DOI: 10.2478 /auom-2022-0028 § sciendo

An. St. Univ. Ovidius Constanta Vol. 30(2),2022, 231-257

Sombor index of zero-divisor graphs of
commutative rings

Arif GURSOY, Alper ULKER and Necla KIRCALI GURSOY*

Abstract

In this paper, we investigate the Sombor index of the zero-divisor
graph of Z,, which is denoted by T'(Z,) for n € {p*, pq, p*q, pqr} where
p,q and r are distinct prime numbers. Moreover, we introduce an al-
gorithm which calculates the Sombor index of I'(Z,). Finally, we give
Sombor index of product of rings of integers modulo n.

1 Introduction

Zero-divisor graphs of commutative rings entered the area of algebraic combi-
natorics by the work of I. Beck [11]. His definition of zero-divisor graph has
vertex set on R and any two elements z,y € R are adjacent whenever zy = 0.
Later, this definition of a zero-divisor graph of a commutative ring was mod-
ified on non-zero zero-divisors by Anderson and Livingston in [9]. After the
introduction of zero-divisor graphs, different types of graphs related to com-
mutative rings emerged such as annihilating-ideal graphs, comaximal graphs,
total graphs [1, 2, 8, 37, 40, 42, 43, 45, 49].

The technique of encoding information using topological molecular descrip-
tors on the molecular structure has a low computational cost and a good pre-
dictive potential. Moreover, these molecular descriptors give ideas about struc-
tural characteristics with easy identification. Hence, the number of topological
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molecular descriptors which are called graph invariants is huge, and they are
mathematical values calculated from a graph representation of a molecule. A
graph invariant is a number that is invariant under graph isomorphisms in
graph theory. The graphical invariant is considered as a structural invari-
ant related to a graph. In molecular graph theory, the topological index is
constructed as a graphical invariant. For this reason, the computing of topo-
logical indices of many graph structures has been an attractive research area
for scientists especially chemists and mathematicians for a long time. Topo-
logical indices play an important role in mathematical chemistry such as the
QSPR/QSAR modeling [26, 44].

The Wiener index which is the oldest topological index and a distance-
based index was studied for zero-divisor graphs in [10, 41, 47]. In 1972, the
first Zagreb index and the second Zagreb index of graph G were suggested by
Gutman and Trinajstié¢ [27]. We attain more recent results on Zagreb index in
[5, 7,12, 13, 15, 28, 29, 38, 39, 41, 48]. In 1975, Randi¢ introduced the Randié
index of a graph G [34]. Fajtlowicz proposed two topological indices which
are called the harmonic index and the inverse degree index [18]. Furtula and
Gutman introduced the forgotten topological index [21].

In 2021, the Sombor index of a graph G is defined by the mathematical
chemist Ivan Gutman [24]. Then, Cruz et al. examine graphs extremal over
the set of all chemical graphs, connected chemical graphs, chemical trees,
and hexagonal systems using the Sombor index [14]. The Sombor index can
be used successfully on modeling thermodynamic properties of compounds
demonstrated by Redzepovié [35]. Alikhani et al. consider Sombor index of
polymer graphs and show that the Sombor index of some graphs is computed
from their monomer units [6]. The Sombor index has attracted important
consideration from researchers within a very short time and many results about
it can be found in [16, 17, 19, 20, 22, 23, 25, 30, 31, 32, 33, 36, 46, 51].

In this paper, we study Sombor index of zero-divisor graphs of some com-
mutative rings. In Section 2, we give fundamental definitions and notions
which will be used rest of the paper. Also, we calculate Sombor index of zero-
divisor graphs of Z,, in Section 3. Finally, in Section 4, we calculate Sombor
indices of I'(Z,, x Z,) and I'(Z,, x Z, x Z,) for distinct prime numbers p, ¢ and
T

2 Preliminaries

In this section, we recall some basic definitions and notions which will be used
rest of the paper.

Let G = (V(G), E(G)) be an undirected graph. The number of vertices of
G is the order and number of edges of G is the size of G. Let z,y € V(G).
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The degree of a vertex x is the number of vertices adjacent to x and denoted
by dg.

Let Z(R) denote the set of all zero divisors of a commutative ring R. The
zero-divisor graph of R is an undirected graph which has a vertex set on R\{0}
and for any u,v € Z(R)\{0}, and the vertices v and v are adjacent whenever
ww = 0 in R\{0}.

Next, we give definition of Sombor index of a graph which is a novel topo-
logical index.

