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Abstract

Let G = (V, E) be a graph and I" an Abelian group, both of order n. A group distance
magic labeling of GG is a bijection ¢: V' — TI' for which there exists ;1 € I' such that
> zen(w (@) = pforall v € V, where N(v) is the neighborhood of v. In this paper we
consider group distance magic labelings of direct product of graphs. We show that if G is
an r-regular graph of order n and m = 4 or m = 8 and r is even, then the direct product
C., X G is I'-distance magic for every Abelian group of order mn. We also prove that
Cp X Cy i8S Zmy-distance magic if and only if m € {4,8} orn € {4,8} orm,n =0
(mod 4). It is also shown that if m,n # 0 (mod 4) then C,, x C,, is not I" -distance

magic for any Abelian group I' of order mn.
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1 Introduction and preliminaries

All graphs considered in this paper are simple finite graphs. We use V(G) for the vertex
set and E(G) for the edge set of a graph G. The neighborhood N (x) or more precisely
N¢(x), when needed, of a vertex x is the set of vertices adjacent to x, and the degree d(x)
of x is [N ()|, the size of the neighborhood of x. By C,, we denote a cycle on n vertices.

We recall two out of four standard graph products (see [8]). Let G and H be two graphs.
Both, the Cartesian product GOH and the direct product G x H are graphs with the vertex
set V(G) x V(H). Two vertices (g, k) and (¢’, ') are adjacent in:

e GUH if g = ¢’ and h is adjacent to &’ in H, or h = h' and ¢ is adjacent to ¢’ in G;
e (G x H if g is adjacent to ¢’ in G and h is adjacent to k' in H.

Distance magic labeling (also called sigma labeling) of a graph G = (V(G), E(Q)) of
order n is a bijection £: V' — {1, ..., n} with the property that there is a positive integer k
(called magic constant) such that w(z) = 3, c v, (») £(y) = k for every x € V(G), where
w(x) is the weight of vertex x. If a graph G admits a distance magic labeling, then we say
that G is a distance magic graph. See [2] (and also [7]) for the survey on distance magic
graphs.

The idea of distance magic labeling of graphs has been motivated by the constructions
of magic squares. However, finding an r-regular distance magic graph is equivalent to
finding equalized incomplete tournament EIT(n,r) [6]. In an equalized incomplete tour-
nament EIT(n,r) of n teams with r rounds, every team plays exactly r other teams and
the total strength of the opponents that team i plays is k.

Some graphs which are distance magic among (some) products can be seen in [1, 3, 4,
5,9, 10]. Recently a subclass of distance magic graphs was introduced in [1] that behave
nicely among products. A distance magic graph G is called balanced if there exists a
bijection £: V(G) — {1,...,|V(G)|} such that for every w € V(G) the following holds:
ifu € N(w) with ¢(u) = ¢, then there exists v € N(w), v # u, with £(v) = |[V(G)|+1—1.
We say that u is the twin vertex of v (and vice versa) and ¢ is called a balanced distance
magic labeling. 1t is easy to see that a balanced distance magic graph has an even number
of vertices and that it is an r-regular graph for an even r. Simple examples are empty graph
on an even number of vertices, cycle Cy, and Ky, — M, for a perfect matching M. The
following theorem was proved in [1] and will be used in the second section.

Theorem 1.1 ([1]). The direct product G x H is a balanced distance magic graph if and
only if one of the graphs is balanced distance magic and the other one is regular.

Group distance magic labeling of graphs was recently introduced by Froncek in [5] as
in some sense a generalization of distance magic labeling. Let I" be a finite Abelian group
of order n. A T-distance magic labeling of a graph G with |V(G)| = n is an injection
from V to I' such that the weight of every vertex x € V is equal to the same element
w € T, called the magic constant. If there exists a I'-distance magic labeling of G, we say
that G is a I'-distance magic graph. A graph G is called a group distance magic graph if
there exists a ['-distance magic labeling for every Abelian group I of order |V (G)|. The
connection between distance magic graphs and I'-distance magic graphs is as follows. Let
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G be a distance magic graph of order n. If we replace nin {1, ..., n} by 0, we obtain a Z,, -
distance magic labeling. Hence every distance magic graph is a Z,,-distance magic graph.
The question remains what happens when we replace Z,, by some other Abelian group,
and which graphs are I'-distance magic but not distance magic. The following theorem
was proved in [5]:

Theorem 1.2 ([5]). The Cartesian product C,,,[JC), m,k > 3, is a Z,,-distance magic
graph if and only if km is even.

Froncek also showed that the graph C;[JC5y, has a (Zg)%-distance magic labeling for
k>2and = (0,0,...,0) ([5]).

It seems that the direct product is the natural choice among (standard) products to deal
with I'-distance magic graphs and group distance magic graphs in general. The reason for
this is that the direct product is suitable product if we observe graphs as categories. Hence it
should perform well with the product of (Abelian) groups. The confirmation of this will be
illustrated in the first theorem of each forthcoming section. This fact also makes the direct
product the most natural among graph products, but on the other hand the most difficult
to handle. Namely, G x H does not need to be connected, even if both factors are. More
precisely, G x H is connected if and only if both G and H are connected and at least
one of them is non-bipartite [11]. The direct product is commutative, associative, and has
attracted a lot of attention in the research community in last 50 years. Probably the biggest
challenge (among all products) is the famous Hedetniemi’s conjecture:

X(G x H) = min{x(G), x(H)}.

