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ABSTRACT. In this paper, we deal with the compositions of the integers. We
present the decompositions for both the composition sets and the odd compo-
sition sets of the integers. Thus the decompositions provide us to have not only
an alternative proof of some well known identies but also many new identities
for Fibonacci numbers and Lucas numbers. Thus we investigate the generating
functions for the product sum of the odd composition sets of the integers and
attain some functional equations.

1. INTRODUCTION

Fibonacci numbers and compositions of a positive integer are simply expressed
concepts but has many important features with many applications. Since these
concepts were defined, these concepts have attracted the attention of many scientists
and the results have made incredible contributions to almost all fields of sciences.
These discoveries further increased the importance of mathematical analysis and
number theory.

The Fibonacci numbers are numbers in which each number is the sum of the two
preceding ones, denoted by f,, with the initial conditions, fo = 0, f; = 1. That is,
fn = fn-1 +fn—z for n > 1. Moreover, in literature, there are many generalizations
of Fibonacci numbers and the other special numbers with many applications.

A composition of an integer n is a way of writing n as a sum of positive integers.
The individual summands of a composition called its parts. In the combinatorics,

a classical result about the number of compositions of n with an integer k parts is
k

> .

given by the coefficient of 2™ of the polynomial or power series <Z m’) where

i=1
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|| < 1. These coefficients exhibit fascinating mathematical properties, closely
resembling Binomial coefficients and have many useful applications ( |12], |17], [20],
21), [22)).

By using Binomial properties, Hoggart and Lind ( [22]) showed the relationship
between a composition of an integer and Fibonacci numbers and proved that

(i) fn is the number compositions of an integer n into odd parts

(ii) for is the sum of the products of the parts over all compositions of an integer
n, i.e.

fgn = Z a1az...ak. (1)
ai+as+...+ar=n

Recently, there has been interested m—color compositions of an integer m is
defined as composition of m for which a part of size n can take on n colors
( 11, 12], [27]). Then by the identity |1} it is clear that the number of n—color
compositions of an integer m is fa,, the 2mth Fibonacci number. Therefore,
we wonder about the sequence of the sum of the products of the parts over all
compositions whose parts are either odd or even. The main purpose of this paper
is to investigate what the sum of the products of the parts over all compositions
with odd parts is and interpret the relations among the generating functions, the
set theory, compositions of an integer, Fibonacci numbers and Lucas numbers.

At first, we decompose the set of compositions of an integer and so give some
very useful interpretations of the decompositions. Then we obtain an alternative
proof of the above result and well- known identity by using these decompositions
and reconstruct the connections between the composition of an integer and the
Fibonacci numbers. These decompositions also provide us to derive some new
identities and relations including the Fibonacci numbers and Lucas numbers. Next,
we investigate some generating functions for the sequence of the sum of the products
of the parts over all compositions whose parts are odd, the even term of the sequence
and the odd term of the sequence.

Then we acquire the sequence of the sum of the products of the parts over
all compositions whose each part is odd. Therefore, we focus on the generating
functions for the numbers of n—color compositions with odd parts and so we work
out their properties.

2. DECOMPOSITIONS OF THE COMPOSITION SETS OF THE INTEGERS

In this section, we focus on decomposing the composition sets and the composi-
tion sets whose all parts are either odd or even. Then we find out some recurrence
relations and also obtain an alternative proof for some well know results by using
this decompositions.

We denote the composition set of an integer n as follows

P, = {(al,ag,...,at) captas+...ta=n, a;t€ Z*}.

It is well known that the number of elements of P, is 2"~ 1L.
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Now we recall the following operations for the element a = (aj,as,...,a;) € P,
and an integer j;

(joa) = (ja1,a2,..,a¢),
(j®a) = (a1+7,az2,...,a¢).
Then we use the notations j & P, and j ® P, for the following sets,
j®P, = {jPa:ac€P,},
JOP, = {j®a:a€ P,}.

