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Abstract: Graph-theoretic representations of algebraic structures provide useful tools for studying
algebraic properties and degree-distance-based invariants that arise, for example, in mathematical
chemistry. Motivated by these applications and by recent work on zero divisor graphs over modular
rings, this paper investigated the zero divisor graph I'(R) of a commutative ring R in the sense of
Anderson and Livingston, where vertices are the zero divisors and two distinct vertices are adjacent
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1. Introduction

Graph theory has broad applications across various disciplines, including electrical engineering,
chemistry, and computer science. In chemistry, graph theory is utilized to address molecular
problems, where molecular structures are represented as graphs, with atoms as vertices and bonds
between atoms as edges. Numerous applications of graph theory and group theory in chemistry have
been identified, one of which is the use of topological indices that assign numerical values to
represent chemical structures. These topological indices are instrumental in predicting the chemical
and physical properties of molecular structures.

One of the earliest indices introduced is the Wiener index [1], which is defined as the sum of
distances between all pairs of carbon atoms in a molecular graph. This index was subsequently used
to estimate the boiling points of alkane compounds. Later, Hosoya [2] introduced a new index defined
as the number of matchings in a graph, and found that the boiling points of several saturated
hydrocarbon compounds show a strong correlation with this index. In 1975, Randi¢ [3] introduced the
Randi¢ connectivity index, which is based on vertex degrees. Subsequently, Schultz et al. [4]
introduced another index based on the adjacency matrix, valence matrix, and distance matrix of
alkane molecular graphs. They also computed the values of Schultz index for several alkanes and
compared them with their boiling points as well as with the Randi¢ connectivity index. The
correlation between the Schultz index and the boiling points of these compounds yielded a coefficient
of determination of 0.887. Meanwhile, the Randi¢ connectivity index produced a higher coeflicient of
determination, namely 0.976. Later, Li and Zheng [5] generalized this index into the general
zeroth-order Randi¢ index. Another index is the eccentric connectivity index, which is defined based
on the eccentricity and degree of vertices in a graph [6]. They investigated the relationship between
the eccentric connectivity index, the Wiener index, and several physical properties of various
compounds. The results showed correlation coefficients ranging from 95% to 99% for different
datasets related to diverse physical properties. These correlation values are higher than those obtained
using the Wiener index, which only range around 92% to 97% [6].

In addition to the aforementioned applications of graphs, graphs are also employed to represent
various mathematical systems such as groups, rings, and modules. Examples of graph that can
represent a group include coprime graphs, non-coprime graphs, commuting graphs, non-commuting
graphs, intersection graphs, and power graphs. For representing rings, relevant graphs include prime
ideal graphs, prime graphs, and Jacobson graphs. In each of these graph types, the set of vertices and
edges is determined by the specific definitions associated with the graph.

Motivated by this, the authors seek to investigate the properties of graphs that represent commutative
rings, with particular emphasis on zero divisors. The graph being developed is known as the zero
divisor graph, where the vertices correspond to all elements of a commutative ring, and two distinct
vertices are adjacent if their product is the zero element of the ring.

The zero divisor graph was initially introduced by Beck in 1988 [7] in the context of ring theory.
Beck defined this graph for a commutative ring with identity, where the vertices represent the non-zero
elements of the ring, and an edge connects two distinct vertices if their product is zero element of
the ring. This approach was initially designed to investigate the algebraic properties of rings through
graph concepts. Over the subsequent decades, the notion of a zero-divisor graph has been refined
and extended in many directions. In 1999, Anderson and Livingston modified Beck’s construction by
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restricting the vertex set to the nonzero zero divisors and introduced the now standard zero-divisor
graph I'(R), proving that it is always connected with a diameter at most three and small girth [8]. In
the early 2000s, DeMeyer and Schneider and Mulay studied automorphisms, cycles, and girth of zero-
divisor graphs, while Redmond extended the concept both to non-commutative rings and to ideal-based
zero-divisor graphs I';(R), relating their structure to that of I'(R/I) [9-12]. Axtell and co-authors then
considered polynomial and power-series rings and direct products of commutative rings, determining
the diameter and girth of the associated zero-divisor graphs [13, 14]. For the specific case R = Z, and
related rings, Phillips, Cordova et al. and Aponte et al. obtained explicit formulas for the number of
vertices and edges, vertex degrees, connectivity, planarity, and Eulerian and Hamiltonian properties of
I'(Zn) and its line graph [15—17]. More recently, Birch et al., Koam et al. and Akg’unes and Nacaroglu
studied zero-divisor graphs of finite direct product rings such as I'(Z,), I'(Z,, ,,) X I'(Z,2), and I'(Z,, X
Z4XZ,), focusing on edge counts, eccentricity-based indices, and other distance parameters [18-20]. A
comprehensive overview of these developments and further results on spectral and topological indices,
including the Wiener index and energy, is provided in the survey of Singh and Bhat [21].

