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ON OPEN NEIGHBORHOOD ENERGY OF GRAPHS
HARIKRISHNAN K A! AND MANILAL K?2*

ABSTRACT. The open neighborhood of a vertex w, represented by N(u) in
a simple connected graph G is the collection of all nodes that are adjacent
to u, other than w. In this paper, we introduce a square matrix of order n,
called the open neighborhood matrix ONM (G) of G whose (i, 7)* entry is
[N (i) N N (v;)]
d; +d;
are the degrees of v; and v;, respectively. We then establish the relationship
between the connectedness of the graph G and multiplicity of the eigenvalue
zero of the matrix ONM (G), if it exists. Furthermore, we give some bounds
for the largest open neighborhood eigenvalue and open neighborhood energy
of graphs.

whenever v; ~ v;, i # j; and zero otherwise, where d; and d;

1. INTRODUCTION

Throughout this paper, let G = (V, E) be a simple, connected, undirected
graph of order n with vertex set V(G) = {vy, vq, -+, v,} and size m with an edge
set E(G) = {e1, ea,- -+, en}. The neighborhood N (v;) of every node v; in G is the
collection of nodes that are connected to v; in G. The neighborhood graph N(G)
is defined to be the intersection graph of the neighborhoods of the nodes in G.
That is G and N (G) have same vertex set and two vertices of N(G) are connected
by an edge if and only if they have at least one common neighbor. Exoo and
Harary [7] and subsequently Greenburg, Lundgren, and Maybee [9] investigated
these graphs as 2-step graphs. Acharya and Vartak initially presented the concept
of Neighborhood graphs in [I] and identified some of their characteristics. The
neighborhood complex N (G) of a graph G has been introduced in [5], which is
defined as

NG = {W|W CV(@Q), e V(G): WC N}

The neighborhood polynomial of a graph GG, represented by N (G, x), is defined to
be the generating function for the neighborhood complex of G. The definition of
the neighborhood polynomial was first introduced in [5], and it can be expressed
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as

N(G, z) = Z 2l

veN(G)

Generally graphs are connected to several matrices. We may state in general
that, if M(G) is a matrix associated with a graph G, whose elements are given
by

where ¢(d;, d;) is a function on the degrees of vertices v; and v;, while R(7, j) is
the relation between the vertices v; and v;. The adjacency matrix A(G) of G is the
most extensively studied such matrix [17], also the concepts of degree sum matrix
[15], degree exponent matrix [16], degree exponent sum matrix [2], Harary matrix
[11] etc., have also been proposed. Inspired by these previous works, we aim to

present a new type of matrix known as the open neighborhood matrix ON M (G)

N(v;) NN (v,
of G, whose (i, j)"* entry is | (zjdizdjgvj)‘

and zero otherwise. There is a pleasant relation between the open neighborhood
matrix ONM(G) of a graph G, and the adjacency matrix A(G) of G. More
precisely, if i # j, then the (i, j)™ entry of the ON M (G) is same as the (i, j)™

whenever ¢ # j, v; ~ v; in G,

entry of A%(@G) and which is the ratio of the number of two-walks between

d; + d,
the vertices v; and v; to the sum of its degrees d; and d;. In some cases, it is
possible to calculate the adjacency energy of specific families of graphs if the open

neighborhood energy is already known. For instance, if G is a strongly regular
2k

graph with parameters,(n, k, A, p), then £(G) = TONE(G). More specifically,
if G = K, the complete graph on n > 2 vertices, then £(K,,) = 2(ONE(K,)+1).

Since ONM (G) is a real symmetric matrix, all of its eigenvalues are real.
Consequently, we may arrange these eigenvalues(called the open neighborhood
eigenvalues) as, p; > py > -+ > p,. We define the open neighborhood energy
ONE(G) of G to be

ONE(@) = I
=1

The structure of the paper is organized in the following manner: Section 2 in-
cludes essential concepts and results that will serve as a basis for the subsequent
sections. The key findings of this study are presented in Section 3, which encom-
passes the bounds for the spectral radius p; of the open neighborhood matrix
ONM (G) and the open neighborhood energy ON E(G). Furthermore, we try to
examine the relationship between the connectivity of a given graph G with the
multiplicity of the open neighborhood eigenvalue zero.

