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Abstract. Let G = (V,E) be a simple graph without isolated vertices and minimum degree 6(G), and let
k € {1-T186(G)/21,...,16(G)/2]} be an integer. Given a set M C V, a vertex v of G is said to be k-controlled
by M if dp(v) > @ + k where 0,(v) represents the quantity of neighbors v has in M and 6(v) the degree
of v. The set M is called a k-monopoly if it k-controls every vertex v of G. The minimum cardinality of
any k-monopoly is the k-monopoly number of G. In this article we study the k-monopoly number of direct
product graphs. Specifically we obtain tight lower and upper bounds for the k-monopoly number of direct
product graphs in terms of the k-monopoly numbers of its factors. Moreover, we compute the exact value
for the k-monopoly number of several families of direct product graphs.

1. Introduction and Preliminaries

Throughout this article we consider simple graphs G = (V,E). Givenaset S C V and a vertexv € V,
we denote by 65(v) the number of neighbors v has in S. If S = V, then 6y(v) is the degree of v and we just
write 0(v). The minimum degree of G is denoted by 6(G) and the maximum degree by A(G). Given an integer
ke {1 - [@-‘ e, [@J} and a set M, a vertex v of G is said to be k-controlled by M if 6p(v) > @ +k. The set
M is called a k-monopoly if it k-controls every vertex v of G. The minimum cardinality of any k-monopoly is
the k-monopoly number and it is denoted by My(G). A monopoly of cardinality Mi(G) is called a My (G)-set.
In particular notice that for a graph with a leaf (vertex of degree one), there exist only 0-monopolies and
the neighbor of every leaf is in each My(G)-set. Monopolies in graphs were defined first in [10] and they
were generalized to k-monopolies recently in [9]. Other studies about monopolies in graphs and some of
its applications can be found in [2, 7, 11, 12, 16].

If M represents the complement of the set M, then we can use the following equivalent definition for
a k-monopoly in G. A set of vertices M is a k-monopoly in G if and only if for every vertex v of G,
0M(v) 2 637(v) + 2k (we call this expression the k-monopoly condition for v) and we say that M is a k-monopoly
in G if and only if every v of G satisfies the k-monopoly condition for M.
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Monopolies in graphs have a quite long range of applications in several problems related to overcoming
failures, since they frequently have some common approaches around the notion of majorities, for instance
to consensus problems [1], diagnosis problems [13] or voting systems [3], among other applications and
references. Moreover, monopolies in graphs are closely related to different parameters in graphs. According
to several connections which exist between monopolies, global alliances and signed domination in graphs
(see [9]), itis known that the complexity of computing the k-monopoly number of a graph is an NP-complete
problem for k > 0, while this is an open problem for k < 0. In this sense, it is desirable to reduce the problem
of computing the k-monopoly number of some graph classes to other ones in which could be easier to
compute the value of such a parameter. That is the case of product graphs. In this article we obtain several
relationships between the k-monopoly number of product graphs and the k-monopoly number of its factors.

We use for a graph G standard notations, N¢(g) for the open neighborhood {g’ : g9’ € E(G)} and Nglg] for
the closed neighborhood Ng(g) U {g}. Let S € V(G). Neighborhoods over S form a subpartition of a graph G
if Ng(1) N Ng(v) = 0 for every different u,v € S. A set S forms a maximum subpartition if neighborhoods
centered in S form a subpartition, where V(G) — s N¢(v) has the minimum cardinality among all possible
sets S’ C V(G) which neighborhoods centered in S’ form a subpartition. In the extreme case, where
Uves No(v) = V(G), we call G an efficient open domination graph and the set S an efficient open dominating set
of G. Efficient open domination graphs were first studied in [4]. The work was continued in [5], where all
efficient open domination trees have been inductively described. Also, there was proved that the problem
of deciding whether G is an efficient open domination graph or not is NP-complete. Recently in [14] the
efficient open dominating sets of Cayley graphs were considered and a discussion with respect to product
graphs can be found in [8]. Clearly not all graphs are efficient open domination graphs.

