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Abstract: In this work, we first give a more general form of the binomial, Fibonomial, and balance-binomial graphs that
is called generalized Fibonomial graph. We also argue the spectra of generalized Fibonomial graph. Next, we introduce a
new type of graph on Jacobsthal numbers that is called Jacobsthal-binomial graph and denoted by JB, . We obtain the
adjacency, Laplacian and signless Laplacian characteristic polynomials of JB,,, respectively. We lastly give inequalities

for the adjacency, Laplacian and signless Laplacian energies of JB,, .
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1. Introduction

A graph G consists of a vertex set V(G) = {v1,...,v,} and an edge set E(G), and it is denoted by
G = (V(G),E(G)). The order of G is the number of vertices in G, that is |V(G)|, and the size of G is
the number of edges in G that is |E(G)|. The degree of a vertex v; € V(G) is the number of vertices in V(G)
which are adjacent to v;, and it is denoted by deg(v;). If a vertex in G is adjacent to itself, then there occurs
a loop. If a graph has order n € Z™ and size 0, then it is called a null graph with n vertices. Also, if all of the
vertices of a graph with order n are adjacent to each other (except itself), then it is called a complete graph

and denoted by K, . Adjacency matrix of a graph G is A(G) = [aij|nxn such that

0 — { L (vi,v5) € E(G);
K 0, (’Ui,’l)j) € E(G)

Degree matrix of a graph G is the diagonal matrix D(G) = diag(deg(vi),..., deg(vy)). Laplacian matrix of
a graph G is L(G) = D(G) — A(G) and the signless Laplacian matrix of G is Q(G) = D(G) + A(G). For
a graph matrix M(G), the M-spectrum of G is the set of the eigenvalues of M(G). For more information
about spectral graph theory, we refer to [2]. Energy of a graph was first given by Gutman [6]. This concept
has recently had great attention by the researchers such as [5, 7, 8, 12]. For a given graph G = (V(G), E(G)),
let M(G) be the adjacency matrix, Laplacian matrix, or signless Laplacian matrix of G, and Ay > ... > A,
consists of the spectrum of M(G). Then we compute the energy as follows:
SNl if G is simple;

e(M(G)) = n race(M(G
(M(G)) {Zi_llki—t ((©)))

(1.1)

otherwise.

*Correspondence: haticekamittopcu@gmail.com
2010 AMS Mathematics Subject Classification: 05C50, 05C31, 05C75

1649

0 This work is licensed under a Creative Commons Attribution 4.0 International License.



https://orcid.org/0000-0002-6740-5630
https://orcid.org/0000-0002-2228-8928

TOPCU and YUCEL/Turk J Math

Binomial graphs were first introduced in 1997 by Christopher and Kennedy [4]. For 0 < n € Z, a binomial
graph B,, = (V,, E,) is defined with V,, = {v; : j =0,...,2" =1} and E, = {(v;, ;) : { ! J;] } = 1(mod 2)}.

Adjacency spectrum of B, is obtained, and closed walks in B,, are also investigated. Similar to this concept,
in 2014, Akbulak et al. [1] introduced a new type of graph called Fibonomial graph. They used Fibonomial
coefficents instead of binomial coefficents. Spectral properties and energy of Fibonomial graphs were investigated
in the same paper. Next, balance-binomial graphs were introduced in [9] whose entries are dependent on the
balancing numbers. Balance-binomial coefficents were used instead of Fibonomial coefficents in [9]. However,
actually, balance-binomial graphs are exactly the same with binomial graphs. This could be easily seen by
comparing [4] and [9]. By the motivation of these results, in this work, we first examine the situation for the
generalized Fibonacci numbers and so define the generalized Fibonomial graphs with a more general perspective.
Also, we define the Jacobsthal-binomial graphs by using Jacobsthal binomial coefficents. We investigate the
spectra and energy of Jacobsthal-binomial graphs according to the adjacency, Laplacian, and signless Laplacian
matrices, respectively. Characteristic polynomials and inequalities for the energies of these matrices are obtained

here.

