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Abstract

The d* power graph G? is defined on the vertex set of a graph G in such a way that distinct
vertices with distance at most d in G are joined by an edge. In this paper the chromatic number of
the d** power of the Cartesian product C,,[JC,, of two cycles is studied and some of the exact value
of x((C,,,0C,)?%) with conditions are determined. Also the chromatic number of the d'® power of
grid P,,00P, with some conditions are determined and the exact value of x((P,,(0F,)?) for n = 2,3
is obtained. (©)2016 All rights reserved.
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1. Introduction

G is a simple graph. V(G) and E(G) denote the vertex set and edge set of G, respectively. A
proper k-coloring of a graph G is a mapping ¢ from V(G) to the set {0, 1, ...,k—1} such that c(u)#c(v)
whenever uv is an edge in E(G). The chromatic number of G, denoted by x(G), is the smallest k
for which there exists a k-coloring of G.

Given two graphs G and H, the Cartesian product of these two graphs, denoted by GLIH, is defined
by V(GOH) =V (G)xV (H) where two vertices (u,v1) and (ug, v9) are adjacent if and only if either
uy=uy and vv2€ E(H) or vi=vy and ujus€E(G). The d'™ power graph G? of a graph G is given by
V(GY) =V (G) and two vertices u and v are adjacent in G¢, if their distance (number of edges in a
shortest uv-path) in G is at most d. A distance d-coloring of G is a proper vertex coloring of G¢. The
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investigation of distance coloring was initiated by Kramer and Kramer in 1969, for a survey see [4].
The square of particular graphs (planar graphs) is sudied by some authors (see e.g. [2, 5 [6]). In [3],
Jamison and Matthews considered the interaction between coding theory and distance k£ colorings
of Hamming graphs and found some bounds for the chromatic number of these graphs. Chiang and
Yan studied the chromatic number of the square of Cartesian products of paths and cycles [1].

Also Sopena and Wu studied the chromatic number of the square of Cartesian product C,,[JC,, of
two cycles and showed that this value is at most 7 except when (m,n) is (3,3), in such case the
value is 9 and when (m,n) is (4,4) or (3,5), the chromatic number is 8 [§]. In [7], Selvakumar and
Nithya represented the chromatic number of some graphs, so that in this coloring no two vertices
have distance two get the same color.

In this paper some of the exact value of x((C,,JC,,)?) for special conditions are determined. Also
the chromatic number of the d"" power of grid P,,[JP, with some conditions are calculated and the
exact value of y((P,0P,)") for n= 2,3 is obtained. In a connected graph, distance is a metric and
the following Proposition is conclouded by this property.

Proposition 1.1. Let G be a connected graph. For every vertices u,v,w € V(G)

d(u, v)<d(u, w)+d(w,v).

2. Chromatic number of (C,,[0C,) for special cases

In this section some exact value of y((Cp,[IC,)?) is determined. In the following we have obviously
lemma.

Lemma 2.1. For every vertices u,v € V (C,,), n > 3, we have

d(u,v)< {gJ :

We refer to the vertices of C,,[1C,, as an mxn array [v;;|, where in each row we have a copy of C,,
and in each column a copy of C,,. Also we denote by dg(u,v), the distance between vertices u and
v in graph G. Using Lemma 2.1 and Proposition the following Lemma can be concluded.

Lemma 2.2. Let G = C,,0C,,,m,n > 3. For every vertices v;;, vyj € V((CmDC’n)d), 1<i,i <m

and 1 < j,7 <n, we have
n m
do (vyvey) < 5]+ [ ]
Theorem 2.3. For every positive integers m,n,d, 3 < m <n < d, we have
x(C,,0C,)") =mn.

Proof. Since 3<m<n<d, there is a positive integer k>0 such that m=n—k. Let G=C,,00C,,. For
every vertices vij,vi/j/EV((CmDCn)d), Lemma implies dg (vij,vi/j/) < L%J + LnT%J <n<d, thus
(CmDCn)d is a complete graph with mn vertices and proof is completed. n
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Consider 3<m<d<n. For d=n the chromatic number of graph (C,,[JC,)" is concluded by Theorem
2.3] Suppose d<n, thus there are positive integers [, k, such that m=n—k, d=n—I and k>[>1.

Theorem 2.4. For every positive integers n,l,k,n>3,1>1,k>2l—1,n—k >3 andn—k < n—I,
we have
X((CokOC)"™) =n(n—F).