Definition 2.1. [24] Let G be a graph and u,v € V(QG), then the Sombor index
of G is defined by

SO(G) = > V(d)?+(d)2

weE(G)

Lemma 2.2. [50] Let T'(Z,,) be a zero-divisor graph of a commutative ring
Z,. Then, the vertex set of I'(Zy,) is the disjoint union of vertex subsets of A;

such that i is a proper divisor of n. Moreover, |A;| = ¢(%).

Proposition 2.3. [10] Let n = p{*ps?...py" where p;s are distinct prime

numbers, and t,«; € N for all i. Let d = pf1p§2 ...pf” be a divisor of n with
d#mn. If u € Ay, then

d, = d—2, if p; > [F] forall i
d—1, otherwise.

3 Sombor index of zero-divisor graph of Z,

Recently, the zero-divisor graph of the ring Z,, is a popular research in spectral
graph and chemical graph theory. Many researchers have studied in this area.
Singh and Bhat have examined adjacency matrix and Wiener index of zero-
divisor graph I'(Z,,) [41]. Later, Asir and Rabikka have studied Wiener index
of zero-divisor graph of I'(Z,) [10]. Now, we analyze Sombor index of zero-
divisor graph I'(Z,,) in this section.

Theorem 3.1. Let p be a prime number, then followings hold:
(i) If p =2, then SO(I'(Z,2)) = 0.
(11) If p > 2, then SO(I'(Zy2)) = \@(pgl)(p —2).

Proof. (i) It is clear that Z4 has only one non-zero zero-divisor which is 2.
Then, I'(Z4) is a one-vertex graph, and the graph has no edge.
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(ii) I'(Zp2) = Kp_1, and K,_; has (pgl) edges with each vertex having
degree p — 2. Therefore, we have SO(I'(Z,2)) = \/i(pgl)(p —2).
O

Now we are about to calculate Sombor index of zero-divisor graph for
powers of p greater than or equal to 3.

Theorem 3.2. Let p > 2 be a prime number and o € N with o > 3, then
Sombor index of T'(Zye) is

p =1 j=1 pi !
a—2 o-—1 1
1) Y N 2P T (-2
a1 =D
i=[g]i=i+1

Proof. We demonstrate the zero-divisor sets of Z,« as follows:

A1:{px|x:1,...,pa_1—1,pfa:}
Ai:{piaj\x:l,...,paﬂ'—l,pfa:}

An_1 :{po‘_lx|x:1,...,p—1,pJ(x}

The vertex set of the graph ['(Zy) = S, A; where N?7' A; = 0. Be-
sides, |A4;| means the number of vertices of A;. We calculate the number of
vertices of all zero-divisor sets as |A;| = p*~1 — p*=2, |Ag| = p*=2 — p*—3,
ooy A = pTt —paTi=t L |Aa—1| = p — 1. Moreover, the degree of each
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vertex in these zero-divisor sets can be defined such that

4 = pi—1, i<a/2
-2, i>a)/2
forallu e A;andi=1,2,...,a0 — 1.
We indicate the proof of this theorem by examining the sub-states of «
such that « is odd and even.

Suppose that p > 2 is a prime number, & € N with a > 3 and « is even.
In this situation, we have three sub-cases as follows:

Case 1:

Each vertex from A; and each vertex from A,_; are adjacent where i =
1,2,...,5—1and j =1,2,...,i. For any edge e = uv, we have d, =p—1
and d, = p*7 — 2 where u € A; and v € Aq—j. So, we get

i

DD Al Aa— VT = 1) + (o7 - 2)2. (1)

i=1 j=1

Case 2:

Each vertex from A; and each vertex from A; are adjacent wherei = §,..., a—
2and j =4+ 1,...,a— 1. For any edge e = uwv, we have d, = p* — 2 and
dy, = p? —2 where v € A; and v € A;. Hence, we attain

a—2 a—1
DD TANAI G -2+ (7 - 2)2 (2)
i=g j=itl
Case 3:
Each vertex from A; is adjacent to each other vertices from A; where i =
Sy---,a— 1. For any edge e = uv, we have d,, = d, = p' — 2 where u,v € A;.
So, we have

S A=Y o 22 ®)

i o
=3

The Sombor index of I'(Z,« ) is calculated by summing Equations (1), (2),
and (3) where « is even as follows:
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o .
-1 4

SO(T(Zpa)) = Y Y |Aill Ay V(" = 1)2 + (po~7 = 2)? (4)

i=1 j=1

a—2 a—1

33 ANV =2+ (7 - 27

i=2 j=it+l

+ z_: W\/@l —2)2+ (pi — 2)2.