Theorem 1. [6]Let n,r be positive integers (r < n). Then the set P, is disjoint
union of the sets (r & Pp_,) and (i ® Pp_;) for all i € {1,...,r},

Py=(r® P y)U(U_1(i© Pyy)).

Proof. Tt is sufficient to prove the inclusion P, C (r @ P—) U (Ul_; (i ® Pp—;)).
Let z = (a1,...,am) € Pp. If a3 < rthen x € Ul_, (i ® P,—;). Now assume

that r < a;. Then b= a; —r and so define the element y = (b,as,as,...,am) €
P,_,. Then it is clear that z =r®y € (r ® P,_,).
It is also clear that (r & P,—,) N (i ® P,—;) =@ for alli € {1,...,r}. O

Corollary 1. [5/For a positive integer n, we have
Poii=1®P,)U(106P,).

Let n be a positive integer. It is clear that the number of the elements of
both (14 P,) and (1 ® P,) are equal, i.e. |1® P,| = |1 ® P,| and it follows that
|Pni1] = 2|1 ® P, since these sets are disjoint. On the other hand, by |P:| = 2,
we have that |P,| = 2”71 by induction method. Therefore we have completed an
alternative proof by using the set theory for the well-known result as a result of the
Corollary

Now we point out our attention to the composition sets whose parts are even or
odd. Let us use the notions

O, = {(a1,..,ar): a1+ ...+ a; =nand a; is positive odd integer}

Es, = {(2a1,..2a¢): 2a1 + ...+ 2a; = 2n and a; is positive integer}
and we call the set as an odd composition set O,, (even composition set F,) of an
integer n. It is clear that the even composition set of an even integer 2n involved
to the composition set of an integer n and so the number of elements of the even
composition set of 2n is 2771

At this moment, we focus on to decompose the odd composition set as union of
subset of odd combinations set of integers.

Theorem 2. For a positive integer n, we decompose the odd composition set of an
integer n as a disjoint union of subset of odd combinations set of integers;

Osny1 = {(2n+1)}U nL__J: (20 +1) ® Og(n—s)) (2)
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n—1

Oz, = ‘Uo (20 +1) © Og(n—i)-1) - (3)

Proof. Let n be a positive integer. It is enough to show one side inclusion for the
odd number 2n + 1.

Let = = (2a7 + 1,...,2a; + 1) and assume that ¢ is different from 1. Then

n —2a; — 1 = 2m for an integer even and so the element b = (2a2 + 1,...2a; + 1) is

Osp,. Therefore = = (2a; + 1) ® Ozp,—24, and this complete the proof. O

With the decomposition in Theorem [2} we prove again a well-known result using
set theory.

Corollary 2. The number of element of the odd composition set of an integer n is
the n.th Fibonacci number.

Proof. Let k, be the number of element of the odd composition set of an integer n.
Since the sets in Theorem |2| are disjoint, it is easy to prove that k,i11 =k, +kn—1
and ]{51:1,]{2:1. O

As a conclusion of Theorem [2] we can reprove the well known identities |25 page
92]

fongr = 1+ Zfzz'
i=1

n—1
fon = D foita
i=0
for both the even and odd Fibonacci number.

3. ProbpucT SuM FUNCTION

By the motivation of the identity [1} we interested in the sequence of the sum of
the products the parts over all compositions. In this section, we define function from
compositions set to integer to obtain some number sequences and then interpret the
relations among the set theory, the compositions of an integer, Fibonacci numbers
and Lucas numbers. Thus we attain an alternative proof for the identity

3.1. The composition set of the integers. Now we establish the function from
the composition sets to positive integers defined by

T,:=T(P,) = Y a
a€P,

We call T,, = T(P,) as the product sum of the composition set P, (or the
product sum of the integer n). For n = 0, we may assume that Ty = 1.
We give an easy numeric example with the new notions;
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Example 1. Let n=4. Then it follows that
P, ={4),(1,1,1,1),(1,1,2),(1,2,1),(2,1,1),(2,2),(3,1),(1,3)}
and Ty = T'(Py) = 21.Moreover, it follows
10P, = {(1,4),(1,1,1,1,1),(1,1,1,2),(1,1,2,1),(1,2,1,1),(1,2,2),(1,3,1),(1,1,3)}
1o Py ={(5),(2,1,1,1),(2,1,2),(2,2,1),(2,3),(3,1,1),(3,2), (4, 1)}
and so Ps = (10 Py)U(1® Py). Then Ts = T(P5) = 55.