This conjecture suggests that the chromatic number of the direct product depends only on
the properties of one factor and not both. This is not so rare and also in this work we show
that it is enough for one factor to be a balanced distance magic graph and then the direct
product with any regular graph will result in a group distance magic graph. For more about
the direct product and products in general we recommend the book [8].

For V(G) = {$07 Llye- 7x|V(G)\—1} and V(H) = {yo7 Yiy- - 7y|V(H)|—1} Wwe use

V(Gx H)={vi;:i€{0,1,...,[V(G) —1},j € {0,1,....|V(H)| - 1}}.

The fundamental theorem of finite Abelian groups states that the finite Abelian group
I" of order n can be expressed as the direct sum of cyclic subgroups of prime-power order.
This implies that I' = Z a1 X ... X Zyam , where n = [1%, p* and p; fori € {1,...,m}
are not necessarily distinct primes. In particular, if » = 0 (mod4), then we have the
following possibilities: I' = Zy X Zg X Zyer X ... X Zyom and n = 4 [T%, pg or
D= Z4 X Lyoa X ... X Lyom and n = 41T, p or T 22 Zgay X Lyor X .. X Lo
andn = 2% [ p, oy > 3. This fact will be used often in what follows. Recall that
any group element g € I of order 2 (i.e., g # 0, 2¢g = 0) is called an involution, and that
a non-trivial finite group has elements of order 2 if and only if the order of the group is
even. Moreover every cyclic group of even order has exactly one involution. We will use
the notation aq for the identity element of an Abelian group .A.

In the next section we present some general results about group distance magic label-
ings on the direct products. In the last section we concentrate on direct product of cycles.
We will prove also that a graph C,,, X C, is Z,-distance magic if and only if m € {4, 8}
orn € {4,8} orm,n =0 (mod 4). Moreover, we will show that if m,n £ 0 (mod 4)

then C,,, x C, is not I'-distance magic for any Abelian group I of order mn.
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2 General results

We start with the following general theorem for direct product of graphs:

Observation 2.1. If an r;-regular graph G; is I';-distance magic and an r -regular graph
G is I'y-distance magic, then the direct product G; x Gg is I'; x I's-distance magic.

Proof. Let {;: V(G;) — T; be a I';-distance magic labeling, and p; the magic constant
for the graph G, ¢ € {1, 2}. Define the labeling £ : V(G1 X G3) — I'1 x I'y for G x G,
as:

U((z,y)) = (t1(2), £2(y))-

Obviously, £ is a bijection and moreover, for any (u, w) € V(G1 x Ga):

w(w,w) = Y tay = Y a@n Y L)),

(z,9)ENG, x G (w,w) zENG, (u) YENG, (w)
w(u,w) = (ropa,m1p2) =
which settles the proof. O

Theorem 2.2. If G is a balanced distance magic graph, then G is a group distance magic
graph.

Proof. Let G be a balanced distance magic graph of order n. Recall that n is an even
number and G is an r-regular graph for an even 7. For any Abelian group I" of order n holds
I' = Zy¢ x A for some natural number ¢ > 0 and some Abelian group A of order 3. If g €
I, then we can write g = (j, a;) where j € Zy; and a; € Afori € {0,1,..., 3 —1}. Let
V(G) = {u1,ua,...,uzn,uy,us, ... ,u’i} Fori € {1,..., 5} we define the following
labeling ¢ for a vertex u; and its twin vertex u}:

() = ((i - 1)(modt),at%) and 0(u!) = (2t — 1, a0) — £(uy).

Since £(u;) + £(uj) = (2t — 1,a0) forevery i € {1,..., 5}, we get

w) = Y lu)= Y () +ul) =
uwEN (v) u; EN(v)
= Y (@-la)= 2(275 — 1, a0),
u; EN (v)
where £ is an integer since r is even. Moreover, every element of I is used exactly once
and so G is I'-distance magic. O

Since for any graph G of order m, the graph K,, x G is isomorphic to K ,,,,,, by Theo-
rems 1.1 and 2.2 the next result immediately follows.

Theorem 2.3. If G is a balanced distance magic graph and H an r-regular graph for r > 1,
then G x H is a group distance magic graph. O
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Notice that by the above Theorem 2.3, if G is an r-regular graph (r > 1), then the graph
Cy x G is a group distance magic graph. We cannot generalize this result to other cycles
than Cy. Namely, C,, x K5 is isomorphic to 2C,, (i.e., the union of two cycles C,,) when
n is even and to Cy, when n is odd. It is easy to see that both 2C), for n # 4 and Cs,, for
n # 2 are not I'- distance magic for any Abelian group I" of order 2n (for n > 5, in both
cases under the assumption that there is some group distance magic labeling ¢, we obtain
0(v;) = £(vi44) for all the vertices v;, and we easily derive a contradiction also for n = 3).
Nevertheless, for many regular graphs the result still holds. For Cg as we will see next.