One lower bound of this work is based on the following observation.

Observation 1.1. Let G be a graph of minimum degree 6. If S € V(G) forms a subpartition of G, then for any
ke{t-[3].....|3]}

M(G) > kIS| + Z {@}

ves

The Observation clearly holds, since S forms a subpartition. That is, the condition 6p(v) > @ +kis

fulfilled for all vertices of S, but not necessarily for all vertices of G. Hence the lower bound follows. Clearly
we can expect the best results for maximum subpartitions and, particularly, in efficient open domination
graphs. The following consequence is useful to obtain some other results (in particular for regular graphs).

Corollary 1.2. Let G be a graph of minimum degree 6. If S C V(G) forms a subpartition of G, then for any

ke{t-[3].....|3]}

M(G) > |5|(m +K).

The following general result will also be useful to obtain a lower bound on the monopoly number of
direct product graphs.

Proposition 1.3. Let G be a graph order n, minimum degree O and maximum degree A. Then, for any k €

(1-[5].-- 3]} o
M@ 2 |5 (|5]+4)]

Proof. Let S be a M(G)-set and let v be a vertex of G. Notice that v appears at most A times in the
neighborhoods of vertices u # v. Also, we have that 0s5(v) > [0/2] + k. Thus,

S| > iv;‘@ 55(0) = %;@(m k)= 2 (12 48),

and the result follows. [
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Various graph products have been investigated in the last few decades and a rich theory involving the
structure and recognition of classes of these graphs has emerged, cf. the new book [6]. The most studied
graph products are the Cartesian product, the strong product, the direct product, and the lexicographic
product which are also called standard products. The other standard approach to graph products is to deduce
properties of a product with respect to its factors. The latest aproach is followed also in this work.

The direct product G X H of graphs G and H is a graph with V(G x H) = V(G) x V(H). Two vertices
(g9,h) and (g’, ') are adjacent in G X H whenever gg’° € E(G) and hl' € E(H). For a fix h € V(H) we call
G"={(g,h) € GX H : g € V(G)} a G-layer in G X H. H-layers 7H for a fix g € V(G) are defined symmetrically.
Notice that in direct product of graphs without loops, the subgraphs induced by both a G-layer or an H-layer
represent a graph without edges on |V(G)| or |[V(H)| vertices, respectively. The map pg : V(G X H) — V(G)
defined by pg((g,h)) = g is called a projection map onto G. Similarly, we define py the projection map onto
H. Projections are defined as maps between vertices, but many times it is more comfortably to see them
as maps between graphs. In this case we observe the subgraphs induced by A C V(G x H) and px(A) for
X € {G, H}.

The open neighborhoods of vertices in direct product are nicely connected to open neighborhoods of
projections to the factors. Namely, Nexr(g, ) = Ng(g9) X Nu(h) for every vertex (g,h) € V(G) X V(H). The
direct product is not always a connected graph even if both factors are connected. Indeed, G X H is a
connected graph if and only if at least one of the graphs G or H is non bipartite. Moreover, if both G and
H are bipartite, G X H has exactly two components (see [6, 15]) where the vertices (g,/) and (g,h’) with
hh' € E(H) are in different components, as are (g, ) and (¢, h) with gg’ € E(G). In particular, a graph G x H
has an isolated vertex if and only if there exists an isolated vertex in G or in H. Thus, we should omit graphs
with isolated vertices.

2. The Upper Bounds
In this section we prove two upper bounds for My(G x H) with respect to the properties of factors G and H.

Theorem 2.1. Let G, H be two graphs without isolated vertices and let £ = min{6(G), 6(H)}. For any k € {1 —
’_g],,m} we have
Mi(G x H) < min{f M(G)IV(H)|, [V(G)IM(H)}.