By using Theorem [I} we develop a recurrence for the product sum of the com-
position sets.

Theorem 3. For a positive integer n, we have
Tosr =Ty + ZTn i (4)

Proof. For an element a € P, 41, there is b = (b1, ba,...,b;) € P, such that either

G=10b=bora=1Gbandsoa=10b=bora=1®b= (by....hy) + b. Hence
we have that

T(1e PR, = b=
1ObEIOP,
Moreover, it follows that

Tle PR, = Z (14 ay1).as.a3...a¢
acP,
= Z (a1.a9.a3...a¢) + Z Z (azas...at)
acP, i=1 (ag.a3...at)EPp_;

=1 1=0

Therefore, we have that
Tpi1 =T(Poy) =TAOP)+TA&Py) =T+ > Tnoi.

Hence we have completed the proof. ([

By using the recurrence relation Identity [d] we gain the generating function
for the product sum of the positive integers. From [25], we recall the generating
function for even Fibonacci numbers is that

f(.l?) ].—3"IJ+ZC2 Zanx

Thus we give an alternative proof of the result of Hoggart and Lind in [22].
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Theorem 4. The generating function of the product sum of the positive integer is

> x
Ty = ———.
Z nt 1— 3z + 22
n=1
i.e. The product sum of the positive integer n is nth even Fibonacci number
Proof. Let h(z) =% o2 T,xz™. Then
h(z) = x+ Z Tpyrz™ ™t

n=1

= +xz (Tn + iTnl> "
n=1 i=0

= gz +xh(x) — 22h(z) + 2xh(z).

Thus we get the function as
x
h(z) = ——.
(z) 1—3x 4+ 2?
O

As a result of Theorem and Theorem we obtain the known identity |25, Page
92- Identity 5.3] for odd Fibonacci numbers and also prove a new identities for
Fibonacci numbers in the following;

Theorem 5. Let n,m be positive integers. Then we have

fonpr = 1+if2i ()

s
Jon = nJrZ(n*i)fzi- (6)

i=1

Proof. By Theorem [3] we have the recurrence
Tpir =Ty + Xn::rn_i. (7)

i=0

and it follows that 15,41 = To + T, + Z T;. Thus we gain that
i=1

n
Jotne1) =1+ fon + Z Jo(n—d)
i=0
Since fon+1 = font2 — fon, we have proved the identity
Now we decompose P, to get some new equations for the Fibonacci numbers.
For an integer i, we define the set

(i®P,;)={(i,a1,a9,....,a¢) : a1 +ag + ... +ay =n—1i, a;tcZt}.
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Then it is easy to check that
P, =i, (z © Pnfi)

and also for all 4, j with ¢ # j, it follows that (¢ ©® P,,—;)N(j ® P,—;) = @. Therefore
it follows that

T (’L O] Pn—z) = Z i.al.ag...at = ZT(Pn—z) = ’LT'n_z

(a1,a3...a+)E€Py_;

and so
n n n—1
T,=T(P)=> T{@P, ;)= il,i=» (n—i)Ti (8)
i=1 i=1 i=0
Thus the we complete the proof. ([

Theorem 6. Let n,m be positive integers (m < n). Then we have

on - f2m = Z ifQ(n—i) + (n - m) Z f2(n—i) (9)
=1 =1
f2n71 - f2m71 = Z f2(n—i)~ (10)
i=1

Proof. For any integers n,r we get that

T

Jon = fon—r) = Zifz(n—i) +r Z Jo(n—i)
i=1

=1

and so substituting m =n — r, we acquire the identity [0
By Theorem [3] we have the recurrence