Theorem 2.4. If GG is an r-regular graph of order n for some even r, then direct product
Cg x G is a group distance magic graph.

Proof. Let V(G) = {xzg,z1,...,Tn_1} be the vertex set of G, let Cs = uguy ... uruo,
and H = Cg x G. Notice that if z,z, € E(G), then vj, € Ny(v;,) if and only if
j € {i — 1,7+ 1} (where the sum on the first suffix is taken modulo 8). We are going to
consider three cases, depending on the structure of I'.

Case 1: I' =2 75 X 72 x A for some Abelian group of order 2n.
We can write g € I" as (j1, j2, ax) for j1,jo € Zo and a, € Afork € {0,1,...,2n —
1}. Forj € {0,1,...,n — 1} we set

(0,0,042]'4”'), if 7€ {0, 1},
é(vi,j) = (0, 1,a2j+i,4), if 7€ {4,5},
(1, 1,(10) — é(vi_gd), if i€ {2, 3,6, 7}
Clearly, ¢ : V(Cs x G) — T is a bijection and £(v; ;) + ¢(vi42,;) = (¥i,a0), where
v € {(1,1),(1,0)}, and so 2y; = (0,0). Hence for every ¢ € {0,1,...,7} and j €
{0,1,...,n— 1} we get

w(vij) = > (Uwicap) Fligrp) = Y (Wic1.a0) =

2pE€NG(x;) zpENG(x;)

r
- 5(070761'0) = (0,0,&())
and Cs x G is I'-distance magic since r is even.

Case 2: I' 2 7,4 x A for some Abelian group A of order 2n.
If g € T, then we can write g = (j,ay) forj € Zs and a, € Afork € {0,1,...,2n —
1}. Forj € {0,1,...,n — 1} we define

(0, a2j+i)7 if 7¢ {0, 1},
E(UL]') = (2, a2j+i,4), if 7€ {4, 5},
(3,a0) — L(vi_a ), if i€ {2,3,6,7}.
Again £ : V(CsxG) — T'is obviously a bijection and £(v; ;) +£(vit2,;) = (yi, ao), where
y; € {1,3}, and thus 2y; = 2. Hence forevery i € {0,1,...,7}and j € {0,1,...,n—1}
we get

wvig) = D> Cwicip) (i) = Y (Gic1.a0) = g(%ao) = (r,a0)

zpENG(z;) zpENG(z;)
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and Cs x G is I'-distance magic.

Case 3: I' = Zsa x A for a > 2 and some Abelian group A of order 57%5.
If g € ', we can write g = (p,ay) for p € Zsa and a, € Afork € {0,1,..., 535 —
1}. For j € {0,1,..., 5a=5 — 1} define the following labeling ¢:

(24 +i)(mod 2%72), a|j.0-a+s)), if i€ {0,1},
U(vi ) =< (2°7 Y ao) + U(vieay) if ie{4,5},
(2a — 1, ao) — E(’UZ‘_QJ), lf Z S {2,3, 6, 7}

As in previous cases £ : V(Cg x G) — T'is a bijection and £(v; ;) + £(vit2;) = (¥i, a0)
for some Y; € {2a—1 — 1’2(1 — 1} Thus 2([(’02‘4‘) + f(’vi+2,j)) = (2yi,a0) = (—27(10).
Foreveryi € {0,1,...,7}and j € {0,1,...,n — 1} we get

w(v;) = > (Uwicrp) Flvigrp) = Y (Wic1.a0) =
zp€NG (x;) TpENG(x;)
-
= 5(_27a0) = (—7“, aO)
and Cg X G is Zza x A-distance magic. O

The natural question arises whether we can prove similar results for every cycle C,
where n = 0 (mod 4). The answer to this question is negative as we will see in the next
section. It will also be clear from the following section why we cannot expect similar
results for n £ 0 (mod 4). (For both claims see Theorem 3.5.) However, below we give
some groups I such that for G being an r-regular graph of order n for some even 7, the
direct product Cor x G admits a I'-distance magic labeling.

Proposition 2.5. If G is an r-regular graph of order n for some even r, then the direct
product Co» x G, p > 2, admits an A x B-distance magic labeling for any Abelian group
B of order n and an Abelian group A such that:

o A (72)P,

o A= 74 x(Z2)P%

o A= 75x(Z2)"73,

o A= (Z4)% x (Za)P™".
Proof. Let V(G) = {xzo,21,...,2n—1} be the vertex set of G, let Co» = uguy ...
ugp_1ug, and H = Cap x G. Notice that if z,z, € E(G), then vj, € Ny(v;y) if

and only if j € {i — 1,7+ 1} (where the sum on the first suffix is taken modulo 27). Let the
elements of B be by, by, . .., b,—_1. Recall that for any element r € (Z2)? we have 2r = 0.