In 2024, Maulana et al. [22] explored the zero divisor graph based on Beck’s definition and obtained
six topological indices over integers modulo ring prime powers and their direct product. A year earlier,
Ismail et al. also studied the zero divisor graph from integers modulo ring p”, but using the definition
from Anderson and Livingston and two different studies were produced, the first one focused on the
first Zagreb index [23] and another focused on the general zeroth-order Randi¢ index [24]. In the
following year, the research focused on the same topic but involved some commutative rings [25, 26].

This research investigates several properties of zero divisor graphs (Anderson and Livingston’s
definition) of commutative rings, such as vertex degree, diameter (which represents distances within
the graph), and topological indices. The topological indices to be examined are closely related to vertex
degree and distance, including the general zeroth-order Randi¢ index, the eccentric connectivity index,
and the Schultz index.

2. Preliminaries and known results

Before going to the main results of this study, several necessary definitions are provided.

Definition 2.1. [7] The zero divisor graph of a commutative ring R, denoted by I'((R), is a simple
graph with vertex set is R with two distinct vertices x and y are joined by an edge if

xy = Og.

Definition 2.2. [27] Consider R as a ring, Oy is the zero element of R, then x € R\ {Og} is a zero divisor
if there exists y € R \ {Og} such that
xy = Og.

Anderson and Livingston provided a new definition for the zero divisor graph by limiting its vertex
set only to the set of zero divisors of the ring R. The formal definition is given as follows.

Definition 2.3. [8] The zero divisor graph of a commutative ring R, denoted as I'(R), is a simple graph
where the vertex set is the collection the zero divisors of R and two distinct vertices are adjacent if their
product is Og.
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The zero divisor graph discussed in this study is the zero divisor graph according to Definition 2.3.

Definition 2.4. [28] In a graph G, the number of its vertices is called the order of G, denoted by |G|,
while the number of edges is denoted by ||G]|.

Definition 2.5. [28] Let
G=(\,E)

be a graph. The number of u € V that is adjacent to v € V is the degree of v, denoted by deg(v).
Furthermore, N(v) is the collection of neighbors of v.

If we sum up all the vertex degrees in G, we count every edge exactly twice: once from each of its
ends. Thus,

1
Bl = 5 ) deg(v).
This property is commonly known as the handshaking lemma.

Definition 2.6. [28] Let
G=(WV,E)

be a graph. The distance d(u,v) in G between two vertices u and v is the length of the shortest path in
G; if no such path exists, set
d(u,v) := oo,

The greatest distance between any two vertices in G is the diameter of G, denoted by diam(G).

Definition 2.7. [8] Consider
G=(W,E)

as a connected graph. The eccentricity of v € V, denoted as e(v), is the distance between v and a vertex
farthest from v in G.

Definition 2.8. [28] Let
G=(\V,E)

be a graph, X C V is a separator for G if G — X is a disconnected graph.

Definition 2.9. [28] Graph
G=(\,E)

is called k-connected (for some k € N) if |G| > k and G — X is a connected graph for every X C V with
|X| < k.The greatest integer k such that G is a k-connected graph is the connectivity x(G) of G.

Definition 2.10. [5] Consider
G=(\,E)

be a graph. For any @ € R, the general zeroth-order Randic index of G, denoted by R%(G), is defined as

RY(G) = ) (deg(v)".

veV
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Definition 2.11. [4] The Schultz index of graph
G =(\V,E)

is defined as !
Sc(G) = 3 Z (deg(u) + deg(v))d(u, v).

u,veVu#v

Definition 2.12. [6] The eccentric connectivity index of graph
G =(V.E),

denoted by £(G), can be defined as the sum of the product of eccentricity and degree of each vertex
in G.

Theorem 2.13. [29] If

n:npk

for some prime number p and k € N, then
1
pln p
where ¢(n) is the number of positive integers up to n that are relatively prime to n.

The following are a few more theorems regarding to zero divisor graphs of some commutative rings
that are essential for this research.

Theorem 2.14. [30] Let R be a commutative ring and then diam(I'(R)) < 3.

Theorem 2.15. [22] If p, g primes, m, n natural numbers,
(Cl, b) € Zp’” X an, ng(a, pm) = pi’ and ng(b’ qn) = q]’

plg =1, i>[21], j> %5,
pq, otherwise.

deg(a,b) = {
Theorem 2.16. [22] If p, g primes, m, n natural numbers then

[To@Zpn x Z,0)

1 m m— n n— m m— n n n— m m _n m-l n-l
= E(mn(p’ —P" NG =) +m(p" - p" g +n(q" — " p" + pg" — pl T gl 1)-
3. Results and discussion

This research specifically discusses the zero-divisor graph of the commutative ring Z,» X Z,» with
P, q primes (either p = g or p # g) and m, n natural numbers. The first part of this section examines
the properties of this graph, such as its order, size, degree, and other characteristics. Furthermore, the

properties obtained in the first part are used to determine its topological indices in the second part.
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3.1. Properties of I'(Zyn X Zy)
Let I'(Zy X Z52) be the zero divisor graph of Z,: X Zz.. By Definition 2.1,

V(IT(Zys X Z32)) = Z"(Zys X Z32)) = Zys X Zyp2 \ A
with
A ={(0,0),(1,1),(1,2),(1,4),(1,5),(1,7),(1,8),(3,1),(3,2),(3,4),(3,5),(3,7),(3,8), (5, ),

(5,2),(5,4),(5,5),(5,7),(5,8),(7,1),(7,2),(7,4),(7,5),(7,7), (7, 8)}.

