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Abstract

The search of spanning trees with interesting disjunction properties has led to
the introduction of edge-disjoint spanning trees, independent spanning trees
and more recently completely independent spanning trees. We group together
these notions by defining (¢, j)-disjoint spanning trees, where ¢ (j, respectively)
is the number of vertices (edges, respectively) that are shared by more than
one tree. We illustrate how (i, j)-disjoint spanning trees provide some nuances
between the existence of disjoint connected dominating sets and completely
independent spanning trees. We prove that determining if there exist two (i, j)-
disjoint spanning trees in a graph G is NP-complete, for every two positive
integers ¢ and j. Moreover we prove that for square of graphs, k-connected
interval graphs, complete graphs and several grids, there exist (i,7)-disjoint
spanning trees for interesting values of ¢ and j.

Keywords: Spanning trees, Independent spanning trees, Disjoint connected
dominating sets, Completely independent spanning trees, Grid.

1. Introduction

The graphs considered are assumed to be connected, since spanning trees are
only interesting for connected graphs. Let k > 2 be an integer and T1,..., T}
be spanning trees in a graph G. The spanning trees 11, ..., T} are edge-disjoint
if Ur<oco<iE(Ty) N E(Ty) = 0. A vertex is said to be an inner vertez in a
tree T if it has degree at least 2 in T" and a leaf if it has degree 1. We denote
by I(T) the set of inner vertices of tree T. The spanning trees T4,..., T} are
internally vertex-disjoint if I(Ty),...,I(Ty) are pairwise disjoint. Finally, the
spanning trees 11, ...,T} are completely independent spanning trees if they are
both pairwise edge-disjoint and internally vertex-disjoint.

In this paper, we introduce (i, j)-disjoint spanning trees:

Definition 1.1. Let k > 2 be an integer and Ty, ..., Ty be spanning trees in a
graph G. We let I(Ty,...,Ty) ={u € V(G)|3,0 v e I(Ty) N I(Ty), 1 <L <
0 < k} be the set of vertices which are inner vertices in at least two spanning

Preprint submitted to FElsevier November 7, 2017



trees among Ty, ..., Tk, and we let E(Ty,...,Ty) = {e € E(G)|3, ¢/, 1 <l <
U<k, ec E(Ty)NE(Ty)} be the set of edges which belong to at least two span-
ning trees among T1,...,Tk. The spanning trees Ti,..., Ty are (i,j)-disjoint
for two positive integers i and j, if the two following conditions are satisfied:

i) [I(Ty, ..., Tg)| <4
ii) |B(Ty,..., Ty)| < j.

By * we denote a large enough integer, i.e. an integer larger than max(|E(G)|, |V (G)]),
for a graph G. Remark that (0,0)-disjoint spanning trees are completely inde-
pendent spanning trees and that (x,0)-disjoint spanning trees are edge-disjoint
spanning trees. Notice also that there are infinitely many (i, j)-disjoint trees
in G, for i > 4.(G) and j > |[V(G)| — 1, 7.(G) being the minimum size of a
connected dominating set in G (one can repeat infinitely the same tree with
7.(G) inner vertices).

1.1. Related work

Completely independent spanning trees were introduced by Hasunuma [12]
and then have been studied on different classes of graphs, such as underlying
graphs of line graphs [12], maximal planar graphs [14], Cartesian product of
two cycles [15], complete graphs, complete bipartite and tripartite graphs [25],
variant of hypercubes [6, 27] and chordal rings [26]. Moreover, determining
if there exist two completely independent spanning trees in a graph G is an
NP-hard problem [14]. Recently, sufficient conditions inspired by the sufficient
conditions for hamiltonicity have been determined in order to guarantee the
existence of two completely independent spanning trees: Dirac’s condition [1]
and Ore’s condition [7]. Moreover, Dirac’s condition has been generalized to
more than two trees [4, 16, 18] and has been independently improved [16, 18] for
two trees. Also, a recent paper has studied the problem on the class of k-trees,
for which the authors have proven that there exist at least [k/2] completely
independent spanning trees [23].

For a given tree T and a given pair of vertices (u,v) of T, let Pr(u,v) be
the set of vertices in the unique path between v and v in T. Remark that
T1,...,T} are internally vertex-disjoint in a graph G if and only if for any pair
of vertices (u,v) of V(G), Ur<¢<p < Pr, (u,v) N Pr,, (u,v) = {u,v}. Other works
on disjoint spanning trees include independent spanning trees, i.e. focus on
finding spanning trees 71, ..., T} rooted at the same vertex r. In independent
spanning trees, for any vertex v the paths between r and v in Ti,...,T} are
pairwise internally vertex-disjoint, i.e. for each integers ¢ and j, 1 < i < j <
k, Pr,(r,v) N Pr,(r,v) = {r,v}. In contrast with the notion of completely
independent spanning trees, in independent spanning trees only the paths to r
are considered. Thus, T7,...,T; may share common vertices or edges, which
is not admissible with completely independent spanning trees. Independent
spanning trees have been studied for several classes of graphs which include
product graphs [24], de Bruijn and Kautz digraphs [9, 13|, chordal rings [20],



hypercubes [30, 32], M&bius cubes [31] and crossed cubes [5]. Related works
also include edge-disjoint spanning trees, i.e. spanning trees which are pairwise
edge-disjoint only. Edge-disjoint spanning trees have been studied on many
classes of graphs, including hypercubes [2], Cartesian product of cycles [3] and
Cartesian product of two graphs [19].

Some subsets of vertices Di,..., Dy of a graph G are k disjoint connected
dominating sets if Dq,..., Dy are pairwise disjoint and each subset is a con-
nected dominating set in G. There are some works about disjoint connected
dominating sets that can be transcribed in terms of internally vertex-disjoint
spanning trees (the disjoint connected dominating sets can be used to provide
the inner vertices of internally vertex-disjoint spanning trees). The maximum
number of disjoint connected dominating sets in a graph G is the connected do-
matic number. This parameter is denoted by d.(G) and has been introduced by
Hedetniemi and Laskar [17] in 1984. An interesting result about connected do-
matic number concerns planar graphs, for which Hartnell and Rall have proven
that, except K4 (which has connected domatic number 4), their connected do-
matic number is bounded by 3 [11]. The problem of constructing a connected
dominating set is often motivated by wireless ad-hoc networks [10, 29] for which
connected dominating sets are used to create a virtual backbone in the network.