Proof. Let (g,h) be an arbitrary vertex of G X H and let M and My be a Mi(G)-set and a My(H)-set,
respectively. We can split Ngxu(g,h) = (A X C)U (BX C) U (A X D) U (B x D) where A = Ng(g) N Mg,
B = Ng(9)NMg, C = Ny(h)NMp and D = Ny (h)NMp. Clearly |AXC| = opmy, (10w (9), IBXCl = 63-(9)0m,, (h),
|A X D| = 6mc(9)037;(h) and |B X D| = 63:(9)657-(h).

Notice that om, () > o5—(h) + 2k since My is a My(H)-set. Hence, it follows that Op,(h) > 6m(h) +

2%k . . . . . . . _
EYRE =) while there are no isolated vertices in G (note that the equality can be attained only if k = 0 and

Omy, (h) = 6m(h)). Thus we obtain
Ot (1) (O1o(9) + 851(9)) = 651 (63, (9) + 631(9)) + 2K
and finally
oMy (M0 (9) + Onmy (M)037:(9) 2 Oy (M)Omc (9) + Ogg ()O37(9) + 2K
If we use the language of sets, we get
|JAXC|+|BXC|>]|AXD|+|BxD|+ 2k

and for M = V(G)XMp thismeans op(g, h) > 637(g, h)+2k. Thus Mi(GXH) < |V(G)|IMi(H). By commutativity
of direct product and symmetry of operations we also derive oxr (g, h) > 675(g, h) + 2k for M’ = Mg X V(H).
Therefore, Mi(G x H) < Mi(G)|V(H)| which ends the proof. O
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From the proof above we immediately see that the upper bound from Theorem 2.1 behaves better for
k close to 0 and it is the best when k = 0. Also, the bound is not defined for all k-monopolies where

k e {1 - P(GZX H)] ey [O(G; H)J}. For instance M[M J(G)—sets and MLM J(H)—sets do not exist whenever
2 2
0(G) > 1and 6(H) > 1.
Next we present another upper bound, which sometimes behaves better than the bound of Theorem 2.1.

Theorem 2.2. For any graphs G and H of order r and t, respectively,
M2 (G X H) < vt + 2 M (G)M(H) — rMi(H) — tMi(G).

Proof. Let S and Sy be a Mi(G)-set and a M (H)-set, respectively. We shall prove that S = (S¢S H)U(%xg)
is a (2k?)-monopoly in G X H. It is clear that S is a dominating set in G x H. Let (,0) be a vertex of G x H.
Thus,

05(11,0) = Osexsy (1, V) + 05,5 (14, V)
= 85, (1)55,,(0) + 65-(1)55-(0)
= 05 (u)bs,, (V) + 05, ()05 (v) — 05 (1)bs,, (V) — O ()05 (v)+
+ 65, ()05, (0) + 65-(1)05-(0)
= 85 s, (11,0) + 6511, 0) + (65, (1) — 65-(1))(8s,,(0) — 55(0))
> 6g(u, v) + (65 (1) + 2k — 65 (1))(65-(v) + 2k — 65(v))
= 65(u,v) + 452

Therefore, S is (2k?)-monopoly in G x H and the result follows. [

3. The Lower Bounds

Recently, in [8], all efficient open domination graphs among direct products have been characterized as
those for which both factors are efficient open domination graphs. We can not generalized this result to
maximum subpartitions completely, but in the part that is actually needed.

Proposition 3.1. Let G and H be graphs. If S¢ and Sy form maximum subpartitions of G and H, respectively, then
S = S X Sy forms a maximum subpartition of G X H.