2. Generalized Fibonomial graphs

The well-known Fibonacci sequence is defined as:

F():O,Fl = I,Fn :Fn—l +Fn—2 forn22 (21)

where F,, denotes the nth Fibonacci number. Similar to the binomial coefficents, Fibonomial coefficents are
defined as:

Fooo..-Fy g1
= fnt nokdl 2.2
L Fe ... Fy (22)

n
0

For 0 < n € Z, a Fibonomial graph G, = (V,, E,) is defined by Akbulak et al. [1] with the vertex set
T+
J

[3] examined the fractal nature of the Fibonomial triangle. As a result of this investigation, adjacency matrix

where n >k > 1, —1and | " =0 for n<k.
F klp

Vo ={vy:t=0,1,...,3-2" — 1} and the edge set E,, = {(v;,v;) : { ] = I1(mod 2)}. Chen and Sagan
F

of a Fibonomial graph could be written in terms of Kronecker product, that is given in [1] as follows:

n 11 1 1 1
A, = ®% ®A0 where B = [ 10 ] and 4p=1]1 1 0 (2.3)
i=1 1 00
The balancing numbers are defined by the recursion formulae
B,, = 6B,,_1 — B,,_o with initial values B; =1 and By =6 (2.4)

. By using this sequence, a balance-binomial graph G! = (V! E!) on 2™ vertices, with vertex set V,, = {v; :

t=0,1,...,2" — 1} and the edge set E,, = {(v;,v;) : [ Z—;j ] = 1(mod 2)} is given in [9] such that the
B
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balance-binomial coefficents are defined as:

n Bn'...'Bn_k+1
_ 2.5
[ ]B By-... B (25)

for n > k > 1 with [ 8 } =1 and [ Z ] = 0 for n < k. Similar to the Fibonomial graphs, adjacency
B B

matrix of a balance-binomial graph is obtained by using Kronecker product as follows:
n

B
i=1

The generalized Fibonacci sequence is defined as:

Al = ®A6 where Af, = [ 11 } =B. (2.6)

10

GF, = pGF,_1 + qGF,_s for n > 2.,p,q € Z* with GFy = 0 and GF, = 1. (2.7)

Generalized Fibonomial coefficents are similarly defined as:

|:n:| GFnGFn—lH»l
GF

GF, ... GF

for n >k > 1 with [’H =1 and [Z] =0 for n < k.
GF GF
Here we define the generalized Fibonomial graphs GF,, = (Vgr,, Egr,) with the vertex set Vgr, and the edge
set
i+]

Egr, = {(vi,v) : [ j

} = 1(mod 2) such that v;,v; € Vgr, }.
GF

All of the situations of the generalized Fibonomial coefficents according to the modulo 2 are explained in [3] by
Chen and Sagan. Thus, we obtain four kinds of adjacency matrices for the generalized Fibonomial graphs. If
p,q are both odd, then we obtain the Fibonomial graph with 3 - 2™ vertices. If p is even and ¢ is odd, then
we have the balance-binomial graph with 2™ vertices (actually, this graph could also be easily obtained from
Pascal’s triangle). If p is odd and q is even, then we obtain that the adjacency matrix is the all one matrix
J,. If p,q are both even, then we get that the adjacency matrix is the all zero matrix 0,,. Hence, we have
four kinds of generalized Fibonomial graphs. These are Fibonomial graphs, balance-binomial graphs (or shortly
binomial graphs), the graph obtained from a complete graph by adding loop to all vertices, and the null graph,
respectively.

Thus, if we talk about the spectra of the generalized Fibonomial graphs, there are four kinds of the adjacency
spectrum according to the p and ¢. Adjacency spectrum of the Fibonomial graphs and balance-binomial graphs
are given in [1] and [4, 9], respectively. Clearly J,, has eigenvalues 0"~ ! n and 0,, has eigenvalues 0". Based
on these results, in the next section, we define a new graph on the Jacobsthal numbers that is different from

generalized Fibonomial graphs, and we also obtain the spectral properties of this graph.

3. Jacobsthal-binomial graphs

3.1. Jacobsthal numbers

The Jacobsthal numbers are given by the following recursion formula:

Jo=0,J1=1,J,=Jdp_1+2J,_o forn>2 (3.1)
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where J,, denotes the nth Jacobsthal number. Here we give some properties of Jacobsthal numbers that are

used in the next sections. The following table for the remainders of Jacobsthal numbers is obtained in [17].

