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Solving the dynamic coloring problem for
direct products of paths with fan graphs

Raul M. Falcéon, S. Gowri and M. Venkatachalam

Abstract

This paper deals with the r-dynamic chromatic problem of the direct
product of a path with a fan graph Fi, . The problem is completely
solved except for the case n < r € {2m + 2, 2m + 3}, which is solved
under certain assumptions. It enables us to determine in particular the
dynamic chromatic number concerning this problem, for all » < 7, and
also, for all m € {1,2}.

1 Introduction

Let r and £ be two positive integers. An r-dynamic proper £-coloring of a finite
and simple graph G = (V(G), E(G)) is any map ¢ : V(G) — {0,...,¢ — 1}
such that c(v) # c¢(w), for every pair of adjacent vertices v, w € V(G), and

|e(N(v))| = min {r,d(v)}, (1)

for every vertex v € V(G), where N(v) and d(v) denote, respectively, the
neighborhood and the degree of the vertex v. The r-dynamic chromatic num-
ber of the graph G is the minimum positive integer k such that G has an
r-dynamic proper k-coloring. It is denoted x,(G). Both concepts were intro-
duced by Montgomery [19] as a natural generalization of the classical problem
of graph coloring. More specifically, if 7 = 1, then these two concepts coincide
with the classical ones of proper ¢-coloring and chromatic number of a graph.
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Since the original manuscript of Montgomery, a wide amount of authors
have dealt with the problem of determining the r-dynamic chromatic number
of distinct types of graphs. As a first stage, they focused on the case r = 2 |2,
3, 5, 6], whereas the case r > 2 has received particular attention in the recent
literature [8, 12, 20]. Of special relevance for the aim of this paper is the study
of the r-dynamic coloring of different types of products of graphs [1, 4, 16, 17].
Particularly, it has recently been studied the r-dynamic chromatic number of
the direct product of paths with paths, cycles, complete graphs, wheel graphs
and star graphs [9, 7, 11]. This paper delves into this last topic by focusing
on the direct product of a path with a fan graph. Notice that the r-dynamic
coloring of fan graphs has already been dealt with [10, 18, 21].

The paper is organized as follows. In Section 2, we describe some pre-
liminary concepts and results on Graph Theory that are used throughout the
manuscript. Then, a detailed study of cases is analyzed in Section 3 for solv-
ing the r-dynamic coloring problem of the direct product of a path with a
fan graph F,, ,. Particularly, this problem is completely solved except for the
case n < r € {2m + 2, 2m + 3}, which is solved under certain assumptions.
In order to make easier the reading of the manuscript, a series of examples
illustrate each case of the study. Finally, Section 4 makes use of the obtained
results for establishing the exact solution of the mentioned problem, whenever
r<T7orme{l,2}.

2 Preliminaries

This section deals with some preliminary concepts and results on Graph The-
ory that are used throughout the paper. For more details about this topic, we
refer the reader to the classical manuscript of Harary [13].

Any graph G = (V(G), E(G)) is formed by a set of vertices V(G) and a set
of edges E(G) so that each edge joins two vertices, which are called adjacent.
The number of vertices and edges are, respectively, the order and size of G. If
both of them are finite, then the graph is finite. From now on, let vw denote
the edge formed by two vertices v,w € V(G). If v = w, then the edge is a
loop. A graph is simple if it contains no loops and no two edges join the same
pair of vertices. All the graphs in this paper are simple and finite.

A path between two distinct vertices v, w € V(G) is any ordered sequence
of n adjacent vertices (vg = v,v1,...,Vp—2,0p—1 = w) in V(G), with n > 2,
such that all the vertices under consideration are pairwise distinct. From here
on, let P, denote the path of order n. Then, the fan graph F,, , is the graph
resulting after joining each one of the vertices of the path P, with m isolated
vertices. If m = 1 (respectively, m = 2), then it constitutes the simple fan
graph F ,, (respectively, the double fan graph F ).



SOLVING THE DYNAMIC COLORING FOR DIRECT PRODUCTS OF PATHS
WITH FAN GRAPHS 117

The direct product of two finite simple graphs G = (V(G), E(G)) and
H = (V(H),E(H)) is the graph G x H, whose set of vertices is the Cartesian
product V(G) x V(H), and two such vertices (v,v") and (w,w’) are adjacent
if and only if vw € E(G) and v'w’ € E(H). Figure 1 illustrates this concept
for the direct product Ps x F} 3.

(g, wo) (ug,wi)  (ug, wy) (2, vo)

Uz ~— _—
Vo

(Ubwo)f P (w1, vo)
w

(uo, wU) // (o, vo)
o w w, w (ugwr) (g ws)

Py Fi3 Py x Fy3

Figure 1: Construction of the direct product P3 x Fj 3.

