. mathematics

Article

New Spectral Results for Laplacian Harary Matrix and the Harary
Laplacian-Energy-like Applying a Matrix Order Reduction

Luis Medina **(, Jonnathan Rodriguez

check for
updates

Citation: Medina, L.; Rodriguez, J.;
Trigo, M. New Spectral Results for
Laplacian Harary Matrix and the
Harary Laplacian-Energy-like
Applying a Matrix Order Reduction.
Mathematics 2024, 12, 2. https://
doi.org/10.3390/math12010002

Academic Editors: Hilal Ahmad and
Yilun Shang

Received: 28 October 2023
Revised: 4 December 2023
Accepted: 11 December 2023
Published: 19 December 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

t{© and Macarena Trigo

Departamento de Matematicas, Facultad de Ciencias Bésicas, Universidad de Antofagasta,
Antofagasta 1240000, Chile; jonnathan.rodriguez@uantof.cl (J.R.); macarena.trigo@uantof.cl (M.T.)
* Correspondence: luis.medina@uantof.cl

* These authors contributed equally to this work.

Abstract: In this paper, we introduce the concepts of Harary Laplacian-energy-like for a simple
undirected and connected graph G with order n. We also establish novel matrix results in this regard.
Furthermore, by employing matrix order reduction techniques, we derive upper and lower bounds
utilizing existing graph invariants and vertex connectivity. Finally, we characterize the graphs that
achieve the aforementioned bounds by considering the generalized join operation of graphs.
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1. Introduction and Preliminaries

Throughout the paper, let G = (V, E) be a connected simple undirected graph with
vertex set V and edge set E. The order of a graph is the cardinality of its vertex set, |V,
the size of a graph is the cardinality of its edge set, |E|, and A(G) is the adjacency matrix
associated with the graph G of order n with eigenvalues A;(A(G)), foralli=1,...,n.

The energy of a graph is a concept that comes from theoretical chemistry and is studied
in mathematical chemistry to approximate the total 7r-electron energy of a molecule [1-3].
In 1978, Ivan Gutman defined the energy of a graph through the eigenvalues of the adja-
cency matrix of a graph [4] as

E(G) = ; A(A(G))].

It should be noted that the interest for this graph invariant goes far beyond chem-
istry; for example, it is used for minimum and maximum energy for certain families of
graphs [5-7], on upper and lower bounds for the energy of graphs [8-11], and the extension
of energy to the Laplacian energy of graphs [12]. Additionally, in [13], the authors list
various papers published in 2019 on graph energies, and summarize their main collective
characteristics, but an interesting motivation is that the authors cite articles that show
applications of graph energy outside the field of mathematics. For example, in [14], a topic
related to climate change is addressed; the authors identify the vertices of a graph with the
terms “soil”, “climate”, “hydrogeomorphic features”, “biotic features”, and similar, con-
nected by directed or undirected edges, and, in this case, the respective energy “indicates
the overall strength of positive and negative feedbacks present”.

In 2008, Liu and Liu defined the Laplacian-energy-like of a graph [15] as

LEL(G) = i VHi
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where 11(G) > 12(G) > ... > un(G) = 0 are the Laplacian eigenvalues of G.

The authors in [15] have shown that this invariant has similar features to molecular
graph energy, see [4]. In [16], it was demonstrated that LEL can be used both in graph
discriminating analysis and in correlating studies for modeling a variety of physical and
chemical properties and biological activities. This motivates us to extend the results of LEL
by considering other matrices associated with graphs that can be representations of various
physical or chemical phenomena.

The distance between the vertices v; and v; of G, denoted by d (v,, ) d;;, is equal
to the length of (number of edges in) the shortest path that connects v; and v;. The Harary
matrix of graph G, which is also called the reciprocal distance matrix, and is denoted by
RD(G), was defined in 1993, independently in [17,18], as a matrix of order n, given by

1 ifi .
RD(G)Z',]' = { d(”(‘j’”i) lfl # ]
ifi =j.

Henceforth, we consider i # j for d(v;, vj).
The reciprocal distance degree of a vertex v, denoted by RT(v), is given by

Zd)

ueV(G
u#v

Let RT(G) be the diagonal Harary degree matrix of order n defined by RT;; = RT; =
RT(v;) fori=1,...,n.
The Harary index of a graph G, denoted by H(G), is defined in [17,18] as

n
Y RD(G

1j=1 u,veV(G)

I\JM—‘
[\1:
N| —

i

Clearly,

ZRT

vEV G)

In 2018, the authors defined the reciprocal distance Laplacian matrix [19] as
RL(G) = RT(G) — RD(G).

Since RL(G) is a real symmetric matrix, we can write its eigenvalues in decreasing
order
AM(RL(G)) > A2(RL(G)) > ... > A—1(RL(G)) > Ay(RL(G)).

We observe that RL(G) is a positive semi-definite matrix. The following result is
fundamental in matrix theory, and will help us to show that the smallest eigenvalue of
RL(G) is simple, i.e., their algebraic multiplicity is one.

Theorem 1 ([3] Eigenvalue Interlacing Theorem). Let A be the symmetric matrix of order n.
Let B be a principal sub-matrix of order m, obtained by deleting both i-th row and i-th column of
A, for some values of i. Suppose A has eigenvalues A1 > Ay > ... > Ay, and B has eigenvalues
B1>PB2>...> Bm. Then

M—mtk < B < Agy

fork=12,...,m
A fundamental spectral result of the Laplacian matrix associated with a graph is that

its smallest eigenvalue is zero. The following result shows that for the extension RL(G),
zero is also an eigenvalue.



Mathematics 2024, 12, 2

3o0f21

Lemma 1. Let G be a connected graph on n vertices and let e be the all one vector. Then, (0, e) is
an eigenpair of RL(G) and 0 is a simple eigenvalue.

