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1. Introduction

In 2001, Bruce Montgomery [1] (see also [2]) introduced the concept of r-dynamic proper k-
coloring of a graph G = (V(G), E(G)) as any proper k-coloring ¢ : V(G) — {0,...,k — 1} of such
a graph such that

lc(N(v))| = min{r,d(v)}, (1.1)

for all v € V(G). Here, N(v) and d(v) denote, respectively, the neighborhood and the degree of the
vertex v. In addition, he introduced the notion of r-dynamic chromatic number y,(G) of the graph G
as the minimum positive integer k for which an r-dynamic proper k-coloring of G exists. As such,
these concepts constitute a natural generalization of the classical notions of proper coloring and the
chromatic number y(G) of a graph G, which arise when r = 1. Montgomery himself proposed the
natural question about how much the difference between y,(G) and x(G) varies, for every r > 1, and
also whether such a difference is bounded for all graphs. Concerning this last question, he proved [1]
the existence of graphs for which this difference is unbounded even for r = 2. Further, Montgomery
also introduced the study of the r-dynamic chromatic number of specific families of graphs, for all
r > 1. More specifically, he determined explicitly all these values for any complete graph, cycle or
tree [1] and dealt with the case r = 2 for any multipartite graph [2].
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Since the original manuscript of Montgomery, a wide amount of graph theorists have dealt with
the study of upper bounds concerning the r-dynamic chromatic number of any graph. In this regard,
Montgomery himself [1] proved that y,(G) < A(G) + 3, for every graph G, where A(G) denotes the
maximum vertex degree in G. Shortly after, Lai et al. [2] proved that y»(G) < A(G) + 1, if A(G) > 4.
In addition, Montgomery [1] also conjectured that y»(G) < x(G) + 2, for every regular graph G. This
inequality was proved by Lai et al. [3] for graphs that are connected and claw-free. Concerning the
conjecture itself, it was proved by Akabari et al. [4] in case of dealing with bipartite regular graphs.
Furthermore, Alishahi [5] proved the existence of a constant ¢ such that y,(G) < x(G) + ¢ - In(k) + 1,
for every k-regular graph G. This last author [6] also proved that x»(G) < x(G) + y(G), where y(G)
denotes the domination number of G. For a general positive integer r, Jahanbekam et al. [7] proved
that y,(G) < r- A(G) + 1. For r > 2, Lai et al. [3] had already proved that y,(G) < A(G) + r* —r + 1,
whenever A(G) < r. Finally, concerning the study of upper bounds of the r-dynamic chromatic number
of products of graphs, Akbari et al [8] proved that y»(GOH) < max{y,(G), x»(H)}, if 6(G) > 2, where
GOH denotes the Cartesian product of two graphs G and H, and 6(G) denotes the minimum vertex
degree of the graph G.

In the recent literature, it is also remarkable the acquired relevance of determining explicitly the
r-dynamic chromatic number of specific families of graphs, for every positive integer r. It is so that
this value has already been studied for grid graphs [7, 9]; helm graphs [10]; prism graphs, three-
cyclical ladder graphs, joint graphs and circulant graphs [11]; toroidal graphs [12]; some cycle-related
graphs [13]; coronations of paths [14]; and subdivision-edge coronas of a path [15]. In addition, it has
also been studied the r-dynamic chromatic number of the Cartesian product and the corona product of
distinct types of graphs [16-22]. Nevertheless, the r-dynamic chromatic number of direct products of
graphs has only recently been given attention. More specifically, it has explicitly been determined [23]
for the direct product of any given path with either a path or a cycle. This paper delves into this topic
by determining the r-dynamic chromatic number of the direct product of any given path with either a
complete graph or a wheel graph.

The paper is organized as follows. In Section 2, we describe some preliminary concepts and results
on Graph Theory that are used throughout the paper. Then, Sections 3 and 4 deal, respectively, with the
r-dynamic chromatic number of the direct product of a path with either a complete graph or a wheel
graph.

2. Preliminaries

This section deals with some preliminary concepts and results on Graph Theory that are used
throughout the paper. For more details about this topic, we refer the reader to the manuscripts [24,25].

A graph is any pair G = (V(G), E(G)) formed by a set V(G) of vertices and a set E(G) of edges
so that each edge joins two vertices, which are then said to be adjacent. From now on, let vw be the
edge formed by two vertices v,w € V(G). If v = w, then the edge constitutes a loop. A graph is called
simple if it does not contain loops. Further, the number of vertices of a graph is its order. A graph is
called finite if its order is finite. This paper deals with the direct product G x H of two finite and simple
graphs G = (V(G), E(G)) and H = (V(H), E(H)). Its vertex set is the Cartesian product V(G) X V(H).
Two vertices (v,Vv") and (w,w’) in such a set are adjacent if and only if vw € E(G) and v'w’ € E(H).
Figure 1 illustrates this last concept.

AIMS Mathematics Volume 6, Issue 2, 1470-1496.
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G H G x H

(w,b)
(w,a) (w,c)

=
o

(v,a) ,
a c o) (v,c)

<

Figure 1. Illustrative example of a direct product of graphs.

The set of vertices that are adjacent to a vertex v € V(G) constitutes its neighborhood Ng(v). The
cardinality dg(v) of this set is the degree of the vertex v. If there is no risk of confusion, then we use the
respective notations N(v) and d(v). Furthermore, we denote, respectively, 6(G) and A(G) the minimum
and maximum vertex degree of the graph G. The following result follows straightforwardly from the
previous definitions.