Proof. Let S¢ and Sy be maximum subpartitions of G and H, respectively, and let S = S¢ X Sy. Since
Nexu(g,h) = Ng(g9) X Nu(h) holds, we have Ngxu(g, 1) N Nexu(g', 1) = 0 for every different vertices (g, h)
and (¢’,1") from S. If S is not a maximum partition of G X H, then there exists (g,h) ¢ S with Ngxu(g, 1) N
Nexu(g', ') = 0 for every (g’,h’) € S. Since S¢ and Sy are maximum partitions of G and H, respectively,
there exists u € S¢ and v € Sy, such that Ng(g9) N N¢(u) # 0 and Ny (h) N Nu(v) # 0. If w € Ng(g9) N Ng(u) and
z € Ny(h) N Nu(v), then (w, z) € Ngxu(g, 1) N Nexu(u, v), which is a contradiction. Hence S is a maximum
partitionof G X H. [

The following theorem follows directly from the Observation 1.1, Proposition 3.1 and the fact that the
degree in the direct product is a product of degrees in factors.

Theorem 3.2. Let G and H be graphs without isolated vertices and let £ = 6(G)O0(H). If Sg and Sy form maximum
subpartitions of G and H, respectively, then for every k € {l - [5] Jeves l%J},

MG X H) > kiScliSul + )

(g,l’l)ESGXSH

0c(9)0n(h)
—
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An interesting consequence of the theorem above is the next one, which sometimes gives better results
than the bound of Theorem 3.2.

Corollary 3.3. Let G and H be two graphs without isolated vertices and let ¢ = 6(G)6(H). If Sg and Sy form

maximum subpartitions of G and H, respectively, then for every k € {1 - [ﬂ ey l%J},

Mi(G x H) 2 |SclISHI qu + k).

Another lower bound for the k-monopoly number of direct product graph is obtained as a consequence
of Proposition 1.3.

Corollary 3.4. Let G and H be two graphs without isolated vertices of order n and m, respectively. For any
ke {1 - P(G);(HW P [O(G);(H)J} we have

mn O0(G)o(H)
M"(GXH)Z{MG)A(H) ({ 2 %kﬂ'

4. Exact Values

The upper and lower bounds presented in the two sections above are tight as we will see in this next
section. The following propositions ([9]) about the monopoly number of some families of graphs are useful
to prove our results.

Proposition 4.1. [9] For every complete graph K, and every k € {1 - ’_@] ey l%G)J},
n+2k+1
o <[22241]

Proposition 4.2. [9] For every integer n > 3,
5 ifn=0mod 4,
Mo(Cy) = My(P,) = % ifn=2mod4,

2l ifn=1mod 4 orn =3 mod 4.

Proposition 4.3. [9] For every complete bipartite graph K,.; and every k € {1 - [@] ooy l@J},

MK, ) = {r+2kw N F+ka

2 2

Next we present several formulas for the 0-monopoly number of some direct product graphs. The
following four results follow from Theorem 2.2 (or 2.1), Corollary 3.4 and Propositions 4.1, 4.2 and 4.3. We
present the proof of the first one and we omit the other ones due to its similarity.

Proposition 4.4. If r and t are odd integers greater than 2, then

Mo(K, x K;) = Vﬂ
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Proof. If r,t are odd integers, then ¥ — 1, — 1 are even numbers. Now, since K, X K; is a regular graph of
degree (r — 1)(t — 1), Corollary 3.4 leads to the following.

rt r-DE-D]] [t
MO(KVXKt)Z{(r—l)(t—l){ 2 H‘[z}

On the other hand, since My(K},) = P’zi-‘ (Lemma 4.1) and r + 1,t + 1 are even numbers, by Theorem 2.2 we
have that

Mo(K, X Ky) <1t +2

r+1t+1_rt+1_r+1_rt+1_[r_t}
2 2 2 2 |2
O

Proposition 4.5. If r > 2 is any integer and t = 0 (mod 4), then

MoK, X Cy) = %t
Proposition 4.6. If r and t are positive even integers, then

Mo(Kyy X Ky ) = 2rt.
Proposition 4.7. If r is a positive even integer and t is a positive odd integer, then

MO(K;’J X Kt) =rt.