Proof. Clearly, each row sum of RL(G) is 0. Thus, (0, e) is an eigenpair of RL(G). Now,
we show that 0 has multiplicity equal to 1.

If n = 1, the result is immediate.

If n > 2, then let RL; be the (n — 1) x (n — 1) matrix obtained from RL(G) by elimi-
nating the i-th row and column. Using Theorem 1, we have that

An(RL(G)) < Ay1(RL)) < A1 (RL(G)).

On the other hand, by construction, we can see that the matrix RL; is strictly diagonal
dominant, so RL; is a positive definite matrix. Therefore, A,_1(RL(G)) > 0. O

In [20], the authors established bounds for the spectral radius of reciprocal distance
Laplacian matrix, and in [21] gave bounds on the reciprocal distance Laplacian energy and
characterized the graphs that attained some of those bounds.

Since RL(G) is a positive semi-definite matrix, then the spectral radius p(RL(G)) =
M(RL(G)).

We recall that the notation AP means that the eigenvalue A has an algebraic multiplic-
ity equal to p.

Remark 1. We can see that for the complete graph K, RL(Ky,) = (n — 1)1, — (Ju — Iy), where
Ju is a matrix with all its entries equal to one and 1,, denotes the identity matrix of order n. Then,
the RL(Ky,)-spectrum is {0, n"=11},

Theorem 2 ([19]). If G is aconnected graph on n > 2 vertices, then the multiplicity of p(RL(G))
is p < n — 1 with equality if and only if G is the complete graph.

Theorem 3 ([19]). Let G be a connected graph on n vertices and m > n edges. Consider the
connected graph G obtained from G by the deletion of an edge. Let

M(RL(G)), A2(RL(G)), - - -, An(RL(G))

and
M (RL(G)), Az(RL(G)), e, /\n(RL(G))

be the reciprocal distance Laplacian spectra of G and G, respectively. Then, foralli=1,...,n,
Ai(RL(G)) < Ai(RL(G)).
An immediate consequence of Theorem 3 is the following result.
Corollary 1. Let G be a connected graph on n vertices. Then
p(RL(G)) < n.

At least to the authors’ knowledge, there are several upper bounds, but we only found
one lower bound, which is the below theorem

Theorem 4 ([20]). Let G be a connected graph on n > 4 vertices. Then
p(RL(G)) > 2H(G) —n(n —2).

Clearly, when 7 increases, the bound is not adjusted, so in this work we will propose
a more appropriate bound. For this, it is necessary to remember the definition of the
Frobenius norm of a matrix.
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The Frobenius norm of an n x n matrix M = (m; ;) is

n n
Yo Y Imyl

i=1j=1

[|M][F =

In particular,
n

IRL(G)|[F = ;(Ai(RL(G))Z-

Finally, we give the definition of the equitable quotient matrix and its respective
spectral result, which will be a fundamental tool in the development of this work.

Definition 1 ([22]). Let X be a complex matrix of order n described in the following block form

X1 X2 oo Xip
X2’1 erz . XZ,r
X1 Xpp oo Xy

where the blocks Xl-,]- are n; X n; matrices for any 1 < i,j < randn = ny +ny+--- + n,.
For1 <i,j<r,let b,-,j denote the average row sum of X,-,]-, ie., b,-,]- is the sum of all entries in Xi,]-
divided by the number of rows. Then B(X) = (b; ;) is called the quotient matrix of X. If for each
pair i, j, X; ; has a constant row sum, then B(X) is called the equitable quotient matrix of X.

Theorem 5 ([23]). Let B(X) be the equitable quotient matrix of X as defined in Definition 1. Then,
the spectrum of B(X) is contained in the spectrum of X.

In this paper, applying the block division matrix technique and using the quotient
matrix, new spectral results are obtained from the reciprocal Laplacian matrix. Additionally,
we obtain the eigenvalues of certain graphs and in particular obtain eigenvalues of the
generalized join product of regular graphs. Finally, we apply these results to obtain
extreme graphs, among all the connected graphs of prescribed order in terms of the vertex
connectivity, for the energy that we define as Harary Laplacian-like energy, denoted by

HLEL(G) as
HLEL(G) = nf VA{(RL(G)).
i=1

2. Main Spectral Results

In this section, we give some spectral results about the RL(G) matrix. In particular,
we give a new lower bound for the spectral radius and we characterize the spectrum of
certain types of graphs. Our result is more appropriate than the one given by Theorem 4,
since for any value of # it is positive and we also characterize when this bound is obtained.

Theorem 6. Let G be a connected graph on n > 2 vertices. Then

IRL(G)[ I

p(RL(G)) = g

The equality holds if and only if G = K.
Proof. Since G is a connected graph of order n > 2, then, from Lemma 1, fori =1,...,n -1
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p(RL(G))Ai(RL(G)) > (A(RL(G))).
Thus
n—1
p(RL(G)) (Z Ai(RL(G))> > M (RL(G))* + ... + Au-1(RL(G))*. M
i=1
Therefore RL(GI2
prL(G) > 1T

The equality holds if and only if the equality (1) holds, and this is
p(RL(G)) = A2(RL(G)) = .... = Ay_1(RL(G)).

Therefore, the multiplicity of p(RL(G)) is n — 1. Using Theorem 2, we conclude that
G=K, O

A pair of vertices # and v in G are called twins if they have the same neighborhood,
and the same edge weights in the case of a weighted graph. Twin vertices in graphs have
proven very useful in the study of the spectra. Motivated by the study of eigenvalues of
the adjacency and Laplacian matrices when there are twin vertices in a graph, we study the
eigenvalues for the matrix RL(G).

If uv is an edge in G, they are called adjacent twins, and if #v is not an edge in G, they
are called non-adjacent twins.