Case 1: A = (Z2)P. Let the elements of (Z2)? be rg,...,72»_1. Each element of I' =
(Z2)P x B can be thus expressed as (5, b;), where r; € (Z2)? and b; € B. We define the
labeling ¢ as follows:

_f (ri,bj), if i(mod4) € {0,1},
E(Ui,j){ (ri, —bj), if i(mod4) € {2,3}.
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It is straightforward to check that £ is bijective and £(v; ;) +€(viy2 ;) = (75 +7i12, bo).
Hence forevery i € {0,1,...,27 — 1} and j € {0,1,...,n — 1} we get

w(vij) = Z (U(vi-1,a) + U(vit1,4)) = Z (ri—1 +Tit1,b0) =
zq€ENG(x;) zaENg(z;)
r
= 5(7"0,170) = (70, bo)

and C» x G is (Z2)P x B-distance magic since r is even.

Case2: A= 74 x(Z2)P~2. Let the elements of (Z)?~2be 7y, . .., r9p—2_,. BEach element
of I' 2 74 X (Z2)?~2 x B can be thus expressed as (q, i, b;), where g € Za, r; € (Z2)P~2,
and b; € B. We define the labeling £ in the following way

. N (Qariabj)a if qc {071}7
HVsita) = { (¢,7i,—b;), if qe€{2,3}.

Again it is easy to check that ¢ is bijective and £(v; ;) + €(vi12 ;) = (¥i, 2;, bo), where
yi € {0,2} and 2; = 7|i/4] + 7| (i+2)/4)> and s0 2(y;, 2;) = (0,70). Hence for every
i€{0,1,...,2? —1}and j € {0,1,...,n — 1} we get

w(viy) = > (wira) +via) = Y, (Wi1,7i-1,b0) =

z4€NG(z;) z4€ENG(5)

r
= 5(0,7"07b0) = (07T07b0)
and Co» X G is Z4 % (Z2)P~2 x B-distance magic since 7 is even.

Case 3: A= 7g x(Z2)P~2. Let the elements of (Z)? =3 be rg, . .., rop—s_,. Each element
of I' & Zg x(Z2)P~3 x B can be thus expressed as (o(q),r;,bj), where ¢ € Zs, ; €
(Z2)P~3, b; € B, and the function o : Zg — Zs is defined as 0(2) = 3, 0(3) = 2,
0(6) =7,0(7) = 6,and o(j) = j for remaining j € Zs. We define the labeling ¢ in the
following way.

U(v8itq.s) = (0(q),74,b5), if g¢(mod4) e {0,1},
8i+q,j (o(q), 73, —bj), if ¢(mod4) e {2,3}.

It is easy to see that ¢ is bijective and £(v; ;) 4+ €(vit2 ;) = (Y, zi, Do), Where (y;, z;) €
{(3,2r1i81), (7,715 /8) F7 (i+2)/8]) }» 90 2(¥s, 2i) = (6,70). Hence forevery i € {0,1,...,
2 —1}tandj € {0,1,...,n — 1} we get

w(v; ;) = Z (U(viz1,0) + (viz1,q)) = Z (Yi-1,2i—1,bo) = 2(6,7"0,50)

z4ENG(x;) za€NG(z;)

and Co» X G is Zg % (Z2)P~2 x B-distance magic since 7 is even.

Case 4: A =2 (74)% x (Z2)P~*. Let the elements of (Z2)P~* be 70, ..., T9p—4_. Bach ele-
ment of I' 2 (Z4)? x (Z2)P~* x B can be thus expressed as (o(g), r;, b;), where ¢ € Z1,
r; € (Z2)P~1, b; € B, and the function o : Z15 — (Z4)? is defined as
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1 0 1 2 3 4 5 6 7
o(i) | (0,0) | (0,3) | (1,1) | (1,2) | (2,2) | (2,1) | (3,3) | (3,0)

1

(

8 9 10 11 12 13 14 15
i) | (0,2) | (0,1) | (1,3) | (1,0) | (2,0) | (2,3) | (3,1) | (3,2)

a

We define the labeling £ in the following way:

o) = | (@i, it gmodd) € (0,1,
16i+q,j (o(q), 13, —bj), if ¢(mod4) € {2,3}.
It is easy to see that £ is bijective and £(v; ;) + {(viy2,;) = (yi, 2, bo), where y; €
{(1, 1), (1, 3), (3, 1), (3, 3)} and z; = Ti/16] +TL(i+2)/16j’ SO 2(yi, Zi) = (2, 2, 7“0). Hence
foreveryi € {0,1,...,2? —1}and j € {0,1,...,n — 1} we get

w(v;;) = Z (U(vi—1,0) +H(vit1,0)) = Z (yi—17zi—1ab0):2(2;2,7"0;1)0)

zq€Ng (z;) za€Ng(z;5)
and Cor X G is (Z4)? % (Z2)P~* x B-distance magic since r is even. O

Proposition 2.6. If G is an r-regular graph of order n for some even r and n, then the
direct product Co» x G, p > 2, admits an A x B-distance magic labeling for any Abelian
group B of order 5 and an Abelian group A such that:

o A 75 x 74 x(Z2)P™4,
o A 746 x(Z2)P73.