Now, we suppose that p > 2 is a prime number, o € N with a > 3 and «
is odd. In this circumstance, we have also three sub-cases including different
boundaries as follows:

Case 1:
Each vertex from A; and each vertex from A,_; are adjacent where i =
1,...,0‘771 and j = 1,...,i. For any edge e = wv, we have d, = p* — 1

and d, = p*~7 — 2 where u € A; and v € A,_;. From this, we have

a—1 .
DD Al Aa VT =12 + (p7 = 2)% ()
i=1 j=1

Case 2:

Each vertex from A; and each vertex from A; are adjacent where i = a;rl, cee

a—2and j=4i+1,...,a—1. For any edge e = uv, we have d, = p* — 2 and
dy, = p’ —2 where u € A; and v € A;. Hence, we attain

a—2 a—1

Yo > ANV G - 22+ (0 - 2)2 (6)

i=atl j=itl

Case 3:
Each vertex from A; is adjacent to each other vertices from A; where i =
0‘7'*'1,...,04 — 1. For any edge ¢ = wuw, we have d, = d, = p" — 2 where

u,v € A;. So, we have

i M\/(pi —2)2 4 (pi — 2)2. (7)

2
a+

1
2

i=



SOMBOR INDEX OF ZERO-DIVISOR GRAPHS OF COMMUTATIVE RINGS 237

The Sombor index of I'(Z,~) is calculated by using Equations (5), (6), and (7)
where « is odd as follows:

SO(L(Zpe)) = Y Y | AillAa—j |V (" = 1)2 + (po~7 — 2)? (8)

i=1 j=1

* Z_: i: | Al A; 1V (PP = 2)% + (p7 — 2)°

i:aé»l j=it1

+ z_: M\/(pi_2)2+(pz_2)2_

2
atl
2

=

According the Sombor indices in Equations (4) and (8), we represent Sombor
index of the graph I'(Z,«) in a single form as follows:

L2*)
SO(T(Zpe)) = Y Y AillAa—j|V/ (" = 1)2 + (p*7 —2)2 (9)

i=1 j=1

F Y S AN 2T (2P

i=[2] j=i+1

+ i 7‘Ai|<|éi| ==\ V(P —2)% + (p' - 2)%
i=[g]

Note that [4;] = ¢(%) = p*~ — p*~=1 = p*~*~1(p — 1) by Lemma 2.2.
Hence, we get
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e
SO(C(Zye)) = 3 Y [AillAay V(T = 12 + (p*~7 — 2)?
i=1 j=1
a—2 «a—1
+ 3 Y 1Al 22+ (7 - 2)2
i=[g1i=i+1

a—1
+ Z W\/@z —2)2 + (pi —2)?

=31

,_
Q
Nl
—
—

|
MN.

P = P = DV (T - 12+ (po T - 2)?

L

|

[ V] —
K.

o

‘ —_

AR

P o= e (o= DV - 27+ (7~ 27

1\

<
Il
—
Wl
—
<.
I
=
+
—

Q
|
—

p* T p—1) (p"‘*ifl(p -1) - 1)

; Vi =97+ (7 -2

.
Il
—
N3
P

,_
Q
|
-

Il
M)
M@

PR = D2V (T - 12+ (prT - 2)2

L =

|

[} p—
.

e

‘ -

hN

P p = 1T = 27+ (7 - 27

Jr
ﬂ
#0]
I!A
¥
—

i
L

+
5~

P e =10 - 2) (p‘”‘l(p -1) - 1)

~
Il
—
wlR
—

252

pa1<p1>[(1;) S Y Ve 1 o

i—j
-1 =P

a—2 o-—1
) 1 ,
+p* =1 Y D VT -2+ (7 -2
i=rg1=it1 P

Ju

5 & (-2 o-n-)

i=M3]
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In the next theorem, we give Sombor index of a zero-divisor graph I'(Z,,)
for distinct primes p and q.

Theorem 3.3. Let p and q be prime numbers with p # q. Then, Sombor
index of the graph T'(Zyq) is

SO(T(Zpg)) = /(P = D*a —1)* + (p — 1)%(¢ — D*.