Lemma 1. Let G and H be two finite simple graphs. Then,

a) dexg((v,w)) = dg(v) dy(w), for all (v,w) € V(G X H).
b) (G x H) = 6(G) 6(H).
c) A(G x H) = A(G) A(H).

A finite graph is called complete if all its vertices are pairwise adjacent. A path between two distinct
vertices v and w of a given graph G is any ordered sequence of adjacent and pairwise distinct vertices
(Vo =V, V1, ey Voo, Vuy = w) in V(G), with n > 2. If v = w, then such a sequence is called a cycle.
A graph is said to be connected if there always exists a path between any pair of vertices. Further, if
all the vertices of a cycle are joined to a new vertex, then the resulting graph is called a wheel. Such a
new vertex is called the center of the wheel graph. From here on, let X,,, P,, C, and W, respectively
denote the complete graph, the path, the cycle and the wheel graph of order n.

A proper k-coloring of a graph G is any map ¢ : V(G) — {0, ...,k — 1} assigning k colors to the set
of vertices V(G) so that no two adjacent vertices have identical color. The minimum positive integer
k for which such a proper k-coloring exists is the chromatic number y(G) of the graph G. Particular
cases of proper coloring and chromatic number are the so-called r-dynamic proper k-coloring and
the r-dynamic chromatic number, which have already been described in the introductory section (see
(1.1)). The following results are known.

Lemma 2. [1] Let G be a graph and let r be a positive integer. Then,
min {r, A(G)} + 1 < x,(G) < x41(G).

Moreover;
XH(G) < xac)(G).

Lemma 3. [3] Let n and r be two positive integers. Then, the following results hold.

AIMS Mathematics Volume 6, Issue 2, 1470-1496.
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2, ifr=1,

a) If n > 2, then y,(P,) =
3, otherwise.

b) Xr(Kn) =n

Lemma 4. [I18] Let n > 2 be a positive integer. Then,

3, ifnisodd,

4, otherwise.

/\/Z(Wn) = {

In case of dealing with the r-dynamic chromatic number of a direct product of graphs, the following
results hold.

Lemma 5. [23] Let G and H be two finite simple graphs and let r be a positive integer such that
r < 0(G"), for some G’ € {G, H}. Then,

x+(G x H) < x,(G).

Theorem 6. [23] Let m ,n and r be three positive integers such that m,n > 2. Then,

2, ifr=1,
3, ifr=2andn =3t for somet > 1,
|\r=2andn # 3t, forallt > 1,
lf{r:3andn¢{4,5,10},
Xr(PpxCp) = r=3andn € {4,5,10}, forallt > 1,
S, if{r>4andn = 5t, for somet > 1,
r>4, me{3,4andn ¢ {3,4,6,7,8, 14},
; {r >4, me{3,4}andn € {3,4,6,7,8, 14},

0,
r>4,m>5and n+ 5t, forallt > 1.

3. Dynamic coloring of the direct product of a path and a complete graph
In this section, we study the r-dynamic chromatic number of the direct product of a path
P, = uy,...,up_1)
and a complete graph K, of set of vertices
V(Ky) = {(vo,..., V1),
where m and n are two positive integers such that m > 2. From Lemma 1, we have that
OP,xXK,)=n—-1<2(n-1)=AP, XK,).

AIMS Mathematics Volume 6, Issue 2, 1470-1496.
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More specifically, for each vertex (u;,v;) € P,, X K,,, itis

n—1, ifi e {0,m—1},

d((u,vj) = { 2n—1), ifO0O<i<m-1.

Firstly, we focus on the case n < 3, which follows readily from already known results.
Theorem 7. Let m and r be two positive integers such that m > 2. Then, the following assertions hold.

a) xr(Py X Ky) = 1.
2, ifr=1,
b) x,(P, X K>) = _
3, otherwise.

r+1, ifr<3,
C) Xr(Pm X KS) = .

6, otherwise.
Proof. The first assertion follows simply from the fact that the direct product P,, X K; is not connected.
Further, the second assertion follows from Lemma 3 once it is observed that the direct product P,, X K,
is formed by a pair of disjoint paths of order m. Finally, the third assertion follows from Theorem 6
once it is observed that the complete graph K3 constitutes a cycle of order three. O

Now, let us prove a pair of preliminary lemmas that are useful to deal with the case n > 3. In order
to simplify the notation, for each given proper coloring c¢ of the direct product P,, X K,,, we denote from
now on ¢; j := c(u;, v;), for all non-negative integers i < m and j < n.

Lemma 8. Let m, n and r be three positive integers such thatm > 2, n >3 and 1 <r < n—2. Then,
r+2 < x (P, xK),).

Proof. Sincer <n-2 < A(P,, X K,,), we have from Lemma 2 that r + 1 < y,(P,, X K,,). Then, in order
to prove the result, let us suppose the existence of an r-dynamic proper (r + 1)-coloring c¢ of the direct
product P,, X K,,. Since |c(N((uo, vo)))| = r, we can suppose, without loss of generality, that ¢; ; = j, for
all positive integer j < r. As a consequence, since c is a proper coloring, it must be ¢oo = 0. Moreover,
there must exist a positive integer jo < r such that ¢y ,+; = jo. Now, since [c(N((u1,v,41)| =1 > 1
and c is a proper coloring, we have that j € {coj,cp;} € {0, j}, for all j € {1,...,r}\ {jo}, and
Co.jo = €2,jy = Cor+1 = C2r+1 = 0. But then, again from the fact that c is a proper coloring, it must be
cij = jo, forall j € {0,r+2,...,n— 1}. It implies that [c(N((uo,v;)))| = r — 1 < r, for all positive
integer j < r such that j # jj, which contradicts Condition (1.1). O

Lemma 9. Let m, n and r be three positive integers such that m > 2, n > 3 and [%J <r<2n-2
Then,
r+2 <y (P, X Ky,).

