly the (by
(7) at most two) its neighbors of degree 1. Observe that H’ is also essentially 3-edge-connected.

Set Hy = Hlyy, f5,5y and H{ = H'[{4, 3. Then in H the submultigraph F' contracts to a
graph with vertices vy, v9, wy, one multiple edge vivs, and two edges wyv; and wyvs, at least
one of them being multiple. In H’, F’ contracts to the same structure with the only difference
that pp (v1v2) < pg(vive). More specifically, since the multiple edge vv9 results from 3 edges
in H but 2 edges in H', we have pg(v1v2) > pgr(vivg) + 1.

Again by Theorem G(vi)(8), one of the multiple edges in contractible, resulting in an edge
with multiplicity at least 3 (both in H and in H’), and another application of Theorem G(vi)
contracts the whole F'in H (or F’ in H’) to a single vertex with some pendant edges. Thus,
the multigraphs H|p and H'|p are isomorphic up to a different number of pendant edges at
the vertex resulting from contracting F' (or F”). Consequently, L(H |r) is Hamilton-connected

if and only if L(H'|p/) is Hamilton-connected, implying that G’ is not Hamilton-connected.
Since H' is essentially 3-edge-connected, G’ is 3-connected, and G’ is I's3-free since G’ fael

Thus, the graph G’ contradicts the minimality of G.

(v) Suppose that H contains a subgraph F € K%g4. First observe that if, say, w;z; is
a double edge, then the edges (w;z1)!, (w121)?, wivy, Viws, Wa2e, 20V, V223, Voz4 determine an
L7YT3) in H, a contradiction. Thus, by symmetry, all edges w;z;, ¢ = 1,2,3,4, are simple
edges.

By Theorem G(vi)(f3), all multiple edges in F', except for possibly one, are contractible.
Choose the notation such that the (possibly) noncontractible double edge is the edge vjwy,
and let F be the subgraph of F' consisting of P2, P} and P{. Let F, be the set of contractible
edges of F, and set H;, = H|p,. Then, in Hy, each of the paths P}, i = 2,3, 4, contracts either
to an edge viv; plus 4 pendant edges (if |E(P{)NFE,| = 2), or to a (vy, v;)-path of length 2 with
interior vertex of degree 2, plus 2 pendant edges (if |[E(P}) N F.| = 1). Thus, the subgraph
F| = F|Fc C H; corresponds in co(H;) to a triple edge v1ve. By Theorem G(vi), Hy is not
UM-closed, hence some of the edges of Fy, say, e, is contractible.

If e = vyvq, then in Hy = H;|. the whole F contracts to a single vertex plus some pendant
edges. Otherwise, e is an edge of a (v, vy)-path of length 2, and then in Hy = Hi|. the
(v1, v9)-path is replaced with an edge vvy (plus a pendant edge); and repeating the argument,
we are in the first case. Thus, in each of the cases, the contractions result in the graph Hs,
in which F is contracted to a single vertex (plus pendant edges). The graph G, = L(H,) is
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3-connected since clearly Hy is essentially 3-edge-connected, and, by Theorem G(iii), G is
not Hamilton-connected.

Let now H’ be obtained from H by replacing the subgraph I’ with F’ € Ké\g, and choose
again the notation such that the (possibly) noncontractible multiedge is the double edge v;w.
Let F” be the subgraph of F’ consisting of P? and P3. Then clearly H' is also essentially 3-edge-
connected, hence G' = L(H’) is 3-connected. Moreover, H'|p is the same multigraph as Hs,
with only different number of pendant edges at the vertex resulting from contracting F (or F,
respectively). Consequently, L(H’|f) is not Hamilton-connected, hence G’ = L(H’) is also not
Hamilton-connected (since L(H|p/) was obtained from G’ by a series of local completions).
Since G’ is an induced subgraph of G, the graph G’ is I's-free, hence G’ contradicts the
minimality of G. [ |

The following lemma will be crucial in the proof of Theorem 1 for graphs containing a small
cycle. In the lemma, CJ! denotes the multigraph obtained from the cycle Cy = zoxy ... 25 by
adding one parallel edge to each of the edges xor;, z3x4 and xgr7, and F denotes the finite
family consisting of all multigraphs listed in the file F.txt available at [24]. We will folow the
labeling of vertices of some special graphs as introduced in Figures 6 and 7.

