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A Class of Convergent Series with Golden Ratio Based on
Fibonacci Sequence
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ABSTRACT. In this article, a class of convergent series based on Fi-
bonacci sequence is introduced for which there is a golden ratio (i.e.
1+2\/g)’ with respect to convergence analysis. A class of sequences
are at first built using two consecutive numbers of Fibonacci se-
quence and, therefore, new sequences have been used in order to
introduce a new class of series. All properties of the sequences and
related series are illustrated in the work by providing the details
including sequences formula, related theorems, proofs and conver-
gence analysis of the series.

1. INTRODUCTION

Developing a sequence of numbers (later called the Fibonacci se-
quence) in which the first two numbers are one, then they are added
to get 2, 2 is added to the prior number of 1 to get 3, 3 is added to the
prior number of 2 to get 5, 5 is added to the prior number of 3 to get 8,
and so on. Hence, the recursive formula of Fibonacci sequence begins as

fI:fQZI; fn+1:fn+fn—17 TLZQ

Recall that this sequence is a recursive sequence which depends on the
values of the previous two entries to obtain the next entry. For the
geometric interpretation of Fibonacci sequence, one can increasingly use
larger squares of unit dimension; Consider the first number of sequence,
i.e. one and add it to second one (look in the center of the Figure ),
the result is two -which is the side length of the square annotated with
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a 2. If squares 1 and 2 are added together, the result is square 3 (side
length of 3). The same procedure applies for square 5: square 3 +
square 2 (actually squares 1 plus 1). Hence, the Fibonacci sequence can
be illustrated by adding squares as described in this paper.
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FI1GURE 1. Geometric interpretation of Fibonacci numbers

There are a lot of research works done on the Fibonacci sequence. As
an example, one can see the relation between Fibonacci numbers and
Lucas numbers in graphs which is illustrated in [5]. Also, in [4], authors
discussed on a family of Fibonacci means: In fact, a variety of “mean”

M (z,y) with z > 0, y > 0 has been illustrated as follows:

a(x+y)+ 2bxy

M (w.y) = 2a+b(z+y)

)

whereas for y = x,
M (z,y) = M (z,z)
_ 2ar + 2bx>

2a + 2bx
= aj’

provided the condition 2a + 2bx # 0 for any = € R(z > 0). Partic-

ular cases are a > 0, b = 0, M (z,y) = z—;“y, the average (arith-
metic mean), a = 0,b > 0, M (z,y) = %, the harmonic mean, and
if ¢ = 1+2‘/5, M, (x,y) = %, is the golden section mean. Hence

the harmonic mean, the arithmetic mean and golden section mean are
special cases of the Fibonacci mean. There is a mapping D : M — DM
which gives us the relation between Fibonacci, harmonic and arithmetic
mean. On the other hand, lim, .o, D"M is the golden section mean
which is of interest [4]. In this work, we are going to introduce a new
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applications of the golden ratio which is arising from the Fibonacci num-
bers.

Remark 1.1. For any n + 1 entries of Fibonacci sequence, then
n+1

Zfz-2=f12+f22+f§+-"+f5+1
i=1

= fn+1fnt2,
where f1 = fo = 1,fn+1 = fn+ foo1;n > 2.
Proof. In order to see the details of proof the reader is referred to [0]. O

Remark 1.2. Explicit depending formula of Fibonacci sequence is

1 (1+vB\" 1 [1-v5)"
= (5) () e

Proof. The recursive formula of Fibonacci sequence gives us the follow-
ing characteristic equation:

(1.1) ="+ s (P g-1) =0,

n

where we supposed that f, = ¢",q # 0,n > 1. Therefore, we have two
roots of the equation (q2 —q— 1) =0:

1++5 1-+/5
(1-2) q1 = B ) q2 = 5 .

It is easy to show that G,+1 = G, + Gp—1 where G,, = c1q] + c2q5.
Thus, in order to make GG,, = f,, we have to find out two coefficients c;
and co providing:

Gi=hH = C1<1+\/5>+02(1—\/5):2,
Go=fr = c1(3+x/5>+cz(3—\/5):2,

%, cy = \_/—é Hence, the proof is completed. O

which gives us ¢; =

Note that in the following parts of the paper, we will show that the
two roots q; and g9 of the equation (IZ2) by ¢ and e, respectively. Now
more explorations with Fibonacci numbers can be considered as follows:

1 n+1 n+1
e
(1.3) lim 27— i “55 )
n—oo  f, n—00 % (¢n — En)
n+1
1-(5) ¢

= lim ——Y =g <1

- 8
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¢n+2 - 6n+2)

(1.4) i J2 iy 754

M T
1_(‘2)%1 =

0 = 152)

£

¢

The golden ratio ( could be used to verify the convergence

order of secant iteration method
Tn+l = Tp — (@0 —@n-1)f (xn)7
f(zn) - f(l‘nfl)

by which one can solve nonlinear equations (f(z) = 0) instead of New-

ton iteration scheme when the first derivative of the considered function
is not so easy to evaluate in use. It could be noted that the convergence

order of secant iteration method is ¢ = % whereas for the Newton
iteration scheme is 2. For more details we refer the reader to [3].

Let us take a look at Figure [ again. It shows that there is a sequence
of squares’ areas as follows:

2 2
s1=s83=f{ =1, Sn=1Ffn, ,n=34....

From this equations and together with Remark I, we obtain the fol-
lowing result which is the sum of n squares’ areas based on Fibonacci
numbers:

(1.5) Su=Y si=fl+ 3+ +fo=fafarr, (n>1).
=1

Theorem 1.3. Let the sequence {Sy}] be the sum of n squares’ areas
as explained in equation (C3), then:

(i) the series Y o, i is convergent, and

(ii) the series > > | Sy is divergent.