Hence,
T(Zoys X Z32)| = |Zos X Zs2| — |A| = 72 — 25 = 47.

Generalizing this result to any primes p and g and natural numbers m and n yields the following
theorem.

Theorem 3.1. If p, g are primes and m,n € N, then,
ICZp X Zp) = p" " (p+q -1 - 1.
Proof. The vertex set of the graph I'(Z,» X Z,) is given by

V(@ x Zy0)) = {(a.5) € Zyy X Zp

gcd(a, p™) # 1 or ged(b, q") # 1}.
Define the sets
A={a€Zy|ged(a,p™)=1} and B={be€Zy|gedb,q")=1}.
By Theorem 2.13,
Al = @(p™) = p’”(l - 119) =p" N (p-1)
and
Bl = (q") = q”(l - é) =q"(g— D).
We now compute the order of the graph. Since
Z X Zpl = P4

and the vertices excluded from I'(Z,» X Z,) are precisely the identity element together with all pairs
(a,b) such that a € A and b € B, we obtain

ID(Zyn X Zyp)

=p"q" —1-|A|lB|
=p"q"-1-p" " (p-Dg" ' (g-1)
=p" ¢ ' (p+q-1)-1.

This completes the proof. O
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The subsequent analysis concerns the degrees of vertices and the size of I'(Z,» X Z,.).Because
['(Zm X Zy) 1s an induced subgraph of I'o(Z,» X Z,), both the degrees of its vertices and its size may
be determined by applying Theorems 2.15 and 2.16.

For instance, we present the graphs I'o(Z, X Z3) and I'(Z, X Z3) (see Figures 1 and 2).

(©09)

12

) 02)

01) (10)

Figure 1. I'y(Z, X Z3).

(02

@ ®
(1) 1,0)

Figure 2. I'(Z, X Z3).

It can be observed that each vertex in I['(Z, X Z3) has a degree that is one less than its corresponding
degree in ['o(Z, X Z3).
The corresponding results are stated below.

Theorem 3.2. Let p, q be primes, m,n be natural numbers, and (a,b) € V(I(Zyn X Z,)). If
ged(a, p") = p'

and
ged(b, ¢") = ¢,
then
pla =2, i>["1], > 5,
p'q’ — 1, otherwise.

deg(a, b) = {
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Proof. Partition the vertex set V(I'o(Z,» X Z,)) into the subsets
A={0,0), B=Z'ZmxZyp)=VI(Zp" xZq")) and C.
For any (a;, ay) € A, (b1, b,) € B, and (¢, ¢3) € C, we have
(a1,a2).(b1,b2) = (0,0) and (b1, b2).(c1,¢2) # (0,0).

Consequently, the degree of each vertex in I'(Z,» X Z,) is one less than its degree in I'o(Z,n X Zgp).
Applying Theorem 2.15 completes the proof. O

Theorem 3.3. If p, q are primes, m,n € N then

IT@Zp X Z) m=ly

1 — n n— m n
=§(mn(p’”—p’" g =g +m(p" - p" g

m—1

- m m _n ﬂ m _n
+n(g" — ¢ p" + pg - pl™ qrz])—p q' +1.

Proof. Let p,q be primes and m,n € N. Since I'(Z,» X Z,) is an induced subgraph of I'y(Z,» X Z),
['(Z,m X Zy) can be obtained by removing all vertices of I'o(Z,» X Z,) that are not a zero divisor. Let
(a, b) be any non-zero divisor of Z,» X Zgy. In I'o(Zym X Zy), (a,b) is only adjacent to (0,0). This
means that to obtain I'(Z,» X Z,) we remove as many as degree of (0,0) (in I'y(Z,» X Z,)) edges of
Lo(Zyn X Zg»). Therefore, ||I“(me X an)” can be formulated as follows:

IT@Zn X Zg)|| = |[To(Zr X Zgp)

—deg(0,0)

1 — n n— m m— n
=§(mn(p’"—p’" Yg" = q"") +m(p" - p" g

- m m _n a1 m _n
+n(q" = g Hp" + pq" - pl"T gl ])—p q"+1.
This completes the proof. m|

An example that adheres to Theorem 3.3 is given below for illustration.

Example 3.1. Based on Theorem 3.3:
IT(Z3 X Z3)|| = %(3(3 =392’ -2+ (3 -3%2°
+3(2°-29)3+32° - 3f%12f?1) 32 +1
- %(3.2.4 +28+343+38- 2) _24 41

:%(24+16+36+24—2)—24+1
- 26.

By Definition 2.1,
IT(Z3 X Zy3)I| = 26
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as shown in Figure 3.