Lemma 4. Let G be a I's-free line graph of a multigraph and let H = L™'(G). Then
H € F if and only if H satisfies all conditions (1), ..., (8) and every subgraph F of H satisfies
each of conditions (9), ..., (14):
(1) each vertex of H has at most two neighbors of degree 1,
(2) each multiedge of H has multiplicity at most 2,
(3) H contains Cy, as a subgraph for some k € {7,...,10},
(4) H does not contain D as a subgraph,
(5) H does not contain C}' as a flat subgraph,
(6) at least 10 vertices of H have degree at least 3,
(7) H is essentially 3-edge-connected,
(8) H is essentially 2-connected,
(9) if F ~ K3, then every vertex of F' has at least three neighbors in H,
(10) if F ~ D', then every vertex of F' has at least three neighbors in H,
(11) if F =~ Ky 4, then 3+ [Ny (w;)| > 8,
(12) if F ~ D?, then |Ng(c1)| + |Nu(c2)| > 4 and |Ng(dy)| + | Ng(do)| > 4,
(13) if F € K}, then ey oy gy | Vit (w)] > 16,
(14) if F € K3}, then some vertex of Uj_; Ny (w;) \ {v1,v,} has degree at least 2 in H.

Proof. We prove the lemma with the help of a computer. To this end, we design an
algorithm that essentially checks all possible candidates for the multigraph H and generates
a plain text full proof of the lemma. The source code and the full proof can be found at [24].
Here, we explain the logic behind the algorithm and show that, indeed, it proves the lemma.

The general approach of the algorithm is to start with a small graph and test all relevant
extensions, step by step, until it is clear that no multigraph obtained by further extensions
can possibly satisfy the lemma. Given a multigraph M and sets U C V(M) and R C Eg(M),
we consider two types of extensions denoted by A(M,U) and M(M, R) as follows:
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e A(M,U) is the family of all possible multigraphs M™ obtained from M by adding a
vertex v such that v is incident with no multiedge in M and |Ny+(v) NU| > 1, and if
dar+(v) = 1 then v has at most one twin in M,

e M(M, R) is the family of all possible multigraphs M ™ obtained from M by multiplying

an edge of R.
We write A(M) as a short for A(M,V(M)), and similarly M(M) for M(M, Es(M)).
For every k € {7,...,10}, the computer considers all graphs on k vertices containing Cj

(but containing no C; subgraph where 7 < ¢ < k — 1). For each of these graphs, it tests all
relevant extensions by calling INVESTIGATE(), see Algorithm 1.

Algorithm 1 Recurrent investigation of M, the algorithm branches on B C A(M)U M (M)

1: procedure INVESTIGATE(M )

2 if L(M) is I's-free and M contains no subgraph D and no flat subgraph C3 then
3 if conditions (6), ..., (14) are all satisfied then

4: add M to F.txt

5: set B=A(M)UM(M)
6

7

8

9

else
choose a violated condition p from (6), ..., (14) at random
set B = GET_ALL_SOLUTION_ATTEMPTS(M, p) > see Algorithm 2
for each M* € B do
10 INVESTIGATE(M ™) > recurrence on extended multigraphs

We should note that considering all extensions of A(M) U M(M) in each iteration is not
desirable since it leads to infinite families of multigraphs satisfying the condition on line 2 of
Algorithm 1 (and hence the process never finishes). The key idea of the proof is to choose
a particular violation of a condition from (6), ..., (14) and to test just all extensions po-
tentially helping to solve this violation (see lines 7 and 8 of Algorithm 1). It turns out that
every branch of this investigation is finite since at some point each M* € B fails to sat-
isfy the condition on line 2 of Algorithm 1. The relevant extensions are obtained by calling
GET_ALL_SOLUTION_ATTEMPTS(), see Algorithm 2.

We now show that the algorithm, indeed, proves the lemma. It suffices to show that a
multigraph H is added to F.txt by the algorithm if and only if H completely satisfies the
hypothesis of the lemma.

We first consider a multigraph H added to F.txt and we show that it satisfies the hypoth-
esis of the lemma. We recall that H is obtained from a simple graph on k vertices containing
C) where k € {7,...,10} by iteratively applying extensions A() and M(), and we note that
H has the following properties:

e H contains neither loops nor pendant multiedges,

e H satisfies conditions (1), (2) and (3).