Proof. The graph I'(Z,,) is a complete bipartite graph. The bipartitions of
I'(Zpg) are Ay ={pzr|x=1,2,...,¢g—1} and Ay = {qz |z =1,2,...,p—1}.
Since A1 = ¢(8) = ¢ — 1 and [As| = ¢(E]) = p — 1, then the size of this

P
graph is (p — 1)(¢ — 1). It follows that

SOMM(Zpg)) = Y. \d”+d,°

w€E (I (Zpq))

> Vlg-1)2+(p-1)72

wWEE(T(Zpq))
= A1][A2]\/(p — 1)2 + (g — 1)?
=(g-Dp-DVp-12+(¢—1)
=V-Da-1)2+{p-1)>%g-1)*

where ©w € A; and v € As. O

Theorem 3.4. Let I'(Z,2,) be a zero-divisor graph and p and q be distinct

prime numbers. Then, Sombor index of I'(Zy2,) is

SO(T(Zp2q)) = (p = 1)(g — 1) [(p ~1V(p—1)% + (pg — 2)°

+pV (P2 —1)2 4 (g — 1)2

+ V(0 —1)2 + (pg — 2)?

(p—2)(pg —2)
V2(¢g—-1) |

Proof. Since proper divisors of n = p2q are p, p?, ¢ and pq, then the vertex set
can be partitioned as V(I'(Z,,)) = A1 U Ay U A3 U Ay and A; N A; = () where

_|_
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,j=1,...,4,i5# j and

Al = {pIE ‘ T = 1,2,...,]7(]*1,13}[1,(]}[30,},
Ay ={qx | x = 1,2,...,p2—1,p)[x},
Agz{p2x |z=1,2,...,q— 1},
Ay={pgz |z =1,2,...,p—1}.
One can calculate the number of vertices of all zero-divisor sets as |A;| =

(p—1)(g—1), [A2| = p(p— 1), [A3] = (¢ — 1), and [As] = (p —1). Also, the
degree of each vertex in these zero-divisor sets can be determined as

|A4|, u e A1
|A3|, u e A2
“ |A2|+|A4|, u€A3.

|Ar| 4+ |As| +]A4] — 1, uweE Ay

Note that, any two vertices u € A; and v € A; are adjacent in I'(Z,,) if
and only if n divides u - v. This implies that we have the following cases for
any edge e in I'(Z,,):

Case 1:

If e = uv, then u € A; and v € A4. In this case, d, = p—1 and d, = pg — 2.
The number of edges which has one endpoint in A; and the other in Ay is
|A1||A4]. So, we have

[Au][ AV (p = 1)? + (pa — 2)2.

Case 2:

If e = wv, then u € Ay and v € A3. In this case, d, = p> —p and d, = ¢ — 1.
The number of edges which has one endpoint in Ay and other in Aj is |As||A3].
Hence, we attain

A2/ A3/ (9% = 1)2 + (¢ - 1)2.

Case 3:

If e = wv, then u € A3 and v € A4. In this case, d, =¢—1and d, =p — 1.
The number of edges which has one endpoint in A and other in A4 is |As||A4].
Therefore, we obtain

|As]|AalV/ (9% = 1) + (pq — 2)2.
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Case 4:

If e = wv, then u,v € A4. In this case,
\A4\(Ig\4\—1)

edges which has endpoints are in A4 is

[Aa|(JAa] = 1)

d, = d, = p— 2 and the number of

. So, we have

2

vV (pg —

2)? + (pq — 2)*.

Thus summing up all these cases respectively, one can conclude that

SO(I'(Zyzq)) = |A1]|Aalv/(p — 1)2 + (pg — 2)?
+ | As|| A3/ (P2 — 1)2 + (¢ — 1)2
+ |As]| A/ (P — 1) + (pg — 2)?
+7‘A4'(‘§4'*1 Vor =27 a2
=(p-1)%q- V(- 1)%+ (pg—2)?
+ (- )(q—l)\/(p —1)2 +(q—1)2
+(p—1)(g— DV —1)%+ (pg — 2)?
+(p_1)2(p_2)\/(pq—2)2+(pq—2)2-

Using this identity, Sombor index of I'(Z,z,

) is

(p—1)(g—1) [(p— 1)v(p—1)% + (pg — 2)?

+pV/(p? 2+ (¢ —1)?

+V (P = 1)? + (pg — 2)?
(p—2)(pg —2)

TR ]

Example 3.5. For the graph T'(Zr5),

O

we have p = 5 and q = 3. Then,

SO(T'(Z75)) =2 1727.24, and the set of zero-divisors can be written as follows:
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e\Z
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Figure 1: The graph I'(Zrs)

Ay = {3,6,9,12,18,21,24,27,33, 36,39, 42, 48, 51, 54, 57, 63, 66, 69, 72},
Ay = {5,10,20,35,40, 55,65, 70},

Az = {15,30, 45, 60},

Ay = {25,50}.

Moreover, these sets give rise to the graph which can be shown in Figure

In the next theorem, the relation of Sombor index of I'(Z,,,) is represented.