Tpir =Tn+ Y Tnoi. (11)
=0

and it follows that
n—m n—1 m—1 m—1
=1 i=m =1 =1

n—1 m—1
= ZTn—ZTn:fQTLfl_f?m*l
i=1 i=1

Thus we achieve the identity [T0} O

By by Theorem [5| we have the following equation
n—1

font2 = 1+n+f2n+2(n_i+1)f2i

=1
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and we also obtain

n—1

fonts =n+2+2fon + D (n—i+2)fa.

i=1

For an integer r, we have

n—1 n—1
fonar = (fon+Dfe+nfoa+ [froa Y (n=i)fa+ fr > fa

i=1

= frfont1 + fr—1fon.

185

Therefore we just gain the combinatorial proof of the Honsberger’s formula by using

the compositions of an integer.

Corollary 3. For positive integers n, m, we have
fontem = fomfoni1 + fom—1fon
Jontom+1 = fomt1font1 + fomfon.

Corollary 4. Let n be positive integer. Then we have

fan = fanfon—1 + fanfont1
fane1 = fon+ o
Jante = foenfon+1 + font1fonto
fants = fonfont2 + fonti1fonts

Proof. It is clear from Corollary [3]

Let 1, be the n th term of Lucas sequence, defined by lp = 2, I = 1, and [,
= ly_1 + ln_o, n > 3. Also, one of the well-known relation between Fibonacci

numbers and Lucas numbers is
ln - fnfl + fn+1'
Thus by using the identity [13| and Cassini’s formula, we obtain
fang1 = [+ 1+ fonfonto
= foplong1 +1
and it follows that
f4n+2 — f4n + f4n+1 — f2n(12n + 12n+1) +1
= fonlony1 + fo.

(14)

Therefore, we just gain the following identity which is the general form of the well

known result ( |25, page 90]).
Corollary 5. For positive integers r,n, we have the equality

f4n+7‘ - f2nl2n+r + f'r~
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Theorem 7. For a positive integer n, we have the identities for Lucas numbers

n—1
lont1 = 2n+1+ Z 12i+1(n — i)7 (15)
i=1
n—2
lgn = 3n + 1 =+ fgn_g + Z (2‘]‘-21 =+ (n — 1 — 7;)121'_;'_1) . (16)
=1

Proof. By Theorem 5] we get the following result

n—1
fon =n+ Z(n — ) fai-
i=1

Thus,
lont1 = fon + font2
n—1 n—1
= |n+ > (n—i)fai| + |n+1+ > (n—1i)fausn)
i=1 i=0
and so we have proved the identity
For the second the identity, it is known that
n—1
fonc1 =14 fai. (17)
i=1
and
lon—2 = fon-3+ fon—1 - (18)
Then we gain the equation
n—2
lon—2=2 |1+ Z Joi | + fan—2.
i=1

On the other hand, by the identity [I5] we get
n—2

2n+1+ f2n—2 + Z (2f21 + (n —1- i)lgi+1)

i=1

lZn

n—2

=2

Corollary 6. Let n,r be positive integers. Then we have

l4n+'r = f2n12n+(r—1) + f2n+ll2n+r
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3.2. The odd composition set of the integers. Now we focus on the combi-
nations of an integer whose each part is either odd nor even and we reach to the
main goal of the paper which is to investigate the product sum of both an odd and
even composition of an integer n.

Let us define the number sequence such as

on =Y a (19)

a€o,
e 1 =Y a (20)
acE,
One may compute the sequence as
01 = l,oo=1,03=4,04=17, 05 = 15,06 = 32,07 = 65,08 = 137

es = 2,e4 =16,e5 = 48.

By using the decomposition of an odd composition of an integer n, we figure out
a recurrence relations for the product sum of an odd composition of an integer n.