In particular, we note that pendant simple edges of H precisely correspond to simplicial
vertices of L(H), and thus H is a preimage of a line graph of multigraph. Since H is added
to F.txt at line 4 of Algorithm 1, H satisfies the conditions on lines 2 and 3 of Algorithm 1.
We conclude that H is a preimage of a I's-free line graph of multigraph and H satisfies all
conditions (1), ..., (14).
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Algorithm 2 Choose a particular problem of type p at random and return all relevant solution
attempts

1: procedure GET_ALL_SOLUTION_ATTEMPTS(M, p)

3
4
5:
6:
7
8
9

10:
11:
12:
13:
14:

15:
16:
17:

18:
19:
20:

21:
22:
23:

24
25:
26:

27:
28:
29:

30:
31:
32:
33:

if p is (6) then
set R as the set of all edges from Fg(M) incident with a vertex of degree 2 in M
return A(M)U M(M, R)
if p is (7) then
choose an essential 2-edge-cut {e, [}
if {e, f} C Es(M) then
choose a non-trivial component C' of M — {e, f}
return A(M,V(C)) UM(M,{e, f})
else > M has an essential cutvertex
reset p = (8)
if p is (8) then
choose an essential cutvertex u and a non-trivial component C' of M — u
return A(M,V(C))
if p is (9) then
choose a vertex u of a K3 subgraph such that | Ny (u)| = 2
return A(M, {u})
if p is (10) then
choose a vertex u of a D' subgraph such that |Nys(u)| = 2
return A(M, {u})
if pis (11) then
choose a Ky 4 subgraph such that 327 | [Ny (w;)| = 8
return A(M,{wy,...,wy})
if p is (12) then
choose a D? subgraph such that |Nys(c1)| + |Na(c2)| =4 > or dy,dy by symmetry
return A(M, {c1,c2})
if p is (13) then
choose a subgraph F' € K}/, such that D eV (F)\ o100} [Nar(w)| = 16
return A(M,V(F)\ {v1,v2})
if p is (14) then
set U = Ui, Nar(w;) \ {v1,v2}
choose a subgraph F' € Ké‘ﬁ such that each vertex of U has degree 1 in M
return A(M,U U {ws, ..., wy})
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Next, we let H be a multigraph which satisfies the hypothesis of the lemma, and we show
that H is added to F.txt. Since H is the preimage of a line graph of multigraph, H has
neither loops nor pendant multiedges. We show the following four claims.

Claim 1. Every flat subgraph of H satisfies the condition on line 2 of Algorithm 1.

Claim 2. Let M be a flat subgraph of H and let U C V(M) such that for every u € U, all
vertices of Nys(u) of degree 1 in M also belong to U. If there is a vertex x of V/(H)\V (M) such
that [Ny (x) NU| > 1, then H contains a multigraph M+ from A(M,U) as a flat subgraph.

Claim 3. Let M be a flat subgraph of H. If M is distinct from H, then H contains a
multigraph M™* from A(M)U M(M) as a flat subgraph (possibly M ~ H).

Claim 4. Let M be a flat subgraph of H. If M violates a condition p from (6), ..., (14),
then H contains some multigraph M™ given by GET_ALL_SOLUTION_ATTEMPTS(M,p) as a
flat subgraph.

Proof of Claim 1. For the sake of a contradiction, we suppose that H has a flat subgraph M
which fails to satisfy the condition on line 2 of Algorithm 1. Hence, M contains a subgraph
X such that L(X) =~ T'3 or contains D as a subgraph or M contains C}! as a flat subgraph.
Since M is a flat subgraph of H, every (flat) subgraph of M is also a (flat) subgraph of H.
Hence, H also fails to satisfy the condition on line 2 of Algorithm 1. In other words, L(H) is
not ['3-free or H violates condition (4) or (5), a contradiction. O

Proof of Claim 2. We let M’ be the multigraph obtained from M by adding a new vertex
adjacent by simple edges to precisely the vertices of Ny (z) NV (M). Clearly, M’ is a flat
subgraph of H. If M’ belongs to A(M,U), then we are done. Hence, we can assume that
M’ does not belong to A(M,U), and it follows that the new vertex is of degree 1 in M’ and
has more than one twin in M’. We let A be a set consisting of the new vertex and its two
twins in M’. Since H satisfies condition (1), there exists a vertex, say y, of V(H) \ V(M)
such that |[Ng(y) N A] > 1. We choose a vertex u € A such that |[Ny(y) N A\ {u}| > 1, and
we consider the multigraph M’ — u (we note that it is isomorphic to M). We let M™ be the
multigraph obtained from M’ —u by adding a new vertex adjacent by simple edges to precisely
the vertices of Ny (y) NV (M’ —u). Clearly, M* is a flat subgraph of H. Finally, we note that
the hypothesis of Claim 2 implies that |A N U| > 2. Since the vertices of A are twins in M’
and the new vertex of M is adjacent to a vertex of A, we conclude that M* € A(M,U). O

Proof of Claim 3. We discuss two cases based on V(M). For the first case, we suppose that
V(M) = V(H). We recall that H has no loops, no pendant multiedges and no multiedges of
multiplicity greater than 2. Since M is a flat subgraph of H and M is distinct from H, there is
a simple non-pendant edge e of M which corresponds to a multiedge in H. We let M ™ be the
multigraph obtained from M by multiplying e, and we conclude that M™ is a flat subgraph
of H and M™* belongs to M (M).
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For the second case, we suppose that V(M) is a proper subset of V(H). Since H is
connected, there is a vertex x of V(H) \ V(M) such that |Ng(z) NV (M)| > 1. We observe
that we can apply Claim 2 with U = V(M) and obtain a desired multigraph M. O

Proof of Claim 4. We discuss nine cases based on p.