The neighborhood Ng(v) of a vertex v € V(G) is the set formed by its
adjacent vertices. Its cardinality is the degree dg(v) of the vertex v. When
there is no risk of confusion, the respective notations N(v) and d(v) are used.
Let §(G) and A(G) respectively denote the minimum and maximum vertex
degree of the graph G. The following result holds readily from the previous
definitions.

Lemma 1. Let G and H be two finite simple graphs. Then,
1. dawn((v,w)) = de(v) dg(w), for all (v,w) € V(G x H).
2. 8(G x H) = 6(G) 5(H).
3. AG x H) = AG) A(H).

Concerning the dynamic coloring problem described in the introductory
section, the following results are known.

Lemma 2. [1}] Let G be a simple finite graph and let r be a positive integer.
Then, min {r, A(G)} + 1 < x(G) < xr41(G). Moreover, x-(G) < xa(a)(G)-

Lemma 3. [15] Let n and r be two positive integers such that n > 2. Then,
x1(Pn) =2, and x.(P,) = 3, whenever r > 1.
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Lemma 4. [10] Let m, n and r be three positive integers such that n > 2.
Then,

3, if r e {1,2},

2r —1, if 3<r <min{m+ 1,n},
Xr(Fmn) =4 n+r—1, ifn<r<m+l1,

m-+r, if max{3,m+1} <r <mn,

m+n, if r > max{m + 1,n}.

Lemma 5. [9] Let G and H be two finite simple graphs and let r be a positive
integer such that r < §(G'), for some G' € {G,H}. Then, x,(G x H) <
xr(G').

3 Dynamic coloring of P, x F,, ,

Let I > 2, n > 2, m and r be four positive integers. This section deals
with the dynamic coloring problem for the direct product of the path P, =
(ug,...,u—1) and the fan graph F,, ,, where V(F, ) = {vo,-..,Vm—1,Wo,
...,wp_1} arises from m isolated vertices vg,...,v,n—1 and a path (wp,...,
Wp—1 ). From Lemma 1, 6(P, x F,, ) = min{m + 1, n} and A(P; X F,, ,,) =
max{2m + 4, 2n}. The following study of cases arises.

3.1 Caser>2m-+4
Lemma 6. Ifr > 2m + 4, then x, (P, X Fy,.,) = 2m + min{2n, r}.

Proof. Let ¢ be an r-dynamic proper x..(P, X Fy, ,,)-coloring of P, x Fy, ,,. Since
d(uiwg) =2m+2 < 2m+4 < r, Condition (1) applied to the vertex ujwq im-
plies that the set {c(uguvp), ..., c(ugVm—1), c(uzvp), ..., c(ugVm—1)} is formed
by 2m distinct colors and also that no vertex in {uowo, ..., ww,—1, uswy,
..., Ugwy_1} is colored by one of these colors. Otherwise, one could find a ver-
tex ugw;, with 0 < i < n, such that [¢(N(viw;))| < d(u;w;) < 2m + 4, which
would contradict Condition (1). Thus, since d(ujvg) = 2n, the same condi-
tion applied to the vertex ujvg implies that the set {c(uowy),. .., c(uown—1),
c(ugwp), . . ., c(ugwy_1)} is formed by min{2n, r} extra distinct colors. Hence,
2m +min{2n, r} < x.(P X Fpp).

In order to prove that this lower bound is tight, it is enough to consider the
r-dynamic proper coloring c of the direct product P; X F,, ,, such that, for all
i <l,j <mand k < n, we have that c(u;v;) = min{2n, r} +m- | 22044| 4 5
and
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r>2n,
A < 2n is odd
(2k + | med4 |} mod r, if {75
c(uwg) = r < 2n is even and
kg {s,...,r—1},

(2k +1 — | 2244 |) modr, otherwise.

Here, it is relevant that r > 6. (Figure 2 illustrates the direct product Py x Fy 5,
for r € {8,9}.) O

Figure 2: r-dynamic proper (r + 4)-coloring of the direct product Py x Fy 5,
for r = 8 (left) and r = 9 (right).

3.2 Casen>re{2m+2,2m+3}

Proposition 1. Let r € {2m+2, 2m+ 3} be such that r < n. Then, x,(P, X
Fon) =2m+r.

Proof. Let ¢ be an r-dynamic proper X, (P} X Fy, p)-coloring of P; x F,, ,,. Con-
dition (1) implies that the 2m vertices in N (ujwp) \ {uow1, ugws } are colored
with pairwise distinct colors, and also that all of these colors are different from

the, at least, r distinct colors of the set N (ugvg) = {c(ujwy), ..., cluiw,—1)}.
Thus, the result holds because, from Lemmas 2 and 6, 2m + r < x,(P, X
Fm,n) < X2m+4(13l X me) =2m+r. O

3.3 Casen<re{2m+2,2m+3}

Lemma 7. Let r € {2m + 2, 2m + 3} be such that n < r. Then, 2m +n <
Xr(Pl X Fm,n)
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Proof. Let ¢ be an r-dynamic proper x,(FP, X Fp, ,)-coloring of P, X F, 3.
Condition (1) implies that the 2m + 2 vertices of N(ujwy) are colored by
pairwise distinct colors. Similarly, since n < r, the n vertices of N(ugvg) are
colored by pairwise distinct colors. From adjacency, these n colors are different
from those ones in ¢(N(uguvg) \ {uows, ugws }). O

The next result shows some cases for m = 2 in which the lower bound in
Lemma 7 is reached.