Theorem 7. Let G be a connected graph of order n and U be a subset of V(G) such that U is a set
of non-adjacent twins, with |U| = t. Then RT (v) = h is constant for each v € U and (h + %) is
an eigenvalue of RL(G) with a multiplicity of at least t — 1.

Proof. Without loss of generality, we can label the vertices of U as vy,...,v;. Then
d(v;,v) = d(v]-, vg) for all v;, v; € U and for all v, € V(G), in particular d(v;, vj) =2
for all v;,v; € U. We note that RT(v;) = RT(v;) for all v;,v; € U. Let h = RT(v;) for all
v;€ Uandlet X; = e; —e;y 1 fori =1,2,...,t —1where e; is the i-th canonical vector. Then

RL(G)X; = 4 20,...,0—% _ 10 oT— nt 2)x
1 2/ IR A 4 2 A - 2 1

Since X1, Xy, ..., X;_1 are linearly independent, (h + %) is an eigenvalue of RL(G)
with a multiplicity of at least t — 1. [J

Proposition 1. Let T, be a tree of diameter 3 and order n = a+b+2 > 4. Then the RL-

. [a=1] [b—1] ) .
eigenvalues are { (W) , (W) } and the eigenvalues of the matrix

2b+9 -1 _1 _b
6 2 3
. 2a+b+2 b
a 2 1 2
_a _ _ a+2b+2
2 1 2 b
_a  _1 1 20+9
3 2 6

Proof. Let u, v be the central vertices of a tree of diameter 3 (see Figure 1). Consider the
following partition of the graph 7,

Vi, {u}, {v}, Va}.
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Clearly, V; and V; are independent sets to 7, such that for any x,y € V;, N(x) =
N(y) = u and for any x,y € V,, N(x) = N(y) = v, where N(v) denotes the neighboring
vertices of v € V(G).

u (4

Figure 1. A tree 73 4 of diameter 3 and order n = 9 is shown in the above image.

We observe that for all vertex v; in V; we have RT; = % +1+ % + % = %,
analogously for all vertex v; in V;, and RT; = %. Then, using Theorem 7, we
have that 3112049 and 2043049 are eigenvalues of RL(7,;) with multiplicities 2 — 1 and
b — 1, respectively.

Let RT, = 3t20+6 and RT, = 253046 Then, RL(7,;) has the following block

matrix form

RTﬂI - %Uﬂ - Iﬂ] _qul] _%Uaxl] _%Uaxb}
*lea] % -1 7%[]1><h]
RL(Tap) = 1 _ a4+2b+2 _
2[]1><u] 1 2 []1><b]
_%bea] _% - Uhxl] bel] RThI - %Uh - Ib]

Let M(7,;) be the equitable quotient matrix of RL(7, ), considering that each block
has a constant row sum, an then we can write

RT,— %L -1 -} —
—a RT, -1 -
—14 —1 RT, —b
a
3

1 b—1
-3 1 Rhh—7%

NS WIS

Applying Theorem 5, the eigenvalues of M(7, ) are eigenvalues of RL(7,). Finally,
replacing RT, = %b%, RT, = W, RT, = % and RT, = %, the matrix
given in Theorem is obtained. [

A set of vertices that induces a subgraph with no edges is called an independent
set. A bipartite graph is a graph whose vertex set can be partitioned into two disjoint
and independent sets V; and V), that is, every edge connects a vertex in V; to one in V5.
A complete bipartite graph is a special kind of bipartite graph where every vertex of the first
set is adjacent to every vertex of the second set. A complete bipartite graph with partitions
of size |V1| = a and |V,| = b is denoted by K, ;,. A star graph is a complete bipartite graph
with partitions of size |V1| = 1 and |V;| = n — 1. The star graph of order # is denoted either
by K141 or Sy.

The following proposition gives us the eigenvalues of a complete bipartite graph
associated to the reciprocal distance Laplacian matrix.

Proposition 2. Let K, ;, be a complete bipartite graph on n = a + b vertices. Then, the spectrum of
RL(K,p) is

C(RL(Kyp)) = {n’ (#)[ft*l]’ (zaerb)[bl],O}.

Proof. Since V; and V) are independent sets to K, ; such that for any x,y € V;, N(x) =
N(y) = Va and for any x,y € V,, N(x) = N(y) = V3, then for all v; € Vj, we obtain that
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RT; = % and for all vertex v € Vo we have that RT; = % Now, using Theorem 7,
we have that # is an eigenvalue with multiplicity 2 — 1 and Z”TH’ is an eigenvalue with
multiplicity b — 1.

From Lemma 1, we have that zero is always an eigenvalue of the matrix RL(G).
We observe that @ and 2‘2—“’ are non-zero. Therefore, we have n — 1 eigenvalues. We
obtain the other eigenvalue by applying the fact that the trace of the matrix is equal to
the sum of its eigenvalues and the trace of RL(G) is equal to the sum of its reciprocal
distance degrees. [J

Corollary 2. Let S, be the star graph on n > 3 vertices. Then the spectrum of the reciprocal
distance Laplacian matrix of S, is

o(RL(S,)) = {n’<n—2|—1)[n2]’0}‘

Theorem 8. Let G be a connected graph of order n and U be a subset of V(G) such that U is a set
of adjacent twins, with |U| = t. Then, RT(v) = K’ is constant for each v € U and (h' + 1) is an
eigenvalue of RL(G) with multiplicity at least t — 1.

Proof. Without loss of generality, we can label the vertices of U as vy,...,v;. Then
d(v;,v) = d(v]-, v) for all v;, v; € U and for all v, € V(G), and in particular d(v;, U]') =1
for all v;,v; € U. Thus, RT(v;) = RT(ZJ]') forall v;,v; € U. Let i’ = RT(v;) forallv; € U

andlet X; =e; —ej;q fori=1,2,...,t —1. Then,
RL(G)X; = [ +1,0,...,0,—1—1,0,...,0]" = (W +1)X,.