1.2. Motivation and basic facts about disjoint dominating sets

Remark that (0, *)-disjoint spanning trees are internally vertex-disjoint, and
consequently, are related to connected dominating sets. Hence, we call (0, *)-
disjoint spanning trees, trees induced by disjoint connected dominating sets and
we give the properties about (0, *)-disjoint spanning trees using, when possible,
the concept of disjoint connected dominating sets. Figure 1 illustrates how
disjoint connected dominating sets are used to construct (0, *)-disjoint spanning
trees. As we observe in the next proposition, trees induced by disjoint connected
dominating sets satisfy interesting properties. First, an edge can only belong
to at most two trees (Proposition 1.1.i)). Second, the paths between two non-
adjacent vertices in trees induced by disjoint connected dominating sets are
edge-disjoint (Proposition 1.1.ii)). Moreover, the fact that the paths between
two adjacent vertices share a common edge implies that these vertices are inner
vertices in different trees (Proposition 1.1.iii)). These properties illustrate the
utility of disjoint connected dominating sets to broadcast a message following
multiples routes in a network. For a spanning tree, an inner edge is an edge
between two inner vertices and a leaf edge is an edge which is not an inner edge.

Proposition 1.1. Let i and j be two integers, 1 < i < j < k. Let G be a
graph of order at least 3, let 11, ..., Ty be spanning trees induced by k disjoint
connected dominating sets and let u,v € V(G). By Er(u,v) we denote the set
of edges in the unique path between u and v in a tree T,

i) every edge belongs to at most two trees among T, ..., Ty;

i) if u and v are not adjacent, then Er,(u,v) N Er, (u,v) = 0;



Figure 1: Three disjoint connected dominating sets in C3Py (on the left) and the spanning
trees induced by these dominating sets (on the right) (circles: Dy or I(T1); triangles: Do or
I(T%); squares: D3 or I(T3); plain lines: edges of T1; dashed lines: edges of T5; dotted lines:
edges of T3).

i1) if B, (u,v) N Er,(u,v) # 0, then {u,v} Z I(T;) and {u,v} € I(T}).

Proof. We prove that each of the three properties holds.

i) Suppose that uv is an inner edge in a spanning tree. Since the vertices u and
v are leaves in any other tree, uv cannot belong to more than one spanning tree.
Suppose uv is a leaf edge in at least two trees. The edge uv can belong to at
most two trees, the trees for which u and v are inner vertices.

ii) Since the paths between u and v in the different trees have length at least 2
and contain no common inner vertices, they share no common edges.

iii) By Property ii), v and v are adjacent. Moreover, if u,v € I(T;), then
Er,(u,v) only contains inner edges of T;, and, as for Property i), each inner
edge can not belong to another tree. Since Er,(u,v) only contains inner edges
of Ti, Et,(u,v) N Er,(u,v) = 0. The same goes if u,v € I(T}). O

Note that there is a relation between the minimum size of a connected dom-
inating set in a graph G, denoted by 7.(G) and d.(G) (the maximum number
of disjoint connected dominating sets) since d.(G) < [|[V(G)|/7.(G)]. We also
have to mention that Fan, Hong and Liu |7] have studied the line graph of cubic
graphs of order at least 10 and have proven that there are no two completely
independent spanning trees in these 4-regular graphs. It could be possible,
however, that it is not the case for two disjoint dominating sets.

If a graph satisfies d.(G) = k and does not contain k completely inde-
pendent spanning trees, then there exists an integer j such that G contains k
(0, j)-disjoint spanning trees. Hence, the notion of (0, j)-disjoint spanning trees
provides some nuances between the existence of disjoint connected dominating
sets and completely independent spanning trees.

We say that k connected dominating sets D1, ..., Dy are £-rooted connected
dominating sets if the set A = Ui<icj<ipD; N Dj satisfies |A] < ¢. Remark
that we can construct k (¢, *)-disjoint spanning trees in a graph that contains k
l-rooted connected dominating sets Dy, ..., Dy by considering that I(T;) = D,
for every integer i, 1 < ¢ < k. Note also that trees T1,...,T} induced by 1-
rooted connected sets, i.e. (1,x)-disjoint spanning trees, are also independent
spanning trees rooted at a vertex r € I(T1,...,Ty). However, if Ty,... T} are
independent spanning trees rooted at r in G, then T1,...,T; are not always



(1, %)-disjoint spanning trees in G. This difference is illustrated by the fact that
if for two vertices u,v € V(G) and two spanning trees T; and T}, i # j , we have
Pr,(u,r) N Pr,(u,r) = {u,r} and Pr,(v,r) N Pr,(v,7) = {v,7}, then it does not
imply that Pr,(u,v) N Pr;(u,v) = {u,v,r}.

1.8. Notation and Organization

We denote by N(u), for u € V(G), the set of neighbors of u, i.e., N(G) =
{v € V(G)| wv € E(G)}. We denote by 6(G) the minimum degree of G, i.e.,
(@) = min{|N(u)| | v € V(G)} and by dg(u,v) the usual distance between
two vertices u and v in a graph G. The graph G — e is the graph obtained from
G by removing an edge e from E(G) and G — A, for A C V(G), is the graph
obtained from G by removing the vertices from A and their incident edges. For
A C V(G), we denote by G[A], the graph G — (V(G) \ A). We say that a graph
G is k-connected if |V(G)| > k + 1 and if for any set of vertices A C V(G),
with |A] < k—1, G — A is connected. By K,, P, and C,, we denote the
complete graph, path and cycle, respectively, of order n. Let m; and ny be
positive integers. By G(ni,n2) we denote the square grid with ny rows and no
columns. The graph G(ny,n2) can be also defined as the Cartesian product of
two paths P,, and P,,. The cylinder, denoted by C(ni,ns), is the Cartesian
product of one cycle C),, and one path P,,.

This article is organized as follows. Section 2 presents alternative character-
izations of (i, j)-disjoint spanning trees. Section 3 is about the computational
complexity of the following decision problem: is it true that a graph G con-
tains two (i,7)-disjoint spanning trees (with input the graph G). Section 4
deals with k-connectivity and the conditions of Dirac and Ore for (4, j)-disjoint
spanning trees. Section 5 is about the required number of edges and distribu-
tion of inner vertices in (7, j)-disjoint spanning trees. Section 6 presents some
(4, j)-disjoint spanning trees in square of graphs, k-connected interval graphs,
complete graphs, and square grids and cylinders.

2. Characterizations in terms of partitions and dominating sets

We begin this section by proving the following proposition.

Proposition 2.1. Let G be a connected graph of order at least 3 and let
T1,...,Tx be (i,7)-disjoint spanning trees in G. For every integer ¢, 1 < { < k,
every vertex u € V(G) satisfies the two following properties:

i) if u ¢ 1(Ty), then u has a neighbor in 1(Ty);
it) if G has diameter at least 3, then w has a neighbor in I(T}).

Proof. Suppose there exist an integer £, 1 < £ < k, and a vertex u which has no
neighbor in I(Ty).

i) If w ¢ I(1y), then G = Ty = P, which contradicts the hypothesis that G has
order at least 3.

ii) Since property i) holds, we suppose that v € 1(T;). Remark that since G has



Figure 2: A 1-CIST partition (on the left) and a 1-rooted partition (on the right) of two
graphs (circles: Vi; triangles: Va; square: A).

diameter at least 3, a spanning tree of G has also diameter at least 3. Moreover,
if u is only adjacent to leaf vertices then it implies that Ty is a star which
contradicts the fact that T, has diameter at least 3. O

Let V4 and V5 be two subsets of vertices of a graph G. By B(V1, V,) we denote
the bipartite graph with vertex set V3 UV; and edge set {uv € E(G)|u € Vi, v €
V2}. In the two following subsections we give alternative characterizations of
(0, ¢)-disjoint spanning trees and f-rooted connected dominating sets. These
characterizations are expressed in terms of partition in sets of vertices fulfilling
some properties.