Proof. Let V(G) = {zo,x1,...,Zn_1} be the vertex set of G, let Cor = wuguy ...
ugp_1ug, and H = Ca» x G. Notice that if z,z, € E(G), then vj 4 € Ng(v;p) if
and only if j € {i — 1,7 + 1} (where the sum on the first suffix is taken modulo 2P). Let
the elements of B be bg, b1, ..., b, /2-1-

Case 1: A = 7g x 74 x(Z2)P~*. Each element of I' = Zg X Z4 X(Z2)P~* x B can
be expressed as (c(q),7;,b;), where ¢ € Zsa, 1; € (Z2)P™*, b; € B, and the function
0 : 732 — 7.8 X Z4 1s defined as:

i | O 1 2 [ 3 [ 45 6 | 7
(4 | 00 | 1,O) | G.D | 21D | 42) | (52) | (7.3) | (6,3)
i | 8 [ 9 |10 [ 11 [12 [ 13 [ 14| 15
(4 ] 02) ] 1.2 | 33) | (23) | 40) | 5.0 | (7.1) | (6,
@ | 16 | 17 | 18 [ 19 [ 20 | 21 | 22 | 23
<.

1

(

g

Q

Q

i) | (0,3) | (1,3) | (3,2) | (2,2) | (4,1) | (5,1) | (7,0) | (6,0)
24 25 26 27 28 29 30 31
i) | (0,1) | (1,L1) | (3,0) | (2,0) | (43) | (5,3) | (7,2) | (6,2)

g

For j =0 (mod 2) we define the labeling ¢ in the following way:

' (o(t),m,bt%J), if t(mod4) € {0, 1},
(vi6ite,5) = (0(t),ris b)), if t(mod4) € {2,3};
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and for j =1 (mod 2) we set

(0(16 +1),ri,b 5 ), if t(modd) € {0,1},
U(v1gitt,5) = P :
(o(16 4+ t), 7, _bL%J)’ if t(mod4) € {2,3}.

It is straightforward to check that £ is bijective and £(v; ;) + £(viy2 ;) = (¥i, 2i, bo), Where
Yi € {(3a 1)7 (77 3)7 (77 1)} and Zi = T|i/16] + T (i42)/16]+1> SO 2(yzazz) = (6727T0>'
Hence forevery i € {0,1,...,2P — 1} and j € {0,1,...,n — 1} we get

w(v; ;) = Z (b(vi-1,a) +L(vi1,a) = Z (Yi—1,2i-1,bo) = 2(6,2,7’0,50)

z4€ENG(xj) zq€ENg(x;)

and Cor X G is Zg X Z4 % (Z2)P~* x B-distance magic since  is even.

Case 2: A = 716 X(Z2)P~3. Each element of I' & Z15 x(Z2)P~2 x B as (c(q), i, b;),
where q € Z1¢6, 7 € (Zg)p_?’, b; € B, and the function o : Z1¢ — Z16 is defined as:

t (01|23 (4|5 |6|7[8|9 10|11 |12]13| 14|15
o(@) |02 1]15|8[|109 |7 |4|6|13 |11 |12|14] 5|3

We define the labeling £ for j = 0 (mod 2) as
(o(t),ri, b 5)), if t(mod4) € {0,1},
U(vsiye,s) = T S
(o(t), s, bL%J)’ if t(mod4) € {2,3},
and for j =1 (mod 2) by

, f (@(8+1),7ib)), if t(modd) € {0,1},
(V8i+t,5) = (0(8+1),7i,=bj;)), if t(mod4) € {2,3}.

Again it is easy to see that ¢ is bijective and £(v; ;) + £(vit2,;) = (i, 2, bo), where
yi € {1,9} and z; = 7|;/8] + 7| (i+2)/8)» 0 2(¥i, 2i) = (2,70). Hence for every i €
{0,1,...,2? —1}and j € {0,1,...,n — 1} we get

,
w(v; ;) = Z (U(vi—1,0) + (viz1,4)) = Z (Yi—1,%i—1,bo) = 5(2,7’0,%)
z4€ENg(xj) z4€NG(w;)

and Cor X G iS Z16 X (Zg)”’3 x B-distance magic since r is even. O

3 TI'-distance magic labeling of C,,, x C,,

In this section we concentrate on the direct product of two cycles.

Theorem 3.1. If m,n =0 (mod4), then the direct product C,,, x C,, is A x B-distance
magic for any Abelian groups A and 53 of order m and n, respectively.

Proof. LetI' = A x B and let by be the identity of B. We consider three cases, depending
on the factorization of I'.
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Case 1: T = 75 X 75 XG x B for some Abelian group G of order 7
If g € T, then we can write g = (j1, j2, ax, b;) for ji, jo e Zg, ar € Gfork €

{0,1,..., % —1},and b; € Bforj € {0,1,...,n—1}. Fori € {0,1,...,m — 1} we set:
fwi ) = (O’i’aliﬁbj)’ if i(mod4) € {0,1},
0 (1,1, ag,bo) — lv;—oj), if i(mod4) e {2,3},

for j(mod 4) € {0,1} and

(i) = (0,1, —aﬁj,bj), if i(mod4) € {0,1},
Y7L (1,1,a0,b0) — £(vi—gy), if i(mod4) € {2,3},
for j(mod 4) € {2, 3}.
It is easy to see that £ : V/(C), x Cp,) — T'is a bijection and w(v; ;) = £(vi—1 j-1) +
U(vie1,j41) +€(vit1-1) + L(vig1541) = (0,0, a0, bo).