2. PRELIMINARIES

First we recall some known results that will be used in the following sections.
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Lemma 2.1. [6] For real numbers x1 < xo < -+ <z and yp < yp < -+ < yp,

(32r) (50) < (3200)

with equality holds if and only if x1 =29 ==X, OT Y1 =Y = +++ = Y.
Lemma 2.2. [13] For non-negative numbers yy, Yo, -+ Yn and o > 2,
a
- a . 2 2
> ) <2y
j=1 =
Lemma 2.3. [11] Suppose that B = (b.5) and C = (¢, ) are two nonnegative

symmetric matrices of order n. If B > C, i.e., b,y > ¢, for all v, s, then
pi(B) > pi(C).

Lemma 2.4. [1] Let G be a graph of order n with degree sequence dy, ds, ..., d,
and firse Zagreb index My. Then

with equality holds if and only if G is regular or semireqular.

Lemma 2.5. [10] If G is a connected graph of order n with size m, then
A< V2m—n+1,

with equality holds if and only if G' is isomorphic to K, or Ky, ,_1.

Lemma 2.6. [3] Let G be a graph with n vertices, m edges, and the first Zagreb
index My. The mazimum degree of G, A, satisfies the inequality,

R A2
AS2_m+n 1 [nM; —4m .
n n n—1
Lemma 2.7. [3] Let x; and y; be nonnegative real numbers. Then
DILTED DN
j=1 j=1  j=1

where a, b, A and B are real constants such that a < x; < A and b < y; < B.
Further, a(n) = n|%] (1 — L[2]).

< a(n)(A—a)(B-b),

3. MAIN RESULTS

The key findings of this study are presented in this section.
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Definition 3.1. Let GG be a graph of order n. The open neighborhood matrix of
G, denoted by ONM (G) = [0;j], is a matrix of order n whose (i, 7)™ entry is,

[N (w) N N ()] o

0 otherwise.

Since |N(v;) U N(v;)| = |N(v;)| + |N(v;)| — |N(v;) " N(v;)| > 0, for ¢ # j and
v;v; € E(G) we have, 0 < 0;; < 1. Also, note that ONM (G) is a real symmetric
matrix.

Example 3.2. Suppose G is the complete graph K, with n > 2 vertices, then
we have for any edge e = v;v; in G, |[N(v;) NN (v;)] =n—2and d; =d; =n—1.
-2
Thus ONM(G) = hA(G), where A(G) is the adjacency matrix of G.
n —
Example 3.3. Consider a tree T of order n, then |N(v;) NN (v;)| = 0 for any edge
e = vv; in T. Otherwise if |N(v;) N N (v;)| > 1, there exists at least one common

neighbour of v; and v;, say « in T'. Thus v;zv;v; together contribute a cycle in
T'. Since a tree does not contain any cycles, we have reached a contradiction and

hence ONM(T) = 0.

Example 3.4. Let G be the complete bipartite graph K, ,, with the partite sets
X and X’ such that |X| = m and |X’| = n, respectively. Since G is a complete
bipartite graph, we have X N X’ = ¢, thus ONM(G) = 0.

Proposition 3.5. Let ONM/(G) be the open neighborhood matriz of a graph G
with eigenvalues py > py > -+ > p,. Then,

1) ij:o‘
N(v;) N N(v; ?
EZ%—?EZ(' Ny,

vV~

Proof. (1) Since Trace(ONM(G)) = 0, we have ij = 0.
j=1

(2) We have

ij Trace(ONM(G)?)