Since Xj, Xy, ..., X;—1 are linearly independent, (k' + 1) is an eigenvalue of RL(G)
with a multiplicity of at least t — 1. [

A clique of a graph is a subset of vertices in which every two vertices are adjacent. A
complete split graph, denoted by CS; g, is a graph consisting of a clique of a vertices and
an independent set of the remaining n — a vertices, such that each vertex in the clique is
adjacent to every vertex in the independent set.

Proposition 3. Let CS, 4 be a complete split graph on n vertices. Then

[n—a—1]
0(RL(CSan_s)) = {Wh(”;“) ,-o}.

Proof. Notice that for the clique of order 4, we have that

W=1a—-1)+1n—a)=n—1.

Applying Theorem 8, we obtain that 7 is an RL-eigenvalue of CS, ;,—; with a multi-
plicity of at least a — 1.
Analogously, for the independent set of order n — a, we have that

(n+a—1)

hzl(n—a—1)+1(a): 5

2
Applying Theorem 7, we obtain that

2 2 2

n+a-—1 1 n-+a
( )1

is an RL-eigenvalue of CS, ,—, with a multiplicity of at least n —a — 1.
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From Lemma 1, we have that zero is always an eigenvalue of the matrix RL(G). Since
1+2 5£ 0, we have n — 1 eigenvalues. We obtain the other eigenvalue by applying the fact
that the trace of the matrix is equal to the sum of its eigenvalues, and the trace of RL(G) is
equal to the sum of its reciprocal distance degrees. [J

Finally, in this section, we study the spectrum for the generalized join graph operation.
In particular, we characterize the spectrum of the reciprocal distance Laplacian matrix
for the generalized join of regular graphs. We study this operation between graphs since
certain graphs can be expressed as a join product of graphs of a much lower order, reducing
the process of obtaining their eigenvalues. Furthermore, in the final part of the next
section, we use the join product of certain types of graphs to obtain bounds for the Harary
Laplacian-energy-like.

Let Gi = (V4,E1) and G, = (V,, Ez) be two vertex disjoint graphs. The join graph
operation of G; and G, is the graph G = Gy V G; such that V(G) = V(G;) UV(Gy)
and E(G) = E(G1) UE(Gy) U{xy : x € V(G1),y € V(Gp)}. This join operation can be
generalized as follows [24]: Let H be a graph of order s. Let V(H) = {vy,...,vs}. Let
{Gi,...,Gs} be a set of pairwise vertex disjoint graphs. For 1 < i <'s, the vertex v; € V(H)
is assigned to the graph G;. Let G be the graph obtained from the graphs Gy, ..., G; and the
edges connecting each vertex of G; with all the vertices of G; if and only if v;,v; € E(H).
That is, G is the graph with vertex set V(G) = Uj_; V(G;) and edge set

E(G) = (U E(Gi)> U( U {uwo:uev(G)uve V(G]-)}).
i=1 v;,

vj cE (H)
This graph operation is denoted by

G=\V{G:1<i<s}
H

Consider the vertices of G with the labels 1,...,Y} ; n; starting with the vertices of
G1, continuing with the vertices of G, G3, ..., G;—1 and finally with the vertices of G;.

Let H be a connected graph of order s and fori = 1,...,s, let G; be a J;-degree regular
connected graph of order n;. Let d?’? be the distance between v;, v; € V(H). Here, with the
above mentioned labeling, we obtain that the reciprocal distance Laplacian matrix of the
H-join G = V{G; : 1 <i < s} has the form

H

[ Ll %]TZ]XHZ i}[tl&]nlxns 1
d_lei’QXﬂl LZ . .
RL(G) = | _ , : (2)
: . ) ﬁ]ﬂs,lxns
_fq-/[ls]nsxnl dz%:)’s]nsxns,l Ls |
where .
L = kilp, + 7(]1@ — Iy, + A(G))), ©)
with 5t . ,
4 — .
ki = L Z .
H
2 i dij

Notice that the matrices L; defined in (3) are not necessarily the reciprocal distance
Laplacian matrices L(G;).
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Now, using the results of the partitioned quotient matrix, we will obtain the spectrum
of the reciprocal distance Laplacian of the graph G = \/{G; : 1 <i < s}, where {G;,...G;}
H

is a family of a regular graph.

Lemma 2. Let L; be the diagonal blocks of the matrix defined in (2) such that, fori =1,...,s, G;
is a 0;-regular graph with adjacency eigenvalues {6;, Ay, ..., Ay, }. Then, the spectrum of L; is

1 1 1 1
L) = i ki A (A kit = —=A(A
with k; = %=L 4y H .
J# aij
Proof. Since .
Ll = kiln,‘ + 7(]711' - In,' + A(GZ))
has constant row sum equal to k; — # where k; = Ui +n’71 + ) H , and there is I such
j#i i
that
Lien, = Ai(Li)ey,,
with ",
M(L;) = ZdT]*
j#i

Let {ey, wjo,...,u;, } be the set of eigenvectors corresponding to the adjacency
eigenvalues of regular graph G;, {d;, A2, ..., Ay}, respectively. We observe that, for j =
2,...,1, Jnu;j = Ou; jand A(G;)u;; = Aju; ;. Then

-1
Liw;; = (kilni + T(Ini — Iy, + A(Gi)))ui,j

1 1
= (kl + E - 2)\1> 111"]'.

Therefore, fori =1,...,s the spectrum of L; is

o(Ly) = {;d;{,k 3= (G it iAz(Ami))}, @
j#i

w1thk—5+"’ + X H. O
i i

The following result allows us to know the spectrum of new families of regular graphs
obtained using the generalized graph join operation.