2.1. (0,0)-disjoint spanning trees
In this subsection, we introduce a definition which is inspired by the defini-
tion of CIST-partition introduced by Araki [1].

Definition 2.1. An ¢-CIST-partition of a graph G into k sets is a partition of
V(G) into k sets of vertices V1, ..., Vi such that:

i) G[V;] is connected, for each integer i, 1 <i < k;

it) B(V;,V;) contains no isolated vertex, for every two integers i, j, 1 < i <
J<k;

i1) Zl§i<j§k ci,j < U, where c; j is the number of connected component which
are trees in B(V;,V;), 1 <i<j <k.

Figure 2 illustrates a 1-CIST partition on a specific graph. In a similar way
than Araki [1], we prove that the notions of ¢-CIST partition and (0, ¢)-disjoint
spanning trees are equivalent.

Theorem 2.2. Let G be a graph. There exist k (0, ()-disjoint spanning trees
Ty,..., T in G if and only if G has an (-CIST-partition into k sets.

Proof. Suppose G has an ¢-CIST-partition into k sets V1,...,Vi. We are going to
construct (0, £)-disjoint spanning trees 77, ..., ;. We begin by setting I(T;) =
V; for each integer i, 1 <14 < k. For each integer i, 1 < i < k, we suppose that
E(T;) is empty and we progressively add edges to T; in order to obtain spanning
trees of G at the end of the proof. Since G[V;] is connected for each integer 4,
1 <i <k, it is possible to add edges to T; in order to have a spanning tree with
inner vertices from V;, for each integer .



Let ¢ and j be two integers, 1 <7 < j <k, and let D; ; be a connected com-
ponent of B(V;,V;). We add edges in order to build a spanning tree restricted to
ViUV (D; ;) and another spanning tree restricted to V; UV (D; ;) by considering
two cases. Let u be a vertex of D; ; NV;. First, if D; ; is a tree, then we add an
edge e of D; ; incident with u to both T; and 7). Thus, the edge e will be com-
mon to T; and T. Let D{;(u) = {v € V(D;;)| dp, ,(u,v) = d}. We add to T;
the edges of the set {vv’ € E(D; ;)| v € D{;(u), v' € Dzjl(u), d is even} and
to T; the edges of the set {vv' € E(D; ;)| v € D (u), v' € D{ T (u), d is odd}.
Second, if D; ; is not a tree, then we suppose that u is in a cycle of D; ;. Let e be
an edge of this cycle incident with v and let 7} ; be a spanning tree of D; ; —e.
We define Bf’j(u) as follows: {v € V(D; ;)| dr, ;(u,v) = d}. We add to T; the
edges of the set {vv’ € E(T; ;)| v € BY,(u), v' € B{T(u), d is even} and to T}
the edges of the set {vv' € E(T} ;)| v € B, (u), v' € ngl(u), d is odd} U {e}.
We repeat this process for every connected component of B(V;,V;) and ev-
ery two integers ¢ and j, 1 < ¢ < j < k. Since there is only one common
edge between T; and T for each connected component that is a tree and since
Zlgiqgk ¢i; < ¥, the set E(T4,...,T)) contains at most ¢ edges. Therefore,
we obtain, by Property ii), k (0, £)-disjoint spanning trees.

Let us prove the converse of the previous implication. Suppose there exist
k (0, ¢)-disjoint spanning trees T,...,Ty in G. The set I(T;), 1 < i < k,
induces a connected subgraph in G. We begin by setting V; = I(T;), for each
integer 4, 1 < ¢ < k. If some vertices are inner vertices in no trees, we can
add them to any set among V7, ..., V. Thus, Property i) follows. Let i and j
be two integers, 1 < i < j < k. Suppose there exists one isolated vertex wu in
B(V;,V;). Without loss of generality, suppose u € V;. By Proposition 2.1.i), we
obtain a contradiction since u ¢ I(7;) and u has no neighbor in I(Tj). Thus,
Property ii) follows. Now suppose »,; ;< ¢i,j > {. Let D;; be a connected
component which is a tree in B(V;,V;) for some integers ¢ and j and suppose
that D;; contains no edge from E(T4,...,Ty). Since D;; has |V(D; ;)| — 1
edges, it is impossible that every vertex of V(D; ;) N'V; is adjacent to a vertex
of V(D; ;) NV; in T; and that every vertex of V(D; ;) NV; is adjacent to a
vertex of V(D; ;) NV; in T;, since it would require |V (D; ;)| edges. Thus, for
every two integers ¢ and j and every connected component D; ; of B(V;,Vj), if
D, ; is a tree then V(D; ;) N E(T4,...,Tx) # 0 and we obtain a contradiction
since 0 ;<. Ci;j > ¢ implies |E(Ty, ..., Ty)| > £. Consequently, Property iii)
follows. O

2.2. (£, x)-disjoint spanning trees

For a graph G and a subset of vertices A C V(G), let N(A) = {u € V(G) \
Al ww € E(G), v € A}. In a similar way than Zelinka [33], we prove that
the notion of ¢-rooted connected dominating sets is equivalent to a notion of
partition.

Definition 2.2. An f-rooted partition of G into k + 1 sets is a partition of
V(G) into k + 1 sets of vertices V1, ..., Vi, A such that:



i) |Al <4
it) G[V; U A] is connected, for each integer i, 1 <1i < k;

i) B(V;,V;) — N(A) contains no isolated vertex, for every two integers i and
7, 1<i<j<k.

Figure 2 illustrates a 1-rooted partition on a specific graph.

Theorem 2.3. Let G be a graph. There ezist k (£, x)-disjoint spanning trees if
and only if G has an (-rooted partition into k + 1 sets.

Proof. In order to avoid describing the edges of the k (¢, *)-disjoint spanning
trees, we will consider the existence of k ¢-rooted connected dominating sets
instead of the existence of k (¢, x)-disjoint spanning trees in the following proof.
Suppose G has an f-rooted partition into k + 1 sets Vi,..., Vi, A. We begin
by setting D; = V; U A for each integer i, 1 < i < k. Since Vi,..., Vi, A is
a partition, we have | Ui<;<j<r D; N Dj| < £. Moreover, by Property ii), the
subgraphs induced by the sets D1,..., Dy are all connected. It remains to prove
that D; is a dominating set, for each integer ¢, 1 < i < k. Since the vertices of
N(A) are already dominated by a vertex of A C D;, for each integer i, Property
iii) implies that every vertex of V(G) \ (V; U N(A)) has a neighbor in V;, for
each integer i.