(0.6)

(1.4) (22) (26)

Figure 3. I'(Z; X Z,3).

The same result can be obtained whether applying the theorem or definition.

Furthermore, to facilitate the research process, define partitions of V(I'(Z,» X Z,:)) so that two
distinct vertices in the same partition have similar properties including degree and eccentricity. Define

Vij=1{(a,b) €V : ged(a, p™) = p',ged(b. q") = ¢},
wherei =0,1,2,--- ,m—1and j=0,1,2,--- ,n— 1. Note that
Voo = 1(c,d) : ged(c, p™) = p° =1, gedd,q") =q° = 1}

and
Viun =1{(0,0)}

are not the subset of the vertex set because its elements are not the zero divisor of Z,n X Z,. As a
result, V(I'(Z,» X Z)) can be partitioned into mn +m + n — 1 sets.
Consider the case p = 3, ¢ = 2, m = 1, and n = 3. The vertex set of ['(Z3 X Z,3) can be expressed as

V(F(Z3 X ZzS)) = VO,l U Vo,z U V()’3 U Vl,O U Vl,l U V1’2,
with the partition defined as follows:

VO,I = {(1’ 2)’ (la 6)’ (2’ 2)’ (2a 6)}’ VO,2 = {(1, 4)a (2’ 4)}, V0,3 = {(1’ 0)’ (2’ O)}’
VI,O = {(O’ 1)’ (0$ 3)9 (O’ 5)’ (0$ 7)}’ Vl,l = {(0’ 2)5 (09 6)}a VI,Z = {(07 4)}

Observe that every vertex in V), 1s adjacent to all vertices in V| ;.
Below are the properties related to the adjacency of two distinct vertices based on the defined
partitions.
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Theorem 3.4. Let
Viijs Vit C VID(Zpn X Z ).

Vertices (a,b) € V; j and (c,d) € Vi are adjacent if only ifi + k > m and j+ 1> n.
Proof. Consider any elements (a,b) € V; ; and (c,d) € Vi ;. By the definition of the partition, we have
ged(a,p™) = p',  ged(c, p") = ph,
which implies
a=p'x, c=p'y,

for some integers x and y with
ged(x, p) = ged(y, p) = 1.

Similarly, we write

for integers s and ¢ with
gcd(s, g) = ged(t,q) = 1.
If (a, b) and (c, d) are adjacent, then

ac=0 (mod p™), bd =0 (mod ¢"),
which is equivalent to p™ | ac, ¢" | bd. Since
ac = pix . pky — p”kxy,
we have
PP .
Similarly, ¢" | ¢/*'st. Because
ged(x, p) = ged(y, p) = 1,
it follows that

m i+k

prlpTt = i+k>m,
and likewise,
j+l>n.
Conversely, if (a,b) € V; ; and (¢, d) € Vy satisty
i+k>m and j+[>n,
then
ac=p™xy=0 (mod p™), bd =q¢"'st=0 (mod ¢"),

and therefore (a, b) and (c, d) are adjacent. This completes the proof. O
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If the primes p and g in Theorem 3.4 are equal, we obtain the following corollary.

Corollary 3.5. Let
Viijs Vit € VIU(Zyn X Zy)).

Two distinct vertices (a, b), (c,d) € V; j are adjacent if only if 2i > m and 2j > n.
The following theorem presents the cardinality of the defined partition V; ;.

Theorem 3.6. [22] Let
Vij=1{(a,b) € V : ged(a, p™) = p', ged(b, ¢") = ¢},
then

(pm_i - pm_(i+l))(qn_j - q”—(j+1))’ l = 09 1$25 e ’m - 1’.] = 0’ 1’2’ e ’n - 1’
|Vi,j|: pm_i_pm_(i+1)’ i:O’l’2a“' 7m_17j:n’
qn—j_qn—(j+1)’ i:m,j:0,1,2,~--,n—1.
By utilizing the partition properties of the vertex set defined above, we can analyze the connectivity

properties of the graph. Let
G =(V,E)

be a simple graph and let X C V. The graph G — X is the subgraph of G obtained by deleting the
vertices in X together with all edges incident to those vertices. Furthermore, if G is a connected graph
and G — X is disconnected, then X is called a separator of G.

Theorem 3.7. Both'V,,,,_ and V,,_,,, are a minimal separator of I'(Z,» X Z).

Proof. By Theorem 3.4, for any
(a,b) € Vo CV(IU(Zym X Zyn)),

we have
N((aa b)) = Vm,n—l .

Consequently, the graph
F(Zp’” X Zq”) - Vm,n—l

is a disconnected graph. This implies that V), ,_; is a separator of I'(Z,» X Z).
Now let X C V,,,,—1. Then there exists a vertex (c,d) € V,,,—1 such that (c,d) ¢ X. Hence,

T(Zp X Zp) — X

remains connected. In other words, X is not a separator of I'(Z,» X Z,:). Therefore, V,, ,_ is a minimal
separator of I'(Z,» X Z).