Proof. Let G=C,_,0C,. For every vertices vl-j,vi/jzeV((Cn_kDCn)"_l), we show that

dec(vij, vy y)<n—I. Lemma implies dg (vij,vi/j/) < L";kj + LgJ , but k>2[—1 and it can be con-

cluded dg(vij, virjs)<n—I. Thus (Cn_kDCn)"fl is a complete graph with n(n—k) vertices and proof
is completed. O

Corollary 2.5. For every positive integers n,k, n >3, k> 1, n — k > 3, we have

X(CokDC)"™) =n(n—Fk).

Theorem 2.6. For every odd integer n > 3 and every positive integer | > 1 and n — (21 — 2) > 3,
we have

X((C_@-20C,)" ") =n(n—(21-2)).

Proof. For every vertices vy, vi/j/EV((C’n_(gl_g)DCn)”_l), using Lemma , it can be cocluded that
de(vij, virj ) <n—1 such that G=C,,_(9_2)0C,,. Therefore (C,,_(21—20C,)" " is a complete graph with
n(n—(21—2)) vertices and proof is completed.

]

Theorem 2.7. For every even integer n > 6, we have

n(n—2)'

X((On—2DCn)n_2) = 9

Proof. Let G=C,,_»00C,, and A; be a set consists vertices in column j. Consider S=UZ ;A;. For
every vertices v, vi/j/GSCV((C’n_QDC’n)"_Q), 1<i,4'<n—2, 1<j, j’<%, using Proposition (1.1} we have

da(vij, viryr ) <da(vig, virg) +da (Virg, virgr). (2.1)
But dg(vij, vy ) <|j—j'|<5—1 and vertices v;;, vy; belong to a copy of cycle Cy,_3, thus using Lemma

and equation (2.1)) implies dg(vij,vi/j/)S"T_QvL%—l =n—2. Therefore the induced subgraph of
(Ch—o0C,)™? with vertex set S is a clique, so

n(n—2).

X<<On—2DCn)ni2)Z 9
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The following is a @—coloring of (C’n,QDC’n)”_Q.

-2
e V(Cos 00,2 —{0. 1,2, ., U1 =2)

2

_1}

+(n—2)(j—1) (mod t) 1<i<n,1<j<%
22) 4+ (n—2 2+1)) (modt) 1<i<"2 r<j<n
2) + (n—2)(j—(241)) (mod t) 2F24+1<i<n—2r<j<n

I 1+n—2 .. 1+ (n=2)(5-1)
2 24n-2 .. 24+ (n—=2)(5-1)
2oy L () (3-1)
pattern A
and L i 72
0242 BE424n—2 L B2 4 (n—2)(5-1)
n—-3  2n-5 R e |
n—2 2n—4 .. 0
pattern A’

A #—coloring of (Cn,g[lC’n)”_2 can be obtained by the following pattern:

A A
A A

Theorem 2.8. For every positive integers n,k,n >3,k > 2 and n — k > 3, we have

n("Q_k) k=2, n even

x((CokDC)" %) =4 n(n—k) k=2, n odd
n(n—k) k>3.

Proof. If k= 2, for even and odd n, the result is concluded by Theorems and respectively
and for k>3, the result is obtained by Theorem [2.4] O
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Cosider 3<d<m<n. For d=m=n the chromatic number of graph (C’mDC’n)d is concluded by The-
orem Consider 3<d<m=n, in the following we show a lower bound for chromatic number of
these graphs.

Theorem 2.9. For every positive integers n > 3,1 > 1 and L%J —1l+1>1, we have

(COC) zn( | 5] ~t+1).

2

Proof. Let G=C,0C,, and A; be a set consists vertices in column j. Consider S:Ujj‘ilAj and
M= L%J —I[+1. For every vertices vij,vi/jIGSCV((C’nDCn)nfz), 1<i,i'<n, 1<y, j’<M, using Propo-
sition (1.1, we have

dg (vij, viry ) Sda(vig, virg)+da(vig, vigr). (2.2)
But dg(vyj, v,-/j/)§|j j’|<M 1 and vertices v;;, v;7; belong to a copy of cycle C,,, thus using Lemma
and equation (2.2)) implies dg(vij, vijr)< L J +M—1<n—I. Therefore the induced subgraph of
(C,0C,)" " with vertex set S is a clique, so

(G ™ zn( | 3| ~t+1).