Suppose there exist k ¢-rooted connected dominating sets Dy,..., Dy in G.
We begin by setting A = Ui<i<j<xD; N D;. Afterward, we set V; = D; \ A4,
for each integer ¢, 1 < i < k. By definition, Property i) and Property ii) are
satisfied by Vi,..., Vg, A. It remains to prove Property iii). By contradiction,
suppose that a vertex u € V; has no neighbor in V;UA, for some integers i and j.
This fact implies that D; is not a dominating set and Property iii) follows. [

In the following definition we introduce the construction of a graph denoted
by G(k, A).

Definition 2.3. Let G be a graph, k be an integer and A = {uy,...,ue} C V(G)
be a subset of vertices. We denote by G(k, A) the graph obtained by replacing
one by one each vertex u;, for 1 < i < ¢, by a complete graph of order k, and
by adding edges between each vertex of this clique and every vertex of N(u;).

We finish by proving that determining if a graph G contains k f-rooted
connected dominating sets is equivalent to determine if the graph G(k, A) has
¢ disjoint connected dominating sets, for some subset of vertices A C V(G). In
contrast with the two previous propositions, this alternative characterization is
expressed in terms of disjoint dominating sets.

Proposition 2.4. There exist k (£, *)-disjoint spanning trees in a graph G if
and only if there exists a subset of vertices A C V(G) such that |A| < ¢ and
0e(G(k, A)) > k.



Proof. Let G be a graph. In order to avoid describing the edges of the k (¢, %)-
disjoint spanning trees, we will consider the existence of k ¢-rooted connected
dominating sets instead of the existence of k (¢, x)-disjoint spanning trees in
the following proof. Suppose there exist k ¢-rooted connected dominating sets
Dq,...,Dy in G. We begin by setting A = Ui<ij<j<iD; N Dj. Let K,i denote
the clique from G(k, A) which replaces the vertex u; in G(k, A), for 1 <i < /.
We can construct k disjoint connected dominating sets Df,..., D} in G(k, A)
as follows: for each integer j, 1 < j <k, D;- contains the vertices from D; \ A
and one different vertex by clique K7}, for each integer i, 1 < i < /.

Suppose there exists a subset of vertices A C V(G) such that |A| < ¢ and
d.(G(k,A)) > k. Let D!,...,D; be disjoint connected dominating sets in
G(k,A). We can construct k ¢-rooted connected dominating sets D1, ..., Dy
in G as follows: for each integer j, 1 < j < k, D; contains the vertices from
Di\ (KLU UKL U{us,...,ue}.

O

3. An NP-complete problem for every integers i and j

We define the following decision problem:

k-(i,7)-DST
Instance : A graph G.
Question: Does there exist k (i, j)-disjoint spanning trees in G ?

Theorem 3.1. Let i and j be non negative integers. The problem 2-(i, j)-DST
is an NP-complete problem for every pair of integer (i, j).

Proof. Hasunuma [14] has proved that the following problem is NP-complete:

2-(u,v)-CIST
Instance : A graph G and two vertices u and v of V(G).

Question: Does there exist two completely independent spanning
trees Ty and T3 in G with w € I(Ty) and v € I(T3) 7

Initially, the NP-complete problem considered by Hasunuma [14] consists in
determining if there exist two completely independent spanning trees in a graph
G. However, by analyzing Hasunuma’s reduction we can also obtain that the
problem 2-(u,v)-CIST is NP-complete by using the same reduction (it suffices
to consider that u is vp and that v is vg in Hasunuma’s reduction). Also, it is
trivial to prove that the problem 2-(¢,j)-DST is in NP since the description of
two spanning trees in a graph G (when dst; ;(G) > 2) ensures the existence of
these two (i, j)-disjoint spanning trees. We use a reduction from 2-(u, v)-CIST.

We introduce the three following operations that will be useful to describe
our reduction:

i) H-add is an operation on a graph with two prescribed vertices wy and wo
that consists in adding the graph H from Figure 3 and identifying w; with
p1 and we with po;
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Figure 3: The graph H (on the left), the graph H’ (on the middle) and the graph Ht (on
the right).

- .

Figure 4: Pattern to construct the trees in H (on the left), the graph H’ (on the middle) and
the graph HY (on the right) (simple line: edge of T} ; dashed line: edge of Th; boxed vertices:
inner vertices of both T and T%).

ii) H'-add is an operation on a graph with two prescribed vertices w; and
wo that consists in adding the graph H’ from Figure 3 and identifying w;
with p; and wy with po;

ii) HT-add is an operation on a graph with two prescribed vertices w; and
wy that consists in adding the graph H* from Figure 3 and identifying
wy with p; and ws with po;

Let G be a graph and let v and v be two vertices of V(G). We construct
a graph G’ from G as follows. Let £ > 1 be a positive integer. We begin by
constructing two graphs Hy, and H; by induction. The graph H; is the graph
H and the graph Hj is the graph H’. The graph Hy;, is obtained from H, by
doing an H-add on the two vertices of degree 3 in H; (denoted by p} and p} in
the left part of Figure 3, for £ = 1). The graph H,,, is obtained from Hj by
doing an H’-add on the two vertices of degree 3 (also denoted by p} and p} in
the middle part of Figure 3, for ¢ = 1). In H, and Hj, we denote by p} and p)
the two remaining vertices of degree 3.

Finally, the graph H; ; is obtained by taking H; and H}, identifying pj in H;
with a vertex of degree one in H} and p), in H; with the other vertex of degree
one in H j' and doing a H*'-add on the two vertices of degree 3 which are labeled
by pj and p; in H}. The graph G’ is obtained by taking a copy of G, adding
H; ;, identifying the vertex u with a vertex of degree one in H; ; and identifying
the vertex v with the other vertex of degree one in H ;.

Suppose there exist two completely independent spanning trees 77 and 75 in
G with v € I(Ty) and v € I(T3). We can construct two (4, j)-disjoint spanning
trees in G’ by reproducing the trees 71 and T in the graph G’ restricted to G
and by using the patterns described in Figure 4 in order to extend the spanning
trees to H; ;.

10



Suppose there exist two (4, j)-disjoint spanning trees 77 and T» in G’. Note
that there are ¢ articulation vertices in the graph G’ restricted to H; ;. These i
articulation vertices should be inner vertices in both T} and 75. Thus, the trees
Ty and T5 restricted to G are internally vertex-disjoint. By Proposition 2.1, the
vertex x (obtained by H'-add in H,; and illustrated in Figure 3) should be
adjacent to an inner vertex of 77 and to an inner vertex of 75. Thus in order
that 77 and 75 be connected, there must be a path from z to v in T} and a
path from 2 to v in T (we can exchange T and T5 if necessary). Note that
the vertices y and 3’ from a copy of H’ (illustrated in Figure 3) cannot be both
inner vertices of the same tree since it would be impossible to have a path from
z to u in T} and another path from z to v in T5. Thus, in order that y and 7/
belong to both T} and T» , the edge yy’ should belong to both T and T» (since
we already have ¢ articulation vertices). Moreover, since there are j copies of
H' in the graph H; ;, the trees T} and T restricted to G are both internally
vertex-disjoint and edge-disjoint.