Proof. Since r < 2n —2 = A(P,, X K,), we have from Lemma 2 that r + 1 < y,(P, X K,,). Let
us suppose the existence of an r-dynamic proper (r + 1)-coloring c¢ of the direct product P,, X K,,.
Similarly to the proof of Lemma 8, we can suppose, without loss of generality, that ¢, ; = j, for all
non-negative integer j < n, and ¢p; = n + j, for all non-negative integer j < r — n. Then, since

AIMS Mathematics Volume 6, Issue 2, 1470-1496.
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lc(N((t1,vy-1))) \ {n,...,r = 1}| = n and the map c is a proper coloring, it must be ¢, ; = j, for all
non-negative integer j < r —n, and j € {cgj,cp;}, forall j € {r —n,...,n — 1}. But then, since
n + j must be a color in the set ¢(N((u1,v;))), for all non-negative integer j < r — n, it should also be
n+j €{Corns--->Con-1>Carns--->Coni}, for all non-negative integer j < r — n. It is only possible if
andonlyif r—n+1 < 2n—r—1. Thatis, it should be r < 37” — 1, which contradicts the hypothesis. O

The following result establishes the r-dynamic chromatic number of the direct product of a path and
a complete graph of order n > 3.

Theorem 10. Let m, n and r be three positive integers such that m > 2 and n > 3. Then,

r+1, ifeitherr=1, 0rn—1§r<[37"J,
Xr(PyXK,) =4 r+2, ifeitherl <r<n-2, or [%J <r<2n-2,
2n, otherwise.

Proof. Let us study separately each case by defining an appropriate r-dynamic proper coloring c of the
corresponding direct product P,, X K,, satisfying Condition (1.1).

e Caser=1.
This case follows simply from Lemmas 2 and 5 once we notice that 1 < 6(P,,) and 2 = y(P,,).

e Casel <r<n-2.
From Lemma 8, we have that r + 2 < y,(P,, X K,,). Then, let the map ¢ be defined so that

7, ifl<j<r,
cij=1 0, ifiisevenand j ¢ {1,...,r},

r+1, otherwise.

Condition (1.1) holds and hence, y,(P,, X K,) = r + 2. Figure 2 illustrates the direct product
P; X K5, forr = 3.

Figure 2. 3-dynamic proper 5-coloring of the direct product P3 X K.

e Casen—1<r< [%"J
From Lemma 2, we have that r + 1 < y,(P,, X K,,). Then, let the map ¢ be defined recursively as
follows.

— For each non-negative integer j < n, we have that ¢q; = j.

AIMS Mathematics Volume 6, Issue 2, 1470-1496.
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— For each positive integer i < m and each non-negative integer j < n, we have that
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X-(Pn X K,) = r+ 1. Figures 3-5 illustrate the direct product

Condition (1.1) holds and hence,

P X K5, forr e {4,5,6}

Figure 3. 4-dynamic proper 5-coloring of the direct product Pg X K.

MM

Figure 4. 5-dynamic proper 6-coloring of the direct product Pg X K.
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Figure 6. 10-dynamic proper 12-coloring of the direct product Ps X K.
The result follows from the previous case and Lemma 2, once we notice that A(P,, X K,,) = 2n—2.

o Caser >2n—2.
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4. Dynamic coloring of the direct product of a path and a wheel graph

Let m and n be two positive integers such that m > 2 and n > 3. In this section, we study the
r-dynamic chromatic number of the direct product of a path

P =Cuo, ..., up)

and a wheel graph W, of set of vertices
VIW,) ={vo,...,Vp2,V}.

Here, v denotes the center of the wheel graph. Thus, W, contains the cycle graph

Chuo1 =V -y Vpa ).
From Lemma 1, we have that

O(PyxW,)=3<2(n—-1)=A/LP, X W,).

More specifically, for each vertex (u;,v;) € P, X W,, it is

3, ifie{0,m-1},

6, otherwise.

d((ui’vj)) = {

In addition, for each vertex (u;,v) € P,, X W,, it is

n—1, ifi € {0,m—1},

2(n—1), otherwise.

d((u;,v)) = {

Firstly, let us prove a result that enables us to focus on those direct products P,, X W, such that either
n=7,orniseven, orn =4t + 1, for some r > 1.

Lemma 11. Let m > 2, n > 3 and r be three positive integers such that n is odd. Then,

/\/r(Pm X W2n+l) :/\/r(Pm X Wn+1)'

Proof. The result follows straightforwardly from the fact that the direct product P, X W,,,; may be
considered as two direct products P,, X W, |, whose sets of vertices are disjoint except for those vertices
corresponding to the common center of their respective wheel graphs. O

The following preliminary lemmas establish certain bounds for the r-dynamic chromatic number
X-(Pn X W,). In order to simplify the notation, for each given proper coloring ¢ of the direct product
P, x W,, we denote from now on ¢; ; := c(u;, v;), for all non-negative integers i <mand j <n-—1. In
addition, all the indices of the vertices v; associated to the wheel graph W, are considered to be taken
modulo n—1. Let us start with a pair of bounds of the r-dynamic chromatic number y,(P,, X W,) arising
from the fact that every wheel graph contains a cycle.