=33 v (3.1)

i=1 j=1

oy (B ziivw) |

VU
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[V (vi) 0 N ()]

Since 11 d < 1, and considering equation 3.1, the following
i J
holds
|N(v;) NN (v;)]

O

Theorem 3.6. Let G be a graph of order n with maximum degree A, minimum
degree & and first Zegrab index M. Then

1 Ml 2m  (n—1) |nM? —4m?

2A p1<—5+ no (n—1)

Proof. Let G be a graph of order n with maximum degree A, minimum degree
d first Zegrab index M; and open neighborhood matrix ONM (G) = [0;;]. Let J
be the matrix of all one’s, then observe that

A
2AA(G) <ONM(G) < 5‘]' (3.2)
This is because, if v;v; is an edge in G, then
IN(v;) " N(v;)| A 1
< 05 = = and 0y > —.
0 <oy d + d; <6an 03>2A

Now apply Lemma 2.3 to equation 3.2 then again apply Lemmas 2.4 and 2.6 to
obtain

1 M1 2m  n—1 [nM? —4m?

2A '01<_(5+ no (n—1)

Theorem 3.7. Let G be a graph of order n. Then

1
p1 < (n—l—l——l)\/Zm—n—l—l.

Proof. Let the open neighborhood matrix of G be ONM(G) = |o;;] and take
p=mn—1. Since f(t) =1t + n is an increasing function on [1, oo). Now for any
edge v;v; in E(G), it follows that

Oij

A 1) 1
— 4 —< —. 3.3
<5+A_p+p (3.3)

1
Let 61 denote the magnitude of the largest eigenvalue of the matrix (p + —) A(G).
p

1
Also, note that ONM (G) < (p + —> A(G), hence by Lemmas 2.3, 2.5 and equa-
p

tion 3.3 we have the inequality,

1
p1 <6 < (p+—)\/2m—n+1:(n—1+
p

)m.

n—1



124 HARIKRISHNAN K A, K MANILAL

Hence the theorem. O

Proposition 3.8. Let G be a graph with open neighborhood matric ONM(G).
Then number of zero rows or columns corresponds to the number of pendant
vertices of G.

Proof. Suppose the i row(or column) of ONM(G) be zero, then the vertex v;
will either an isolated vertex or N(v;) N N(w) = ¢ for each w in V(G). Since
G is connected for any edge v;w in G, |N(v;) N N(w)| = 0, implies v; must be a
pendant vertex. Thus the total number of zero rows(or columns) is same as the
number of pendant vertices of G. O

From hereafter we use C(G, n, m) to denote the collection of all connected
graphs of order n and size m with at least one cycle and at least one pendant
vertex.

Theorem 3.9. Let G be a graph in C(G, n, m) with open neighborhood matriz
ONM(G). Then the multiplicity of the open neighborhood eigenvalue zero is same
as the number of pendant vertices of G.

Proof. Suppose G be a graph with open neighborhood matrix ONM (G). Let k
be the multiplicity of the open neighborhood eigenvalue zero, we have to prove
that G contains k& pendant vertices. Since GG contains at least one cycle and one
pendant vertex, clearly GG is not isomorphic to a tree or a complete bipartiate
graph. Let X denotes the collection of all pendant vertices in G and Y be
V(G) — X. Let t be a positive integer with k < t < n, and if possible suppose
that |X| = ¢t. Since G is connected and using Proposition 3.8, the rank of the
matrix ONM (G) is n —t. Also, since ONM(G) is a real symmetric matrix, the
characterestic polynomial can be expressed as

P(p) = [ONM(G) — pI| = p'g(p), (3.4)

where g(p) is a polynomial with degree n — t such that ¢g(0) # 0. Thus we
have the multiplicity of open neighborhood eigen value zero becomes t, which
is a contradiction to our assumption. In the same way if we set | X| = ¢, were
t < k < n, again it results a contradiction. Hence |X| = k as required. O

Note that an edge e = wv in a connected graph G is called a bridge if and
only if e is a cut edge, that is the graph G — e is disconnected. The following
corollaries are immidiate consequences of the Theorem 3.9 and Proposition 3.8.

Corollary 3.10. Let G be a graph with open neighborhood eigenvalue zero having
multiplicity t. Then G has at least t components, each of which is isomorphic to
K.

Corollary 3.11. Let G be a graph of order n and let z denotes the number of
zero rows of ONM(G). Then all clique’s in G have a cardinality upto n — z.

Remark 3.12. Let G be a graph of order n and D; represent the collection of all
open neighborhood matrices of size j x j constructed by selecting any set of j
vertices from the vertex set V(G). Then we have the following;
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(1) The number of triangles in G is equal to the total number of D € Dj such

1

(2) The number of four-cycles in G corresponds to the total number of non-
zero D € D, such that any two rows or columns of D are identical.