Case 2: I = 74 xG x B for some Abelian group G of order 7.
Ifgel, thenwecanwrlteg = (q,ax,b;) for q € Za, ak eGforke{0,1,...,2 —

1},and b; € Bforj € {0,1,...,n —1}. Fori € {0,.. — 1} we define the fo]lowmg
labeling é:
K(’U‘ ) N (i,atﬂ,b]’), if z(m0d4) € {0, 1},
Y7 (3,a0,b0) — £(vi—a,j), if i(mod4) € {2,3},

for j(mod 4) € {0,1} and

K(’U‘ ) N (Z, —aL%J,b]’), if Z(m0d4) S {O, 1},
bIs (3,a0,b0) — ‘g(vi72,j), if i(mod4) € {2,3},
for j(mod 4) € {2,3}.
Again ¢ : V(C,, x C,,) — T'is abijection and w(v; j) = £(vi—1 j—1) + €(vi—1 j41) +
U(vit1,j-1) + L(vis141) = (2, a0, bo).

Case 3: T' = Z9a xG x B for a > 2 and some Abelian group G of order 2%
Notice that this case is meaningful only when m = 0 (mod 8). If g € T, then we can

ertethatg—(q,ak,b)forqezza akegforke{o,l,...,% 1} and b; € B for

je€{0,1,...,n—1}. Fori € {0,. — 1} we define the following labeling ¢:
(i(mod 2%))2%~ ,CLLi/QaJ,bj), if i(mod2%) € {0,1},
(i) =4 ((1—i(mod2%))2°72 —a|;/2a), —bj), if i(mod2%) e {2,3},
(1 ao ,bo) + é(’Uz_4,j), if z(mod QO‘) o4 {0, 1,2, 3},
for j(mod 4) € {0,1} and
(—(i(mod 2%))2°72 — 1, —a|;/20 |, —b;) , i(mod 2%) € {0,1},
Uv; ) = ((z( od2% —1))2¢72 —-1 , @iz, b ) , 1f z(mod 2%) € {2, 3},
(1, a0, bo) + ((vi 1), it i(mod2%) ¢ {0,1,2,3},

for j(mod 4) € {2,3}.
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It is easy to see that ¢ : V(C,, x C,,) — T is a bijection and moreover, w(v; ;)
£(vi1,-1) + L(vig1,5-1) + L(vie1 1) + L(vig1541) = (=2, a0, bo).

oo

One can ask if it is possible to find an .A x B -distance magic labeling of C,,, x C,, if
| A| > m. A partial answer is given by the following observation.

Proposition 3.2. If m,n = 0 (mod4), then the direct product C,, x Cy, is Z; XA -
distance magic for m/|t and any Abelian group A order .

Proof. LetI' = 7; x A where m/|t and A is an Abelian group of order 7*. If g € T, then
we can write that g = (j,ax) for j € Z; and ap € Afork € {0,1,...,752 — 1}. For
ie€{0,1,...,m— 1} let

a‘m(mqu%%), if i=0
M+%%%)’ if i=1

lvig) = (—imlmedt) _ m —apzmy), ifi=2
_m(m%dt)_%’_al_%J s if =3

£(vi-a,5) + (1, a0), it >3,

for j(mod 4) € {0,1} and
_M_L_GLMJ)’ if i=0
t

—W—%—L—at% ,if =1

fvig) =g (2259 4o —Tapm ), if i=2
M—’_%_LGLMJ s if ¢:=3
£(vi—a,5) + (=1, a0), it i>3,

for j(mod 4) € {2,3}.
Notice that we obtain mn/t blocks such that in every block we have all elements from

Z+ as the first coordinate. Moreover for ¢ € {0,1,...,mn/t — 1} in i-th block we have
labels (4, a;), where j € {0,1,...,t/2 — 1}. Therefore ¢ is bijective and . = (=2, ag) is
the magic constant. 0

The above results encourage us to post the following conjecture.
Conjecture 3.3. If m,n =0 (mod4), then C,, x C,, is a group distance magic graph.

Now we are going to present some sufficient conditions for a graph G not to be group
distance magic.

Theorem 3.4. Assume that m,n > 3, m,n ¢ {4,8}, m = 4b+ d and n = 4a + ¢ for
some integers a,b > 0 where ¢ € {0,1,2,3} and d € {1,2,3}. If an Abelian group I" of
order mn has less than max{2, a — 1} involutions, then C,,, x C,, is not I'-distance magic.