First, we consider the case where p is (6) which stands for the fact that the multigraph M
has few vertices of degree at least 3. We use that H is connected, has no pendant multiedge
and satisfies condition (6) and that M is a flat subgraph of H, and we observe that at least
one of the following is true:

e some vertex of V(H) \ V(M) is adjacent to a vertex of V(M) in H, or

e some edge of R corresponds to a multiedge in H.

For the first item, we use Claim 2 with U = V(M) and observe that H contains a multigraph
from A(M) as a flat subgraph. For the second item, we note that H contains a multigraph from
M(M, R) as a flat subgraph. The obtained multigraph from A(M)U M (M, R) is included at
line 4 of Algorithm 2.

For the case (7), we consider the condition on line 7 of Algorithm 2 and discuss the two
options. We first suppose that the condition is satisfied, that is, {e, f} C Es(M). Since H
satisfies condition (7) and M is a flat subgraph of H, at least one of the following is true:

e some vertex of V(H) \ V(M) is adjacent to a vertex of C, or

e some edge of {e, f} corresponds to a multiedge in H.

For the first item, we consider an arbitrary vertex u of C' and note that all vertices of Ny (u)
of degree 1 in M also belong to C. Hence, we can apply Claim 2 with U = V(C). For the
second item, we note that H contains a multigraph from M(M, {e, f}) as a flat subgraph. It
follows that H contains a multigraph from A(M,V(C)) U M(M,{e, f}) as a flat subgraph,
and this multigraph is included at line 9 of Algorithm 2.

Next, we suppose that one of the edges, say e, is a pendant edge in M. We observe that at
least one of the vertices incident with f is an essential cutvertex in M. Hence, the algorithm
can reset p = (8) and continue with lines 12, 13 and 14.

For the case (8), we use that H satisfies condition (8) and M is a flat subgraph of H, and
we note that some vertex of V(H) \ V(M) is adjacent to a vertex of C. We apply Claim 2
with U = V(C'), and we conclude that H contains a multigraph from A(M,V(C)) as a flat
subgraph, and it is included at line 14 of Algorithm 2.

For the case (9), we use that H satisfies condition (9), and hence some vertex of V(H) \
V(M) is adjacent to u. Since |Ny(u)| = 2, the vertex u has no neighbor of degree 1 in M.
Thus, we can apply Claim 2 with U = {u} and conclude that H contains a multigraph from
A(M, {u}) as a flat subgraph. This multigraph is included at line 17 of Algorithm 2.

We note that the cases (10), ..., (13) are similar to (9). In each case, M contains a set,
say U, of vertices (possibly of size 1) such that no vertex of U has neighbor of degree 1 in M
and at least one vertex of U has an additional neighbor in H. Hence, Claim 2 yields that H
contains a multigraph from A(M,U) as a flat subgraph, and it is included at the respective
line of Algorithm 2.

Lastly, for the case (14) we note that H has a vertex of degree at least 2 adjacent to at
least one of the vertices wy, ..., wy. In particular, this vertex has at least two neighbors in H
since H has no pendant multiedge. Hence, there exists a vertex x of V(H) \ V(M) such that
at least one of the following is true:

e 1 is adjacent to at least one of wy, ..., wy, or
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e 1 is adjacent to a vertex u such that dy(u) = |Nar(u) N{wy,...,ws}| =1 (in particular,
adding z increases the degree of u to 2).

In other words, z is adjacent to a vertex of U = [J_, Nas[wi] \ {v1,v2} since each vertex of

Nor(w;) \{v1,v2} has degree 1 in M. Hence, Claim 2 yields that H contains a multigraph from

A(M,U) as a flat subgraph, and this multigraph is included at line 33 of Algorithm 2. O

With Claims 1, 3 and 4 on hand, we now show the desired implication. For the sake
of a contradiction, we suppose that there exists a multigraph H which satisfies the hypoth-
esis of the lemma but is not added to F.txt. We consider all flat subgraphs M of H for
which the algorithm calls INVESTIGATE(M ), and we choose such a multigraph M maximizing
> uev (v dar(u). We should also say that such M clearly exists since H satisfies condition
(3) and the algorithm calls INVESTIGATE() for the graphs on k vertices containing Cj where
k € {7,...,10}. Furthermore, since M is obtained by recurrently extending one of these
graphs by A() and M(), we note that M has no pendant multiedges.