Theorem 3.6. Let I'(Z,q,) be a zero-divisor graph and p,q and r be distinct
prime numbers. Then, Sombor index of T'(Zygy) is
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SO (Zpgr)) = (p = 1)(a = D)(r = 1) [V/(p — 1) + (¢ — 1)2

+V(@—1)%+ (pr—1)°
+V(r =12+ (pg — 1)?

V(pg—1)% + (pr —1)?
* (r-1)
V(pg —1)% + (gr —1)?
* (¢g—1)
Vpr =12+ (gr —1)2
(r—1)

Proof. Since proper divisors of n = pqr are p,q,r,pq,pr and qr, then the
vertex set can be partitioned as V(I'(Z,)) = A1 U A2 UA3U A4 U A5 U Ag and
A;NA; =0 wherei,j=1,...,6, 1% j and

Al = {pr’ | T = 1727--~7q7’— 1,q)f$,7"f.’17}7

A2 = {q.’b | T = 1727"'7]97'_ 1’p+x’7.*1-},

A3 = {T‘,ZU | T = 1727"'7pq_ 17p+xaqfx}7

Ay ={pgx | x=1,2,...,r =1},

As={pra|xz=1,2,...,q—1},

Ag={qrz|z=1,2,...,p—1}.

The number of vertices of all zero-divisor sets can be calculated as |A41]| =
(¢=1(r—=1), [A2] = (p—1)(r = 1), |[A3] = (p—1)(q = 1), [A4| = (r = 1),
|As| = (¢ — 1), and |4g| = (p — 1). Besides, the degree of each vertex in these
zero-divisor sets can be determined as

|A6|, UEAl
|A5|, U GAQ
|A4|, u e Ag

|As| + |As| + |Ag|, uwe Ay’
|Aa| + |Asl + |As], u € As
|A1|+|A4|+|A5|, UGAﬁ

Remark that, any two vertices u € A; and v € A; are adjacent in I'(Z,,) if
and only if n divides u - v. This implies that we have six cases as follows for
any edge e in I'(Z,,):
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Case 1:

If e = uv, then u € A; and v € Ag. In this case, d, = p—1 and d, =
(¢g—1)(r—1)+(¢g—1)+ (r—1). The number of edges which has one endpoint
in A; and the other in Ag is |A1||4s|. So, we attain

[Au][A6]v/(p = D2 + ((a = 1)(r = 1) + (¢ — 1) + (r — 1)),

Case 2:

If e = uv, then u € Ay and v € As. In this case, d, = ¢ — 1 and d, =
(p—1)(r—1)+(p—1)+ (r—1). The number of edges which has one endpoint
in Ay and the other in Ay is |As||As]. So, we have

[ A2l[A51V (g =12+ ((p — D)(r = 1) + (p— 1) + (r = 1)),

Case 3:

If e = wv, then v € A3 and v € A4. In this case, d, = r — 1 and d, =
(p—1)(¢—1)+(p—1)+(¢g—1). The number of edges which has one endpoint
in Az and the other in Ay is |As||A4|. Hence, we get

A3 Aal/(r =12+ ((p — D@ = 1) + (p = 1) + (¢ — 1))

Case 4:

If e = uw, then u € Ay and v € As. In this case, d, = (p—1)(¢—1)+ (p —
N+(g—1) andd,=(p—1)(r—1)+ (p—1)+ (r — 1). The number of edges
which has one endpoint in A4 and other in As is (¢ — 1)(r — 1). Accordingly,
we attain

Al A5/ (p—D(g—D+ -1+ (@—-1))2+(p- -1+ (- 1)+ (r—1)>2

Case 5:

If e = uv, then u € Ay and v € Ag. In this case, d, = (p—1)(¢— 1)+ (p —
1)+ (¢g—1)and d, = (¢—1)(r—1)+ (¢ — 1) + (r — 1). The number of edges
which has one endpoint in A4 and other in Ag is (p —1)(r —1). Then, we have

[Ad[ AV (P = D@ =D+ -1+ (g - D)*+ (g~ D(r 1)+ (¢ —1) + (r - 1))

Case 6:

If e = uv, then u € Ay and v € Ag. In this case, d, = (p — 1)(r — 1) + (p —
D+ (r—1)andd, =(¢—1)(r—1)+ (¢ —1) 4+ (r — 1). The number of edges
which has one endpoint in As and other in Ag is (p—1)(¢ — 1). Consequently,
we get

45| Al (P = D)(r =D+ (p = 1)+ (r = 1))2 + (g = D(r = 1) + (¢ = 1) + (r — 1)).
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Thus summing up all these cases respectively, one can conclude that