Similarly, by examining the neighbors of any vertex in Vi, V,_;, 1s also a minimal separator of
I'(Z,m X Zg). This completes the proof. O

Here is an example of a minimal separator for a graph.
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Example 3.2. Observe I'(Z; X Z,3) in Figure 3. It is clear that
Vi2 =1{(0,4)} and Vo3 =1{(1,0),(2,0)}

are a minimal separator for this graph.
From Theorem 3.7, the following connectivity result follows.

Theorem 3.8. Let p and q be primes, and let m,n be natural numbers. Then I'(Z,» X Z,) is a k-
connected graph with

k <min{p - 1,q — 1}.

Moreover;
K(T(Zyn X Zp)) = min{p - 1,4 — 1},

Proof. Based on Theorem 3.7, the sets V,,,—; and V,,_; , are minimal separators of I'(Z,» X Z). From
Theorem 3.6, it follows that

|Vm,n—]| =qg—- 1 and |Vm—l,n| =p—- 1,
and that the size of each partition is given by one of the following forms:

pm—i—l(p _ l)q”—j—l(q — 1)’ pm_i_l(p - 1), or qn_j_l(q - 1),

for some 0 < i < mand 0 < j < n. Consequently, the smallest possible size among all such partitions
ismin{p -1, — 1}.
Hence, for any subset
X CV(T(Zy X Zyp))

satisfying
[X] < min{p —1,q -1},

the graph I'(Z,» X Z,») — X remains connected. By Definition 2.9, this implies that I'(Z,» X Z.) is
k-connected for all

k <min{p - 1,q - 1}.

Furthermore, the vertex-connectivity of the graph satisfies

K(T(Zyn X Z)) = min{p - 1,q - 1},
This completes the proof. O
Example 3.3. I'(Z; X Zy3) in Figure 3 is a 1-connected graph and

k(T(Z3 X Zy3)) = min{3 — 1,2 — 1}.
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3.2. Topological Indices of I'(Zn X Zg)

This section focuses on the topological indices of I'(Z,» x Z,) related to the degree and distance
between two distinct vertices. The first one is the general zeroth-order Randi¢ index for @ = 1, as
detailed in the corollary below.

Corollary 3.9. If p, q are primes, m, n are natural numbers, then

RIC(Zpn X L)) = (mn(p’” - p" NG =g+ mp" - P
- m m _n mol ol m _n
+n(qn_qn l)p +pq_p[-2-]q|—2-|)_2pq+2
Proof. Apply handshaking lemma and Theorem 3.3. 0

The following index is the eccentric connectivity index which is the sum of the product of degree
and eccentricity for each vertex. The discussion is divided into two cases which are £ (I(Zn X Z))
form =1 and n = 3 and m,n > 2. For the first case is provided by the theorem below.

Theorem 3.10. If p, q are primes, then

E(Z, xZp)) = 15pg® — 16pg* — 11¢° + 10¢> —2q + p + 3.

Proof. Let I'(Z, X Z,) denote the zero-divisor graph of the ring Z, X Z 5, where p and g are primes.
The vertex set can be partitioned as

V(F(ZP X Zq3)) = V(),l U Vl’() U V()’z U VO,3 U V1,2-
By Theorem 3.6, the cardinalities of these sets are

Voul= (-1 -9, Viodl=¢-¢", Voal=(p-1(g-1),

Vosl=p—=1, [Vial=qg-1, [Viil=¢-q.

Moreover, by Theorem 3.2, the degrees of the vertices are
degv)) =g -1, degv)=p—1, degv)=¢’ -1, deg(vs)=¢’ -1,

deg(vs) = pg* -2, deg(ve) = pq — 1,

where V] € V(),l, Vy € VI,O’ V3 € V()’z, Vy € V0’3, V5 € Vl,z, and Ve € Vl,l'

Since all vertices within the same partition have the same degree, the graph can be represented using
partitions as vertices, with loops indicating adjacency between distinct vertices in the same partition
(see Figure 4).
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Via Vo2
 J
Voz @ Via
[ ] [ ]
Vio Voa

Figure 4. An illustration of I['(Z, X Z).

From Figure 4, it follows that the eccentricities of the vertices are
e(vi) = e(v2) = e(v3) =3, e(vs) = e(vs) = e(ve) = 2.

By Definition 2.12, the eccentric connectivity index of I'(Z, X Z) is

£y X L)) = ) e(v) deg(v)

veV

= > evdegv) + ). e(vo)deg(va) + Y e(vs)deg(vs)

V1 €V0,1 vEV] 0 V3 EVO,Z

+ ) e)degva) + ) e(v)deg(vs) + ) e(ve) deg(vo)

v4€V)3 vs€Vio V6EV11
=3[ deg(v)IVo,1| + deg(v2)IVi ol + deg(v3)[Voal]
+2[ deg(v)| Vol + deg(vs)IVi | + deg(ve)IViil]
=3[(g-Dp- D@ -9+ (-G -g)+ @ - Dp-1)g- D]
+2[(¢° = D(p - )+ (pg)g - D) + (pg — 1)(q" - 9)]
= 15pg® — 16pg* — 11¢° + 104> = 2q + p + 3.