Since M is a flat subgraph of H, M satisfies the condition on line 2 of Algorithm 1 by
Claim 1. We now discuss M subject to the condition on line 3 of Algorithm 1 and we obtain
a multigraph M™ as follows. If M satisfies this condition, then M is added to F.txt at line
4 of Algorithm 1. Hence, M is distinct from H (since H is not added to F.txt), and thus we
can apply Claim 3 to M; and we let M* be the obtained multigraph. Otherwise, M violates a
condition from (6), ..., (14), and we can apply Claim 4 to M; and we let M be the obtained
multigraph.

We consider the obtained multigraph M, and we note that M ™ belongs to B due to line 5
or 8 of Algorithm 1. Finally, line 10 of Algorithm 1 calls INVESTIGATE(M ™), which contradicts
the choice of M. Thus, every multigraph satisfying the hypothesis of the lemma is added to
F.txt which concludes the proof of the equivalence.

In order to improve runtime, our implementation of the algorithm is slightly more involved.
In the remainder of the proof, we outline details of the implementation (an interested reader
is also invited to have a look at the code and the commentary therein).

In the implementation, we keep track of solved cases (that is, we save multigraphs whose
all extension branches are finished). Later, when the computer investigates a different case,
it tests whether this is already solved and then perhaps not investigate it again (it tests
whether some of the saved multigraphs appears as a flat subgraph of the multigraph currently
investigated). The list of solved multigraphs can be easily kept short and apt in the recurrence
scheme.

In each branch, we keep track of the extensions. In particular, an extension is not investi-
gated again if it is known to lead to violating the condition on line 2 of Algorithm 1 or to a
case already solved.

Lastly, a violated condition p and a particular violation are chosen at random, but the
choice favors small |B] (it is not uniformly random, and we consider only violations whose sets
B are inclusion minimal). In fact, if there is a particular violation such that |B| = 0, then this
choice is always preferred (this means that the violation cannot be fixed even with further
extensions and the branch finishes). n

Proof of Theorem 1.  Let, to the contrary, G be a minimal 3-connected {K 3, 's}-free
graph that is not Hamilton-connected, let G' be one of its I's-closures, and let H = L™(G).
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Obviously, H is essentially 3-edge-connected since G is 3-connected. If H has a cutvertex, we
can apply our considerations to each of its (nontrivial) blocks, hence we can assume that H
is essentially 2-connected. Finally, it is straightforward to verify that if H ~ W (see Fig. 2),
then G is Hamilton-connected, hence H % W. By Theorem E(i), H contains a cycle of length
at least 9.

Moreover, we have the following fact.

Claim 1. Ifco(H) € {WUW}, then H contains as a subgraph an L™'(T'3), or G = L(H) is
Hamilton-connected.

Proof. Set H = ~co(H). First observe that if H € {W U W}, then, by Lemma 3(ii), the
multiple edge of H is of multiplicity 2, hence H € {Wj, W5}, where W, and W, are the
multigraphs shown in Fig. 8 (in which v denotes the only vertex of degree 4).

v v

W1 W2 W3

Figure 8: The multigraphs W; and W5, and the graph Wj.

Let thus H € {W, Wy, W5}, and let V; be the set of all vertices of H that are not incident
to a double edge.

It is easy to see that if a vertex x € Vj is incident in H to neither a pendant edge nor an
edge containing a vertex of degree 2, then z is not necessarily visited by an IDT in H (all
edges incident to = can be dominated without visiting x), and then it is straightforward to
verify that H has an (e, f)-IDT for any e, f € E(H), a contradiction. (Note that this fact can
be also alternatively seen by applying Lemma 5 from [12] to H and setting A = Vi \ {z} if
He~W,or A=V, U{w}\ {z} if H € {Wy,Ws}).

Thus, in H, every vertex in V] is incident to a pendant edge or to an edge containing a
vertex of degree 2. To prove the claim, it suffices to show that every such multigraph either
contains an L~!(T'3), or its line graph is Hamilton-connected. This will be done in the next
claim, since it is straightforward to verify that L(WW3) (where Wj is the graph shown in Fig. 8)
is Hamilton-connected. U

Claim 2. Let M € {W,Wy,Wh}, let E C E(M), and let V' be the set of all vertices from
V(M) that are incident to neither an edge from E nor to a multiedge in M. Let N be the
multigraph obtained from M by subdividing each edge of E with one vertex of degree 2 and

by adding one pendant edge to each vertex of V. If N does not contain a subgraph isomorphic
to L_1<F3), then N ~ Wg.