Theorem 8. For a positive integer n > 1, we have the recurrence relations for
both an even and an odd term of the product sum of an odd composition of an
integer

O02pt2 = O02p41 + 202, + 02p—1 — O2p—2 (21)

O2n+3 = 302p + 302p41 — O2n—2. (22)

Proof. Let n be an positive integer. Then we apply the the definition of the product
sum function to the decomposition in Theorem [2| and so we get

n—1

Omi1 = 24+14+Y > (2i+1)b
1=0 b€EO2(y_1)
n—1

= 241+ ) (2i+ Doy
i=0
and it also follows that

n—1 n—1
Oopt3 = 2+ 02n+-2 + <2n + 1+ Z(?Z + 1)02(77,_1')) + 2 Z 02(n—i)
=0 =0

n
= 240242+ 0241 +2 Z 02;.
i=1
When we compute the difference between 0g,13 and 0g,, 11, we get the recurrence

for the odd term of the product sum of an odd composition of an integer n

02p43 = 0242 + 202,11 + 025, — 02— 1. (23)
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On the other hand, by the decomposition in Theorem[2} we point out the recurrence
for the even term of the product sum of an odd composition of an integer n as

n—1
0oy, = Z(Zi + 1)02(n—i)—1-
i=0
Then we compute
n—1
Otz = Omp1+ Y (204 1+ 2)0ym—i)—1
i=0
n
O2ny2 = O2p41+ 020 +2 Z 021

i—1
By the difference between 02,12 and 02,12, we obtain the recurrence for the even
terms
02p4+2 = 0241 + 202, + 021 — 022
By substituting 0,2 in the identity 3] we figure out

02n+3 = 302, + 302541 — 022

This completes the proof. (I

Theorem 9. The generating function for the product sum of an odd composition
sets 18

—2r+z? -1
r+222+ 23 -2t -1’

U)=1+2%(x+1)
where |z| < 1.

Proof. For an integer n, we have the recurrence relations for either an even or an
odd term of the product sum of an odd composition of an integer

02n43 = 302y + 302p41 — O2n—2
O2nt+2 = O2p41 + 202, + 021 — 0252
o] o0 o0
Let U(z) = Y 0p2™ = 1+ Y 02,22 + 3 09, 0122" 1! be the generating
n=1

= n=1 n=1
function for the product sum of an odd composition of integers and so it is enough

to investigate

A(z) = Zo%xz”
n=1
(e ]

B(z) = Y ogpprz® ™l
n=1

By using the recurrence identity it is easy to compute that
(1 —32*)B(z) = 23(3 — %) A(z) + 423. (24)
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Similarly it is also easy to compute
z (332 + 12) B(x) + x? (m2 + i)
(22 -1) (2 —-1)
due to the recurrence identity Then combining the equations 24] and 25, we
figure out both A and B and so it follows that
522 — 62* + 25 — 4
(x+222 423 -2t —1)(z — 222+ 23+ 2 + 1)
2 (=2 + 1)2

“ (x =222+ 23+ 24 +1)(—x—222 — 23 + 24 4+ 1)’
Therefore we investigate the generating function

—2rx+z? -1
r+222+ 23 -2t -1

Alz) = ; (25)

B(z) = -3

U)=1+2%(x+1)
O

Moreover, we study out the generating function for either an odd or even term
of product sum of an odd composition.

Theorem 10. The generating function for the either an odd or an even term of
product sum of an odd composition sets are
5r — 622 + 2% —4
x4 — 53 + 422 —5x + 1’
(z+ 1)
e — 53 + 422 — 53 + 1’

O(x) = -—=x

where |z] < 1.

Proof. Let

118

E = E()=

09"
1

O = Ox)= 7Y ogpt12™.

n=1

g i

be the generating function for the either an odd or an even term of product sum
of an odd composition sets. Then by using the recurrence identity [2I] and 22} we
compute

(1-32)0 =23 —x)E+4z
and due to the recurrences, we compute

potethO+) _(@®+z) (@ +2)

(¢ —1)* (z—1)* (e —1)"
Therefore we figure out the generating function for the either an odd or even term
of product sum of an odd composition and this completes the proof. O
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