Theorem 9. Let H be a connected graph of order s and G = \/{G; : 1 < i < s} where, for each
H
ie{1,...,s}, Gjisareqular graph. Then, the spectrum of RL(G) is

O (ML)} Uo(E),

where Aj(L;)) = ¥ ;TQ and Fs is the s X s matrix
j#L
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—1 -1 —1 —1
ML) e s g Ml ghs
12 13 1,(s—1) 1s
-1 —1 —1 —1
mm ML) rms o g —Mse1 s
12 23 2,(s—1) 2,15
-1 -1 —
dTn] dTnz )\Z(L3) cee duins_l dTns
F — 1,3 2,3 3,(s—1) 3,5
S
-1 —1 —1 1
i ni ¥l np Fizl nsy ... /\Z(Ls—l) F ng
1,(51—1) 2,(51—1) 3,(511) 1 (s=1),s
— M —7 1o — N3 e T Hg_q /\Z(Ls)
dits d;/ls d?,ls dz-t—l,s s i

Proof. Let G; be a d;-regular graph such that {u;; = e,,, u;»,..., ui,ni} is a set of eigenvec-
tors corresponding to the adjacency eigenvalues {J;, A;», ..., Ay, }. Then, using Lemma 2
we have that, for j =2,...,n;,

_ 0 - ] ) . . ] - 0 -
: 1 @]nlxnz @]nlxns .
0 ;Tl]nzxnl L, 0
_ 12
RL(G) Ui - . . . . u;
0 : K . d(?-;j]ns,lxns 0
: ﬁ]nsxnl o dﬂ;l]nsxns,l Ls
I 0 | L"1s (s—=1),s _ I 0 |
- 0 -
0
1 1
- (k1 + E - 2)\]) ul,]
0
L O -

Therefore, fori =1,...,sand forj=2,...,n;,
(o(Li) ~ {A1(Li)}) C o(RL(G)).

The remaining eigenvalues will be obtained from the quotient matrix associated with
the matrix RL(G) given in Equation (2). The matrix RL(G) is a matrix partitioned into
blocks such that each block has a constant row sum. Then, the equitable quotient matrix of

RL(G) is
[ =1 =1 e =1 1
M (Ll) d;{z np dﬁs ns cee d?,l(s—l) ns—1 d%,ls g
-1 -1 -1 -1
mm ML) s e rhs
1,12 ) 23 2,(;—1) zf
dTnl dTnz AI(LS) e 761’“ n571 dTns
F — 1,3 2,3 3,(s—1) 3,5
s
—1 -1 -1 1
M N2 g3 ... A(Lso1) s
l/(sil) 2,(s—1) 3,(s—1) 1 (s—(l)/s )
— M1 —7 Mo — N3 e T Hg_q Ar(Ls
dﬁ d;,ts dg-,‘s dz-t—l,s s a

So, applying Theorem 5, we obtain that

o(E) € o(RL(G)).
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Corollary 3. Let H be a connected graph of order s and G = \/{G; : 1 < i < s} where, for each
H
ie{1,...,s}, Gjisareqular graph. Then,

{0, p(RL(G))} € o(Ks).

Proof. From Equation (2), we can see that the eigenvalues of the matrices L; interlace the
eigenvalues of RL(G). Then, from Theorem 9, the largest and smallest eigenvalues of
RL(G) are the largest and smallest eigenvalues of F;, respectively. [J

Example 1. For H = P3, Gy = Cy4, Gp = Ky and Gz = K3, the graph G = \/{G1, G, G3} is
P
given in the following Figure 2.

Figure 2. G = \/{C4, K3, K3}.
P

In this example, we have that ky = 6, ky = 8, k3 = 6 and

6 -1 -1 -1

2 6 —1 —1
-1 6 -1 -1 8 —1
Li=| 1 | 2 LZ—[l 8] Lzy=1|-1 6 -1|.
2 -1 -1 6
2

Thus, 7(RLy) = {3, 12—3[2], B3, 0(RLy) = {7,9}, 0(RL3) = {4,7P} where Al!l denotes
that A is an eigenvalue with multiplicity t. Moreover

7 3

2 2 3
F=|-4 7 -3
-2 =2 4

and 0(F3) = {9, 4, 0}. Applying Theorem 9, we obtain
o 15 o 137 11

A wheel graph on n > 4 vertices, denoted by W;,, is a graph formed by connecting a
single vertex to all vertices of a cycle of order n — 1. We observe that W, = K; V C;,_;.

A generalized wheel graph on n vertices, denoted by GW,, ,—g, is a graph consisting of
an independent set of order a and a cycle of the remaining n — a vertices, such that each
vertex in the cycle is adjacent to every vertex in the independent set. We can write this
graph as _

GWan-a=Ki\/ Cooa = \/ {Cu-u, K1, Ky,..., Ki }.

51/1+1

The K, is not a connected graph, and since we define the join product for connected
graphs, so that the distance between the components is not indeterminate, then we will use
the following notation
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Gwa,nfa - \/ {Cnfa/ Kl/ Kl/- . -/Kl}‘

Su+1

Proposition 4. Let GW, ,,—, be a generalized wheel graph on n vertices. Then the eigenvalues of
RL(GWg—q) aren, 0, 2”%“[“—1] and the eigenvalues of the form (%"*2 — cos (W))

forj=2,...,n—a.