This completes the proof. O

Note that the values of p and ¢ in the above theorem can be either equal or different. Consequently,
if p = g, the following immediate result is obtained.

Corollary 3.11. If p is prime then
ET(Z, xZy)) =15p* —27p* — +10p* — p + 3.

Example 3.4 is presented to illustrate Theorem 3.10.
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Example 3.4. Consider the zero-divisor graph ['(Z; X Z,3) as illustrated in Figure 3. The eccentricities
of the vertices are

e((0,1)) = e((0,3)) = e((0,5)) = e((0,7)) = e((1,2)) = e((1,6))
=e((2,2)) = e((2,6)) = e((1,4)) = e((2,4)) =3

and
e((1,0)) = e((2,0)) = e((0,2)) = ¢((0,6)) = e((0,4)) = 2.

By Definition 2.12,

ETZxLp) = Y e(v)deg(v)

Vel (Z3XZ,3)
=32+2+2+2)+3(1+1+1+DH)+3@B+3)+2(7+7)
+2(5+5)+2(10)
= 122.

By Theorem 3.10,

ECT(Zs X Zy)) = 15pq® — 16pg*> — 11¢° + 10> —=2g + p + 3
= 15(24) — 16(12) — 11(8) + 10(4) — 4 + 3 + 3
=360-192-88+40-4+6
= 122.

Prior to discussing the eccentric connectivity index for the case m,n > 2, the following theorem is
provided, which examines the eccentricity of each vertex in V(I'(Z,» X Zy)).

Theorem 3.12. Ifm,n > 2 and v € V(I(Zyn X Z)), then:

3, VGV,'()UVOJ';
e(v) = ' ’
2, otherwise.
Proof. Consider any element v € V(I'(Z,» X Z)). By Theorem 2.14, we have
diam(F(me X an)) < 3,
which means that for every pair of vertices u,v € V(I'(Z,n X Z)),

d(u,v) < 3.

Since I'(Z» XZ,») 1s not a complete graph, for each u € V(I'(Z,» XZ,)), there exists u € V(I'(Zyn XZ))
with u # v and d(u,v) # 1.

(1) If v e V;p for some 1 <i < m, then
N(V) = Vm—i,n U Vm—i+1,n U---u Vm—l,n-
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For any u € V,;, we have
N(u) = Vm,n—1~

Hence, d(u,v) # 1, and since
Nu)NNQy) =2,

we also have d(u,v) # 2. Therefore,
d(u,v) =3 =e(v).
(2) If v € Vp j for some 1 < j < n, then
NOV) =V j U Vppojrr U= UV, .
For any u € V;, we have
N) = Vi1,

so d(u,v) # 1. Since
Nu)NNy) =@,
it follows that d(u, v) # 2. Hence,
d(u,v) =3 =e(v).
(3) If v e V,, forsome 1 <i < m— 1, consider any u € V(I'(Z,» X Z,)) with d(u,v) # 1. Examine
the following cases:

o IfueVyforsomel <k<m-—1i,then
Vm—l,n c N(I/l) N N(V)’

so d(u,v) = 2.
o If u € Vo, with [ # 0, then
Vm,n—l c N(l/t) N N(V)’
so d(u,v) = 2.
o IfueVy withVy, # Vi, # Vipand 1 <k +i < m, then

Vm—l,n—l - N(l/t) N N(V)’

so d(u,v) = 2.
Thus, e(v) = 2.

4) IfveV,, forsomel < j<n-1,considerany u € VI'(Zyn X Z,)) with d(u,v) # 1. Examine
the following cases:

e IfueV,; then
N(u) = N(v),

but d(u,v) # 1, hence d(u,v) = 2.

AIMS Mathematics Volume 11, Issue 1, 1590-1615.
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o Ifu € Vip with k # 0, then
Vm—l,n c N(l/t) N N(V),
so d(u,v) = 2.
o IfueVy forsomel <I<m-— j,then

Vm,n—l c N(I/l) N N(V),

so d(u,v) = 2.

o [fue Vk,l with
Vou # Via # Vio

and 1 <[+ j < n,then
Vm—l,n—l c N(l/t) N N(V)’
sod(u,v) = 2.
Therefore, e(v) = 2.

