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Mersenne numbers

Sreekumar K G*
Ramesh kumar P’
Manilal K

Abstract

The relationship between the Nandu sequence of the SM family of
graphs and the generalized Mersenne numbers is demonstrated in this
study. The sequences obtained from the peculiar number of edges
of SM family of graphs are known as Nandu sequences. Nandu se-
quences are related to the two families of SM sum graphs and SM bal-
ancing graphs. The SM sum graphs are established from the inherent
relationship between powers of 2 and natural numbers, whereas the
SM balancing graphs are linked to the balanced ternary number sys-
tem. In addition, some unusual prime numbers are discovered in this
paper. These prime numbers best suit as an alternate for the Mersenne
primes in the case of the public key cryptosystem.
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1 Introduction

In computer science, number systems and related ideas are used, particularly
in cryptography. The binary number system, which is used in binary computers,
and the balanced ternary number system, which is used in ternary computers, are
two number systems used in computers. The balanced ternary number system
was used in the Russian SETUN computer. Graph theory is used to investigate
the combinatorial structure of these two number systems. SM sum graphs and
SM balancing graphs are the two categories of graphs based on these number sys-
tems that we will focus on here. These graphs are groups of graphs that have been
structured in a specific order. SM family of graphs consists of SM sum graph, SM
balancing graphs and its complement graphs. For large values of n, these graphs
are all non-asymmetric graphs [10] with bigger automorphism groups. The prop-
erties of these graphs lead to the discovery of some classical sequences. These
sequences are called Nandu sequences or Ne-sequences. These Nandu sequences
have a relation with Mersenne primes as well as generalized Mersenne numbers
[8]. Furthermore, this is related to the low weight polynomial form of integers [4]
which was used in elliptical curve cryptography. The Residue Number System
(RNS) [2, 3] has an important role in modular multiplications in computer sci-
ence. This RNS modular multiplication is used in the prime field based in elliptic
curve cryptosystems too. Generalized Mersenne numbers are used in RNS mod-
ular multiplication for more efficiency. The newly defined sequence {X,,} in this
paper are the particular cases of the generalized Mersenne numbers. At present,
the modular multiplication requires a maximum of modulus 521. Eventually, the
relationship between the Nandu sequence and the generalized Mersenne numbers
are established in this work. The use of this relationship in elliptic curve cryptog-
raphy is yet to be worked out. Also, a study on Mersenne primes in real quadratic
fields was done by Sushma Palimar and B.R. Shankar [6]. The primality testing
of large numbers in Maple was given in the work of S.Y.Yan [12]. A study on
low weight polynomial form of integers for efficient modular multiplication was
done by Jaewook Chung and M.Anwar Hasan [4]. A study on generalized double
Fibonomial numbers was done by Mansi shah and Devbhadra Shah [7].

In this paper, we established some properties of Nandu sequences. The Nandu se-
quence { Nty }for SM(3_,) satisfies the recurrence relation Nty = 2Nty +

Ntp, — Ntzn

2"+n—1, Ny, = 2. Let N, = , where Ntp is the Nandu se-

n
quence of SM(B,). We derived a closed form of the generating function of the

n—2 - 1
sequence N, and is given by G(z) = > 272 (%) z". The convergence of ) | X
r=0 n

is then obtained.
Some preliminaries are given below.
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2 Preliminary

In this section, we provide the basic definitions and some results from the
related work mainly from [9, 10]. We begin with the definition of SM families of
graphs. Let’s look at how SM balancing graphs are defined [9]. Consider the set
T, = {3™ : mis an integer, 0 < m < n — 1} for a fixed positive integer n > 2.
Let I = {—1,0,1}. Letz < £(3" — 1) be any positive integer which is not a
power of 3. Then x can be expressed as