Proposition 2. Letr € {6,7} andn € {r —2,r —1}. Then, x, (P, X F3,,) =
n + 4.

Proof. Let us prove each case separately.

e Caser =6 and n € {4,5}.
From Lemma 7, we have that n +4 < x,(F, x Fy,,). In order to prove
that this lower bound is reached, it is enough to consider the 6-dynamic

proper (n+4)-coloring ¢ of the direct product P, x Fs, that is described
so that, for all i < [, j < 2 and k < n,

(i) = 44 ((2+4 [4]) mod4), ifj=0,
T (24 [4)) mod4, if j = 1.

8, ifn=>5and k =2,

4+ ((3+ [%]) mod4), ifiisevenand k=0,

4+((1+L%J) m0d4)7 if i is odd and k = 0,
c(upwy) = |4 mod4, ifk=1,

4+ (|%] mod4), if k=n-2,

(3—|— L%J) mod 4, ifiisevenand k =n — 1,

(1+ L%J) mod 4, if 7is odd and k =n — 1.

(Figure 3 illustrates the case | = 8.)

e Case (n,7) = (5,7).

From Lemma 7, we have that 9 < x7(P, x Fy 5). Figure 4 illustrates that
this lower bound is tight for all I € {3,4,5}. It is also reached for I = 6,
as it is illustrated in Figure 5 (left).

In order to prove that the mentioned lower bound is also reached for all
l > 7, it is enough to consider the 7-dynamic proper 9-coloring ¢ of the
direct product P; x Fj 5 that is described so that, for all 7 < [, j < 2 and
k < n,
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17 1)}7

= (Oa0)7
if (4,4) ¢ {(0,0), (1
if (i,7) = (I —1,1).

if (2, )

(i + j) mod9,
(I +2)mod9,

|

c(uivy)

Figure 3: 6-dynamic proper 8- and 9-colorings of Pg x Fy .
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Figure 5: 7-dynamic proper 9-coloring of P, x Fy 5, for [ € {6, 7}.

e Case (n,7) = (6,7).

From Lemma 7, 10 < x7(P;x F2 ). This lower bound is reached, because
of the 7-dynamic proper 10-coloring of P x Fy ¢ such that, for all ¢ </,
j <2 and k < 6, we have that c(u;v;) =35 + 4+ ((1+ [L]) mod3)
and

2k + (| %] mod2), if k € {0,1},
c(upwy) = 3k —2+ (| 4] mod3), if k € {2,3},
2k — 8+ ((1+ |%]) mod2), ifk e {4,5},

(Figure 6 illustrates the case | = 8.)
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Figure 6: 7-dynamic proper 10-coloring of Py x Fb .

The next result shows that an extra color is however required for (m,n,r) =
(2,4,7).

Proposition 3. It is verified that x7(P, x Fy4) =9.

Proof. Let ¢ be a 7-dynamic proper x7(F; X Fy 4)-coloring of P; X F5 4. From
Lemma 7, this map ¢ requires, at least, eight distinct colors. If this lower
bound were tight, then Condition (1) implies that both sets {c(ujwo), c¢(ujwy),
c(urws), c(uiws)} and {e(uow), c(ugws), c(ugwy ), c(uzws)} would be formed
by the same four pairwise distinct colors. None of these colors coincides with
one of the four distinct colors of the set {c(ugvp), c(ugvi), c(ugvg), c(usvy)}.
As a consequence, two distinct colors of this last set would be required for
coloring the vertices ujvg and ujvy. But then, |¢(N(u1vp)| < 6, which con-
tradicts Condition (1). Hence, 9 < x7(P; X F»4). In order to prove that this
lower bound is tight, it is enough to define the map ¢ so that, for all ¢ < [,
j <2 and k < 4, we have that c(u;v;) =3+ j+2 ((1 + \_%J) mod3) and

3+ (imod6), if k=0,
| 4] mod3, if k=1,
cluiwp) = ¢ (14 [5L]) mod3, if k=2,
4+ (i mod 6), if 7 is even and k = 3,
2 + (imod6), if ¢ is odd and k = 3.

(Figure 7 illustrates the case [ = 8.) O
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Figure 7: 7-dynamic proper 9-coloring of Pg x Fb 4.

Let us focus now on the case n =3 and r € {2m + 2, 2m + 3}.

Proposition 4. Let r € {2m + 2, 2m + 3}. Then,

m=1,
m>1andr=2m+2,

2m + 4, zf{

2m + 5,  otherwise.