AIMS Mathematics Volume 6, Issue 2, 1470-1496.
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Lemma 12. Let m, n and r be three positive integers such that m > 2, n > 3 and r > 1. Then,
/\/r(Pm X Wn) S/\/r—l(Pm X Cn—l) + 19

whenever there exists an (r — 1)-dynamic proper x,(P, X C,_1)-coloring c of the direct product
P,, X C,_y such that the following two conditions hold.

a) min{r,n -1} < ‘{ci,j: 0<j<n- 1}],forazzz'e (1,m—2).
b) min{r,2(n — 1)} < [{ci-1j, civ1,;: 0 < j <n—1}|, for all positive integer i < m — 2.

Proof. Let us suppose the existence of the map ¢ in the hypothesis. Then, let ¢ : V(P, X W,) —
{0,...,xr—1(P, X C,_1)} be defined so that, for each non-negative integer i < m, we have that c¢((u;, v)) =
Xr-1(Py X C,_1), and ¢; j = ¢;;, for all non-negative integer j < n — 1. It is simply verified that this
map ¢ is a proper coloring of the direct product P,, X W, satisfying Condition (1.1), for every vertex
(u;,v;) € V(P,, x W,). Moreover, the compliance of both conditions (a) and (b) enable us to ensure that
Condition (1.1) also holds for every vertex (u;,v) € V(P,, X W,), and hence, the result holds. Figure 7
illustrates this constructive proof for the direct products P, X Cs and P4 X W;s. O
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Figure 7. 2-dynamic proper 4-coloring of the direct product P4 X Cs and its associated 3-
dynamic proper 5-coloring of the direct product Py X W.

Let us establish now a series of lower bounds of y,(P,, X W,,), for r > 2.

Lemma 13. Let m > 2 and n > 3 be two positive integers such that n is even. Then,
3 < x2(Pp X W)).

Proof. From Lemma 2, we have that 3 < y,(P,, X W,). Let us suppose the existence of a 2-dynamic
proper 3-coloring c¢ of the direct product P,, X W,. Since n is even, there must exist a non-negative
integer j < n—1 such that ¢, ; # ¢; j.» (otherwise, |c(N(up, v))| = 1, which contradicts Condition (1.1)).
Then, without loss of generality, we can take ¢, = 0, ¢;, = 1 and ¢((uo,v)) = 2. As a consequence,
coq = c((uz,v)) = 2 # c((uy,v)). Again, without loss of generality, we can suppose that c((u;,v)) = 0.
Under such assumptions, if there exists a non-negative integer jo < n — 1 such that ¢y, = 1, then it
should be ¢ j,-1 = ¢ jy~1 = 0. But then, [c(N((uo,vj,)))| = 1, which is a contradiction. Hence, ¢ ; = 2,
for all non-negative integer j < n—1. In a similar way, we may ensure that ¢, ; = 2, for all non-negative
integer j < n— 1. But then, [c(N((u;,v;)))| = 1, for all non-negative integer j < n— 1, which constitutes
again a contradiction. As a consequence, no such a map c exists and hence, the result holds. O
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Lemma 14. Let m > 2 and n > 3 be two positive integers such that n # 3k + 1, for all k > 0. Then,
4 < x3(Pp X Wy).

Proof. From Lemma 2, we have that 4 < y,(P,, X W,). Let us suppose the existence of a 3-dynamic
proper 4-coloring ¢ of the direct product P, X W,. Condition (1.1), together with the fact that ¢ is a
proper coloring, implies that ¢; ; # c((u;,v)), for all non-negative integers i < 3and j <n-—1. Asa
consequence, for each non-negative integer j < n — 1, we have that ¢y ; # co j+1 = 211 # C1jx2 # C1j-
Thus, since [c(N((u1,vj+2)))| = 3, it must be ¢g j+3 = 2 j+3 = ¢1j and ¢ j4 = ¢ js1. Inshort, ¢y ;, €1 42
and c j.4 are pairwise distinct, for all non-negative integer j < n — 1. This contradicts the fact of being
n # 3k + 1, for all £ > 0, and hence, the result holds. O

Lemma 15. Let m > 2 be a positive integer and let n € {5,6, 11}. Then,
5 <X4(Pm X Wn)

Proof. From Lemma 2, we have that 5 < y4(P,, X W,)). So, let us suppose the existence of a 4-dynamic
proper 5-coloring ¢ of the direct product P,, X W,. Since d((uo,v;)) = 3, for all non-negative integer
J <n-—1,it must be c((u1,v)) ¢ {c1j: 0 < j<n-1}. Asa consequence, since |c(N((uop,v)))| = 4, we
have that c((uo, v)) = c¢((u1,v)) = c¢((u42,v)). The following study of cases arise.

e Casen =5.
In a recursive way, it is simply verified that |{c,~, it 0<j< 4}| = 4 and c((u;,v)) = c((up,v)), for
all non-negative integer i < m. Thus, the map ¢ : V(P,, X Cy) — {0,1,2,3,4} \ {c((uo,v))} that
is defined so that ¢; ; = ¢, ;, for all non-negative integers i < m and j < 4 is a 4-dynamic proper
4-coloring of the direct product P,, X Cy. It contradicts Theorem 6 and hence, the result holds.

e Casen = 6.
Since [c(N((uo, v)))| = 4, we have that {c;;: 0 < j < 4} = {0,1,2,3}. Thus, there must exist a
pair of non-negative integers j;, jo < 4 such that ¢, ;, = c; ;. Since |c(N((uo,v;)))| = 3, for all
non-negative integer j < 5, it must be (j, — j;)mod5 € {1,4}. Without loss of generality, let
us suppose that that ¢; o = c14. Then, since ¢ is a proper coloring and ¢;; # c((u1,v)), for all
(I, j) €{0,2} x {0, 1,2, 3,4}, we have that {c( , c2.1, €03, 23} € {c1.1, c13}. It contradicts the fact of
being |c(N((uo, v)))| = 4 and hence, the result holds.

e Casen=11.
It follows simply from the case n = 6 and Lemma 11.