r=Y oy, (D
j=1

where o; € I, y; € T, and y;s are distinct. Each y; such that o; # 0 is called a
balancing component of z. Consider the simple digraph G = (V, E), where V' =
{v1,v9,. .., v%(3n_1)} and adjacency of vertices is defined by: for any two distinct
vertices v, and vy, (vz,vy;) € E if (1) holds and o; = —1, and (v, v,) € E
if (1) holds and «; = 1. This digraph G is called the n'"SM D balancing graph,
denoted by SM D(B,,). Its underlying undirected graph is called the n'* SM
balancing graph, denoted by SM(B,,). Let us now look at the definition of SM
sum graphs. If p < 2", is a positive integer which is not a power of 2, then
p= Z’f x;, with x; = 0 or 2™, for some integer m, 0 < m < n — 1 and z;’s are
distinct. Here each x; # 0 is called an additive component of p. For a fixed integer
n > 2, the simple graph SM(>", ), called n'"* SM sum graph [9], is a graph with
vertex set {vy, Vg, ..., v9n_1} and adjacency of vertices defined by, v; and v, are
adjacent if either 7 is an additive component of j or j is an additive component of
i.
In SM(>",), degree of the vertex vgn_1 isn and Y deg v = 2n(2""! —1).
veV
In SM(B,), the number of vertices is (3" — 1) and } deg v = 2n(3""! —1).
veV
Note: For a fixed integer n > 2, let 7,, = {3™ : misaninteger, 0 < m <

n—1}, N = {1,2,3,...,t}, where t = (3" —1). Also, let P, = {2™ :
misaninteger, 0 < m < n— 1}, M = {1,2,3,...,2" — 1}. Then consider
P:=M—-P,,T: = N — T, throughout this paper unless otherwise specified.
The Hamming weight of a string was defined as the number of 1’s in the strings
of 0 and 1. Here the number of additive components gives the Hamming weight

of string (binary) representation of all numbers in P;. The Hamming weight of
string (binary) representation of numbers in P, is always 1.
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Bipartite Kneser type-1 graphs

Let ., = {1,2,--- ,n}, for an integer n > 1. For any two integers k£ > 1
and n > 2k + 1, the bipartite Kneser graph [10] H(n, k) has all the k-element
subsets and all the (n — k)-element subsets of .7, as vertices, and two vertices
are adjacent if and only if one of them is a subset of the other. Here we define the
bipartite Kneser type-1 graph as follows.

Definition 2.1. [10] Let ./, = {1,2,3,...,n} for a fixed integer n > 1. Let
&(F) be the set of all non-empty subsets of .. Let V, be the set of 1- element
subsets of ./, and Vo = ¢(.7,) — V1. Define a bipartite graph with adjacency of
vertices as: a vertex A € V1 is adjacent to a vertex B € V; if and only if A C B.
This graph is called a bipartite Kneser type-1 graph.

This bipartite Kneser type-1 graph is isomorphic to the graph SM () ) for
each n. To study the structure of the bipartite Kneser type-1 graph, we can make
use of SM (), ) graph. The automorphism groups of the bipartite Kneser type-1
graphs are isomorphic to the symmetric group S,, for each n > 2.

3 Nandu sequences of SM () )and SM(B,)

n—1

The Nandu sequence or Ne-sequence {Nt,,}"_, of SM graphs are the se-
quence of numbers whose terms are the half of the sum of degrees of the vertices
of SM()_,) or SM(B,) for all n > 2. Here we assume n > 2 for both the SM
sum graph and SM balancing graphs unless otherwise specified. Kinkar Das and |
Gutman [5] estimated the Wiener index by means of number of vertices, number
of edges, and diameter.

3.1 Nandu sequence for the graph SM (> )

Definition 3.1. For the SM sum graph SM (), ), with vertex set V = {v; : 1 <
i < 2" — 1}, the Nandu sequence {Ntx } is defined as a sequence with n'"

1
termas Nty = 3 > deg v and the sequence { DNty~ } defined by DNty =
veV
>~ deg v as double Nandu sequence.

veV

i.e, {Nts } =2,9,28,75,186, ... .

Theorem 3.1. Let { Nty } be the Nandu sequence for the SM sum graph SM (),
n > 2. Then NthH = 2Nt2n +2"4+n—1, Ntz2 =2
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Proof. Consider the graph SM (> ) with vertex set V' = {v; : 1 <7 < 2" —1}.
1
The Nandu sequence is { Nty } with Nty = 3 > degv.
veV
Then we have Nts~ = n(2""' —1).
Nty =n+1)(2"-1)
=n2"-1)+2" -1
=2n(2" P = 1)+ 2" - 1+n
— 2Nty +2"4n—1.
Hence proved. [

Theorem 3.2. Let Nty~ be a Nandu sequence of SM Sum graph. Then the fol-
lowing holds.