XT‘(-F)l X Fm,B) =

Proof. Let ¢ be an r-dynamic proper x, (P, X Fy,, 3)-coloring of P; x F,, 3. From
the proof of Lemma 7, it requires 2m + 2 colors for the vertices in N (ujwyp).
Moreover, adjacency implies that ujwg and uyws require two extra colors.
Hence, 2m + 4 < x,(P; X Fy, 3). The following study of cases arises.

e Casem =1.

The described lower bound is reached in this case. To prove it, it is
enough to consider the map c so that, for each pair of non-negative
integers i < [ and k < 3, we have that c(u;vo) = (14 [“1]) mod 3 and

| | 3k + (%] mod3), if k € {0, 1},
c(ujwy) = 34 ((1+ %)) mod3), ifk=2
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(Figure 8 (left) illustrates the case [ = 7.)

e Casem >1and r=2m + 2.

Again, the lower bound is tight. To prove it, it is enough to define the
map c so that, for all ¢ <[, j < m and k < 3, we have that

(o) :{ 35+ ((1+ | 5L]) mod3), ifje{0,1},

4425+ (L%J mod 2) , otherwise.
and _
L%J mod 3, if k=0,
clugwy) = 6+ (|4] mod2), ifk=1,

34 (|%] mod3), ifk=2.

(Figure 8 (center) illustrates the case (I,m) = (7,3).)

e Case m >1and r =2m+ 3.

Since r > 6, Condition (1) applied to ujvy implies that the set {c(uowy),
c(upwy), c(ugws), c(ugwy), c(ugws ), c(usws)} is formed by six distinct
colors. That condition applied to the vertices ujwy, with k € {0,1,2},
also implies that at most one of these six colors belongs to the set
{c(uguo), - .., c(ugVm—1), c(ugvp), ..., c(ugvm—1)}. Hence, it is 2m+5 <
Xom+3(Pr X Fy, 3), whenever m > 1. This lower bound is reached, be-
cause of the map ¢ that is described so that, for all ¢ < I, 7 < m and
k < n, we have that

(uiv;) = (1+ [%*]) mod3, if j =0,
) 5+ 27 + (L%J mod 2) ,  otherwise.
and

| 2] mod3, if k=0,

eluioe) = { 142k + (|4] mod2), ifke {1,2}.
(Figure 8 (right) illustrates the case (I,m) = (7,3).)
O

Let us finish our study on the case n < r € {2m + 2, 2m + 3} by dealing
with (m,n,r) = (1,4,5).

6, ifl+£5,

Proposition 5. It is verified that x5(P, x Fy4) = { 7 Fl=5
, ifl=05.
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8-dynamic proper 10-coloring of Pr x Fj33 (center); and 9-dynamic proper
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Proof. Let ¢ be a 5-dynamic proper x5(P; X F; 4)-coloring of the direct product
Py x Fy 4. From Lemma 7, this map c requires at least six distinct colors. Figure
9 (left and center) illustrates that the mentioned lower bound is tight whenever
1 € {3,4}. Further, a simple study by brute force enables one to ensure that
no 5-dynamic proper 6-coloring exists for [ = 5. So, a seventh color is required
in that case. In fact, Figure 9 (right) illustrates that x,(Ps x F1 4) = 7.
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Figure 9: 5-dynamic proper ¢-coloring of the direct product P, x F} 4, for

(0,0) € {(3,6), (4,6), (5,7)}.

In order to prove that the lower bound or six colors is also reached for all
[ > 5, it is enough to define the map ¢ so that, for each pair of non-negative

integers i < [ and k < 4,
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3, ifimod6 € {3,4},
c(uvg) =< 4, ifimod6 € {0,5},
5, otherwise.
and
c(uiwg) =
L it (5,1) € (0,0), (1,3)},
3, it (1,1) € {(0,2), (0,3), (1,0)},
c(ui—swo), if I is odd and (i,k) € {(I—1,1), (I —2,3)}
c(u—gwy), if I is even and (i,k) € {(I —1,0), (I —2,3)},
c(uj—zws), if 1 is odd and (i, k) € {(l —-1,3), (1 —2,0)},
c(uy—3vp), if I is odd and (i, k) = (I — 1,0),
e(up—4v9), if I is even and (4, k) € {( -1,2),(1-1,3),(l —2,0)},
34 (|| mod3), ifl<i<l—2andke{0,3}
4] mod3, ifk—1and 4 5
lisodd and i #1—1,
(2+ [5]) mod3, if k=2andi>0and Z%SOdd’ )
liseven and i # 1 — 1,

(Figure 10 illustrates the case [ € {6,7,8}.) O

3.4 Caser<2m-+1

Lemma 8. Ifr < 2m+1, then [x, (P, X Fy n) < max{min{r, 2n}+ min{r, m+
1} =1, 7 + min{r, n} — 2}.