SO(T'(Zpgr)) = (p — 1)(g — L)(r — 1)\/(10 “1)24+((e—Dr -1+ (q-1)+(r—1)?
+(@—-1(-D( - 1)\/(q— D2+ (- -+ -1+ —1)2

+—1D(@- 1) - 1)\/(7”* D2+((p-@-D+@-1+(g—-1)?2

+ (@ = 1(r - 1)\/((P—1)(q— D+e-D+@-102+({(p-D0r-D+@-1D+(-1)
-ir(P—1)(T—1)\/((p—1)(q—1)-1-(17—1)-*-(«1—1))2-|r((q—1)(T—1)+(q—1)+(r—1))2

+ - Da-DY(-DE-D+E-D+ =12+ (- V-1 +@-1+ - 1)

= (=D~ -1y - 12+ (ar - 1)?
+ (=g —1(r—1)y/(¢—1)2+ (pr—1)?
+ (0~ D~ D~ Dy/(r = 1)2 + (pa — 1)2
+ (g = D) = 1Dy/(pg — 1)2 + (pr — 1)2
+ -1 - 1)\/(pq —1)2 + (qr — 1)2

+(p—1)(a— Dy/(rr — )2 + (a0 — 1)2,

From this identity, we get

SO (Zpgr)) = (p— 1)(a = D)(r = 1) |/ (p = 1)> + (ar — 1)?

+V(@—1)%+ (pr—1)°
+(r =12+ (pg — 1)2

L V=17 + (=1
(r—1)
L V=17 +(gr 17
(¢—1)
V(pr =12 + (gr —1)2
(r—1)

3.1 Matlab code for determining Sombor index of I'(Z,,)

In this subsection, we give an algorithm for calculating Sombor index of I'(Z,,)
when entering an integer n.
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n=input ("Enter n for Z._n:")
Vert=strings (1l,n-2);
Adj=zeros (n-2);
Deg=zeros (1,n-2);

for i=2:n-1

Vert (i-1)=int2str (i);
for j=2:n-1

if (i==j), continue, end
if mod(i*j,n)==0
Adj(i-1,3-1)=1;
Deg(i-1)=Deg(i-1)+1;

end

end

end

for i=size(Deg,2):-1:1
if (Deg(i)==0)

si=0;

for i=l:size(Deg,2)-1

for j=i+l:size (Deg, 2)

if (Adj(i,3)==1)

si= si + sqgrt (Deg(i) "2+Deg(j) "2);

end

end

end

fprintf ("Sombor Index of graph of Z.n: $f",si);

In the first four lines of the algorithm, n for Z, is requested, and the
vertex set (Vert), the adjacency matrix (Adj) and the degree array (Deg) are
initialized. Next, in lines 5-14, all possible vertices in the graph are inserted
to the set, and the adjacency matrix is filled while degree array is calculated
under the condition i-j = 0 (mod n). After that, vertices having no neighbors
are removed from vertex set, degree array and adjacency matrix in lines 15-22.
Finally, in lines 23-31, Sombor index of graph I'(Z,) is computed and printed
out.

4 Sombor index of zero-divisor graph of products of rings
of integers modulo n

In this section, we calculate Sombor index of the graphs I'(Z, x Z,) and
I'(Z), x Zq x Z,) for distinct prime numbers p, ¢ and r.
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The zero-divisor graph of Z, x Z, and some graph theoretical properties
of it have been studied in [4]. In the following theorem, we give Sombor index
of I(Z, x Zy).

Theorem 4.1. Let I'(Z, x Z,) be a zero-divisor graph and p,q be distinct
prime numbers. Then, Sombor index of T'(Z, x Zg) is

SO(N(Zy x Zg)) = (p = V(g — DV (p = 1)? + (¢ — 1)2.

Proof. Let x € Z," and y € Zg* where x = 1,2,...,p—landy =1,2,...,¢— 1.
Since (x,0)(0,y) = (0,0), the edge set of x € Z," contains only the edges
between the vertices (z,0) and (0, y).

The graph I'(Z, x Z,) is a complete bipartite graph which is isomorphic to
K,_1,4-1. Partitions of vertex set of I'(Z, x Z;) are

Ar={(z,0)[1<z <pz €L},

Ay ={(0,y) |1 <y <qy€Zy}

such that A; U Ay = V(I'(Z, x Z,) and A; N Ay = 0. Since [A1| = p—1 and
|A2| = q — 1, the size of this graph is (p — 1)(¢ — 1). Also, d,, = |Az| for all
u € Ay and d, = |A;| for all v € As. Hence, we obtain

SOM(Z, xZ) = S \Jd2+d?
wv€E (I (ZpXZq)

=| Ay || Az | V] A2 [+ [ Ay ]2
=(p-1D(g—1)V{p-1)2+(¢g— 12

O

Example 4.2. For zero-divisor graph of Z7 X Z11, we attainp =7 and ¢ = 11.
Then, SO(T'(Z7 x Z11)) = 699.71, and the set of zero-divisors as follows:

A1 = {(1,0),(2,0),(3,0), (4,0),(5,0),(6,0)},
Az = {(0,1),(0,2),(0,3), (0,4), (0,5), (0,6),(0,7),(0,8), (0,9), (0, 10)}.