O

Lemma 16. Let m > 2 and n > 4 be two positive integers such that one of the following assertions
hold.

a) S<n#5t+1, forallt > 1.
b) me{3,4}andn € {5,7,8,9,15}.

Then,
6 <X5(Pm X Wn)
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Proof. Lemma 2 implies that 6 < ys5(P,, X W,). So, let us suppose the existence of a 5S-dynamic proper
6-coloring c of the direct product P,, X W,,.

If n = 5, then Condition (1.1) implies that [c(N((up,v)))| = 4 and |c(N((u1,vp)))| = 5. The first
equality enables us to ensure that ¢, ; # ¢, for all non-negative integers j, k < 4. But then, the second
equality implies that ¢, , € N((uy,vp)), which is not possible because N((u;, vy)) = N((u1,v,)) and c is
a proper coloring. As a consequence, it must be 6 < ys(P,, X Ws).

Inn > 5, then Condition (1.1) implies that |c(N((ug, v)))| = 5 and hence, since c is a proper coloring,
we have that c(us,v) = c(uo, v). Let jo < n— 1 be a non-negative integer. Since [c(N((u, ;)| = 5, we
have that ¢(N(u;,vj,)) = {0,1,2,3,4,5} \ {c1j,, c(uo, v)}. Thus,

ey 1€40,2),0< j<n—1}=1{0,1,2,3,4,5}\ {c(up, v)}.

As a consequence, c(u;,v) = c(up,v). Moreover, if m > 3, then ¢ j_1 # ¢2j,+1. Thus, if m € {3,4}
(respectively m > 5) the map ¢ : V(P; X C,_1) — {0,1,2,3,4} \ {c((ug,v))} that is defined so that
¢;j = ¢, for all non-negative integers i < 4 and j < n — 1, would be a 4-dynamic proper 5-coloring
of the direct product P; X C,, (respectively, P, X C,). It contradicts Theorem 6 when n € {5,7,8,9, 15}
(respectively, n # 5t + 1, for all > 1) and hence, the result holds. m]

Lemma 17. Let m > 2, n > 4 and r > 6 be three positive integers such that r < 2(n — 1). Then,
r+1 <y, (P, XxXW,.

Proof. Lemma 2 implies that r + 1 < y,(P,, X W,)). So, let us suppose the existence of an r-dynamic
proper (r + 1)-coloring ¢ of the direct product P,, X W,. Notice that c(uy, v) # c(u,v). Otherwise, we
would have, for instance, that |c(N (i, vp))| < r, which contradicts Condition (1.1). Now, if c(u;,v) #
c(up, v), then Condition (1.1) implies that c(uo, v) € c(N(uy,v)). But then, [c(N(u;1,v;))| < r, for some
non-negative integer j < n — 1, which contradicts the mentioned condition. Hence, c(u;, v) = c(ug, v).
Then, again from Condition (1.1) we would have that c(u,, v) € ¢(N(u;,v)) and hence, [c(N(u;,v;))| <
r, for some non-negative integer j < n — 1. It contradicts once more time Condition (1.1). As a
consequence, no r-dynamic proper (r + 1)-coloring exists. O

Further, in order to establish an upper bound based on Lemma 5, the following proposition
determines the 3-dynamic chromatic number of a wheel graph.

Proposition 18. Let m and n be two positive integers such that m > 2 and n > 3. Then,

4, ifn=3k+1, for somek >0,
X3P X W) < xs(W,) =35, if6#n+3k+1, forallk >0,
6, ifn==6.

Proof. Since 6(W,) = 3, for all n > 3, Lemma 5 implies that y;(P,, X W,) < x3(W,). In addition,
from Lemma 2, we have that 4 < y3(W,). Let us study separately each case by describing to this
end an appropriate 3-dynamic proper coloring ¢ of the wheel graph W, satisfying Condition (1.1). An
illustrative example of each case is shown in Figure 8.
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e Case n = 3k + 1, for some k > 0.
Let the map ¢ be defined so that ¢(v) = 3 and c(v;) = jmod 3, for all non-negative integer j < n—1.
Condition (1.1) holds and hence, y3(W,) = 4. Figure 8 illustrates the case n = 7.

e Casen # 3k + 1,for all k > 0.
From Condition (1.1), we have that c(v), c(v;), c(v;s1) and c(v;») are pairwise distinct, for all
non-negative integer j < n — 1. As a consequence, since n # 3k + 1, for all £ > 0, it must be
4 < y3(W,). The following subcases arise.

— Subcase n = 3k + 2, for some k > 0.
Let the map ¢ be defined so that ¢(v) = 4 and

jmod3, if j#n-2,
C(Vj) = .
3, otherwise.