S)IfveVforsomel <i<m-1land1l < j<n-1,considerany u € V(I'(Z,» X Z,)) with
d(u,v) # 1. Examine the following possibilities:

e Ifu eV, then

NE

N(u) = N(),

but d(u,v) # 1, so d(u,v) = 2.
o If u € Vi, with [ # 0, then
Vm,n—l c N(I/t) N N(V)’

so d(u,v) = 2.
o Ifue Vk,(), then
Vm—l,n c N(l/t) N N(V)’

so d(u,v) = 2.
Hence, e(v) = 2.
This completes the proof. O
The following theorem gives the formula for the eccentric connectivity index of the graph.
Theorem 3.13. Ifm,n € N and m,n > 2 then

ET(Zpn X Zy)) = Qmn+m+n)(p" — p" )" —q"") + 2m(p" — p")q"
+2n(g" = ¢ " = 2p"q" - 2pl T gl T 4 4,

Proof. Let
Vi=VipUVooU---UV,o, Vo=Vy5UVyoU---UV,,

and
V' =V,UV,.
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Applying Theorems 3.6 and 3.12,

Z deg(v) = Z deg(v) + Z deg(v)

veV’ veVi veVs,

= > Vigldeg(v) + ) Vo, deg(v)
i=1

=

= (@' —q"Ng" =)+ D (@ =g " = p" P - 1)

m

P =P =D+ Y P =P - e - D

m(p" — p" NG - ¢ +np" - p" NG -4
(m+n)(p" = p" " Ng" - q").

Next, it remains to formulate the eccentricity connectivity index.

ET Ly X Zy)) = Y e()deg) + . e(v)deg(v)

veV’ veV\V’
= ) 3deg(v)+ ) 2deg(v)
veV’ veV\V’
=3 ) deg(v)+2 ) deg(v)
veV’ veV\V’
= Z deg(v) + 2(2 deg(v) + Z deg(v))
veV’ veV’ veV\V’
= Z deg(v) + 2R?
veV’

= (m+n)(p" - p" " - q"")
i Z(mn(p "= p" NG =g+ m(p" = PG+ nlg" - P + "
= 2mn+m+n)(p" - p"Ng" - ¢ ") + 2m(p" — p" Hq"

This completes the proof.

To illustrate Theorem 3.13, the following example is presented.

Example 3.5. Given ['(Zy> X Zs2) as shown in Figure 5.
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(1,6) @3 (36 27) @5

(1.3) (VA

(0,6) (26) (02)

Figure 5. I'(Zy> X Z32).

Based on this figure, we have
e((1,3)) = e((1,6)) = e((3,3)) = e((3,6)) = e((1,0)) = e((3,0)) = e((2, 1)) = e((2,2)) = 3,
e((2,4) = e((2,5) = e((2,7) = e((2,8)) = e((0, 1)) = e((0,2)) = e((0,4)) = ((0,5)) =3,
e((0,7) = e((0,8)) =3,

and the eccentricity of all other vertices is 2.
According to Definition 2.12, the connective eccentric index is

ETZexZp) = ), e()degy)
VeV(I(Z2 XZy2))
=32+2+2+2+8+8+1+1+1+1+1+1+3+3+3+3+3+3)
+2(4+4+16+ 10+ 10)
=232.

By Theorem 3.13, we can also compute it as
ECM(Zy X Zy)) = (8 + 2+ 2)(22 = 2)(3% = 3) + 4(2% — 2)3% + 4(3* - 3)2?
+20223%) = 2.2l 13171 — 423 (32) + 4
=144+72+96+72-12—- 144 +4
=232,

It can be seen that the same result is obtained both with the theorem and the definition.
The final discussion is the Schultz index which is derived from the degree and distance between any
two distinct vertices. Since the Schultz index examined in this paper is limited to particular cases, a

theorem regarding to the upper bound S c(I'(Z,» X Z)) for any natural number m, n is presented.
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Theorem 3.14. If p and q are primes and m, n are natural numbers, then

3
Sc(T(Zy X Zyp)) < 5R‘f(pm Y M p+g-1)-2).

Proof. According to Theorem 3.1, e(v) < 3 forall v € VI'(Z,» X Z,). By Definition 2.11

Sc(U(Zyn X Zgp) = = (deg(u) + deg(v))d(u, v)

2 uyeV(I(ZymXZyn))
3

<3 (deg(u) + deg(v))

u,ve V(F(Zl,m Xan ))
3
= M@ xZpl =1 >, deg(v)
uvEV(L(ZymXZyn )

3
E(IF(Z n X Zp)l = DR,°
3

= SR (p+q 1) = 2).

This completes the proof. O

In the particular case where m = 2 and n = 1,the Schultz index of I'(Z,» X Z,») form = 1 and n = 2
is given below.

Theorem 3.15. If p and g are primes, then
1
Se(N(Zy X Zp)) = (g - DB8pq® - 20pg* + 8p*q* — 2p*q — 8pq — 6¢° + 1¢*> + 10g + 4).

Proof. Note that
V(F(Zp X Zqz)) = VO,I U V()’z U VI,O U Vl,l-

Consider any u,v € V(I'(Z, X Zp)) with u # v. When examining the cases in which each partition
contains at least two elements, there are ten possible scenarios as follows:

(1) u,v e V()’z
D (deg(u) + deg)d,v) = ) 224" - 2)
u,veVo u,veVy 2
(|V0 2|)(4 2y
= (p - D(p-2)2¢" - 2).
(2) u,v e Vl’()

D (deg(u) + deg)d,v) = ) 22p-2)

M,VGVL() u,veVig

(V1 B
—( ) )(2p 2)

=2q(p - (g- (@ -q- D).
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(3) u,v e V1’1

D (deg(u) + deg)d,v) = ) 2pq-2)

u,vEVl,l u,vEVH

v
= (l 1’ll)(2pq —4)

2
= (g 1D(g-2)pq - 2).