These sets give rise to the graph depicted in Figure 2.

Akgunes and Nacaroglu have studied some properties of zero-divisor graph
of Z, x Zyq x Z, [3]. Moreover, they have calculated irregularity index and
Zagreb indices of this graph. We obtain Sombor index of I'(Z, x Zy x Z,) in
the following theorem.
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Figure 2: The graph I'(Z7 x Z11)

Theorem 4.3. Let I'(Z, x Zy x Z,) be a zero-divisor graph and p,q,r be
distinct prime numbers. Then, Sombor index of I'(Z, x Zq X Zy) is

SO(N(Zy x Zg x Zy)) = (p = (g = D(r = 1) [/ (pg — 1) + (r — 1)?

Vo 07 1P
+V(gr =12+ (p—1)?
N V(pg —1)2 + (pr —1)?

(p—1)
V(pg—1)% + (gr — 1)?
(¢—1)

(
)

+

\/(pT— 1)2 + (qr —1)2
+ (r—1 ’
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Proof. We divide the vertex set of I'(Z, x Z4 x Z,) into six subsets such that
V(I(Zy x Zg X Z,)) = U?:l A; and A; N A; = 0 where i = 1,2,...,5 and
j=14+1,...,6. We show that these vertex subsets are as follows:

A ={(2,0,0) |1 <z <p, €L},
Ay ={(0,4,0) [1 <y <q, y € Zy},
A; ={(0,0,2) |1 <z<7r z€Z},
Ay ={0,y,2) |1<y<gq, 1<z<r, y€Zy, z€Z},
As ={(2,0,2) |1 <z <p, 1 <z<r, z €Ly, z €L},
A ={(z,4,0) |1 <z <p, 1<y <gq, x €Ly, y €Ly}

The number of vertices of all zero-divisor sets can be calculated as |A;| =
(p—1), |Az] = (g—1), |[As] = (r—1), | Aa] = (= 1)(r—1), | 45| = (p—1)(r—1),
and |Ag| = (p — 1)(¢ — 1). Moreover, the degree of each vertex in these zero-
divisor sets can be determined as

|A2| + |A3| + |A4|, (S Al

|A1| + |A3| + |A5|, u e A2
|A1|+|A2|+|A6|, U€A3

d, = .
|A1|, ’LLEA4
|A2|, U€A5
|A3|, U EA(;

According to these subsets, we examine edges in I'(Z, x Zy X Z,) in six
cases as follows:

Case 1:

Let e = uv be an edge where for allu € A; and v € A,. In this case, d, = gr—1
and d, = pr — 1. Hence, the number of edges between the sets A; and Ay is
|A1]|Az|, and we attain

| Av]| A2/ (qr = 1)? + (pr — 1)2.

Case 2:
Let e = uv be an edge where for allu € A; and v € Az. In this case, d,, = gr—1

and d, = pq — 1. Hence, the number of edges between the sets A; and As is
|A1||As], and we have

[ Av]| A3/ (gr — 1) + (pg — 1)2.
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Case 3:

Let e = uv be an edge where for all u € Ay and v € A3. In this case, d,, = pr—1
and d, = pq — 1. Hence, the number of edges between the sets Ay and Az is
|Az||As|, and we get

A2 A3/ (pr — 1)2 + (pg — 1)2.

Case 4:

Let e = uv be an edge where for all u € A; and v € A4. In this case, d, = gr—1
and d, = p — 1. Hence, the number of edges between the sets A; and Ay is
|A1||A4|, and we have

Al AalV/(gr = 1)2 + (p — D)2

Case 5:

Let e = uv be an edge where for all u € Ay and v € As. In this case, d,, = pr—1
and d, = ¢ — 1. Hence, the number of edges between the sets A5 and A, is
|As2||As|, and we attain

| Ao || A5 |/ (pr — 1)2 + (¢ — D)2

Case 6:

Let e = uv be an edge where for all u € A3 and v € Ag. In this case, d,, = pg—1
and d, = r — 1. Hence, the number of edges between the sets Ag and Aj is
|As||Ag|, and we get

|45/ 46|/ (pg — 1)2 + (r — 1)2.