1. Nty is a composite number for all n > 2 and is always divisible by n.

Ntzn

n

2. If

is a prime, then n — 1 is a prime.
1 Nt
3. — > degv = "X s q Mersenne number,
n

Nt
4. zn gives the number of times each element of P, is used to make num-

n
bers in Pf, the complement of P, for a fixed n.
Proof. The proof is obvious from the definition of the sequence Nty . [

Definition 3.2. Let V' be the vertex set of G = SM (D). Let A be the maximum
degree of G and  be the minimum degree of GG. The vertex degree polynomial of
A n
G is given by Deg(G,z) = 3 deg(G,m)-a™ = > (Q)a*+n- 221 where

m=4§

deg(G,m) is the number of vertices of degree m.

Let G = SM(}_,) be an SM sum graph with vertex set V. The derivative of
Deg(G,z) at x = 1is DNty , the (n — 1) term of the double Ne-sequence of
G.

Now let us see the summation of terms of Nandu Sequence of SM sum graph.

1
Let {Nts> }, where Nts~ = 3 > deg v, be the Nandu sequence for the SM sum
veV
graphs. Then its summation is given by 3 Nty = n2"t! — @ —n.
r=1
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Lemma 3.1. [9]IfG = SM(>_,), P, = {2 : mis an integer, 0 < m < n—1},
then

if 1 is an additive component of j or j is an additive component of i,

d( ) ifi,j € Pyori,j & P, iand j have at least one common additive component,
Vi, V) =
v if neither i nor j is an additive component but exactly one of them belongs to P,,,

N R

ifi,j & Py, iand j have no common additive components.

Proposition 3.1. [9] Let G = SM (>, ) be an n'™ SM sum graph. Let d,(v;, v;)
denote the number of unordered pairs of vertices for which d(v;,v;) = r. Then

(n.(271 —1) ifr=1,
n(n —1) (2" —n—2)(2" —n—1) _
— 0p =2,
dvio)=4 2 [ 2 I
(n+1)-2" — (n+2)2"" 1 —n? ifr =3,
b ifr=4,

r=2

where 8, = %7122 {(?) :2_32 ("kr)}

Remark 3.1. For n = 2 or 3, we get that 6,, = 0. In these cases, the diameter of
the graph SM () is 2 or 3.

Theorem 3.3. Suppose G = SM(Y_,) n > 2 be an n'™ SM sum graph. The
(n — 1) term of the Nandu sequence is equal to dy(v;, v;), where v;v; is an edge

of G.
Proof. The proof follows from Proposition 3.1 . ]

3.2 Nandu sequence for the graph SM (B,,)

We introduced two new sequences, called Nandu sequence and Double Nandu
sequence for the SM balancing graphs also. Here we discuss some of their prop-
erties.

Proposition 3.2 ([9]). For the n'" SM Balancing graph SM(B,,), let d,(v;, v;)
be the number of unordered pairs of vertices for which d(v;,v;) = r. Lett =
$(3" —1). Then

(n- (371 —1) ifr=1,
—1 t—m)(t—m—1
ao=1)  fe=ne-n-1 1 .
dT(UZ‘,’Uj): 2 2
$(n-3"1 +n—2n?) ifr =3,
On ifr =4,

\
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n—2 n—2
where o, = 1 S X (m)2r 2.
2 r=2 k=2

Definition 3.3. Consider the SM balancing graph SM(B,,), n > 2, with ver-
tex set V.= {v; : 1 < i < (3" — 1)}. The sequence {Ntp,} with Ntg, =

1
5 >~ deg v is called the Nandu sequence and the sequence { DNtp, } defined by
veV
DNtg, = > deg v is called the double Nandu sequence.
veV

i.e.{Ntg } =4,24,104,400, 1452, ... .