From [4] we know that a path P, is an efficient open domination graph if and only if 7 # 1 (mod 4) and
a cycle C,, is an efficient open domination graph if and only if n = 0 (mod 4). The following observations
are useful to prove our results.

Observation 4.8.

(i) Ifn =0 (mod 4), then every vertex belonging to an efficient open dominating set in P, has degree two.
(ii) Ifn =2 (mod 4), then all but two vertices belonging to an efficient open dominating set in P, have degree two.
The other two vertices have degree one.
(iii) If n = 3 (mod 4), then all but one vertex belonging to an efficient open dominating set in P, have degree two.
The other vertex has degree one.

Observation 4.9. Let G be a path or a cycle. If G is an efficient open domination graph with an efficient open
dominating set S, then My(G) = |S|.

Proof. Since G has maximum degree two, My(G) < |S| follows from the fact that every vertex of G has one
neighbor in S. On the other hand, My(G) > |S| follows from Observation 1.1. [

Theorem 4.10. If G and H are two efficient open domination graphs being paths or cycles of order r and t, respectively,

then
4, ifr=0(mod4)ort=0(mod 4),

144 ifr,t =2 (mod 4),
MO(G X H) =
%/ ifr =2 (mod 4) and t = 3 (mod 4),

1 ifr,t = 3 (mod 4).
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Proof. Let Sg and Sy be efficient open dominating sets of G and H, respectively. From Theorem 3.2 we have
that My(Gx H) > Z(g,h)eSGXSH [%ﬁ“(m] . From Observation 4.9 we have that [Sg X S| = Mo(G)My(H). Also,
by Observation 4.8, S¢ and Sy can have at most two vertices of degree one in G or H, respectively. Thus, to

obtain a lower bounds for My(G X H) we only need to count the number of vertices of S and Sy having
degree one or two. We consider the following cases.

Case 1: 1,t = 0 (mod 4). By Observation 4.8 (when G or H is a path), every vertex of S¢ and Sy has
degree two. Thus, we have

M(GxH)2 Y

(g,h)€ScXSH

0c(9)0n(h)
2

w = 2Mo(G)Mo(H).

Since r,t = 0 (mod 4), Proposition 4.2 leads to My(G) = r/2 and My(H) = t/2. Thus, from the expression
above we obtain that Mo(GxH) > 4. By Theorem 2.1 we obtain that Mo(GxH) < min{rMy(H), tMy(G)} = §.

Case 2: ¥ = 0 (mod 4) and t = 2 (mod 4). Hence H must be a path, every vertex of Sg has degree two
and, by Observation 4.8, all but two vertices of Sy, say x, y, have degree two and x and y have degree one.
Thus,

6:(9)0u(h)
Mo(Gx H) > Z ’VT
(g,h)ESGXSH
= Y 2+ Y, 1
(9.h)e(SexSH)—~(Sex{x,y}) (g.h)eScx{x,y}

= 2Mo(G)(Mo(H) = 2) + 2Mo(G)
= 2Mo(G)(Mo(H) - 1).

Now, from Lemma 4.2 we have that My(G) = r/2 and My(H) = %, which lead to My(G X H) > %t Again,
by using the Theorem 2.1 we obtain that My(G x H) < min{rMy(H), tMy(G)} = %t

Case 3: ¥ = 0 (mod 4) and ¢t = 3 (mod 4). Hence H must be a path, every vertex of S; has degree two
and, by Observation 4.8, all but one vertex of Sy, say w, have degree two and w has degree one. Thus,

0 og(h
Mo(G x H) > { G(g)zH( )}
(g9,h)€Sc XSy
= Y 2+ Y 1
(@E(ScxSm~(Sexlw))  (gheSex(w)

= 2Mo(G)(Mo(H) — 1) + Mo(G)
= 2Mo(GIMo(H) = Mo(G).