Proof. In the generalized join operation

Gwa,nfu - \/ {Cnfa/ K]/K]/- . '/K]}/

Su+1

we associate the cycle to the central vertex of the star and each vertex K; is associated to
the pending vertices of the star. Considering the labeling in this same order, we have that
the expressions given in (2) and (3), for the graph GW, ;,_,, are

Ll _]nfzle _]nfaxl s _]nfaxl
_]1><n7a L2 _% _%
RL(GWa,nfa) = —Jixn—a _% L3
. . . 1
1 1 2
*]1><n7a -2 -2 La+1
where
n+a+1
Ll = #Infa + _(]nfa - Infa + A(Cnfa))r
and 2n—a—1

are matrices of order 1 x 1. Now, expression (4) for L1 becomes

n+a+2 1 n+a+2 1
o(L1) =<a,———— — A—a(A(Cu=d)),-- ., ———— — = A2(A(Cyu=)) ¢,
2 2 2 2
Since the adjacency eigenvalues of the cycle of order p have the form cos w ,
then, from Theorem 9, for j = 2,...,n — a, we have that (%’”2 — cos(%)) are
eigenvalues of RL(GWg,;—4).
Now, the matrix Fs given in Theorem 9 has the form
[ 4 -1 -1 ... -1 -1 ]
—(n—a) —3 S —5
Fop1 = : z 2 ’ 2 5)
n—a—
—(n—a)  — —2 —2 2 |

Thus, 2”2_ % is an eigenvalue of F, 1 with multiplicity 2 — 1. From Theorem 9, we
have that 222 is an eigenvalue of RL(GW,,,—,) with multiplicity a — 1. From Corollary 3,
we have that the largest and smallest eigenvalues of RL(G) are the largest and smallest
eigenvalues of F, 1 matrix given in (5). Then, we obtain the spectral radius applying the
fact that the trace of the matrix is equal to the sum of its eigenvalues. This fact, applied to
the matrix F, 1, gives us that o(RL(GW,,—4)) = n. O
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An immediate consequence is the following result.

Corollary 4. Let W, be a wheel graph on n vertices. Then, the eigenvalues of RL(W,,) are n, 0
and the eigenvalues of the form (”T” - COS<M>)]‘01’]’ =2,...,n—1

n—1

Example 2. Consider the wheel graph W; = Ky \ Cg (see Figure 3). The spectrum o(RL(Wy)) =
{7,6,(3) 2 (%) 2 0}. In fact, verifying the expressions given in Corollary 4, we see that

M= 7 A= 0

and, for j =2,...,6, so we apply the expression

‘_n+3_ 27t(n —j)
)L] = cos(n_1 .

Thus, we have

Ay = % — cos 2”7(312) = %
Az = % — Ccos L;:z) = %
A= T3 —cos L}Z}‘l) 6
As = % — cos 72”7(315) %
A = % — Ccos 2”;3;6) = %.

Example 3. Consider the following generalized wheel graph witha = 3, GW33 = \/{C3, Ky, Ky, K1 }
Sy

(see Figure 3). The spectrum o(RL(GW33)) = {65, (3) [2],0}. Verifying the expressions given in
Proposition 4, we obtain

M=6, \a=3, As=3 and As=0.

For j = 2,3 applying the expression

A':n+a+2_cos 2n(n—a+1—j)

] 2 n—a

we have 2 2m(6—3+1-2)
/\2: %—COS — 6-3 :6
Az = %ﬁ—cos W —6

Figure 3. The image shows on the left side the wheel graph of order 7, denoted by Wy, and on the
right side it shows the generalized wheel graph of order 6 and with a = 3, denoted by GWj3 3 (where
the vertices of Cj are highlighted in blue).
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3. Bounds for Harary Laplacian-Energy-like

In this section, we obtain upper and lower bounds of Harary Laplacian-energy-like of
a graph, in terms of the other invariants of the graph.

Remark 2. If G is the connected graph obtained from G by the deletion of an edge, then from defini-
tion of the reciprocal distance Laplacian matrix, we obtain that trace(RL(G)) < trace(RL(G)).

An immediate consequence due to the Theorem 3 is the following result.
Corollary 5. If G and G are connected graphs such that G is obtained from G by the deletion of an
edge, then
HLEL(G) < HLEL(G).

From Corollary 5 and Remark 1, we obtain the following result.

Corollary 6. Among the all connected graphs on n vertices and m > n edges, the complete graph
Ky, has the largest Harary Laplacian-energy-like. Thus

HLEL(G) < (n —1)v/n
with equality if and only if G = K,,.

In the following Theorem, we obtain an upper bound of Harary Laplacian-energy-like
in terms of the number of vertices and the Harary index.

Theorem 10. Let G be a connected graph of order n > 2 and Harary index H(G). Then

HLEL(G) < \/2H(G) + n(n—1)(n —2),
with equality if and only if G = K,,.

Proof. Let G be a connected graph of order n > 2. We have

(HLEL(G))? = (’ij,/Ai(RL(G)))Z

n—1
= ¥ M(RL(G)) +2 1 y/M(RL(G))\/A{(RL(G)). (6)
i=1 i#

From Theorem 3 and Remark 1, we obtain

p(RL(G)) < p(RL(Ky)) = n, A{(RL(G)) < Ai(RL(Ky)) =n, i>2.

Now,

3 VARL(G))/A(RL(G)) =/ M (RL(G))(y/A2(RL(G)) + -+ +1/An_1(RL(G))
17]
+/A2(RL(G)) (y/A3(RL(G)) +++ + 1/ Au_1(RL(G)))

+ o4/ 2(RL(G)) /A1 (RL(G))
<Vn((n=2)v/n) +Vn((n=3)vn) + -+ Vnvn
2 _n(n-1)(n-2)
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Replacing Equation (6), we obtain

HLEL(G) < \/2H(G) + n(n —1)(n —2).

We observe that the equality occurs if and only if p1(G) = n and A;(RL(G)) = n,
forall2 <i < n — 1. Applying Theorem 2, we obtain that G = K,,. [

An upper bound of Harary Laplacian-energy-like in terms of the number of vertices,
Harary index and the Frobenius norm of reciprocal distance Laplacian matrix of graph G
are obtained.