Theorem 3.13. For any integer n > 2 there is a graph G with more than n
vertices such that ONE(G) = n.

Proof. Suppose n > 2 is the given integer. Now observe from Example 3.2 that,

ONM(K,) = hA(Kn). Hence we have
ONE(K,) = 2(”71—__21)5(&) —n—2 (3.5)

If we set G = K, 9, the complete graph on n+2 vertices. Then from equation 3.5,
we can conclude that G is a graph with more than n vertices, and ONE(G) =n
as desired. Hence the theorem. O

Theorem 3.14. Let G be a graph of order n and size m. Then

1
p1 < (/2m (1 — —>
n
Proof. Using Cauchy-Schwartz inequality on py > p3 > --- > p,, we have
n 2 n
(Sl) 003 5.0
=2 J=2

Using Proposition 3.5, we can simplify the above inequality to obtain
2 < (n—1)(2m — ).
This can be further simplified to

1
psyfem(1-0)
n

Theorem 3.15. Let G be a graph of order n and size m. Then

0<ONE(G) < |/sm (1_%).

Proof. Considering equation 3.6, we have the following inequality

0= Il < \/(n=1)(2m = p})

which again reduces to

0 < ONE(G) < p1 +\/(n— 1)(2m — p3). (3.7)
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Now consider the function f(t) =t + /(n — 1)(2m — t2), which is a decearsing

2 2 -1
function on t € (\ / —m, V 2m> and f(¢) is maximum when ¢ = \/M.
n n

Therefore, from equation 3.7, we have the inequality

0 < ONE(G) < 1|8m (1 - 1).

n

O

N(v) 0 N(v))|\?
Theorem 3.16. Let G be a graph of ordern. Then ONE(G) > 2 Z <‘ (Ud) —d (U])‘) .
( J

Vi~V

Proof. Let G be a graph with open neighborhood matrix ONM (G). Then by
Proposition 3.5, we have

ZP?:—2 Z PiP; (3.8)
i=1

1<i<j<n

Again we have

(ONE(G =<Z\pz) Z\pz\2+2 > |pinsl

1<i<j<n
Sy

> pins
>22p1 _4Z<|N UZ{ 227”]”) '

1<i<j<n
i~j

Taking the square root on both sides we obtain the required inequality. Hence
the proof. 0

Corollary 3.17. Let G be a graph in C(G, n, m) with open neighbourhood ma-
tric ONM(G). Then ONE(G) > 2+/x-4(G), where x, is the generalized sum
connectiwity index of G.

Proof. Suppose X and X' represents two subsets of the vertex set V(G) as de-
scribed in Theorem 3.9. Consider an edge e that connects any two vertices v; and
vj in G. If both the ends of e are in X or if one end is in X and other is in X',
in either cases it follows that |N(v;) N N(v;)| = 0. Therefore, we must consider
those edges e = v;v; in G with |N(v;) N N(v;)| # 0, for those edges we have the
inequality .

(3.10)

Using the above equation the following holds,

N(v;) NN (v 1
T (! (dizdj( )I) >y e = v_4(G). (3.11)

Vi~ ViU
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Now the corollary follows from equation 3.11 and Theorem 3.16. 0J
Corollary 3.18. Let G be a graph in C(G, n, m) with open neighbourhood matriz

1
ONM(G). Then ONE(G) > A
of G.

Proof. Starting with the same proof of Corollary 3.17, and taking equation 3.10,
it can again simplified to

m
5 where A represents the maximum degree

[N (vi) NN (vy)] =

l>|“

Therefore, equation 3.11 can be simplified to

[N(v) NN ()] 1 . m
Z( d; + d; ) > (2A)F — (2A)

Vi~U4 Vi~U5

Now by Theorem 3.16, we have

m
ONE(G 3.12
ONB(@) 2 555 (312)
Taking the square root on both sides of equation 3.12, we obtain
1 /m
ONE(G) > Az /
Thus the proof. O

Theorem 3.19. Let G be a graph of order n and size m and let p1 > ps >
pn be the eigenvalues of open neighborhood matric ONM (G). Then