O

4. Sufficient conditions to have (i, j)-disjoint spanning trees

4.1. k-connectivity

We begin this section by proving classical properties about cut sets.

Proposition 4.1. Let G be a graph and let Ty, . .., T}, be (i, j)-disjoint spanning
trees in G. For every subset of vertices A C V(G) such that |A| <k and G — A
is not connected, (at least) one vertex of A is in I(Ty,...Ty). For every subset
of edges B C E(G) such that |B| < k and G — B is not connected, (at least)
one edge of B is in E(Ty,...Ty).

Proof. Let A C V(G) be a subset of vertices such that |A] < k and G — A is
not connected. Remark that I(7y) N A should not be empty, for every integer
£, 1 < ¢ < k, since it would imply that Ty is not connected. Since |A4| < k, a
vertex of A should be in I(T},...T}y). The same property holds for B. O

Proposition 4.2. Let G be a graph and let Ty, ..., Ty be (i, j)-disjoint spanning
trees in G. Let a be the number of articulation vertices which do not belong to
bridges in G and let b be the number of bridges in G. We have i > a + 2b and
Jj=b.

Proof. Since an articulation vertex belongs to every spanning tree of G, we have
i > a. The same goes for the bridges and their extremities. O

Since the presence of a k-cut in a graph G implies that there do not exist k+1
disjoint connected dominating set, it is natural to ask whether a k-connected
graph, for k sufficiently large, contains at least two disjoint connected domi-
nating sets [17]. In the paper in which completely independent spanning trees
have been introduced [12], the same question has been asked for two completely
independent spanning trees.
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Using the construction from Kriesell [21] or Péterfalvi [28], we can obtain a
family of k-connected graphs that do not contain two completely independent
spanning trees. We recall the construction of the family of graphs considered
by Kriesell [21].

Definition 4.1 ([21]). Let k and ¢ be two integers such that £ > k. Let Gy, be
the bipartite graph with verter set {1,...,£}U{ua| AC{1,... ¢}, |A] =k} and
edge set {iua| i € A, ua € V(Grye), 1 <i </{}. The graph G corresponds to
the incidence graph of the complete k-uniform hypergraph with ¢ vertices.

Note that the graph Gy, ¢ is k-connected and bipartite. Using a similar proof
than that of Kriesell, we obtain the following theorem which shows that there
exist k-connected graphs which do not contain two (7, j)-disjoint spanning trees,
for every three positive integers k > 2, ¢ and j.

Theorem 4.3. Let i, j and k > 2 be integers. For any { > 2k+1—1, the graph
Gy does not contain two (i, j)-disjoint spanning trees.

Proof. Suppose there exist two (i, j)-disjoint spanning trees 77 and 15 in Gy 4.
Let H; and H> be the two subsets of vertices forming a bipartition of G, ¢, with
Hl = {17 e ,K} and H2 = {UA| A Q {1, .. Z}, |A| = k} Let B = I(Tl,TQ)ﬂHl.
Note that, by definition of (i, j)-disjoint spanning trees, |B| < i. We consider
aset Ay C Hy \ B, |Ag| = k. By Proposition 2.1, at least one inner vertex of
T is adjacent to wa,. This inner vertex of T is denoted by wvy. Inductively,
since |Hi| = ¢ > 2k+i—1,for 1 < g <k—1, we can create a set A, C
Hy \ (BU{uog,...,uq—1}) with |4, = k and obtain that there exists a vertex
vy € Ay N I(T1) adjacent to ua,. The set D = {vg,...,vp_1} C H; is such
that |D| = k and D C I(T}). Hence, we have a contradiction with Proposition
2.1.i), since up has no neighbor which is an inner vertex of T» and Gy ¢ has
diameter greater than 2 when ¢ > k. O

4.2. Dirac’s and Ore’s conditions

We begin this subsection by proving that there are at least two disjoint
dominating sets in some particular graphs.

Proposition 4.4. There exist two disjoint connected dominating sets in Cy and
three disjoint connected dominating sets in Ks 3.

Proof. These disjoint connected dominating sets are illustrated in Figure 5. [

A graph G satisfies the condition of Dirac if 6(G) > |V(G)|/2 and satisfies
the condition of Ore if min{d(u) + d(v)| wv ¢ E(G)} > |[V(G)|. Araki [1]
proved that every graph G with |V (G)| > 7 satisfying Dirac’s condition contains
two completely independent spanning trees. Moreover, Fan, Hong and Liu [7]
proved that every graph G with [V (G)| > 7 satisfying Ore’s condition contains
two completely independent spanning trees. The only graphs with |V (G)| <
7 satisfying the Dirac condition or the Ore condition which do not contain
two completely independent spanning trees are P», Cy and K33. Thus, by
Proposition 4.4, we obtain the two following theorems:
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Figure 5: Disjoint connected dominating sets in C4 (on the left) and in K3 3 (on the right)
(circles: Dq; triangles: Doj squares: Dg).

Theorem 4.5 ([1]). Let G be a graph. If §(G) > |V (G)|/2, then there exist two
disjoint connected dominating sets.

Theorem 4.6 ([7]). Let G be a graph. If min{d(u) + d(v)| w ¢ E(G)} >
|[V(G)|, then there exist two disjoint connected dominating sets.

Moreover, there exists a graph of order n satisfying 6(G) > [n/2] — 1 and
min{d(u) + d(v)| wv ¢ E(G)} > n — 1, that does not contain two disjoint con-
nected dominating sets. Such graph can be constructed by taking two complete
graphs K| (,41y/2) and K[(,41)/21, for n a positive integer, and by identifying a
vertex of the first clique with a vertex of the second clique. This fact implies
that the bounds in the previous theorems are tight. It could be possible to im-
prove the recent results about Dirac’s condition [4, 16, 18] by only considering
disjoint connected dominating sets.

5. Number of inner vertices and edges in (i, j)-disjoint spanning trees

5.1. Required number of edges
We begin this section by giving necessary conditions on the number of edges
of a graph G in order to have k (4, j)-disjoint spanning trees.

Proposition 5.1. Let G be a graph of order n and let T, ..., Ty be (i, j)-disjoint
spanning trees in G. We have |E(G)| > k(n—1) — j(k —1).

Proof. Suppose G contains at least k (i, j)-disjoint spanning trees. Since every
spanning tree contains n — 1 edges and since an edge in E(T7,...T)) can be in
at most k trees, we obtain that G contains at least k(n—1) —j(k—1) edges. O

Note that the grid G(2,n) satisfies the equality for K = 2 and j = n. This
last proposition can be improved for i = 0 [11] since, by Proposition 1.1.i), an
edge in E(T1,...T}) can be in at most two trees.