Theorem 2.10. For every positive integer n > 3, we have

2

n-ly _ ”7 n even
X((CaEIC)™) { n? nodd.
Proof. Suppose n is even, using Theorem it can be concluded
2
(€002
The following is a %-coloring of (C,01C,)" ™"

2
V(000" ) —{0,1,2, ..., %—1}

i+n(j—1) (mod %) 1<i<n,1<;j<?
2 .
c(vig) = q (+5)+n(i=(5+1)) (mod ) 1<i<y, j+1<j<n
(i—%)+n(j—(5+1)) (mod %) 2+1<i<n, 2+1<j<n.

In this coloring we use two patterns A and A’ such that

1 14n ... 14n(5-1)
2 24n ... 24n(5-1)
L 5+n .. L4n(5-1)

pattern A
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and
+1 F+n+l 5+n(
+2 Dynt2 L Iyp(

NSN3

n—1 2n-1 .. %1
n 2n .. 0
pattern A’

g—coloring of (C,0C,,)"" can be obtained by the following pattern:

A A
A A

Let n be odd and G=C,0C,,. For every vertices vij,vi/jIGV((CnDCn)"_l), 1<i, 7,7, 7'<n, using
Proposition [1.1] and Lemma [2.1, we have

dG(Uij; ’Ui/j/)gn—l.
Thus the graph (C’nDC’n)n_l is a complete graph with n? vertices and proof is completed. O

Theorem 2.11. For every even integer n > 4, we have

n(n—l)‘
2

X((Cnflmcn)n_z) =

Proof. Let G=C,,_10C,, and A; be a set consists vertices in column j. Consider S :Uj%:lAj. For every
vertices v, vi/jIGSCV((Cn_lan)n_z), 1<i,i'<n—1, 1<y, j'<%, we show that dg(vij, vij)<n—2.
Using Proposition we have

dG (Uij, Ui/j/)gd(;(vij, 'Ui/j)—l—dG (Ui/j, U,’/j/). (23)

If 1<i, i’ <% or 241<i,i'<n—1, the Equation (2.3) implies dg/(v;j, viry)<|i—i'| + |j—j'|<n—2.

If 1<i<% and §+1<i'<n—1, we have dg(vij, vi;)<5—1 and dg(vi;, viy)<5—1, thus the Equation
(2.3) implies dg(vij, virj7)<n—2. For 1§z’/§% and §+1<i<n—1, it will be similarly proved that
dc(vij, vy y)<n—2. Therefore the induced subgraph of (C’n_1DC'n)"72 with vertex set S is a clique,
50 X((Cr oy 0C,)" %) >l

The following is a @—coloring of (C1 DC’n)”_Q.

—1
eV ((Coy 00" 2)—1{0,1,2, ..., n(n2 )—1}
i+n(j—1) (mod t) 1<i<n—1,1<5<%
c(vy) =¢ (i+53-1)4+n(j—(5+1)) (mod?) 1<i<3, 5+1<j<n

(i—(5-1))4+n(j—(5+1)) (modt) Z+1<i<n—1, 5+1<j<n

and t:@.
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In this coloring we use two patterns A and A’ such that

1 14n ... 1+n(5-1)
2 2+n ... 24n(5-1)
5 5+n .. g4n(5-1)
pattern A
and
5+l S4n+l s+n(5—1) +1
5"‘2 5—i—n—|—2 §+n(5—1) 2
n—2 2n-3 .. M2l
n—1 2n-—2 .. 0
pattern A’

A @—coloﬁng of (Cn_lﬂcn)”*2 can be obtained by the following pattern:

A A
A A

3. Chromatic number of (P,,[0P,)¢ for special cases

Similar to graph C,,,00C,,, We refer to the vertices of P,,[1P, as an mxn array [v;;]. Using Proposition
[I.1] the following Lemma can be concluded.

Lemma 3.1. Let G = P,,0P,. For every vertices v;j, vy € V((P,O0P,)%), 1 < i,i' < m and
1 <j,5 <n, we have
de(vig, virg ) <|i—7'| + |7—74'].

Theorem 3.2. For every positive integers m,n,d, d — (n —2) >m > 2, n > 2, we have
X((P.OR,)") =mn.