Condition (1.1) holds and hence, y3(P,, X W,) = 5. Figure 8 illustrates the case n = 8.

— Subcase n = 3k, for some k > 2.
Let the map ¢ be defined so that ¢(v) = 4 and

jmod3, if j<n-6,
cvj)=4 j—n+5, ifn-5<j<n-1,
3, if j=n-6.

Condition (1.1) holds and hence, y3(P,, X W,) = 5. Figure 8 illustrates the case n = 9.

— Subcase n = 6.
The result holds because, from Condition (1.1), no two vertices in W, can share the same
color in any given 3-dynamic proper coloring of the wheel graph We. An illustrative example
is shown in Figure 8.

W B w

Figure 8. 3-dynamic proper colorings of the wheel graph W, for n € {6,7, 8, 9}.

After enumerating all the previous bounds, we are in condition of determining exactly the r-dynamic
chromatic number of the direct product P,, X W,. Firstly, let us establish the r-dynamic chromatic
number of the direct product P,, X W,, which follows readily from Theorem 10, once we notice that
the wheel graph W, coincides with the complete graph Kj.
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Theorem 19. Let m and r be two positive integers such that m > 2. Then,

r+1, ifrefl,3,4,5},
Xr(Ppy X Wy) =2 r+2, ifref{2,06},

8, otherwise.

The following theorem is the main result of the section. It establishes the r-dynamic chromatic
number of the direct product of a path and a wheel graph of order n # 4.

Theorem 20. Let m, n and r be three positive integers such that m > 2 and n > 4. Then,

2, ifr:I
if r =2 and n is odd,
r =2 andn is even,
{r—3andn—3k+1 for some k > 0,
5 {r_3mmn¢3k+1ﬁwaUk>o
’ r=4andn ¢1{5,6,11}
r=4andn € {5,6,11},
n—5t+1 for some t > 1,
m€{3 4y andn ¢ {5,7,8,9, 15},

5,7,8,9, 15},
7, y{rzsmm{”E{ }

Xr(Pm X Wn) =

r=15and

m>5andn # 5t+1, forallt > 1,
r+2, if6<r<2mn-1),

2n, otherwise.

Proof. Let us study separately each case by defining to this end an appropriate r-dynamic proper
coloring ¢ of the direct product P,, X W, satisfying Condition (1.1).

e Caser=1.
This case follows simply from Lemmas 2 and 5 once we notice that 1 < 6(P,,) and 2 = y(P,,).

e Caser =2.
From Lemma 2, we have that 3 < y,(P,, X W,). Moreover, if n is even, then Lemma 13 implies
that 4 < y,(P,, X W,,). The result holds because, since r = 2 < 3 = §(W,), we have from Lemmas
4 and 5 that

3, ifnisodd,

P,xW, <
Kl ) { 4, ifnis even.

e Case r = 3.
From Lemma 2, we have that 4 < y3(P, X W,). Hence, from Proposition 18, we have that
X3(Pn X W3ipq) = 4, for all positive integer k. Further, Lemma 14 implies that 5 < y3(P,, X W,),
whenever n # 3k + 1, for all kK > 0. Hence, again from Proposition 18, we have that y3(P,,x W,) =
5, for all positive integer n distinct from 6 and 3k + 1, for all £ > 0.
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Finally, since the 2-dynamic proper 4-coloring of the direct product P, X Cs that is described in
the proof of Theorem 17 in [23] satisfies both conditions (a) and (b) of Lemma 12, this last result
enables us to ensure that y3(P,, X Ws) < 5 and hence, that this upper bound is reached.

e Caser =4.
From Lemma 2, we have that 5 < y4(P,, X W,). Then, the following study of cases arise.

— Subcase n # 3k + 1, for all k > 0, except for n € {5,6, 11}.
Again from the constructive proof of Theorem 17 in [23] and Lemma 12, we can ensure that
X4(P, x W,) <5. From Lemma 2, this upper bound is reached.

— Subcase n = 6k + 1, for some k > 0.
Let the map ¢ be defined so that c¢((u;, v)) = 4, for all non-negative integer i < m, and such
that the following assertions hold.

Ci,j = Cijmode, for all non-negative integers i < m and j < n.
c13=03=0.
Co3 = €24 =C34 = 1.

Co,l = Coa = Clga =C35 =C45 = 2.

Cop = C12 = Co5 = €15 = €25 = 3.
Let j < 6,1 <6andt < |%]be three non-negative integers such that 67 + j+ 1 < m. Then,

EE R R I

(j — 2f)mod 4, if [ < 4,
c . s =
61+ j+L,j (j—2t—1)mod4, otherwise.

Condition (1.1) holds and hence, y4+(P,, X W,) = 5. Figure 9 illustrates the direct product
P x W;.
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Figure 9. 4-dynamic proper 5-coloring of the direct product P; x W;.

— Subcase n = 6k + 4, for some k > 0.
Let the map ¢ be defined so that, for each non-negative integer i < m, we have that c¢((i;, v)) =
4, and
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Condition (1.1) holds, and hence, y4(P,, X W,) = 5. Figure 10 illustrates the direct product

P17 X Wi.

,(j+i)mod (n—1) —

.v

v ()

()

-

Ci

-coloring of the direct product Py7 X Wi.

dynamic proper 5

.4

10

Figure

11}.

we have that 6

b

6

b

5

From Lemma 15

{

— Subcase n €

W,,). In order to prove the case n = 5, let the map

X
¢ be defined so that the following assertions hold.

m

< x4(P

2

* ¢;j = J, for all non-negative integers i <mand j <n-— 1.
* For each non-negative integer i < m, we have that

if imod 4 € {0, 1},
otherwise.