Lemma 3.1 [10] Let n be an integer. The well-known Binet-like formula of the Jacobsthal numbers is:

J = w (3.2)

Theorem 3.2 [10] For all n,k € Z, Jy | Jin -

3.2. Construction of Jacobsthal-binomial graphs

Similar to the binomial coefficents, here we define the Jacobsthal-binomial coefficents for n > k£ > 1:

O I SRR S
[k:]] Je- (3:3)

with [ 8 ] =1 and [ Z ] = 0 for n < k. From Theorem 3.2, one can easily see that [ Z } always
J J J

takes integer values. Thus, we define the Jacobsthal-binomial graph JB,, = (V;p, ,Esp,) with the vertex set
Vig, ={v; : j=0,1,...,2n} and the edge set

Eyp, = {(vi,v)) : { ‘I } = 1( mod 4)}.
J J
In this way, we obtain that the adjacency matrix of the Jacobsthal-binomial graph A(JB,) = las],,..,, such

that m =2n +1 and

From the definition of the Jacobsthal-binomial graph, the first row and the first column of A(JB,,) are all-one
vectors. In addition, we can easily obtain the second row and the second column of A(JB,) from Figure 1.

Now, we find other rows and columns of A(JB,) by the following theorem.

Theorem 3.3 Fori,j € {1,2,...,2n}, let { ! —;‘7 ] =s. If i, are both odd, then s = 1(mod 4). Otherwise,
J

s=3(mod 4).

Proof We give the proof of the statement by induction on j in two cases. Assume that the statement holds
for j. Then, we need to show that the equality holds for j + 2.
Case 1: Let j be an odd integer. For j =1,

I 1 i

i+1 | Jip Jiq
1 J_

From Figure 1, it can easily be seen that if ¢ is odd then J;11 = 1( mod 4); otherwise, J; 1 = 3( mod 4). Now,

we check whether the statement holds for j + 2. Let us consider the situation in two subcases.
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Subcase 1: Suppose that i is odd. Then,

|:Z+]+2:| :Ji+j+2'Ji+j+1'...'J7;+1
J

j+2 Jj+2~Jj+1-...-J1

= m then we have m = 1(mod 4). Also, by using the Binet-like
J

formula (3.2) of the Jacobsthal numbers, we get

Since the statement holds for j, if [ ! + J ]

Ji+j+2 . Ji+j+1 7 (27,'+j+2 _ 1)(2i+j+1 4 1) _ 92i+2j+3 + 2i+j+1 _ 1

Jjvo - Jit1 (20t 1) (20— 1) 2203 25+l ]
If 242 0T o1 — | then we can see easily that k = 1(mod 4). Hence, we get { ! —;i—; 2 ] = 1(mod 4)
J
when ¢ and j are both odd.
Subcase 2: Let i is even. Thus, we have [ Z_;j } =m = 3(mod 4). Therefore,
J
Z-l—] +2 Ji+j+2 . Ji+j+1 22i+2j+3 _ 2i+j+1 -1

) == T o = , 4 -m

]+2 J Jj+2-JJ‘+1 22j+3 —27+1 _ 1
Thus, we get [ ! eri; 2 ]J = 3(mod 4).

Case 2: Let j be even. For j =2, we get

= Jit2 - Jit1 = 3(mod 4).

1+ 2 _ Jivo - Jit1
2 J Jo - Jq

We assume again that the statement holds for j and check for j 4+ 2. Thus, [ ! ;‘7 } =m = 3(mod 4). We
J

will consider the situation in two subcases.
Subcase 1: Suppose that i is even. Then, we have

i+j+2 Jivjye - Jitjn 22253 4 iyl
. = M = — N -m
it2 0, i Jin 22/1+3 4 27+ — ]
Thus, we get { Z—;i—gQ ]J = 3(mod 4).

Subcase 2: Suppose that ¢ is odd. Thus, we get

— 92i+2j+3 _ giti+l _
[Z+]+2] = -m = 3(mod 4)

j+2 92743 1 2i+1 — 1

Consequently, we obtain that if ¢ and j are both odd, then [ Z—;] } = 1(mod 4); otherwise, [ ¢ _;J } =
J J

3(mod 4).

1653



TOPCU and YUCEL/Turk J Math

O
By the help of the Theorem 3.3 , we get A(JB,) with 2n + 1 vertices in the following form.
1 1 1 1 1 1 17
11 0 10 1
100 00 ... 00
AUJB) = . . . . . . (3.4)
1 1 0 1 0 1 0
|1 0 0 0 0 0 0 |

Remark 3.4 For all v; € Vjp

n’

M +2, if i=0;
deg(v;) = ¢ n+2, ifiisodd;

1, if © is even.
and |Eyp,| =n?+5n+ 2.