Corollary 5.2. Let G be a graph of order n and let Ty, ..., Ty be (0, 7)-disjoint
spanning trees in G. We have |E(G)| > k(n —1) — j.

Moreover, for an arbitrary large j, the following bound is known.

Proposition 5.3. [11] A graph G of order n such that d.(G) > k has at least
n(k +1)/2 — k edges. This bound is sharp since d.(Ky ) = k.
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Figure 6: The graph P§ (on the left) and the graph P6Jr (on the right).

5.2. Distribution of the inner vertices

The following observation illustrates the existence of an (i, j)-disjoint span-
ning tree with possibly less inner vertices than the others.

Observation 5.4. Let G be a graph of order n and let Ty,..., Ty be (i,7)-
disjoint spanning trees in G. There exists a tree T among Ty, ..., T} satisfying
(T)| < [(n—i)/k] +i.

Two sets of vertices Vi and V;, are balanced if ||[Vi| — V|| < 1. We begin
by proving that there exists a graph G satisfying d.(G) > 2 but in which no
two disjoint connected dominating sets are balanced. Let P be the graph
constructed by taking one copy of P,, by adding a new vertex v and by adding
the edges between v and the vertices of P,. Figure 6 illustrates the graph P
for n = 6.

Proposition 5.5. Let n > 5. For any two disjoint connected dominating sets
D1 and D2 mn P;{, ||D1‘ — |D2|| Z n—>5.

Proof. Suppose without loss of generality that v ¢ D;. Since D; should be
connected, it should contain consecutive vertices of P,. Moreover, since D;
should be dominating, it should contain every vertex of P,, except its extrem-
ities. Thus, |Di| > n — 2 and consequently |D2| < 3. Therefore, we have
D] = [Dal] = n 5. O

Note that the graph P does not contain two completely independent span-
ning trees. Thus, it could be true that every graph containing two completely
independent spanning trees contains two completely independent spanning trees
Ty and T3 such that ||I(T1)] — |I(T2)|| < 1. However, the following proposition
illustrates that it is not the case. Let P be the graph obtained by taking one
copy of P, by adding a new vertex v and by adding the edge uv and the edges
between v and the extremities of P,,, u being the vertex of maximal degree in
Py, P, being the induced path of n vertices in P, obtained by removing u.
Figure 6 illustrates the graph P for n = 6.

Proposition 5.6. Let n > 3. For any two completely independent spanning
trees Ty and Ty in P, ||I(TY)| — |I(T2)]| > n — 2.

Proof. First, observe that there exist two completely independent spanning trees
in P} since {u,v} and V(PS) \ {u,v} is a 0-CIST-partition. Now, suppose
there exist two completely independent spanning trees 7 and 7> and suppose
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without loss of generality that w ¢ I(T1). Since the graph induced by the
vertices of I(T}) must be connected, it should contain consecutive vertices of
P,. Moreover, I(T1) should be a dominating set. Since either {u} and the
subsets of V(P;F) \ {u} or {u,v} and the proper subsets of V(P;) \ {u,v} do
not form a 0-CIST partition, we have I(Ty) = V(P;})\{u,v} and I(T2) = {u,v}.
Therefore, we have ||I(T})| — [I(T2)|| > n — 2. O

Even if there exist graphs only containing two non-balanced disjoint con-
nected dominating sets, it could be interesting to find classes of graphs for
which there always exist two disjoint connected dominating sets which are bal-
anced. For example, the class of graphs with minimum degree at least |V (G)|/2,
is such a class [18].

6. (i,j)-disjoint spanning trees in some simple classes of graphs

6.1. Square of graphs

The square of a graph G, denoted by G2, is the graph obtained from G
by adding edges between every two vertices u and v of G with dg(u,v) = 2.
Araki [1] has studied the square of graphs and has proven that there exists a
tree T such that there are no two completely independent spanning trees in T2
and that in the square of every 2-connected graph, there are two completely
independent spanning trees. Moreover, the family of trees such there are no two
completely independent spanning trees in 72 has been determined. We begin
this section by proving that there exist two (0, 1)-disjoint spanning trees in the
square of every graph.

Proposition 6.1. Let G be graph. There exist two (0,1)-disjoint spanning trees
in G2.

Proof. Let T be a spanning tree of G and let V; and V5 be a bipartition of T
The sets V; and V, form a 1-CIST-partition of G? since both G[V;] and G[V5]
are connected in G? and since B(Vy,V5) is a connected graph (which can be a
tree in the case G is a tree). Thus, by Theorem 2.2, there exist two (0, 1)-disjoint
spanning trees in G2. 0

We finish the section by determining which square of graph contains two
completely independent spanning trees (the case of square of trees has already
been treated [1]).

Proposition 6.2. Let G be a connected graph which is not a tree. There exist
two (0,0)-disjoint spanning trees in G2, i.e. there exist two completely indepen-
dent spanning trees in G>.

Proof. Since G is not a tree, there exists an induced cycle C' in G. Let u be a
vertex of C' which has a neighbor v not belonging to C'. If such vertex does not
exist, then G is cycle and G? contains two two (0, 0)-disjoint spanning trees [1].
Let uw be an edge of C, let T be a spanning tree of G — uw and let V; and
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Va be a bipartition of T'. Remark that both G[V4] and G[Vz] are connected and
that every edge of T belongs to B(V4,V5). Our goal is to prove that there is
one more edge in B(Vy,Vs), i.e, that B(V,V3) is connected and is not a tree.
First, if C' is of even length, then v € V; and w € V5 (or u € V5 and w € Vi, by
symmetry) and uw € E(B(V1,V2)) \ E(T). Second if C is of odd length, then
ueVi,weViand v eV, (orve Vi, u e Vs and w € Vs, by symmetry) and
vw € E(B(V1,V2))\ E(T). Thus, by Theorem 2.2, there exist two (0, 0)-disjoint
spanning trees in G2. 0

Note that the square of a star (a tree of diameter at most 2) is a clique and can
contain an arbitrary large number of (0, 0)-disjoint spanning trees (this number
depends on the degree of the central vertex). Thus, it could be interesting to
determine which square of graph contains k (0,0)-disjoint spanning trees for
k> 2.

6.2. k-connected interval graph

We begin by recalling the definition of a path-decomposition of a graph G.

Definition 6.1. Let G be a graph. A sequence of subsets X1,..., Xy of vertices
of G is a path-decomposition of G if the two following properties are satisfied:

i) for each edge e of G, there exists an integer i such that both extremities of
e belong to the subset X;;

i) for every three integers 1 <i < j <k </, X;NX; CX;.

An interval graph is the intersection graph of a family of intervals of the real
line. We recall that an interval graph has a path-decomposition X, ..., X, for
which each X;, 1 <i </, forms a maximal clique in G. We also recall that for
a k-connected interval graph G with path-decomposition Xi,..., X,, we have
| X; N X,;41] > k, for every integer i, 1 < i < ¢ (otherwise X; N X;+1 would be
a cut set of order less than k). The following property is true for k-connected
interval graphs.