Theorem 11. Let G be a graph of order n > 2. Then

HLEL(G) < IRL(G)Il J(n—2)<2H(G)_||RL(G)”%>‘

" 2H(G) 2H(G)

The equality holds if and only if G = K.

~1
Proof. We observe that HLEL(G) = 1/p(RL(G)) + nZ VAi(RL(G)). Using the Cauchy-
i=2

Schwartz’s inequality, we obtain

2
(HLEL(G)— p(RL(G))> <(n-2) ;Ai(RL(G)). @)

Thus

HLEL(G) < \/p(RL(G)) +/(n — 2)(2H(G) — p(RL(G))).

Let m(x) = v/x + /(n —2)(2H(G) — x) be a real function. We recall that m(x) is a
strictly decreasing function in the interval [21:7(?) ,2H (G)] .
We observe that p(RL(G)) < 2H(G) and

n—1
. 2
o) eaer 5O ruo)p

n—1 (n—1)2H(G) — 2H(G) 2H(G)

Then, using Theorem 6, we have

2H(G) _ |IRL(G)[}

< p(RL(G)) < 2H(G).

n—1 = 2H(G)
Therefore
HLEL(G) < |I§Z((G))H J(n—z) <2H(G) —W)

Now, we observe that the equality holds whenever the equality (7) and the bound
given in Theorem 6 hold. In the first case, the equality occurs if

P(RL(G)) = A2(RL(G)) = ... = Au-1(RL(G)),

and thus the multiplicity of p(RL(G)) is n — 1 and, using Theorem 2, we conclude that
G = K;;. In the second case, the equality in Theorem 6 occurs if G = K;;. Reciprocally,
if G = K, with n > 2, then
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2 2
% +,|(n—2) <2H(G> - w> = (n=1)vn

O

The following example shows a comparison of the bounds obtained with the real
HLEL values considering various known graphs.

Example 4. We consider the graphs Gy, Gy given by Figure 4. Let G3 be the Petersen graph and
let Gy = Sy, Gs = Py and Gg = Cy be the star, path and cycle on seven vertices, respectively.

G Go G3
Figure 4. Examples of connected simple undirected graphs.

Using four decimal places, in Table 1 we show the upper bounds obtained for Harary Laplacian-
energy-like for the given graphs.

Table 1. Examples of the upper bounds obtained for Harary Laplacian-energy-like.

G1 G G3 Sy p; Cy
HLEL(G) 20.3256 10.5869 23.2019 11.5900 11.4529 12.3590
Corollary 6 24.0000 12.2475 28.4605 15.8745 15.8745 15.8745
Theorem 10 23.5797 11.9443 27.9285 15.3948 15.2414 15.3514
Theorem 11 20.3958 10.6452 23.2378 12.7267 11.5658 12.4094

Lemma 3 ([25]). Let m and n be natural numbers such that m > n > 2. Let ay,as,...,a;, be
positive real numbers. Then,

2 m 2 m
— E a; > Z 111«2.
n\i=1 i=1
Theorem 12. Let G be a graph of order n > 2. Then
HLEL(G) > y/(n —1)H(G).

Proof. Applying Lemma 3 to the definition of HLEL(G), we obtain
1 n—1

; Mi(RL(G)) = (n = 1)H(G).

HLEL(G) > \/(n —1)H(G).

n—

(HLEL(G))* >

Therefore,

O

Example 5. The Table 2 shows, to four decimal places, the lower bound obtained for Harary
Laplacian-energy-like for the graphs given in Example 4.



Mathematics 2024, 12, 2 17 of 21
Table 2. Examples of the lower bounds obtained for Harary Laplacian-energy-like.
Gl G2 G3 57 1)7 C7
HLEL(G) 20.3256 10.5869 23.2019 11.5900 11.4529 12.3590
Theorem 12 14.4222 7.5277 16.4317 9 8.1792 8.7750

Now, to begin the end of this section, we recall that the vertex connectivity of a
graph G, denoted by x(G), is the minimum number of vertices of G, the deletion of which
disconnects G. Clearly, (K, ) = n — 1. Applying the results of the previous section, we
find upper bounds on Harary Laplacian-energy-like among all the connected graphs of
prescribed order in terms of the vertex connectivity.

Let V(n, k) be the family of connected graphs G of order n such that x(G) < k.

For i = 1,2,3, let G; be a d;-regular graph of order n;. Then G = G; V (G2 U G3) is a
graph of order n = ny + ny + n3. Observe that

G1V (G UGs) = \/{G2, Gy, Gs}
Py

and
G1V (GUG3) € V(n,ny).

Labeling the vertices of G = Gy V (G U G3) starting with the vertices of Gy, continuing
with the vertices of G, and finishing with the vertices of G, and using the results obtained
in the previous subsection, the reciprocal distance Laplacian matrix RL(G) becomes

Ll _]Yl1><112 _]n1><1’l3
RL(G) = _]nzxnl LZ %l]nzxm
_]n3><n1 %l]ngxnz L3
where fori =1,2,3,
1
Li = kill’ll‘ - E(]?l, - ITl,‘ + A(Gl)) (8)
and
1 1
ky = 5(”1—1)+§51+ﬂ2+n3
1 1 1
kz = E(H2—1)+§(52+7’l1+§1’l3
1 1 1
ks = E(I’lg, — 1) + 553 +nq+ Enz.