J.,/m|2 3 4 S 6 7 8 9 10 11 12 13 14 15 16 17 18 19
o 0O 00 00000 O o 0 o 0 o o o 0

1 I S - 1 1 1 1 1 1 1 1

1 1 11 1 1 111 1 1 1 1 1 1 1 1

3 I w F E N R 3 3 3 3 3 3 3 3 3

S 2 2% 9SS SS S s s s 5 s s s s
11 123 185 43 2 1 11 11 11 11 11 11 11 11
21 1 1 1 3605 3 1 9 s 7 6 s s 3 2
43 2 b33 X T 3 T - 1 13 11 9 7 s
85 1110115 4 S 1 7 1 10 s 0 13 9
171 103133 360 2 3 2 3 6 11 1 9 o
341 12X -1~ 55 83 o - 3 - 11 s 1 1 18
683 2R -85 0089 3 1 11 7 11 s 11 3 1 18
1365 1 01 0 3 0 5 6 s 1 9 o r 4 o s s 15 16
2731 EREEE S E S B 3 7 1 1 23— 3k 2% X 28
5461 =R AR R 1 - 1 1 1 1 s 4 7 s
1923 |1 6 3 3 3 3 3 6 3 0 3 y 3 - B SE A R
21845 121 0S5 5s5 5 2 s 10 s s s s s L 11 14
43691 |1 2 3 1 5 4 3 5 1 10 11 11 11 11 11 1 5 10
87381 |1 0 1 1 3 0 S 0 1 s 9 s 7 6 5 1 9 o0
1747631 1 3 3 11 3 1 3 6 7 E 1 13 11 3 1 1
349525|1 1 1 0 1 1 5 1 s o 1 7 1 10 s s 1 1

Figure 1. First four Jacobsthal-binomial graphs.

The pineapple graph K}l is obtained by appending ¢ pendant edges to a vertex of a complete graph K,

(¢ > 1,p > 3)[14, 15]. From (3.4) and Figure 2, we can see easily that JB, could also be obtained from a
pineapple graph K7, ; by adding loop to the all of vertices of its maximum clique K, 1.

Lemma 3.5 The characteristic polynomial of the adjacency matriz of Jacobsthal-binomial graph with 2n+1
vertices is as follows:

A(JB,)(z) = 2®72(—2® 4+ (n 4 1)z? + naz — n?) (3.5)

Proof Let 1 denote the all-one vector, J,, denote the all-one n x n matrix, and 0 denote the all-zero n x n

matrix. It is clear that A(JB,) could be written in the following form.

1 17 1T
AUJB) =11 3, 0
1 0 0

(2n+1)x (2n+1)
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U1

Vo

V2
Figure 2. Sets of the remainder of Jacobsthal numbers for modulo m.

2n—2

One can easily see that the rank of A(JB,) could be equal to at most 3. Hence, x is a factor of the

A(JB,)(z). Also, an equitable partition of A(JB,,) is as follows:

1 nn
P,=11 n O
10 0 ],.4
The characteristic polynomial of P, is equal to P, (z) = =23 + (n + 1)2? + nx — n?. Since P,(z) is a divisor

of A(JB,)(x), we get that
A(JB,)(z) = 2*72(—2® 4+ (n 4+ 1)z? + nz — n?)
O

Lemma 3.6 The Laplacian characteristic polynomial of the Jacobsthal-binomial graph with 2n+1 vertices is

given below.

L(JB)(z) = (x — (n+2)" Nz — )" =23+ 2n +4)2? — (4n +5)z +n +2) (3.6)

Proof Let I, denote the n x n identity matrix. Since L(JB,) — I, and L(JB,) — (n + 2)I, contains n
identical rows, (z —1)""! and (z — (n+2))""! are factors of L(JB,)(z), respectively. Clearly, L(JB,) could

be written in the following form:

2n+1 -17 -17
L(JB,) = -1 (n+2)I,-J, O
= 0 L, (2n+1)x(2n+1)
Hence, an equatible partition of L(JB,,) is as follows:
2n+1 —n —n
PP=| -1 2 o0
-1 0 1 33

The characteristic polynomial of P/, is equal to P! (z) = —23+ (2n+4)2? — (4n+5)z +n+ 2. Thus, we obtain
that
L(JB)(z) = (x — (n+2)" Nz — )"~ + 2n +4)2? — (4n +5)z +n +2)
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Lemma 3.7 The signless Laplacian characteristic polynomial of the Jacobsthal-binomial graph with 2n+1

vertices is in the following form:

QUB,)(z) =(z—(n+2)" Mz -1)""
(—2® 4 (4n + 6)2? — (4n? + 12n + 11)x + 2n* + Tn + 6) (3.7)

Proof Q(JB,)— I, and Q(JB,) — (n + 2)I, have n identical rows, respectively. Hence, (z —1)"~! and
(z — (n+2))" ! are factors of Q(JB,)(x). Also, Q(JB,) could be written as below:

2n+3 17 17
Q(JBy) = 1 (n+2)I,+J, O
1 0 I,

(2n+1)x (2n+1)

Thus, we can obtain an equatible partition of Q(JB,,) as follows:

2n + 3 n n
P! = 1 2n+2 0

1 0 b Jgxs

Hereby the characteristic polynomial of P/ is equal to P/ (z) = —23+(4n+6)2%—(4n?+12n+11)z+2n%+7Tn+6.
Thus, we conclude that

QUB)(x) = (z—(n+2)" }z -1

3.3. Energies of Jacobsthal-binomial graph

Theorem 3.8 Let £(JB,,), e (JBy), and eg(JB,) denote the energy, Laplacian energy, and signless Lapla-

cian energy of the Jacobsthal-binomial graph with 2n+1 vertices, respectively. Then, the following inequalities
hold:

(i) 2n+2<¢e(JB,) <2n+3

(i) n?+3 — 3 < (JB,) <n?+322 +3
(i) 247+ % <eqUB) <+ 4 %

Proof (i) Let us denote the eigenvalues of A(JB,) with Ay > ... > Ag,y1. Then, from (3.5) we have
M=n+1l4a, =148, A3=...=X3,, =0, Aopy1 = —1—a— 5 such that 0 < o, 8 < 1. We know that
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e(JBy) = 7N —

1| where s =tr(A(JBy)) =n+ 1. Hence,

B = = )+ Gy )+ Gn = D)
n+1
= n+3+2(a+ﬂ)+(2n73)2n+1
= n+3+2a+p)+n—1- 2
2n+1
= 2n+2+2(a+p5) - 2
2n+1
= 2n+247y
where 0 < v =2(a+ ) — 2n+1<1 Thus, we get 2n+2 < e(JB,,) < 2n + 3.
(ii) If we denote the eigenvalues of the L(JB,,) with u1 > ... > pan41, then from (3.6) we get p1 = 2n+1+aq,
Po=...=lp=n+2, py1 =14+ 01, pny2=-.. = pion =1, pon+1 =2 — a3 — f1 such that 0 < 1,5 < 1.

Also, sp, = tr(L(JB,)) =2n+1+n(n+1)+n =n?+4n+ 1. Thus, we calculate the Laplacian energy of JB,

as follows:

2n+1
LB = XI5
B 2§1| n? +4n+1|
B Hi = 2n+1
n2+4n+1 n2+4n+1
= |2 1 _ -1 22— -
[2n+1+a g1 | T Dint ol |
n2+4n+1 n?+4n+1
1 - -l - —
MR S e el G o+l
n?+4n+1
2 — By — T
+ 2—a1 -5 1 |
n2+4n+1
= 2n—2+2 _ -1 1
n + 201 + P +(n—1)(n+1)
+5n 5+ n
= — — =+ 2
2 4 "84

Hence, we get n2+57”—%<gL(JBn) <n2+57"+%
(iii) We denote the eigenvalues of Q(JB,) with ¢1 > ... > qopt1. From (3.7), we obtain that ¢; = 2n + a,
@=2n+b,gs=...=qui1=n+2, guya=...=qan =1, @ay1 =z =6—a—b,and 0 < ay < 1. Also,
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sg = tr(Q(JB,)) = n? + 6n + 3. Hence, we may calculate eq(JB,,) as below:

2n+1
6(@(']371)) = Z|Q1 2n+1|
_ 2§1| n? +6n—|—3|
- U A
_ | n2+6n+3‘+| n2+6n—|—3‘
L T LR T |
n?+6n+3
-1 gL TPV
+ (n=Dn+ 1|
N (n_1)|1_n2+6n+3|+| _n2+6n+3|
o + 1 e T
n?+6n+3
_ o = S - D1
q1+ G2 — @2nt1 M1 +(mn—=1)(n+1)
n 7 1
= dnt2a+b) 64024l
R A -y
™ 17 1
2
- p) — 2L _
A P A -

Since 0 < ap < 1, we get n> + 2 + 2 < ¢4 (JB,) <n?+ 2 4+ 3L
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