Proof. =~ We prove the lemma with the help of a computer. For each choice of M and FE,
we test the obtained multigraph N. If N does not contain L~*(T'3) as a subgraph, then the
program outputs N. The only such N is the graph W3. The source code of the proof can be
found at [25]. O
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Thus, by Theorem E(ii) and Theorem F(v), we have |V (co(H))| > 10, i.e., H has at least
10 vertices of degree at least 3.

Let now C' be a cycle in H such that C is a shortest cycle of length at least 7.

Case 1: 7<|V(C)| <8, 0r9 <|V(C)| <10 and C is not chordless.

By the assumptions and by Lemmas 2 and 3, H satisfies the assumptions of Lemma 4.
Thus, by Lemma 4, H € F. To reach a contradiction, it remains to show that for each
H € F, L(H) is Hamilton-connected. This was done with the help of a computer. For
each H € F, and for each pair of vertices of L(H), we find a hamiltonian path by using
the function ‘hamiltonian_path’ in SageMath. As a certificate of Hamilton-connectedness,
we also provide a list of these hamiltonian paths along with a simple program that verifies
this certificate. The verification is faster (less than a minute) than finding the hamiltonian
paths (a few hours). The source codes are available at [24].

Case 2: 9 < |V(C)| <10 and C is chordless, or |V (C')| > 11.
Note that, by the choice of C' and by Case 1, H contains no cycle C’ of length 7 < |V(C")| <
[V (C)|. Denote |V(C)| =r, V(C) ={zg,21,...,2.—1}, and R=V(H) \ V(C).

Claim 3.  The cycle C is chordless and for any vertices z;, x; € V(C') with distc(z;, x;) > 3,

Proof. For 9 <r <10, C is chordless by the assumption of the case. If r > 11 and x;z;
is a chord in C (i.e., diste(x;, z;) > 2 and x;2; € E(H)), then the edge z;z; creates with
one of the two parts of C' joining z; and z; a cycle C’ of length 7 < [V(C")] < r —1, a
contradiction. Thus, C'is chordless.

If r > 9, diste(z;,z;) > 3 and x;,z; have a common neighbor y € R, then similarly the
path z;yz; creates with one of the two parts of C' joining x; and z; a cycle C' of length
7T<|V(C] < |V(C)| — 1, a contradiction. O

The next several claims will be proved in a slightly more general setting for a cycle in H
satisfying the conditions given in Claim 3 (and will be therefore true also for the cycle C).
Let thus C" = yoy1 ... Y11, t = |[V(C")| > 9, be a cycle in H such that C” is chordless and
Ny (y;) N Ny (y;) = 0 for any y;, y; € V(C') with dister (yi,y;) > 3. Let R =V (H) \ V().
If Ng/(y;) # 0, we will sometimes use g; for (some) neighbor of y; in R

Claim 4. R # 0.

Proof.  Let, to the contrary, V(C’) = V(H). If there are two nonconsecutive edges ey, €3 €
E(C") N Eg(H), then {e1,es} is an essential edge-cut of H (recall that C” is chordless),
contradicting the connectivity assumption. Thus, since ¢t = |[V(C")| > 9, we can choose
the notation such that, say, {yoy1,ysys} C Ea(H). Then the edges (yoy1)', (voy1)?, v1y2,
Yol3, Y3Ya, Yays, (Usye) ', (Ysys)? determine an L=(T'3) in H, a contradiction. Thus, R’ =
V(H)\V(C") # 0. O

Claim 5. E(C")NEy(H) # 0.
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Proof. Let, to the contrary, E(C") C Eg(H). Since R’ # (), we can choose the notation
such that Ng/(yo) # 0. Then Ng(ys) = 0 for otherwise the edges y:_ 1Yo, YoYo, Yoy1, Y1Ya,
Yol3, Y3Y4, Yals, Yays determine an L~1(T3) in H. By the connectivity assumption, there
cannot be two consecutive vertices of degree 2 on C’, hence Ng/(y3) # 0 and Ng (ys) # 0.
Now, if Ng/(y1) # 0, then the edges yoy1, 191, Y12, Y2Us, Y3Ys, Ya¥s, YsJs; YsYe determine an
L=Y(T'3) in H, hence Ng/(y;) = 0, implying (by the connectivity assumption) that N (y2) #
(0. Then Ng/(ys) = 0 for otherwise the edges y1ya, av2, Y2ys, Ysys, YaYs, YsYs, Y6Js Yeyr de-
termine an L~!(T'3) in H. By the connectivity assumption, Ng/(y7) # 0, but then the edges

YoUs, UsYs, YsYa, YaYss YsYes YeYr, YrU7, Y7ys determine an L~1(I'3) in H, a contradiction. O

Thus, C’ contains at least one multiple edge.