The eigenvalues of L1, L, and L3 associated to e;,, e, and e, respectively, are

AM(Ly) = na+mn3, Ay(Ly) =ny + %n3 and Ay(L3) = ny + %”2 ©9)
Using these observations, the following result is due to applying Theorem 9.
Proposition 5. If G = Gy V (G U G3) and, for i = 1,2,3, G; is a 6;-reqular graph then
o(L(G)) = (¢(L1) Uo(Ly) Uo(Ls) — {A(L1), Ai(L2), Ai(L3) }) U o (F3)
where Ly, Ly, Ly are as in (8), Aj(L1), Aj(La), ML) are as in (9) and

AM(Ly)  —np —n3
FB=|-m ML) -3ins

—ny  —sny Ay(Ls)

(10)
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Let n and k be positive integers, with k < n — 1 and consider the graph
G(j) = K¢ V (Kj UKy k)

where, without loss of generality, we assume 1 < j < L”T’kj The following result is
obtained by applying Proposition 5 to RL(G(j)).

Proposition 6. Let G(j) = Ki V (Kj UK, ;) such that 1 < j < L"T*kj Then

N\ [-1] .\ [n—k—j—1]
. _ K ntk (ntk+] 2n —j
o(RL(G(7))) {n T < > , 7 ,0

In particular,

n—+k 2n—1
T—f—(n—k—Z) T

HLEL(K; V (K1 UKy k1)) = kvn+

Proof. We observe that for the graph G(j) = Ky V (K; U K;,_y_;), the matrices Ly, L and
L3 in (8) are

Ly = (n—1)L— A(Ky)
L, = (n—i—k—i—]—2> I — A(K;)
2
2n—j—2
Ly = (;) In—k—j — A(Ky—k—j),

respectively, and the matrix F3(G(j)) in (10) becomes

n—k  =j 1=k}
F = _k n+§‘—] _n—g—]
« 4

Then,

c(L;) = {n[k_l],n—k}

2
—
N
Il
—N

Since )
e
HLEL(G) = ) _ \/Ai(RL(G)).
i=1
The result is obtained. [

Let
W(n, k) ={G € V(n,k): |E(G)| > n}.
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and let

c(nk) = k\/ﬁ+\/nT+k+(n—k—2) 2n2—1.

If, Ko denotes the empty graph, i.e., the graph without edges and without vertices,
then we have the following results.

Lemma 4. Let G(j) = K V (K; UK, _¢_;) for 1 < j < |“5%|. Then

HLEL (GQ”Q"D) < HLEL(G(j)) < HLEL(G(1)).

Proof. From Proposition 6, we have

. ko k+j , 2]
HLEL(G(j)) = kv/ri + "; +(]—1)\/w+(n—k—]—l) ”2 .

We define the function

f(x):(x—1),/”+2ﬂ+(n—k—x—1) 2”2”‘.

We observe that f(x) = f(n —k —x) for x € [0,n — k] and f is a strictly decreasing
function in the interval

n—k /(k+7n-2)5k+11n+2) n—k 1n—k
2 6 ) 20
Thus, the result is obtained. [

Theorem 13. If G € W(n, k), then
HLEL(G) < ¢(n,k), for k=1,...,n—1. (11)
Additionally, the equality in (11) holds if and only is G = Ki V (K3 UK, _¢_1).

Proof. Let G € W(n, k). We first consider k = n — 1. From Corollary 6, HLEL(G) <
HLEL(K,) with equality if and only if G = K,,. Furthermore

c(n,n—1) = (n—1)y/n=HLEL(Ky).

Then, the result is true for k = n — 1. Now, let 1 < k < n —2and let G € W(n,k) such
that HLEL(G) is a maximum.

Let S C V(G) such that G \ S is a disconnected graph and |S| = x(G). We denote by
C1,Cy, ..., C, the r connected components of G \ S. Clearly r > 2. Suppose that 7 > 2, then
we can construct a new graph G U {e} where e is an edge connecting a vertex in C; with a
vertex in Cy. We can see that G U {e} € W(#n, k). Using Corollary 5, we have

HLEL(G) < HLEL(G U {e}).

It is a contradiction because G is the graph with maximum HLEL. Therefore r = 2, that is,
GNS=CUG.

By definition |S| < k. Now, we claim that |S| = k.

Suppose |S| < k. Since G\ S = C; U Cp, we may construct a graph H = G U {e}
where e is an edge joining a vertex u € V(Cp) with a vertex v € V(C). We see that
H \ S is a connected graph and the deletion of the vertex u disconnected it, and then
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References

H € W(n, k). Using Corollary 5, HLEL(G) < HLEL(H), which is also a contradiction.
Hence, G\S = C;UCy and |S| = k. Let |C1]| = j. Then |C;| = n — k — j. Through the
repeated application of Corollary 5, we can conclude that

G =KV (KjUK,__j) = G(j)

forsome1 <i < L”T_kj We have proved HLEL(G) < HLEL(G(i)) for all G € W(n, k).
From Lemma 4, we have that HLEL(G(i)) < HLEL(G(1)). Since HLEL(G(1)) = ¢(n, k),
fork =1,...,n—1, the equality holds if and only if G = K; V (Kj UK, 7). O

Example 6. For n = 10 and k = 2, the graphs with minimum and maximum Harary Laplacian-
energy-like are Gy = Ky V (Kg UKy) and Gy = Ky V (Ky U Ky), respectively (see Figure 5). In fact,
using four decimal places,

HLEL(K; V (K4 UKy)) = 25.7446 and HLEL(K; V (K1 UKy)) = 27.2673.

N
/lﬂz‘y‘alé§

ST

Figure 5. The graphs G; = K V (K4 UKy) and Gy = Kp V (K3 UKy).

4. Conclusions

We obtain new spectral results from the Laplacian version of the Harary matrix, known
as the Laplacian matrix of the reciprocal of the distance, reducing the order of the matrices
from which the eigenvalues are obtained and, in several cases, all the eigenvalues are
explicitly provided. We introduce the concept of Harary Laplacian-energy-like, we obtain
bounds for this energy and we find extreme graphs for the minimum and maximum values
that this energy has for certain families of graphs.
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