Proof. Let c be an r-dynamic proper coloring of the direct product P x Fy, ;.
From Condition (1), this map ¢ requires at least

e min{r, 2n} distinct colors for N(ujvg) = {upwo, . .., UgWp—1, UsWo, - - .,
UsWy,—1}, which must be pairwise different of the, at least, min{r, m +
1} — 1 distinct colors that are necessary for the set N(ugwp) \ {ujwr} =
{ujvg, ..., u1vm-1}; and

e r — 2 distinct colors for coloring the set N(ujwo) \ {uwows, ugwi} =
{ugvo, - - ., UgVUm—1, U2Vp, - . . , U2Vsm—1 }, Which must be pairwise different
of the, at least, min{r, n} distinct colors that are necessary for coloring
the set N(Uovo) = {ulwo, . 7U1wn_1}.
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Hence, the number of required distinct colors is, at least, the maximum of
these two values. O

In the following results, we show how the lower bound described in Lemma
8 enables one to deal with the dynamic chromatic problem under consideration.

Proposition 6. If r < (P, x F,, ), then

2, ifr=1,

r(P X Fryn) =
xr (B ) { 2r — 1,  otherwise.

Proof. The case r = 1 follows from Lemmas 2, 3 and 5 once it is noticed that
0(P) = 1. Now, if 1 < r < §(P, X Fn) = 0(Fp,n), then Lemmas 4 and
5 imply that x,.(P, X Fp, ) < 2r — 1. This lower bound is tight because of
Lemma 8. O

Proposition 7. If §(P, x Fy, ) <7 <min{2m + 1, n}, then

5, ifm =1,

PP X Fryn) =
Xr (P ) { 2r — 2,  otherwise.

Proof. If m = 1, then it must be r = 3. From Lemma 2, we have that
4 < x3(P; x F1,). Let us prove that the assumption of the existence of a
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3-dynamic proper 4-coloring c of the direct product P, x F} , gives rise to a
contradiction.

Condition (1) applied to the vertex ugvy implies that the set {c(ujwp),
...y c(uywy,—1)} is formed by three distinct colors and hence, ¢(ugvg) = ¢(ugvy).
The same condition applied to the vertex ujwg implies that the set {c(uiwy),
c(ugwy ), e(ugwy), e(ugvg)} is formed by the four distinct colors under consid-
eration. Then, since ¢ is a proper coloring, it must be c(ujws) = c(ujwp).

If n = 3, then it contradicts that the set {c(ujwo), c(uiwy), c(uiws)} is
formed by three distinct colors. In any case, whatever the positive integer n is,
it would be |¢(N(upw1))| < 2 < 3 = d(upwy ), which contradicts Condition (1)
applied to the vertex uow;. Hence, 5 < x,-(P, x F} ). In order to prove that
this lower bound is reached, it is enough to consider the 3-dynamic proper
5-coloring c of P, x F1 , such that, for each pair of non-negative integers ¢ <[
and k < n, we have that c(u;v0) = 3 + (| 4] mod2) and c(u;wy) = kmod 3.
(Figure 11 (left) illustrates the case (I,n,r) = (4,4,3).)

Figure 11: r-dynamic proper ¢-coloring of the direct product Py x Fp, ,,, for
(¢,m,n,r)=(5,1,4,3) and (¢, m,n,r) = (8,2,5,5).

Let us focus now on the case m > 1. It must be r > m + 1 and hence,
Lemma 8 implies that 2r — 2 < x,.(P, X F,, ). This lower bound is tight,
because of the r-dynamic proper (2r — 2)-coloring ¢ of the direct product
P, x Fp, ,, that is described so that, for all ¢ < [, j < m and k < n, we have
that e(u;wg) = (2 + k) mod r and

( ) r+m+j, ifimod4 € {2,3} andj<r—m—2,
c(uv;) =
v r+7, otherwise.

(Figure 11 (right) illustrates the case (I,m,n,r) = (4,2,5,5).) O
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Proposition 8. Ifn < r < min{2m + 1, 2n}, then

2r — 1, ifr<m+1,
Xr(Pi X Frpp) =4 7+m, fn<m+1l<r,
r+n—2, ifm+1<n<r.

Proof. Notice that m > 1. Let us prove each case separately.

e Caser <m+1.
From Lemma 8, we have that x, (P, X Fy, ) > 2r — 1. In order to prove
that this lower bound is tight, it is enough to consider the r-dynamic
proper (2r — 1)-coloring c of the direct product P, x F, ,, such that, for
all i <1, j <m and k < n, we have that c(u;v;) = r + (jmod (r — 1))
and

clugwy) = n+k, ifimod4 e {1,2} and k <r —n,
R k, otherwise.

(Figure 12 illustrates the case (I,m,n,r) = (4,3,3,4).)

Figure 12: 4-dynamic proper 7-coloring of Py x Fj 3.

e Casen<m+1<r.