Claim 6. " contains an edge y;y;+1 such that y;y;11 € Ey(H) and at least one of y;, yi11
has a neighbor in R'.

Proof.  Suppose, to the contrary, that Nz (y;) = Nr/(y;41) = 0 for any multiple edge v;y;.11
of C’, and choose the notation such that yoy; € Ey(H). Since {y;_1Yyo,y192} cannot be a
cutset, by symmetry, we can assume that y1y2 € Ey(H). Now {y; 1Yo, y2y3} cannot be a
cutset, implying, by symmetry, yoys € Fy(H). Repeating the argument, we have ysyg €

Ey(H), but then the edges (yoy1)', (Yoy1)?, Y1y, Y2us, YsYa, Yays, (Ysye)", (ysys)* determine
an L7Y(T'3) in H, a contradiction. O

Claim 7. Let C" = 4oy ...y+—1 be a cycle in H such that t = |V (C")| > 9, C" is chordless,
and Ng(y;) N Ng(y;) = 0 for any two vertices y;,y; € V(C") with dister(ys,y;) > 3. Then
t=0 (mod 3), and the notation can be chosen such that

(i) ifi=0 (mod 3), then Ng/(y;) # 0 and y;y;11 € Ey(H), and

(it) ifi=1 (mod 3) ori=2 (mod 3), then Np (y;) = 0 and y;y;41 € Es(H).

Recall that, specifically, the cycle C satisfies the assumptions of Claim 7 by Claim 3.

Proof. By Claim 6, choose the notation such that yoy; € Ey(H) and Ng(yo) # 0. Then
immediately Ng/(y4) = Nr/(y5) = 0 and {y4ys5, ysy6} C Es(H) (since otherwise, in all cases,
we have an L™(T'3) in H). By the connectivity assumption, necessarily ysys € Ep(H) and
Nri(ys) # 0 or yeyr € Ep(H). Then necessarily Ng/(yo) = 0 and yyy2 € Es(H) (otherwise
we have an L™'(T'3) in H). Since {y1va, y4ys} is not a cutset, Ng/(y3) # 0.

Summarizing, we conclude that Ng/(y3) # 0, ysys € Ey(H), Np(ys) = Nr/(ys) = 0, and
{yays, ysys} C Es(H), i.e., we have the requested statement for ¢ = 3,4,5. Repeating the
argument, starting with Ng/(x3) # () and y3y, € Ey(H), we get the statement for i = 6,7, 8.
The claim then follows by induction. O

Now we can apply Claim 7 to the cycle C (recall that, by Claim 3, C satisfies the assumptions
of Claim 7). Thus, we have |[V(C)| =r =0 (mod 3), which specifically implies that »r = 9
orr > 12.

For ¢ = 0,1,2, we denote X, = {z; € V(C)|i=/{ (mod 3)} and Ey = {z;x;,1 € E(C)| i =
¢ (mod 3)}. Thus, specifically, by Claim 7, Ey C Ey(H) and Ey; U Ey C Eg(H). By the
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connectivity assumption, the edges in F, U Fy cannot form a cutset of H, hence there is an
(2q,xg)-path with endvertices z,,xg € Xy and with interior vertices in R.

For the purpose of this proof, by an arc we will mean a path that is chordless and any
two vertices at distance at least 3 have no common neighbor. Clearly, if for some vertices
Za, g € Xo there is an (z,, r5)-path with interior vertices in R, there is also an (z,, z3)-arc
with interior vertices in R.

Let T be an (x,, x)-arc with interior vertices in R for some z,,z3 € Xj. Since for any two
vertices ., 25 € Xo, diste(xa,23) > 3 and C is shortest, T" is of length at least 3. The
vertices x,, x5 divide C' into two paths (called segments), and each of them, together with
T, creates in H a cycle of length at least 6. Let CT be the shorter one of these cycles (or
any of them if both segments of C' are of the same length).

Suppose first that the (z,,zs)-arc T can be chosen such that [V (CT)| > 7, and, subject to
this condition, choose T such that C7 is shortest possible. By the choice of C' and by the
previous arguments, 9 < [V(C)| < |[V(CT)|. Choose the notation such that, in the natural
orientation of C' given by increasing indices, the segment of C' that is in C7 is oriented from
To to xg, and set T' = 221 ... 2, where 2p = 7, and 2z, = .