Vv

ONE(G \/an—l—a ) (Ipa] = |oal)?,

where a(n) =n| 2] (1 - ;LEJ)-

Proof. Let G be a graph with open neighborhood matrix ON M (G) with eigen-
values p; > py > -+ > p,. Letting x; = y; = |pi|, a =b=|p,| and A = B = |p]
in Lemma 2.7, we get

nZIPjF—(ZIpJ) < o(n) (Ip1] = |pul)” (3.13)

A rearrangement of above equation along with Proposition 3.5, we obtain

(ONE(G))* < a(n) (|p1] = oal)* +n ) [pif?
(3.14)
< 2mn +a(n) (|| = |pal)*.
Taking the square root on both sides we have the inequality

ONE(G) < \/2mn + a(n) (In] — |pul)*
where a(n) =n|%] (1 - ;ng) Hence the theorem. O
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Theorem 3.20. For any € > 0, there exist infinitely many n such that for each
value of n there exists a k-reqular graph G of order n, with k+1 < n and

ONE(G)

kR =Dk

Proof. In order to prove the theorem, it is necessary to show that there exists

an infinite sequence of graphs that satisfies the requirements. To do this we take

Paley graphs. Consider the prime p such that p = 1(mod 4) and p > 11. The

Paley graph G, with p vertices has its vertex set consisting of elements from the

finite field GF(p). Two vertices in G,, are adjacent if and only if their difference is
p—

a non-zero square in GF(p). Also, note that Paley graphs are k = regular

and any adjacent vertices of GG, has exactly two common neighboures. Thus for
any v;v; in E(G,) we have |N(v;) N N(v;)| = 2. Hence the open neighborhood
matrix of G, is given by,

2
(p—1)

i # J, vy in E(Gy),
ONM(G,) = [o5] =

0 otherwise,

2
or equivalently, ONM (G,) = ——A(G,), where A(G,) is the adjacency matrix
p

! -1£,/p
2
with both having multiplicity ]%1 Hence the open neighborhood eigenvalues

VP
(p—1)

Hence the open neighborhood energy of G, is,

0NE<GP>—1+(p‘1> 1W3+(p—1) Ji-1

of Gp. Since A(G,) has eigenvalues P with multiplicity one and

-1
are one with multiplicity one and with both having multiplicitypT.

2 p—1 2 p—1 (3.15)
=14+p<2p
: p—1 : : :
Now by letting k£ = along with equation 3.15, we arrive
ONE(G,)  _  1+p

k+Vk(n—1)(n—k) ZH(1+p+1)

< = — — 0, whenever p — oo.

p

%|L\D
wlw| 3

Hence the theorem. O
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Theorem 3.21. Let G be a graph of order n and size m and let E(G) be the
adjacency energy of G. Then

- 2mn
ONE(G)
Proof. Let Ay > X\o > --- > X\, and p; > ps--- > p, be the eigenvalues of the

adjacency matrix A(G) and open neighborhood matrix ON M (G), respectively.
Now using Lemma 2.3, we have ONM (G) < A(G) and thus p; < Ay, Also, note

£(G) (3.16)

that Z |Aj|*> = 2m. Now consider,

J=1

=>" (ol = I

i=1 j=1

=2 (ol + 117 = 20pi1A)

i=1 j=1
=nY |plP+n ) NP2 1l )Nl
i1 = i—1 =1

=nY_|pl* +2mn — 20NE(G)E(G)
i=1
Using Proposition 3.5 and observing the fact that I' > 0, equation 3.17 again
simplified to

(3.17)

20NE(G)E(G) < 4mn.

Hence we get
2mn

E(G) < ONE@G)

4. CONCLUSION

In this paper, we discussed the open neighborhood matrix ON M (G) and open
neighborhood energy ONE(G) of a graph G. We deduced that for every inte-
ger n, there exists a graph G with |G| > n and ONE(G) = n, as well as some
bounds for the spectral radius p; of the matrix ON M (G). We then obtained the
relationship between the multiplicity of the zero eigenvalue (if it exists) with the
connectivity of the graph G. Also, we concluded that for any graph G of order n

and size m the inequality £(G) < O%?G) holds, where £(G) is the adjacency
energy of G.
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