Here, m > 2 and n + 2 < r < min{2m + 1, 2n} = 2n. From Lemma 8,
we have that r +m < x,(P, X F),,). To prove that this lower bound is
reached, we define an r-dynamic proper (r + m)-coloring c of P, X Fy, .
More specifically, for each pair of non-negative integers i < [ and 7 < m,
we define

(i) = 3j+ (|4] mod3), ifj<r—mn,
R r+ 7, otherwise.
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In addition, the following two subcases arise, for each pair of non-
negative integers ¢ < [ and k < n.

— Subcase m=n=1r—2.

6, if k=0 and n > 3,
(1+ |%*]) mod3, if k=1,
(wsn) 5+k, if2<k<n-2,
clu;wg) =
: ) (k) =(0,3),
1+ &L f (
(1 5 moas). i {15209
n+ 3, ifk=n-—1.

(Figure 13 illustrates the case m € {3,5}, for [ = 5.)

Figure 13: (m + 2)-dynamic proper (2m + 2)-coloring of the direct product
P5 X Fyy m, for m € {3,5}.

— Subcase r > n + 2.

c(uwy) =

6+((1+L%J) m0d3), if k=0 and n > 3,
(1+ |5]) mod3, ifk=1,
3k+1)+ ((1+ |%2]) mod3), ifl<k<min{n—2,r—n—1},
2(r—n)+k+1, ifr—-n—-1<k<n-2,

i4+1 : (kan) = (073)a
3+ ((14[%2]) mod3), if ben—251
3(n—1)+ (1+ [Z]) mod3, if (k,r) = (n—1,2n),
2r —n—1, if k=n—1and r < 2n.

(Figure 14 illustrates the case (m,n,r) € {(4,3,6), (5,5,8)}, for
1=5.)
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Figure 14: r-dynamic proper (r +m)-coloring of the direct product P5 X Fyy, p,
for (m,n,r) € {(4,3,6), (5,5,8)}.

e Casem—+1<n<r.

Here, m + 2 < r < min{2m + 1, 2n} = 2m + 1. From Lemma 8,
r+n—2 < x,(P, x F,,). To prove that this lower bound is reached, we
define an appropriate r-dynamic proper (r+n—2)-coloring c of P, x F}, .

— Subcase m = 2.
Here, (n,7) € {(3,4), (3,5), (4,5)}. Foralli <, j <m and k <n,

it is enough to define ¢(u;v;) = [ %] mod3 and

34 (|4] mod2) (r—4), if (k,n) = (0,3),

3+ (|%] mod3), if (k,n) = (0,4),
cluzwy) =< (14 |“2]) mod3, iftk=1,

34 (14 [5]) mod3), if (k,n) = (2,4),

r+n-—3, if k=n—1.

(Figure 15 illustrates the case [ = 5.)

— Subcase m > 2.
Here, r +n —2>m+n > 6. The map c is such that, for all ¢ <1,
j <m and k < n, we have that c(u;wi) = (24| + k) modn and

c(u;v;) =
n+ j,
J j>2m—r+2andimod4 € {0,1},
n+r—2-m+j, ifj>2m—r+2andimod4 e {2,3}.
(Figure 16 illustrates the case (I,m,n,r) = (5,3,4,6).)

. {j<2m—r+2,
if
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Figure 15: r-dynamic proper (r +n — 2)-coloring of Ps x Fs,,, for (n,r) €
e Caser <m+1.

{(3,4), (3,5), (4,5)}.
F,, n)-coloring of the direct product P; X Fy, .

Proposition 9. If2n <r
XT(BXFm,n) = {

Proof. Here,
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c(uiwg) = k, if imod4 € {0, 1},
O + k, otherwise.

(Figure 17 illustrates the case (I,m,n,r) = (4,7,3,7).)

Figure 17: 7-dynamic proper 12-coloring of Py x F7 3.

e Casem+2<r<m+n+2.

From Lemma 8, m + 2n < x,(P; X Fl, ). This lower bound is reached,
because of the map c¢ such that, for all i <, j < m and k < n, we have

that
n+ 7, if imod6 € {0,5} and j < n,
c(uv;) =< 7, if imod 6 € {3,4} and j < n,
2n + j, otherwise.
and
k, if imod 6 € {0,1},
c(uwr) =< n+k, ifimod6 € {2,3},

2n + k, otherwise.
(Figure 18 illustrates the case (I,m,n) = (6,4, 3), for r € {7,8}.)

e Casem+n+2<r.

Since r < 2m + 1 and n < m, it must be n < m. From Lemma 8,
n+r—2<x.(P x Fy, ). In order to prove that this lower bound is
reached for (I,n) € {(3,4), (4,4)}, it is enough to define the map ¢ so
that, for all 1 <[, j <m and k < 4,
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Figure 18: r-dynamic proper 11-coloring of Ps x F 3, for r € {7, 8}.