Theorem 6.3. Let k > 2 be an integer. Every k-connected interval graph G
contains at least k (0, )-disjoint spanning trees.

Proof. Let G be a k-connected interval graph. In this proof, instead of proving
the existence of k (0, *)-disjoint spanning trees, we will prove the existence of
k connected dominating sets with disjoint vertex sets (the two statements are
equivalent). Let Xy,..., X, be a path-decomposition of G, for which every X;
forms a maximal clique. If £ = 1, then G is a k-connected complete graph, i.e.,
G = K, for n > k. Thus G satisfies d.(G) = n > k. Hence, suppose £ > 2. Our
goal is to construct disjoint connected dominating sets D, ..., Dy by setting
D; = Ulgjngl{xg}, for 1 <i<k.

By hypothesis, | X;1NX5| > k, and there exist k different vertices z1,...,z} €
X1 N X5 forming k disjoint connected dominating sets on the graph G[X; U Xs].
We set D; = {x}}, for every integer i, 1 < i < k. Suppose £ > n and that,
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Figure 7: Three completely independent spanning trees of K¢ (on the left), three (0, 2)-disjoint
spanning trees of K5 (on the middle) and four (1, 3)-disjoint spanning trees of K¢ (on the right)
(thin line: edge of Ty; hexagon: I(T4); pentagon: I(T1) N I(T2) N I(T3) N I(T4)).

by induction, that we have already determined z},... ,x?*l, for every integer

i, 1 <i <k and that D,,..., Dy are disjoint connected dominating sets on the
graph G[X; U...UX,], for D; = Ui<j<,—1{z]}. Now our goal is to construct
disjoint connected dominating sets on the graph G[X; U... U X, 4].

Let i be an integer, 1 < i < k. If X,, N X,,41 N {z]} # 0, then we set 2 =
271, otherwise we set to 2! a vertex not in (X, N X, 1N{2y, ..., 2f ) \{=7 '}
Such a vertex exists since otherwise it would imply that |X,, N X, 1| < k. Fi-
nally, the sets Dy = Ui<j<n{@]},..., Di = Ui<j<n{x]} are disjoint connected
dominating sets on the graph G[X; U...U X,,11]. Consequently, by induction,
we can construct k disjoint connected dominating sets on the graph G. O

The previous theorem can not be generalized to chordal graphs since there
exist k-connected chordal graphs, for & > 2, which do not contain two (0, *)-
disjoint spanning trees [28].

6.3. Complete graphs

By dst; ;(G) we denote the maximum number of (i, j)-disjoint spanning trees
in G. Remark that there are n disjoint connected dominating sets in K, and
that there are [n/2] completely independent spanning trees in K,, [23].

Let ry, be the integer in {0,1} such that r2,, = n (mod 2). We give the
following intermediate result about (0, ¢)-disjoint spanning trees.

Proposition 6.4. Letn be an integer. We have dsty ¢(K,) = |n/2]+min([¢/(n—
1) + T2,n/2ja |—’Il/2—|)

Proof. First, suppose n is even. Let ¢ = [¢/(n — 1)|. We begin by proving that
dsto¢(K,) <n/24i+1for 0 < i< n/2. Suppose that there are n/2 4+ i+ 1
(0, ¢)-disjoint spanning trees. By Corollary 5.2, we have |E(K,)| > (n/2+i+
1)(n—1)—¢. Observe that (n/2+i+1)(n—1)—¢=n(n+1)/2+i(n—1)—1—~.
Since |E(K,)| = n(n —1)/2, we have £ > i(n —1)+n—-1= (i+1)(n — 1),
contradicting the definition of 7. We are going to prove that we can construct
n/2 + ¢ (0, £)-disjoint spanning trees in K, for 1 <1i < n/2. We construct two
kinds of spanning trees. First, we construct 2¢ spanning trees 71, ...,T5; which
are spanning stars. Second, we construct n/2 — i spanning trees in K, each tree
with two inner vertices, as in [23] (with disjoint inner vertices). The left part
of Figure 7 illustrates this construction for Kg. There are 2i(2i — 1)/2 common
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edges between the spanning stars and 2i(n/2 — i) common edges between the
inner vertices of Ty, ..., Ty; and the remaining vertices. Thus, there are i(n —1)
common edges and by definition ¢ > i(n — 1).

Second, suppose n is odd. Let i = [(¢/(n — 1) + 1/2]. We begin by proving
that dstoe(K,) < (n—1)/24+ i+ 1for 0 < i < (n+ 1)/2. Suppose that
there are (n — 1)/2 + 14 + 1 (0, ¢)-disjoint spanning trees. By Corollary 5.2, we
have |E(K,)| > ((n—1)/24+ i+ 1)(n — 1) — £. Observe that ((n —1)/2 4+
i+1)(n—1)—€=n(n—1)/2+i(n—1)+ (n—1)/2 — £. Since |E(K,)| =
n(n —1)/2, we have ¢ > i(n — 1) + (n — 1)/2, contradicting the definition of
i. We begin by constructing (n — 1)/2 + ¢ (0, £)-disjoint spanning trees in K,,
for 1 <4 < (n+1)/2. We construct two kinds of spanning trees. First, we
construct 2¢ — 1 spanning trees 77, ...,7T5;_1 which are spanning stars. Second,
we construct (n — 1)/2 — ¢ + 1 spanning trees in K,, each tree having two
inner vertices, following the construction described in [23] (with disjoint inner
vertices). There are (2i — 1)(2¢ — 2)/2 common edges between the spanning
stars and (2 — 1)((n — 1)/2 — i) common edges between the inner vertices of
Ti,...,T5—1 and the remaining vertices. Thus, there are (2i —1)(i — 1) 4 (2¢ —
D((n—=1)/2—i+1) =i(n—1) — (n— 1)/2 common edges and by definition
>in—1)—(n—1)/2. O

The middle part of Figure 7 depicts three (0, 2)-disjoint spanning trees in
K.

Proposition 6.5. Let n be a positive integer. For 1 < ¢ < (n — 1), we have
dst1 ¢(Kp) < |n/2] + 14/2 — (1 — r2.,)/2|. Moreover, if £ > (n — 1), then
dst1 ¢(Ky) is not finite.

Proof. Observe that a connected dominating set of K, can contain only one
vertex. Thus, if £ > (n — 1), then dstq ¢(X,) is not finite.