We verify that the cycle C* satisfies the assumptions of Claim 7. This is clear for y;,y; €
V(C) (by Claim 3), and for y;,y; € V(T) (by the choice of T); so, let y; € V(CT)\ V(T)
and y; € V(CT)\ V(C). Since y; € X, by Claim 7, distc(y;, 7o) > 3 and diste(y;, 25) > 3,
hence disto(zq,v5) > 6 (by the choice of CT as the shorter one determined by z,, x5 and
T), implying [V(CT)| > 12. Thus, any chord y;y; € E(H) or a vertex in Ng(y;) N Nr(y;)
yields a cycle C” of length 7 < [V(C")| < |V (CT)|, contradicting the choice of CT. Thus, CT
satisfies the assumptions of Claim 7. This implies that t =0 (mod 3) and 2923 € En(H).
Since also T, 3742 € Ey(H), the edges (v4_3Ta—2)", (Ta—3Ta—2)%, Ta—2Ta—1, Ta—1Ta; TaZ1,
2129, (2023)1, (2223)? determine an L~Y(T'3) in H, a contradiction.

Thus, for every (z,,zs)-arc T in H with interior vertices in R, we have |V (CT)| = 6, i.e.,
t = 3 and dist¢ (24, 25) = 3. Then, replacing in C the (z,, x3)-segment (of length 3) by the
(2q,xp)-arc T, we get a cycle C” of the same length as C, and, by Claim 7, we have zyz; €
EM(H), {212272’223} C ES(H), and NR/(Zl) = NR/(ZQ) =0 (Where R = V(H) \ V(C/))
Note that, by the connectivity assumption, there is at most one (x,,xz)-segment of C' of
length 3 without any (z,,)-arc with interior vertices in R. Then it is straightforward
to verify that H has an (e, f)-IDT for any e, f € E(H), hence G'* = L(H) is Hamilton-
connected by Theorem D (for an example, see Fig. 9(a)). Alternatively viewed, L(H) is the
graph that can be obtained from a cycle by replacing each vertex with a clique and each
edge, except at most one, with at least 2 vertices of degree 3 attached to both cliques (see
Fig. 9(b)), and it is straightforward to verify that G'* is Hamilton-connected. u

6 Concluding remarks

1. Theorem 1 admits a slight extension as follows. For s > 0, a graph G is s-Hamilton-
connected if the graph G — M is Hamilton-connected for any set M C V(G) with |[M| < s.
Obviously, an s-Hamilton-connected graph must be (s + 3)-connected. Since an induced
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G — L(H) %
(0)

Figure 9: An (e, f)-IDT in H and the graph G'* = L(H).

subgraph of a { K 3, 's}-free graph is also { K 3, 's}-free, we immediately have the following
fact, showing that, in { K 3, ['s}-free graphs, the obvious necessary condition is also sufficient.

Corollary 5. Let s > 0 be an integer, and let G be a {K3,'s}-free graph. Then G is
s-Hamilton-connected if and only if G is (s + 3)-connected.

2. A T's-closure of a graph G, as defined in Section 4, is not unique in general. However,
in view of Theorem 1, it is unique on 3-connected { K 3, I's}-free graphs since each such graph
is Hamilton-connected, hence has complete closure.

3. We can now update the discussion of potential pairs X, Y of connected graphs that might
imply Hamilton-connectedness of a 3-connected {X, Y }-free graph, as summarized in [20].
As shown in [6], up to a symmetry, necessarily X = K 3, and, summarizing the discussions
from [3], [6], [7] and [13], there are the following possibilities for Y (see Fig. 1):
(i) Y = P with4 < <9,
(i1) Y = Z; withi <6, or Y = Z; forn = |[V(G)| > 21,
)

i
(v) Y e {l',I'3}, or Y =T5 forn = |V(G)| > 21.

Best known results in the direction of each of these subgraphs are summarized in Theo-
rem A, and we summarize the current status of the problem in the following table.

Y Possible Best known Reference Open

P, 4<i<9 Py 3] —

Zi i <6; Zy forn > 21 | Zg; Zy for G 2 L(WT) [19] —

B, ; 1+3 <7 1+5 <7 20] —
Nijk i+j+k<T7 i+j+ k<7 [12, 13, 14] —

Fz‘ Fl, Fg, F5 for n > 21 Fl, Fg [6], this paper F5 for n > 21

Thus, the only remaining case is the case Y = T's for n > 21 (or possibly I's for G % L(W™)).
We believe that this case is also true, and we think that it could be doable with the techniques
of this paper; however, the proof would be too technical to be reasonably handled even with
the help of a computer.
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4. The source codes of our proof-assisting programs are available at [24] and [25]. The
codes are written in Python 3.8 and use functions imported from SageMath 9.6. We thank
the SageMath community [21] for developing a valuable open-source mathematical software.
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