0, if (¢,7) = (3,0),
3, if (1,7) = (3,1),
c(uvj) = . .. Ji=0andj<r—m-—2,
mtntj i i=3andl<j<r—m-—2,
447, otherwise.
0, if (i, k) € {(0,2), (1,0)},
1, if (i,k) € {(1,1), (2,1)},
2, if (i,k) € {(1,2), (2,2)},
)3 if (4,k) € {(0,1), (1,3)},
) =9 if (i,k) € {(2,0), (3,2)},
m+n+1, if (i,k) € {(2,3), (3,1)},
m+n+2, if (4,k) € {(0,0), (3,0)},
m+n+3, if (i,k) € {(0,3), (3,3)}.

(Figure 19 illustrates the case (I,m,n,r) = (4,6,4,12).)

Now, if (I,n) & {(3,4), (4,4)}, then let us consider the pair of sets S =
{e(urwo), ..., c(urwn—1)} and §" = {c(uowo), .. ., c(ugwn—-1), c(ugwo),
oo oyc(ugwn—1)}. I X0 (P X Fipy ) = n+7—2, then Condition (1) applied
to the vertex ugvy implies that the set S is formed by n distinct colors.
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Figure 19: 12-dynamic proper 14-coloring of Py X Fg 4.

The same condition applied to the vertex ujwg implies that the set
{c(uguo), - - ., c(ugvm—1), c(ugvg),...,c(ugvy,—1)} is formed by the re-
maining r — 2 colors. As a consequence, for each non-negative integer
i < m, the set ¢(N(ujw;)) NS" must contain two distinct colors of the
set S.

Furthermore, since r > 2n, Condition (1) applied to the vertex ujvg
implies that all the colors in the set S’ are pairwise distinct. Hence, the
map ¢ would require at least one extra color whenever n # 4. From a
similar reasoning, if n = 4 < [, then it must be {c(ugw1), c(ugwz)} € SN
{c(ugwp), . .., c(ugwy,_1)}. But this last intersection is empty, because of
Condition (1) applied to vertex usvy and the fact that » > 2n. So, again,
an extra color is required. In order to prove that this extra (n+r — 1)t
color is sufficient in any of the described cases, it is enough to define the
map c so that, for all ¢ <[, j <m and k < n,

_— {imodﬁe{Z,S}andjgr—m—Z,
c(usvy) = tmod8 € {6,7tand n < j<r—m-—2,
r—1+4+j, ifimod6 e {4,5} and j < n,
Js otherwise.
wnd k, if imod 6 € {3,4},
cluwg) =<9 m+k, if imod 6 € {0,5},

r—2+k, ifimod6 € {1,2}.
(Figure 20 illustrates the case (I,m,n,r) = (8,6,4,12).)
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Figure 20: 12-dynamic proper 15-coloring of Py x Fj 4.

4 Some exact solutions

Based on the results described in the previous section, let us finish our study
by deducing some exact solutions of the r-dynamic coloring problem of direct
products of paths with fan graphs. Firstly, we determine the case r < 7.

Theorem 1. Let r € {1,2,3}. Then,

r+1, difre{l,2},
P, x F, =
Xr (P X Emin) { 5, ifr=3.
Proof. The result follows readily from Propositions 6 and 7. O
Theorem 2. It is verified that

9, if (ma Tl) = (27 3)a

L m =1
6, if
Xa(Py X Frm) = m=2 and n > 4,
. 4 <min{m + 1, n},
’ m>n=3.

Proof. The result holds from the following study of cases: (a) Proposition 1
proves the case m = 1 and n > 4; (b) Proposition 4 proves the case (m,n) =
(1,3); (c) Proposition 6 proves the case 4 < min{m + 1, n}; (d) Proposition 7
proves the case m = 2 and n > 4; and (e) Proposition 8 proves the case n = 3
and m > 1. O
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Theorem 3. It is verified that

y {mn) € (13), 2.3),
(m,n) = (1,4) and l # 5,
m=1andn > 5,

7, if < (I,m,n)=(5,1,4),

6,

X5(Pl X Finn) = (m,n) €{(2,4), (3,4)},
8 if min{m +1,n} <5 < min{2m + 1,n},
’ m=n=23,

5 < min{m + 1,n},
n<bdH<<m+1,

9, i

Proof. The result holds from the following study of cases: (a) Proposition 1
proves the case m = 1 and n > 5; (b) Proposition 4 proves the case (m,n) =
(1,3); (c) Proposition 5 proves the case (m,n) = (1,4); (d) Proposition 6
proves the case 5 < min{m+1,n}; (e) Proposition 7 proves the case min{m +
1,n} < 5 < min{2m + 1,n}; and (f) Proposition 8 proves the cases n < 5 <
m+1 and (m,n) € {(2,3), (2,4), (3,3), (3,4)}. O

Theorem 4. [t is verified that

. m=1,
oo {<m,n> € {(2,3), (2.4, 3.9},
9, if (m,n) €{(2,5), (3,3), (3,5), (4,5)},

m =2 andn > 6,

10, i dmin{m+ 1,n} <6 < min{2m + 1,n},
(m,n) € {(4,3), (4,0)},
6 < min{m + 1,n},
n<6<m+1,