4,
5,

Condition (1.1) holds, and hence, y4(P,, X Ws) = 6. Figure 11 illustrates the direct product

Py x Ws.

c(u;, v)

Volume 6, Issue 2, 1470-1496.
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Figure 11. 4-dynamic proper 6-coloring of the direct product P, X Ws.

Further, both cases n = 6 and n = 11 follow from Lemma 12 and the respective 4-dynamic
proper S-colorings that are described in the proof of Theorem 17 in [23].

e Caser =>5.
From Lemma 2, we have that 6 < ys(P,, X W,). Then, Lemmas 11 and 16 enable us to focus on
the following study of cases.

— Subcasen =5¢+ 1, forsomet > 1,orm € {3,4}and n ¢ {5,7,8,9, 15}.
Lemma 12, together with the 4-dynamic proper 5-colorings that are described in the proof of
Theorem 17 in [23], enables us to ensure that ys(P,, X W,) = 6.

— Subcase n = 5.
From Lemma 16, we have that 7 < ys5(P,, X Ws). Then, let the map ¢ be defined so that

(2]£]+ j) mods, if j {0, 1},
cij =3 (2[£]-1-j) mod6, if je (2,3},
6, otherwise.

Condition (1.1) holds, and hence, y5(P,, X Ws) = 7. Figure 12 illustrates the direct product
Pg x Ws.

Figure 12. 5-dynamic proper 7-coloring of the direct product Pg X Ws.
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— Subcase n = 4¢ + 1, for some ¢t > 2.
From Lemma 16, we have that 7 < ys(P,, X W,)). Let the map c be defined so that

5, ifimod4 € {0, 1},

6, otherwise.

c((u;,v)) =

In addition, for each (u;,v;) € V(P,, X W,), we have that

2imod 5, if j € {0, 1},
Qi+ 1)mod 5, if je{2,3},
cij=1% 2i+2)modS5, ifje{4,5},
2i+3)mod 5, if j=6orj=8k+1, forsomek>0and!/ € {1,2},
2i+4)mod 5, if j=7or j=8k+1 forsomek > 0and! € {0,3}.

Condition (1.1) holds, and hence, ys(P,, X W,) = 7. Figures 13 illustrates the direct product
Pe X Wis.

Figure 13. 5-dynamic proper 7-coloring of the direct product Pg X W5.

— Subcasen = 7.

Again from Lemma 16, we have that 7 < ys(P,, X Ws). Then, let the map ¢ be defined so that
c(u;,v) = 6, for all positive integer i < m, and

(j + k) mod 6, if i = 2k, for some k > 0O,
(j+k—-2)mod6, ifi=2k+ 1, for somek > 0.

Lj =

Condition (1.1) holds, and hence, y5(P,, X W;) = 7. Figure 14 illustrates the direct product
Pg X W5.
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Figure 14. 5-dynamic proper 7-coloring of the direct product P X W;.

— Subcase n = 6¢ + k, for some positive integer ¢ and k € {0, 2, 4}.
Let the map ¢ be defined so that

5, ifimod4 € {0, 1},

6, otherwise.

c((u;,v)) = {

In addition, for each (u;,v;) € V(P,, X W,), we have that

2imod 5, if (j, k) € {(0,0),(0,2),(0,4),(1,2),(1,4)},

Qi+ 1)mod 5, if (j, k) € {(1,0),(2,2),(2,4),(3,2),(3,4)},

(2i+2)mod 5, if (j, k) €{(2,0),(4,2),(4,4),(5,4)},

(2i+3)mod 5, if (j, k) €{(3,0),(5,2),(6,4),(7,4)},

2i+4)mod 5, if (j, k) € {(4,0),(6,2),(8,4)},

2i+0)mod 5, ifj=6t+5+k+1, forsomele€{0,1,2,3,4,5}.
Condition (1.1) holds, and hence, y5(P,, X W,) < 7. In particular, Lemmas 11 and 16 imply
that ys(P,,xW,) = 7, for all m > 5. In addition, they enable us to ensure that ys(P,,x Ws) = 7,

for all n € {8, 15} and m € {3,4}. Figures 15-17 illustrate the direct products P¢ X W, for
n € {12,14,16}.
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Figure 15. 5-dynamic proper 7-coloring of the direct product Pg X Wi,.
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e Caser =6.

From Lemma 17, we have that 8 < y,(P,, X W,). Then, Lemma 11 enables us to focus on the
following study of cases. In all of them, the described map c satisfies that

6,

c((u;,v)) = ;

— Subcase n = 7.
Let the map ¢ be defined so that

(j + k) mod 6,
(j+ k—2)mod®6,

i,j —

if imod4 € {0, 1},
otherwise.

if i = 2k, for some k > 0,
ifi =2k + 1, for some k > 0.

Condition (1.1) holds, and hence, y¢(P,, X W7) = 8. Figure 18 illustrates the case m = 7.
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Figure 18. 6

— Subcase n = 4¢ + 1, with t > 2.

Let the map ¢ be defined so that

0,

ifj=1,

if j

imod 6,

(i+3)mod6,
(i—1)mod®6,
(i +2)mod6,
(i—2)mod6,
(i+ 1)mod®6,

4k + 2, for some k > 0,
4k + 3, for some k > 0,

4k for some k > 0,

if j

if j

if j

4k + 1 for some k > 0.

if j

C,',j =

=1.