Definition 3.4. Let G = SM(B,) with vertex set V. Let A be the maximum
degree of G and ) be the minimum degree of G. The vertex degree polynomial of
G is given as

A
Deg(G,x) = Z deg(G,m) - z™
m=0

- Z k-1 (Z) AR
k=2

Example 3.1. For n = 5, Deg(G, z) = 1625 + 402 + 402 + 202% + 52%°.

Theorem 3.4. Let G = SM(B,,) be a SM balancing graph with vertex set V.
The derivative of Deg(G, x) at x = 1 is DNtg,, the (n — 1) term of the double
Ne-sequence of G.

Proof. Let Deg(G, x)' be the derivative of Deg(G, x) w.r.to x.

Deg(G, f)/ =n(2x + 1)"—1 —n4n- (3n—1 —1). -2
Hence, Deg(G,1) =n-3""'—n+n- (3" —1)
= 2n(3"t — 1)
= DNtp,.

]

Here we provide the summation for the Nandu sequence of SM balancing
graphs.

1
Let {Ntp,}, where Ntg, = 3 > deg v, be the Nandu sequence for the SM
veV

balancing graphs. Then Y~ Nt = 2[2n-3"+3" — 1] —n — @
r=1

Theorem 3.5. Let SM (B, ) be the n'* SM balancing graph and Ntp, be the
Nandu sequence. Then Ntp, 1 = 3Ntp, +3"+2n—1, Ntp, =4, foralln > 2.
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Proof. Consider the graph SM (B,,).
Then we have Ntg, = n(3""! — 1), Ntg, = 4.

For all n > 2,
Ntg,, = (n+1)3" = 1)
=n3"—-1)+3" -1
=3n3" 1) +3"-1+n
= 3NtBn —|—3n—|—2n— 1.
Hence proved. O]

4 Relationship between Nandu sequence and gener-
alized Mersenne numbers

Mersenne numbers are numbers of the form M,, = 2" — 1. If a Mersenne num-
ber is prime, then n is a prime. But the converse is not true. Mersenne numbers
are a particular case of a larger class of numbers, the generalized Mersenne num-
bers [11], G, = a™ — (a—1)" characterised by their base a and exponent n. The
idea of generalized Mersenne numbers was introduced by Solinas [8] in 1999 for
the use in elliptic curve cryptography. The use of generalised Mersenne numbers
in modular arithmetic to perform fast modular multiplications is well known.

Theorem 4.1. Let Nip, and Nty be the terms of the Nandu sequence of SM
balancing graph and SM sum graph respectively. Then Nip, — Ny~ = n(3" ! —
2n—l).

Proof. The proof follows from the definition of Nandu sequences of SM sum
graph and SM balancing graphs. [

Definition 4.1. Ler SM () ) and SM(B,,) be the SM sum graphs and SM bal-
ancing graphs respectively, n > 3. Then the sequence {X,} is defined as X,, =

Ntp, — Ntzn
- :
Theorem 4.2. For n > 3 and when n is odd, X,, = 0( mod 5)
Ntp, — Nt
Proof. We have X, = B o DY VES S TS
n

Since n is odd, then n — 1 is even, say n — 1 = 2m, for some integer m.
Also, 3n~1 — 27=1 = 32m _ 92m which is a multiple of 5. Hence proved. O

1
Theorem 4.3. > R comverges.

n
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Proof. Suppose SM (>, )and SM(B,) be the SM sum graphs and SM balancing
Ntg, — N tzn

graphs respectively. Then we have the sequence {X,,} as X,, =
n

Therefore X, =3""t—2"!

ZQn—2+2n—2+.“_’_2n—2

=(n—1)-2"2
But 1 < 1 4
u = )
-t —2n-1 = (n—-1)2"2 (n—1)-2n
1
Now consider the series » | m We have 2" > n — 1, forn > 3.
n — AL
1
To check the convergence of > m , it is enough to check the conver-
n — - 2"
£ ! But > i t. Theref b i
ence o ——— . Bu ——— is convergent. Therefore, by comparison
1
test, » o converges. O

n

Theorem 4.4. Let SM () ",) and SM(B,,) be the SM sum graphs and SM bal-
ancing graphs. Then N, = 2R,, + 371, forall n > 2, given Ry = 1.

Proof. Consider the graph SM (> ) and SM(B,,).