XG(B X Fm,n) =

11, if

Proof. The result holds from the following study of cases: (a) Lemma 6 proves
the case m = 1; (b) Proposition 1 proves the case m = 2 and n > 6; (c)
Proposition 2 proves the case (m,n) € {(2,4), (2,5)}; (d) Proposition 4 proves
the case (m,n) = (2,3); (e) Proposition 6 proves the case 6 < min{m + 1,n};
(f) Proposition 7 proves the case min{m + 1,n} < 6 < min{2m + 1,n}; and
(g) Proposition 8 proves the cases n <6 < m+ 1 and (m,n) € {(3,3), (3,4),
(3,5), (4,3), (4,4), (4,5)}. O
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Theorem 5. It is verified that

8, (m,n)

9 { andn>3

’ n) € {(2,3), 2,4), (2.5), (3,3), (3.4)},

10, if (m, 6{26 (4,3), (3,5), (4,5)},

1 { =2andn>7,

(P Fna) =4 7\ myn) € {(3.6), (4,4), (4,6), (5,3), (5,6)},

min{m + 1,n} <7 <min{2m + 1,n},

12, zf{mn€{54)( 5)},
n=3and7<m+1,

13, 7< min{m + 1,n},
n<7<m+1

Proof. The result holds from the following study of cases: (a) Lemma 6
proves the case m = 1; (b) Proposition 1 proves the case m = 2 and n >
7; (c) Proposition 2 proves the case (m,n) € {(2,5), (2,6)}; (d) Proposi-
tion 3 proves the case (m,n) = (2,4); (e) Proposition 4 proves the case
(m,n) = (2,3); (f) Proposition 6 proves the case 7 < min{m + 1,n}; (g)
Proposition 7 proves the case min{m + 1,n} < 7 < min{2m + 1,n}; (h)
Proposition 8 proves the cases n < 7 < m + 1 and (m,n) € {(3,4), (3,5),
(3,6), (4,4), (4,5), (4,6), (5,4), (5,5), (5,6)}; and (i) Proposition 9 proves the
casen=3<m <35. O

Finally, we solve the dynamic chromatic problem for the direct product of
a path with either a simple fan graph or a double fan graph.

Theorem 6. Letl > 2, n > 2 and r be three positive integers. Then,

r e {1,2},

r+1, if < (n,7)=(3,5),
(n,r) = (4,5) and l #£ 5,
r =3,

Xr(Pr % Fip) = (n,r) =(3,4),

r+2, if {(Ln,r) = (5,4,5),
n>re{4,5}
6 <r < 2n,

2n+2, ifr > 2n.
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Proof. The result holds from the following study of cases: (a) Lemma 6 proves
the case r > 6; (b) Proposition 1 proves the case n > r € {4,5}; (c) Proposition
4 proves the case (n,r) € {(3,4), (3,5)}; (d) Proposition 5 proves the case
(n,7) = (4,5); and (e) Theorem 1 proves the case r € {1,2,3}. O

Theorem 7. Letl > 2, n > 2 and r be three positive integers. Then,

1L re{1,2},
! (n.r) € {(3.4). (3.5)}
vt r =3,
7 (n,r) € {(3,6),(3,7),(4,5),(4,6),(4,7),(5,7)},
Xr(PixFapn) =19 r4+3, if (n,r) € {(5,6), (6,7)},
rid if n>re{6,7},
’ 8<r < 2n,
2r —2,  if 3 <r <min{n,5},
2n+4.  ifr > 2n.

Proof. The result holds from the following study of cases: (a) Lemma 6
proves the case r > 8; (b) Proposition 1 proves the case n > r € {6,7}; (¢)
Proposition 2 proves the case (n,r) € {(4,6), (5,6), (5,7), (6,7)}; (d) Propo-
sition 3 proves the case (n,r) € {(4,7)}; (e) Proposition 4 proves the case
(n,7) € {(3,6), (3,7)}; (f) Proposition 7 proves the case 3 < r < min{n, 5};
(g) Proposition 8 proves the case (n,7) € {(3,5), (4,5)}; (h) Theorem 1 proves
the case r € {1,2,3}; and (i) Theorem 2 proves the case (n,7) = (3,4). O

5 Conclusion and further work

In this paper, we have solved the r-dynamic chromatic problem of the direct
product of a path P, with a fan graph F, ,, except for the case n < r €
{2m+2, 2m + 3}, which, due to its difficulty, it has been solved under certain
assumptions. The obtained results have been used to determine in particular
the r-dynamic chromatic number of the direct product P x F,,, ,,, for all r <7,
and also, for all m € {1,2}. In order to deal with higher orders, the study
concerning the remaining cases satisfying that n < r € {2m + 2, 2m + 3} is
established as further work.
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