Proof. Let G=P,,[L1P,. For every vertices vij,vi/jIEV((PmDPn)d), 1<i,i'<m and 1<j, j’<n, using
Lemma , therefore it can be concluded d¢(vyj, vivjr)<d, thus (PmDPn)d is a complete graph and
proof is completed. O

Theorem 3.3. For every positive integers m,n,d, m >d —n+3 >3, m > n > 2, we have
X((POP,)")>nd—(n—1)(n—2).
Proof. Let G=P,,0P,, Ay={vik, Vo, ..., Vi—(n-3)x }, 1<k<n—1 and
Apn={v2n, V3ny s Va—n+2 n}-

Consider S= (U}Z{ A;)UA,. For every vertices v, vy €S, using Lemma therefore it can be
concluded dg(v;j, vir;7)<d. Thus the induced subgraph H of (PmDPn)d with vertex set S is a complete
graph, so X((PmDPn)d)zx(H) =nd—(n—1)(n—2). ]
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Theorem 3.4. For every positive integers n,d, d —n+3 > 3, n > 2, we have

X((Pa-n130P,)") =nd—(n—1)(n-2).

Proof. Theorem 3.3/implies, X ((Pi_ns+30P,)")>nd—(n—1)(n—2). The following is a (nd—(n—1)(n—2))-
coloring of (Pd_n+3DPn)d.
eV ((Pi_nssOP)D—{1,2, ..., nd—(n—1)(n—2)}

i+(d=n+3)(j=1) (i, )£ (1,n), (d—n+3,n)
C(U,‘j) = d—n+3 (Z,j) = (1,71)
1 (i,7) = (d—n+3,n).

4. Chromatic number of graphs (P,,[0P,)¢ for small n

Theorem 4.1. For every positive integers m, d, we have

2m  d>m>2
X((PrOP)) :{ 24 m>d+1>3.

Proof. If dA>m>2, Theoremimplies X((PmDPQ)d) = 2m. Suppose that m>d+1>3, thus Theorem
implies x((P,0Ps)")>2d. The following is a 2d-coloring of this graph.

¢ V((P,OPy)"—{0,1,2, ..., 2d—1}

c(v;j) =i+d(j—1)(mod 2d).

Theorem 4.2. For every positive integer d > 3, we have
X((Pr1OPs)") = 3d—1.

Proof. The function ¢ is a (3d—1)-coloring of (P, 1[0Ps)".
¢: V((PrsOPy)Y—{1,2, ..., 3d—1}

(itd(j—1) 1<i<d,1<5<3,(i,5)#(1,3),(d, 3)
d (4,5) = (1,3)
c(vy;) = 1 (4,7) = (d,3)
K 2d+1 (1,7) = (d—l—l 1)
3d—1 (1,7) = (d+1,2)
[ 2 (1,7) = (d+1,3).

Now, we show that coloring of this graph with less than 3d—1 colors is impossible. Suppose there is
a (3d—2)-coloring of this graph. Consider

A = {Uuﬂm, --',Ud1}7
Ay = {012,022, ~-'7Ud2}7
Az = {vos,vs3, ..., U413},
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and S=U}_, A;. The induced subgraph of (P41 0Ps)* with vertex set S is a complete graph and for
coloring of this subgraph we need 3d—2 colors. Without loss of generality, suppose these vertices are
colored in the following manner.

1 d+1 e

2 d+2  2d+1

3 d+3  2d+2

d—1 2d—1 3d—2
d 2d °

Consider vertex v13. This vertex is adjacent to all vertices in S except vg. Therefore in (3d—2)-
coloring it should be colored with the color assigned to vertex vy i.e. color d. Similarly, vertex vy
is adjacent to all vertices in S except v, and it should be colored with the color 1. Now consider
vertex vgy12. This vertex is adjacent to all vertices in V((PdHDPg)d) except vertices vijand vi3.
Thus in this coloring, it should be colored with colors allocated to vertices vy; or vz i.e. colors
1 or d, but these colors exsist in vertices neighbor to v4.12. Therefore, it is impossible and proof is
completed. O

Theorem 4.3. For every positive integers m,d, we have

3am d—1>m>3
X((PnOP)Y) ={ 3d—2 m=d>3
3d—1 m>d+1>4.

Proof. If d—1>m>3 or m=d>3, thus the results can be concluded from Theorem and Theorem
, respectively. Now suppose that m>d+1>4. Since (Pd+1EIP3)d is a subgraph of (PmD.Pg)d,
Theorem [4.2| implies x((P,,[0P;)*)>3d—1. The following is a (3d—1)-coloring of this graph.

V((P,0P)%—{0,1,2, ...,3d—2}

c(vij) =i+d(j—1)(mod 3d—1).
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