Then we have 8,, = w
N, =3"—-2"
=33t - 22"t
= 2(3n 1t —gn7hy 4 gn!
=28, + 3",
Hence proved. -

Lemma 4.1. A closed form of the generating function of the sequence X, is given
n—2
by G(z) =Y. 2"72(3) 2.

r=0
Proof. We have N, = 28, + 3" L, forall n > 2, given 8, = 1.
When n = 2,

N3 = 28y + 3
Ny = 283 + 32=2(2Ry + 3) + 32=22Ry + 2 - 3 + 32
Similarly, N5 = 28, + 32=238, +22.3 + 2. 3% + 33
Ng = 240, +2%.3+22.32+2.3% 4+ 34
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Continuing in this way we get,
n—2
%= Sy
r=0
n—2
Therefore, the required generating function is G(z) = Y- 2"%(2)"a". O
r=0

Theorem 4.5. Let SM() ) and SM(B,,) be the SM sum graphs and SM bal-
ancing graphs. Then X, 1 = G5 ,.

Theorem 4.6. If X, is prime, then n is even. But the converse is not true.
Proof. The proof follows from Theorem 4.2. O]

Definition 4.2. Ler SM () ) and SM(B,,) be the SM sum graphs and SM bal-
ancing graphs. Then N, 1 = G35 ,,. For some values of n, G5, is a prime. These
prime numbers are called SM prime numbers.

These prime numbers can be used to replace the Mersenne primes in the new
public key cryptosystem introduced by D. Aggarwal, et al [1]. In their work, they
propose a new public-key cryptosystem whose security is based on the computa-
tional intractability of the problem: Given a Mersenne number p = 2" —1, where n
is a prime, a positive integer h and an n-bit integer H, decide whether there exist n-
bit integers F, G each of Hamming weight less than A such that H = gmodulo .

1
Theorem 4.7. The series Nty and Nip, converges.
Proof We have forn > 3,2 — 1> n. So Y ——— < L A L
roof. We have for n , 2" — n. —— < —. As ) — s
- n(2n —1) = n? n?

1 1
n(2m — 1) =2 Nis~

convergent, » is convergent.

The same way » | also converges. Hence proved. ]

Ntp

n

We observed that X, is always an odd number and is a prime when n =
3,4,6,18,30 and 32 so on. There exists G, primes. Currently, the largest mod-
ulus required for modular multiplication is 521. For n = 6, N,, = 665.

Consider the function Ag, ,(x) as a function which gives the number of SM
primes among the ('3, generalized Mersenne numbers which are less than or
equal to the corresponding R,,. We get that for n = 2, Ag, () = 1, forn = 3,
Ag, . (x) =2,forn =4, Ag,, (x) = 3and forn =5, Ag,, (z) = 3 etc.

In fact the sum of degrees of vertices v,, * € T, minus the sum of degrees of
vertices v,, © € Py is the same as the sum of degrees of vertices v,, z € T,, minus
the sum of degrees of vertices v,, z € P,. If these difference on either side is
divided by n, then the quotient is equal to the N,,.
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Theorem 4.8. If py, po, ps, ..., p,, are some odd prime numbers, then P = [;_, p;
is having 1 as an additive component.

Proof. Since pq, p2, p3, ..., pn are odd prime numbers, each is having 1 as an addi-
tive component. Then clearly P = [];_, p; also has 1 as an additive component.
This proves the theorem. 0

Corolary 4.1. Let the number of odd prime numbers less than 2" be denoted by
N(f). Then N(3) < 2"~' — 1 foralln > 3.

5 Conclusion

The Nandu sequences of the two SM families of graphs were examined, and
a relation between these sequences and the generalized Mersenne numbers was
established. As a consequence, we have a new sequence of integers called G ,,,
which is a type of generalized Mersenne number that may be employed in ellip-
tical curve cryptography. These sequences are important in using a graph theory
method to investigate the nature and structure of the two number systems - bi-
nary and balanced ternary. It has been noted that the (n — 1)* term of the Nandu
sequence of SM (D ) is identical to unordered pairs of vertices which are at dis-
tance one. The Nn functions can be studied further in relation to elliptic curve

cryptography.
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