4) u,veVy,

D, (deg(w) + deg(v)d(uw,v) = ) 2(2q~-2)

u,VGVo,l M,VEVo,l

(Vo
—( N )(261—2)

=2(p - 1)@ - D*(pg—p - 9

(5) ue V()’z andv € Vl,O

((deg(u) + deg)d@w,v) = > (@ =1+p-1)

ueVo2,veVip ueVpa,veVi o

= VoallViol(p + ¢* = 2)

=(p—glg-D(p+q -2)

(6) uce Vo,z and v € Vl,l

DL (degw) +degvd,v) = > (4= 1+pg—2)

u€Vo,veVy ) ueVpa,veVy

VoallViil(g® = 1+ pg —2)

=(p-D(@-D(pqg+q -3).

(7) uec VO’Q andv € V(),l

D1 ((deg) +deg)d,v) = > 2q*—1+pg-2)

uGVO,z,VE V(),] uEV(),z,VG VOA,l

= VoallVoul2(g* =1+ g - 1)

=2(p- D*(qg- (g* +g-2).

(8) ue VI,O andv € Vl,l

((deg(u) + deg)d(w,v) = > 2Ap—1+pg-2)

ueVlyo,veVI’l MEVly(),VEVI’]

= ViollViil2(p — 1 + pg - 2)
=2q(q — 1)*(pg + p = 3).

Volume 11, Issue 1, 1590-1615.
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(9) uec V],O andv € V(),l

D (deg() + deg(v)d(u, v)

LlEVlv(),VEV()’l

> 3p-l+g-1)

uEVlyo,VEV()Vl
ViollVoul3(p—1+¢g—1)
=3(p-Dglg— D*(p+q-2).

(10) u € Vl,() and v € VO,l

D (deg(u)+degm)dw,v) = > (pg+q-3)

ueVy 1,veVy | ueVy 1,veVo i
=|ViillVoillpg =2 +qg—1)
=(p-D@-1D*pg+q-3).

When p or g equals 2, some partitions contain only one element, making point 1, point 3, or

point 4 equal to zero. Substituting these values into the formulas still yields zero, so the expressions in
points 1-10 hold in general.

Therefore, the Schultz index can be formulated along these lines.

2Se(T(Zy X Zp)) = Z (deg(u) + deg(v))d(u, v)

uveV(D(ZyXZ ) uv

=(p-Dp-2Q2¢ -2)+29(p-Dg—1)g"—g—- 1) +(g—1)g—-2)
(pg—=2)+2(p—D(g— D (pg—p - +(p—Dglg - D(p+¢* -2)
+(p-1Dg-Dpg+q* =3)+2(p - Dg-1)¢" +q-2)
+2q(qg— 1*(pg+p-3)+3(p—Dglg—1(p+q-2)
+(p—g—1D*(pg+q-3)

= (¢ - DBpq’ —20pq* + 8p’q* —2p°q — 8pq — 64° + 7q° + 10q + 4).

Hence,

1
Sc(T(Z, X Zp)) = 5(q - 1D8pq’ —20pg* + 8p°¢* — 2p? — 8pg — 64° + 1¢°* + 10g + 4).

This completes the proof.

An example is provided to enhance the understanding of the theorem above.

Example 3.6. Given I'(Z; X Z,.) for p =3 and g = 2.

From Figure 6, we have degree and distance between any two distinct vertices.
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(0.7)

(12) (2.2)

Figure 6. I'(Z; X Z,).

By Definition 2.11, the Schultz index of I'(Z3 X Zy) can be computed as follows:

Sc(T(Zs X Zy)) = > (deg(u) + deg(v))d(u, v)

u,veV(I(Z3XZy2)).u#v
=Q2+3)+2+4)2+2+1D3+R2+1D3+2+3)+2+2)2
+B+2)+B+3)2+B+4H+B+1)2+B+1)2+@A+1)
+@+1D)+@+2)2+@+3)+A+D2+A+2)3+(1+3)2
+(1+2)3+(1+3)2+2+3)
= 80.

According to Theorem 3.15,

1
Sc(T(Zs X Zy)) = 5(2 - 1)(192 — 240 + 288 — 36 — 48 — 48 + 28 + 20 + 4) = 80.
The same results are obtained whether using the definition or the theorem.

4. Conclusions

In this research, we determined several structural properties of I'(Z,» X Z,), including its order,
size, vertex degrees, diameter, minimal separators, and vertex connectivity, showing that

k(T(Zp™ X Zg")) = min{p — 1,qg — 1}.

We obtained general formulas for the general zeroth-order Randi¢ index, the eccentric connectivity
index, and the Schultz index of this graph. These topological indices may be applied to predict physical

properties of compounds isomorphic to the given graph, although such isomers are not addressed in
this study.
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