Condition (1.1) holds, and hence, y¢(P,, X W,) = 8. Figure 19 illustrates the case m
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— Subcase n = 6¢, witht > 1.
Let the map ¢ be defined so that

(j + k)mod 6, if j <2 andi =2k, for some k > 0,

(j+k+1)mod6, ifje{3,4}andi= 2k, for some k > 0,
(j+k—2)mod6, if j<3andi=2k+ 1, for somek >0,
(3 + k)mod 6, if j=4andi=2k+ 1, for some k > 0.

Cij =

and, for each pair of non-negative integers jand k < Ssuchthat 6j+ k+5 <n — 1, we have

that
(k + [)mod 6, if i = 21, for some [ > 0,
(k+1-2)mod6, ifi=2l+1, forsome!l> 0.

Ci6j+k+5 =

Condition (1.1) holds, and hence, y¢(P,, X W,) = 8. Figure 20 illustrates the direct product
P; X Wis.

= 2 2 SR
B ————aaa N ———
N/ 7 S —— =
P ——— = =9
N v- ‘_' — —=——
A JANSSAS——— = =—=—=
e i
e~ 7N E—
N AV e = —— %
P —— = —— X >
T~

Figure 20. 6-dynamic proper 8-coloring of the direct product P; X W,.

— Subcase n = 61 + 2, with ¢ > 1.
Let the map ¢ be defined so that, for each non-negative integer j < n — 1, we have that

co,j = (j—1)mod6
and
coj, if jmod6 €{1,3,4,5},
crj=1 5, if j =2 (mod6),
1, otherwise.

In addition, the following assertions hold.
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* Let k be a positive integer such that 2k < m. Then,

Cok,j = C2k—1,(j+3)mod 6-

x Let k be a positive integer such that 2k + 1 < m. Then,

Corj»  1f jmod6 € {1,3,4,5},
Coksl,j =4 Coxo, 1f j=0(mod6),

Cao, Otherwise.

Condition (1.1) holds, and hence, y¢(P,, X W,) = 8. Figure 21 illustrates the direct product
Pg X W4

82— O @ O L — @
——— 7 N LN
\‘§—§ --

— e —
v\\§§ —
A AQA-Q _ é’—'.
__‘ '-"'.‘— -" -‘
— — -‘i‘—“-‘&‘\
X P a——
— ,,—/——f‘—a‘-—"_ug’s —-‘

e e

Figure 21. 6-dynamic proper 8-coloring of the direct product P X W4.

— Subcase n = 61 + 4, witht > 1.

Let ¢ be the map defined in the previous subcase (n = 6¢ + 2). Then, let the map ¢’ be defined so
that, for each pair of non-negative integers i < m and j < n — 1, we have that

, | cijo, ifj22,

Cij+4, Otherwise.

Condition (1.1) holds, and hence, y¢(P,, X W,) = 8. Figure 22 illustrates the direct product
Pe X Wie.
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Figure 22. 6-dynamic proper 8-coloring of the direct product P X Wie.

e Case7<r<2mn-1).
From Lemma 17, we have that r + 2 < y,(P,, X W,,). The following study of cases arises. In all of
them, the described map c satisfies that

r, if imod4 € {0, 1},
r+1, otherwise.

c((uiv)) =

— Subcase r <n — 1.
Let r < r be such that n — 1 = t (mod r). Then, let the map ¢ be defined so that

k, ifi=0and j=2k+ 1, forsomek <tand! € {0, 1},
cij=1 j—t, ifi=0and 2z < j,
(Ci-1,j —2)modr, otherwise.

Condition (1.1) holds, and hence, y,(P,, X W,) = r+2. Figure 23 illustrates the direct product
Ps x Wi, for r = 8.
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Figure 23. 8-dynamic proper 10-coloring of the direct product Ps X W,.

AIMS Mathematics Volume 6, Issue 2, 1470-1496.



1494

— Subcasen +2 <r.
Let ¢ be the map just described in the previous subcase (r < n — 1). Then, let the map ¢’ be
defined so that

, {c,-,j+n—1, ifimod4 € {1,2}and ¢;; < r—n+1,
C: . =

Cij» otherwise.

Condition (1.1) holds, and hence, y,(P,, X W,) = r+2. Figure 24 illustrates the direct product
P¢ x W, for r = 8.

Figure 24. 8-dynamic proper 10-coloring of the direct product Pg X W;.

5. Conclusion and further works

This paper has delved into the study of the r-dynamic chromatic number of the direct product of two
given graphs. More specifically, it has explicitly been determined the r-dynamic chromatic number of
the direct product of any given path P,, with either a complete graph K, or a wheel W,,. In this regard,
Theorems 10, 19 and 20 are the main results of the manuscript. Particularly, it has been obtained that
r+ 1<y, (P,xG)<2n,forall G € {K,, W,}. In addition, we have also established in Proposition 18
the 3-dynamic chromatic number of any wheel graph.

Similarly to the previous work of the authors in the topic [23], a significant number of technical
results is required in order to prove the main theorems of the paper. This fact enables us to corroborate
that the problem of r-dynamic coloring the direct product of two given graphs is not trivial at all. Of
particular interest for the continuation of this paper is the study of the r-dynamic coloring of the direct
product of two complete graphs and that one concerning the direct product of two wheel graphs. The
r-dynamic coloring of the direct product of a path, a complete graph or a wheel with other types of
graphs is also established as related further work.
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