Proof. Letm,n,a,b,c,dbe as in the statement of the theorem. Thus m # 0 (mod 4). Let
G = Cp, x C,,. Assume that there exists a group I of order mn such that G is I'-distance
magic, i.e., there is a bijection £ : V/(G) — I such that for every « € V(G) , w(x) = p for
some constant 4 € I'. Furthermore, let g be the identity of I'.
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For any integers ¢, p, and s we have

WWitpt1,s41) = LVigp,s) + L(Vigpsi2) +€(Vitpras) T L(Vitprasi2) = 1,

where the first suffix is taken modulo m, and the second one modulo n. Comparing the
above equality for p = 0 and p = 2, we obtain

U(vis) +(visv2) = (vitas) + L(Vita,st2)-

More generally, if we consider the equality for p = j and p = j + 2 for some integer j, we
obtain that

C(Vigjs) + L(Viej,sr2) = L(Vigjra,s) + LVitjta,s42)
for every j. In consequence,

L(vis) + (Vi s12) = L(Vigaj,s) + L(Vigajst2) 3.D

for every j. Asm % 0 (mod 4), there exists such a j that i +4j =4+ 2 (modm). This
way we obtain from (3.1)

U(v,s) + (Vi sra) = L(Vita,s) + L(Viga sr2). (3.2)

Substituting s with s 4+ 2 in (3.2) we obtain
(v s42) F L(Vi s44) = L(Vixo sy2) + L(Vit2,5+4) (3.3)

and finally by subtracting (3.3) from (3.2)

g(vi,s) - g(vi,s+4) = E(UH—Q,S) - Z(Ui-s-z,s+4)- 34

In a similar way as (3.1) we can prove that for any 4, 7, and s

L(vi,s) + L(Viga,s) = L(Vi sya5) + L(Vig2,s145)- (3.5
In particular from (3.5) for j = 1 we get

L(vi,s) = (Vi sa) = L(Vig2,s1a) — L(Vig2s). (3.6)
This leads, if we add together (3.4) and (3.6), to

2(£(vi,s) = £(vi,s+4)) = go-

By comparing the last equality for s = 4p and s = 4(p + 1), where p is any nonnegative
integer, we can observe that

2(£(vi,0) — £(vi,ap)) = go

at least for every 1 < p < a — 1. This bound is sharp when ¢ = 0. Let first a > 2. We have
at least

2(((’01"0) — f(’l}i)4)) = 4go and 2([(’0@0) — Z(’Ui,g)) = 4o- (37)

On the other hand, if a < 2, then ¢ # 0, since n ¢ {4,8}. Hence v; o, v; 4, and v; g are
again different vertices and (3.7) holds as well.
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Fix ¢ = 0. Since ¢ is bijection, £(vo0) — ¢(vo,4p) # O for every p such that p €
{1,...,a—1}, therefore £(vg o) — £(vo,4p) has to be an involution forevery p € {1,...,a—
1} and we have at least two involutions when n = 3. Moreover, bijectivity of £ implies that

£(vo,0) — £(vo,ap,) # £(v0,0) — £(v0,4p,)

for every p; # po such that py,pe € {1,...,a — 1}. Thus the set of involutions of I" has
to consists of at least max{2, a — 1} distinct elements. O

Theorem 3.5. If m,n £ 0 (mod 4) then C,, x C,, is not I'-distance magic for any Abelian
group I' of order mn.

Proof. If m,n are odd, then any group I" has odd order mn and we are done by Theo-
rem 3.4, as there are no involutions in I'. If m = 2 (mod4) and n is odd (or n = 2
(mod 4) and m is odd, resp.), then mn = 2 (mod4). Thus by the fundamental theorem
“and p; > 2
fori € {1,...,k} are not necessarily distinct primes. Therefore there exists exactly one
involution ¢ in I" (¢ = (1,0, ...,0)) and we are done by Theorem 3.4.

Suppose now that m,n = 2 (mod4), then m = 2+ 4a, n = 2 + 4b and mn =
4(1 4 2a)(1 + 2b) for some integers a,b. Thus by the fundamental theorem of finite
Abelian groups I' = Zgy X Zo X Aor I' = Z4 x A for some Abelian group A of order
(1 + 2a)(1 + 2b). Since (1 + 2a)(1 + 2b) is an odd number, then, if I’ = Z4 x A, there
exists only one involution ¢ = (2,0) in I" and C,, X C,, is not Z, x A-distance magic by
Theorem 3.4.

In the case I' & Zs x Zo x A, there exist exactly three involutions ¢; = (1,0,0),
i = (0,1,0) and i3 = (1,1,0) in T. Let G = C,, x C,, and assume that G is I'-distance
magic, i.e., there is a bijection ¢ : V(G) — T such that for every z € V(G), w(z) = p
for some constant p. Using the same arguments as in the proof of Theorem 3.4, since
m = 2 (mod4), we obtain that 2(¢(vo ) + ¢(vo,2)) = 2(€(vo,2) + €(vo4)) = p and
2(€(vo,4) + £(vo,6)) = 2(£(vo,6) + £(vo,5)) = p. On the other hand since n = 2 (mod 4)
we have ged(2,n) = ged(4,n) = 2 and there exists o/ such that 4o’ = 2 (modn). By
repeating the above arguments we get 2(£(vg 4) + (v2,4)) = 2(¢(v2,4) + £(v4,4)) = p and
2((vo,a) + U(vm—2,4)) = 2(€(Vm—2,4) + £(Vm—4,4)) = p. Therefore:

(63

of finite Abelian groups I' & Zy X szlvq X ..o X szk where mn = 2 Hle D;

2(£(vo,0) — £(vo,4)) = 291 = 0,
2(£(vo,s) — £(vo,4)) = 292 = 0,
2(€(va,a) — £(vo,4)) = 295 =

2(((’0"1,4’4) — 6(1)10,4)) = 294 =0.