Now, from Lemma 4.2 we have that My(G) = r/2 and My(H) = %, which lead to Mo(G x H) > 4. Again,
by using the Theorem 2.1 we obtain that My(G x H) < min{rMy(H), tMy(G)} = %t

Case 4: r,t = 2 (mod 4). Hence G and H must be paths. So, by Observation 4.8, all but two vertices of
Sg, say x,y, have degree two and x and y have degree one. By the same reason all but two vertices of Sy,
say u,v, have degree two and u and v have degree one. Thus, if By = (S¢ X Sg) — ({x, y} X Su) — (S¢ X {u, v}),
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BZ = (SG X {ur v}) - ({x/ ]/} X {M, v})r B3 = ({xr }/} X SH) - ({xr y} X {u/ v}) and B4 = {x/ ]/} X {M, U}, then

0 ox(h
Mo(G X H) > { G(!])ZH( )w
(9,h)€ScXSH
1
2224—2“—214'2[5}
(g/)eBy (g/h)eB; (g/h)€Bs (g/h)eBy

= 2M(G) = DM(H) - 2) + 2M(G) ~ 2) + 2 Mo (H) - 2) + 4]
= 2My(G)My(H) — 2Mo(G) — 2 Mo(H) + 4.

Now, from Lemma 4.2 we have that My(G) = % and My(H) = %, which lead to My(G X H) > ’%4.
On the other hand, from Theorem 2.2 we have that

r+2t+2 42 r+2  rt+4

< =
My(GXH)<rt+2 55 r— 5 >

which completes the proof of this case.

Case 5: r = 2 (mod 4) and t = 3 (mod 4). Hence G and H must be paths. So, by Observation 4.8, all
but two vertices of Sg, say 4, b, have degree two and 4 amd b have degree one. Similar all but one vertex
of S, say ¢, have degree two and ¢ have degree one. Thus, if A1 = (S¢ X Su) — ({a,b} X Su) — (Sc¢ % {c}),
Az = (Sg X {c}) — (la, b} x {c}), As = ({a, b} X Sp) — ({a, b} X {c}) and A4 = {a, b} X {c}, then

56(9)0m(h
Mo(G x H) > [%}
(9,h)€ScXSH
1
=Zz+21+21+ZM
Ghedy @Ay Gheds (e

= 2M(G) —~ DM(H) = 1) + (My(G) ~2) + 20Mo() 1) + 2 ]
=2My(G)My(H) — My(G) = 2My(H) + 2.

Now, from Lemma 4.2 we have that My(G) = % and My(H) = %, which lead to My(G X H) > %

Similarly to Case 4, from Theorem 2.2 we have that

r+2t+1  t+1  r+2 rt+2

< - =
Mo(GXH)<rt+2 75 r— t 7 >

which completes the proof of this case.

Case 6: 7,t = 3 (mod 4), then G and H must be paths. Hence, by Observation 4.8, all but one vertex of Sg,
say a, have degree two and a has degree one. Also all but one vertex of Sy, say ¢, have degree two and c has
degree one. Thus, if A1 = (S¢ X Su)—({a} X Sp) — (S X {c}), A2 = (Sc % {c}) — (fa} X {c}), Az = ({a} X Sp) — ({a} X {c})
and A4 = {a} X {c}, then

1) oy (h
MG > B
(9MESGXSH
1
=ZZ+ZI+ZI+Z[§]
(g h)eA; (g h)eA (g.h)€A3 (g.h)€Ay

= 2M(G) ~ DM(H) = 1) + (My(G) — 1) + (Mo - 1) + [ ]
= 2My(G)Mo(H) — My(G) — My(H) + 1.
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Now, from Lemma 4.2 we have that My(G) = % and My(H) = %, which lead to My(G X H) > %

Finally, like in the Cases 4 and 5, from Theorem 2.2 we have that

r+1t+1_rt+1_tr+1 rt+1
2 2 2 2 27

My(GXH)<rt+2

which completes the proof. [
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