First suppose n is even. Let ¢ = |¢/2—1/2]. We prove that we can construct
n/2 + i (1,¢)-disjoint spanning trees in K,, for 1 <i <mn/2—1. Let B be an
induced K, _3(i+1) of G = K,. We begin by creating n/2 — i — 1 completely
independent spanning trees T1,...,7T,/9_;—1 in B, as in [23]. Let u be a vertex
of G — B. We are going to extend these trees in order they span the whole
graph G. To each tree Ty, 1 < k < n/2 —i— 1, we add the vertex u and an
edge incident to u and to a vertex of I(T}) N B. We finally add to T the edges
incident to u and to every vertex of G — B. We now construct the remaining
trees T7,...,Ty; ; as follows. Each tree T}, 1 < k < 2i 4 1, has two inner
vertices: u and a vertex uy of G — (B U {u}) different for each tree. Each tree
T} also contains the edges incident to u and to every vertex of G — B and the
edges incident to ux and to every vertex of B. It is easy to verify that the trees
Ty, ..., Tyy2—i—1,T71,..., Ty, have only one common vertex (the vertex u) and
2i + 1 = ¢ common edges (the edges incident to u in G — B).

Second, suppose n is odd. Let i = |¢/2]. We prove that we can construct
(n—1)/2+1 (1,¢)-disjoint spanning trees in K, for 1 <i < (n—1)/2. Let B
be an induced K, 2,1 of K,,. We begin by creating (n — 1)/2 — i completely
spanning trees 71, ..., T(,—1)/2—; in B, as in [23] and extend them to the whole
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Figure 8: Two (0, 3)-disjoint spanning trees of C(5,6).

graph G as for the case n even. We construct the trees T7, ..., Ty, similarly as in
the case n even. It is easy to verify that the trees T3, ..., T(n—1)/2—, 11, ..., T5;
have only one common vertex (the vertex u) and 2i common edges (the edges
incident to w in G — B). O

The right part of Figure 7 depicts four (1, 3)-disjoint spanning trees in K.
Note that we can obtain a lower bound on the number of (1, ¢)-disjoint trees in
K, by using Proposition 5.1. However, in this case, we do not obtain a tight
bound. Moreover, Proposition 5.1 implies that dst; o(X,) = [n/2] for every
positive integer .

6.4. Cylinders

Let nq and ns be positive integers with ny > 3 and ng > 3. Let V(C(ny,n2)) =
{(Zvj)| 0 S 1 < nlao S] < n?} and E(C(nlanQ)) = {(Zvj) (ilvjll)‘ = ilvj =
j E1Vj=j]i—#| =1 (mod np)}.

Theorem 6.6. There ezist two (0, n1 —2)-disjoint spanning trees in the cylinder
C(n1,n2).

Proof. We describe these two trees by giving their edge sets:

E(Tl) = {(071)(0’j+1)| ] € {07 s ,n2—2}}U{(i,j)(i+1,j)| (&S {07~ sy —
2}, 5€{0,2,4,...,2[(ne — 1)/2]}}U{(, /)G, i+ 1) ie{l,....,n1 =2}, j €
{0,2,4,...,2[(n2—1)/2]} }U{(0,7)(n1—1,5)| j € {1,3,5,. L(nz 2)/2J+1}}

E(Ty) ={(nm1 —1,j)(m —1,j+1)[ j € {0,. n2—2}}U{(l E+1,5)]
{0,...,n1 — 2}, 7 € {1,3,5,...,2][(ny — 2)/2J + 1} UG, HEF+1)] i €
{17'~-an1 - 2}a JE€ {173’5’ ’2|_(n2 - 2)/2J + 1}} U {(O ])(nl -1 .7)' J €
{1,3,5,...,2|(n2 — 1)/2]}} U {(4,0)(i,1)] i € {1,...,n1 — 2} }. O

Observe that C(ny,ns) contains 2nyns — ny edges. Hence, by Corollary 5.2,
we can conclude that there does not exist two (0, m)-disjoint spanning trees in
C(ny,ng), for m < mny — 2.
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Figure 9: Two (1, 18)-disjoint spanning trees of G(7,13).

6.5. square grids

Let n; and ns be positive integers with ny > 3 and ny > 3. Let V(G(ny,n2)) =
{(1,7)] 0 < i< ny,0 <j<no}tand E(G(ny,n2)) ={(,7) (¢,7")]i=i+1,j=
Jvi=idii=j5 +t1}.

In two papers [8, 22], the trees with a maximum number of leaves in G(n1, na)
have been determined. In particular, Fujie [8] has shown that a spanning
tree of G(ni,n2) has at least [nine/3] inner vertices. Hartnell and Rall [11]
have proven that there do not exist two disjoint connected dominating sets in
G(n1,ne), except if ny < 2 or ny < 2. However, this is not the case for 1-
rooted connected dominating sets, i.e (1,x)-disjoint spanning trees. We finish
this paper by giving a construction of two 1-rooted connected dominating sets
in G(n1,ng) for ny > ny and ny > 3. In Figure 9, we exhibit two (1, x)-disjoint
spanning trees in G(7,13). In this example, we have minimized the number of
common edges.

Theorem 6.7. There exist two (1, x)-disjoint spanning trees in the grid G(ni,ns),
for every nqy > 3 and no > 3.

Proof. Suppose without loss of generality that n; < ny. In this proof, instead
of proving the existence of two (1, *)-disjoint spanning trees, we will prove the
existence of two connected dominating sets with one common vertex, i.e., of
two 1-rooted connected dominating sets (the two statements are equivalent). If
ny; = 3, then one can easily construct two 1-rooted connected dominating sets
by setting D1 = {(1,7)|j € {0,...,n2 — 1}} and by setting Dy = V(G(3,n2)) \
DU {(1, 0)}
Now suppose that n; > 4. We construct D, as follows:

Dy ={(0,7)] i €{0,...,no—1}}U{(n1—1-24,5)| 1 € {0,..., [(n1+1)/4]}, 2i+
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1<ji<ne—2-=2i} U{(2+2i,5)]7€{0,....|(ny —1)/4]}, 2i+1 < j <

no—4—2i3U{(4,1+25)| 2j+2<i<n;—1-25, j€{0,...,|n1 /4] U{(i,na—

2-25)]2j<i<ng—1-2j, 5€{0,...,[(n1+2)/4]}.

The set D2 is V(G(nl,n2))\D1U{(1,n272)} Note that DlﬂDg = {(1,71272)}
Figure 9 illustrates this construction, with circle vertices corresponding to

D; and triangles to Dy (the square vertex being both in Dy and D). O

Open questions

In this introducing paper about (7, j)-disjoint spanning trees, we tried to
cover a large number of issues. However, there still remains a lot of interesting
properties to be found about this notion. We finish this paper by giving some
open questions:

1. Does there exist k (logk(n), 0)-disjoint spanning trees in every k-connected
graph of order n?

2. Determine conditions in order to guarantee the existence of k completely
independent spanning trees, k > 3, in the square of graphs.

3. Determine conditions on chordal graphs in order to guarantee the existence
of two disjoint connected dominating sets.

4. Determine dst; ;j(K,) for the remaining cases.

5. Determine dst; ; for the complete k-partite graphs.

6. Determine the minimum number of common edges m in order to have two

(1, m)-disjoint spanning trees in the square grid.
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