If any g; = 0 (for ¢ € {1,2,3,4}), then the labeling ¢ is not a bijection as m,n # 0
(mod 4). Thus we can assume that all g; are involutions and by the Pigeonhole Principle
there exist j # ¢ such that g; = g; (since there are only three involutions in I') what
implies that the labeling £ is not a bijection m,n # 0 (mod4) (e.g., if go = g3, then
U(vg8) = £(vo,4)), a contradiction. O

The immediate corollary follows.

Corollary 3.6. Assume that m,n > 3 and {m,n} = {4a, 4b+ c} for some integers a > 3
and b > 0, ¢ € {1,2,3}. Then C,,, x C, can be I'-distance magic only in the following
cases:
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e cc {1,3} and " = A x (Z2)P*? for some Abelian group A of odd order, where
a=2P,

e cc{1,3}and T = A x Z3 x(Z2)? for some Abelian group .4 of odd order, where
a=3-2P"2,

e cc{l,3}andT = A X (Z2)? x Z4 for some Abelian group A of odd order, where
a=2P,

e ce{l,3}and ' & A x (Z2)?~2 x (Z4)? for some Abelian group A of odd order,
where a = 2P,

ecc{l,3}and " = A x (Z2)P~! x Zg for some Abelian group A of odd order,
where a = 2P,

e c=2and ' = A x (Z2)?*3 for some Abelian group A of odd order, where a = 27,

ec=2and ' = A x Z3 x(Z2)P*! for some Abelian group A of odd order, where
=3. 21)—2,

e c=2and ' & A X Z3 x(Z2)P~! x Z4 for some Abelian group A of odd order,
where a = 3 - 2P72,

e c=2and T & A x Z5x(Z2)? for some Abelian group A of odd order, where

a=5- 203,

e c=2and T & A x Z7 x(Z2)? for some Abelian group A of odd order, where
a="7-2P73,

e c=2and T = A x (Z2)P*! x 74 for some Abelian group A of odd order, where
a=2P,

e c=2and T = Ax (Z2)P~! x (Z4)? for some Abelian group A of odd order, where
a= 2P,

e c=2andT = A X (Z2)P X Zg for some Abelian group A of odd order, where
a=2P,

ec=2and T = A x (Z2)P~2 X Z4 X Zg for some Abelian group A of odd order,
where a = 2P,

e c=2andT & A x (Z2)P~! x Z16 for some Abelian group A of odd order, where
a=2P.

Proof. Let a = «a2P for some odd number a.. Observe that the number of involutions is
equal to 2% — 1, where /3 is the number of the factors Zsy of I'. By Theorem 3.4 we have
2P —1 < 2% — 1 and hence o < 2777, Tt is straightforward to see that if ¢ € {1, 3}, then
the maximum number of such factors is p + 2 and o < 4, while in the case when ¢ = 2
itis p+ 3 and o < 8. Moreover Zg = Z3 X Za, Za0 = 75 X Zo, T2 = 74 X Z3 and
Z14 = 77 X 7o are the only groups of the respective order, so the listed groups are the only
ones that consist of at least p factors Zog. O

In the previous section in Propositions 2.5 and 2.6 we presented constructions for all
the cases from Corollary 3.6, where m = 2P or n = 2P for some integer p. However we
think that whole Corollary 3.6 gives not only necessary but also sufficient conditions for a
graph to be group distance magic so we post the following conjecture.
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Conjecture 3.7. Assume that m,n > 3 and {m,n} = {4a,4b + ¢} for some integers
a>3andb >0, c € {1,2,3}. Then C,, x C,, is I'-distance magic in the following cases:

e ce{1,3} andT" @ A x Z3 x(Z2)P for some Abelian group A of odd order, where

a=3 22,
ec=2and T = A x Z3 x(Z2)P*! for some Abelian group A of odd order, where
a=3-2P"2,

ec=2and ' @ A X Z3 x(Z2)P~! x Z4 for some Abelian group A of odd order,
where @ = 3 - 2P72,

ec=2andT = A x Zs x(Z2)? for some Abelian group A of odd order, where

a=5-2°73,
e c=2and ' 2 A x Z7 x(Z2)P for some Abelian group A of odd order, where
a="7-2P73,

We finish with the following result.

Theorem 3.8. A graph C,,, x C,, is Zmn-distance magic if and only if m € {4,8} or
n € {4,8 orm,n=0 (mod4).
Proof. fm # 0 (mod4) andn ¢ {4,8},orn # 0 (mod4) and m ¢ {4, 8}, then the

group Zmy, has at most one involution ¢ (namely i = “5*, if mn is even) and so Cy,, x Cp,
is not 7, -distance magic by Theorem 3.4. If n = 4 or m = 4 then C,,, X C), i Zmn-
distance magic by Theorem 2.3 and if m,n = 0(mod 4), then C,,, X C, is Z;nn-distance
magic by Proposition 3.2. If n = 8 or m = 8, then the graph C,,, x C,, i Z;,,-distance

magic by Theorem 2.4. O
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