Therefore, after combining above six cases respectively, we obtain that
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SO(I(Zy x Zy x Zy)) = | A1 42|/ (gr — 1)% + (pr — 1)
+ A1 43|/ (qr — 1)2 + (pq — 1)?
+ |Az|| A3/ (pr — 1)? + (pg — 1)?
+ Ay |44/ (qr = 1)2 + (p — 1)
+ |Az|| A5/ (pr — 1)? + (g — 1)?
+ |As][As]V/ (pg — 1)% + (r — 1)
=(p—1)(g—1)\/(pr —1)>+ (qr — 1)
+ (=1 —DV(pg—1)> + (gr — 1)
+ (g =1 =1V (pg—1)*+ (pr —1)2
+-D@—D)r=1)V(gr -1+ (p— 1)
+(p =g - D=1V (pr—1)2+ (g — 1)
+(-D@-10r—-1)(pg— 12+ (r—1)%

From this identity, we get that Sombor index of zero-divisor graph of Z, x
Zg X Ly is

(p—1(g—1)(r—1)|(pg —1)>+ (r —1)2+/(pr — 1)>+ (¢ — 1)

+ \/((IT —12+(p—1)2+ \/(Pq - (11))2_+1§pr —1)2

V(g — 1)+ (qr — 1)? n V(pr —1)2 + (qr — 1)
(¢-1) (r—1) '

+

O

Example 4.4. For zero-divisor graph of Zs X Zs X Z;, we have p=3, ¢ =5
and r ="T. Then, SO(T'(Zs x Zs x Z7)) = 4687.67, and the followings are the
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Figure 3: The graph I'(Zs x Zs x Z7)

set of zero-divisors of this ring.

A1 ={(1,0,0),(2,0,0)},
= {(0,1,0),(0,2,0),(0,3,0),(0,4,0)},
= {(0,0,1),(0,0,2),(0,0,3),(0,0,4),(0,0,5),(0,0,6)},
={(0,1,1),(0,1,2),(0,1,3),(0,1,4),(0,1,5),(0,1,6), (0,2,1), (0,2, 2), (0,2, 3),
(0,2,4),(0,2,5),(0,2,6),(0,3,1),(0,3,2),(0,3,3), (0,3,4), (0,3,5), (0, 3,6),
(0,4,1),(0,4,2),(0,4,3),(0,4,4),(0,4,5),(0,4,6)}
{(1,071),(1,0 2),(1,0,3),(1,0,4),(1,0,5),(1,0,6),(2,0,1),(2,0,2), (2,0, 3),
(2,0,4),(2,0,5),(2,0,6)},
As ={(1,1,0),(1,2,0),(1,3,0),(1,4,0),(2,1,0),(2,2,0),(2,3,0),(2,4,0) }.

The zero-divisor graph of this ring can be seen in Figure 3.
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Lemma 4.5. Assume that Ry and Ry be two rings. If Ry = Ry then T'(Ry) =
I'(Ry).

Proof. Assume that Ry = Ry and a,b € R; such that ab = 0. If ¢ is an
isomorphism between R; and Rs then ¢(a)@(b) = 0 in Ry. This implies that
ab € E(T'(Ry)) and ¢(a)p(b) € E(T'(R2)). This means that ¢ is indeed a graph
isomorphism between I'(R;) and I'(R3). O

Corollary 4.6. I'(Zp,p,.. p,) = T(Zp, X Zp, X ... X Lp,) is obtained from
Lipips..pn = Lipy, X Lipy X ... X Ly, and Lemma 4.5.

By the above arguments, we give the following corollary.

Corollary 4.7. Let I'(Zy, x Zq), U(Zp X Zg X Zy), T(Zpq), and T'(Zypqr) be zero-
divisor graphs where p, q, and r are distinct prime numbers. The followings
hold:

i) SO(I(Zyp x Zq)) = SO(I'(Zpg))
ii) SO(T(Zy X Zg % 7)) = SO(T(Zogr))

5 Conclusion

We compute that Sombor index of graphs I'(Z,) for n € {p%,pq,pq, pqr}
where p,q and r are distinct prime numbers. Moreover, we introduce an al-
gorithm which calculates the Sombor index by determining zero divisors of
ring Z,, for given integer n. The Sombor index is a degree based topological
index, so the method in this paper can be applied to other degre based topo-
logical indices. Further, one can determine the Sombor index of I'(Z,) for

(e} (e} (e}
n=pi'py’...pp".
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