Proof. (i) From the equation (), the series > o ; S% can be writ-
ten in the form:

1 1
25" ng(zylf;)

1
SRR

n=1
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-3
n—1 fnfn—i—l,

for which we use ratio test of series to verify its convergence.
To do that, set a, = ﬁ and so we have:

L= lim |2t

n—oo | A

= \1m |(————
n—00 | fri1faye

_ 1- fn

= lim
n—oo fn+2
1

T »

< 1.

Since L < 1, hence the series is convergent where its ratio is
related to ¢2.
(i) From the equation (ICH), the series Y o2 | S, can be written in

the form:
2 =2 |2 f
n=1 n=1 \j=1

o0
=) f+f++
n=1

= Z fnfn—l-l,
n=1

for which we use ratio test of series to verify its divergence. To
do that, set a,, = f, fn+1 and so we have:

a
L= lim |

n—o0 Qp

- ] fn+1fn+2

= lim |—/———=
n—oo  fp

= ¢

> 1.

This shows that the series is divergent.
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2. NEw CLASS OF SEQUENCES BASED ON FIBONACCI NUMBERS

As explained in the last section, the series > 7, é based on the
sum of squares’ areas is convergent with a ratio related to the golden
ratio ¢?. The main sequence was in fact with entries which show the
sides or edges with the golden ratio ¢. Hence, for segment sizes based on
Fibonacci numbers, the ratio is the root of squares’ areas ration when
n — oo.

2.1. A sequence of triangles. Now, we are going to introduce a se-
quence of triangles where its two sides are f,, and f,4+1 (two consecutive
numbers of Fibonacci sequence) with angle a between them. Therefore,
we can gain the inner side of this triangle and so we have a sequence of
triangles compared to Fig. 0 which explain a sequence of squares (see
Fig. B for more explanation). We here denote the inner edge of each
triangle with z,. It is clear that the following relation between the three
sides is true:

(2.1) 22 =24 fr 4+ 2fafar1cos(a), n=1,2,3,....

This suggests a sequence of inner edges numbers of triangle as {z,}°° ;.
Note that in Fig. 0, the sequence of squares sides is {f,}.

‘ ‘\\
X F

n+l

FiGURE 2. Triangle sequence based on F,&Fj,11

Theorem 2.1. Let the sequence {z,}7° be the inner side of triangles as
mentioned above, then we have:

.z
lim 2t — ¢.

n—oo  2Zp

Proof. From the definition of z, and equations (I4)-(IH), we have:

lim Gt = lim fri1 + Favo + 2fns1 fasa cos(@)
n—oo 27 n—00 fTQL + f72L+1 + 2fnfn+1 COS(a)
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2
1+ @ + 29252 cos(@)

= lim il d ’}“
n—oo n n
1+ 2 + 25 cos(a)

1+ ¢* + 2¢cos(a)
1+ ¢72+2¢ 1cos(a)
¢ (14 ¢* + 2pcos(a))
14 ¢ +2¢cos(a)
= ¢°.
Thus, the proof will be completed as follows:

2

R . Zn+l
lim ";1 =¢> = lim 2 =g,
n—oo  zZo n—oo  zZ,

g

Definition 2.1. Assume that f,, and f,11 are two consecutive numbers
of Fibonacci sequence and three points

O = (07070)7 A= (COSﬁfn,Sin/Bfn,O), B = (COS’}/fn+1,Sin’)/fn+1,0),

- —
belong to R3. We define two Fibonacci number based vectors fy, fni1 €
R3 as follows:

Fo = OA = (cos B fy, sin B £, 0),
% .
fn+1 = O? = (COS'an+1a31n’7fn+170)a

where 3 is the angle of the vector ﬁ made by z-axes, v is the angle of
the vector f,1 made by z-axes, and « is the difference of the angles g
and 7.

In this work, we assume that 0 < 8, v < 7 and 8 < . Therefore,
a =~v—pF >0 and it is the angle kﬁtween the vectors f,, and fy, 1. From

the definition of the two vectors f,, and f,11 we have:

[ T 1= 1/ (cos? 5 + sin? B) f2 = o,

H .
| fror1 |= \/(COSQV + sin? 7)f1%+1 = fn+1.

2.2. A Sequence of Parallelepiped. In this section, we are going to
introduce a new sequence of parallelepiped for which the base is the same
as illustrated in the first subsection of current section which means that
we defined the parallelepiped where its edges length of base is f,& fr+1
and the angle « is the same between edges with lengths f, and f,11.
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Therefore, the height of parallelepiped is h,, as follows:
(2.2)

— = -—
hn :fn X fn+1

:(0705 (sin’ycosﬁ - COSrySinﬂ)fnﬁ%Fl)
:(0,0,Sin(v - ﬁ)fnfn+1)
(0,0, sin afnfn+1)7 (a =7 5)7

- o
where « is the angle between two vectors f, and f,41 for all n € N and
x is the cross product of two vectors in R? (see Fig. 8).

h,

FiGURE 3. Cross product of the new sequences

%
For example, we insert n = 1, 8 = 0, v = 3, and explain the f, x
— . = =
fn+1(ice.f1 x f2) and h,, as follows:

i = (cosOfy,sin0f1,0) = (f1,0,0) = (1,0,0) = | fi|=fi=1,
E:(cosng,singfg,O):(O,fg,O):(O,l,O) = ’72)|: f2:1'

Hence, the cross product of ?1) and E is defined as follows:
T —
hl:fle2 = hlz(l,0,0)X(O,l,O):(0,0,l),

. T e .
this gives us: hy = h1 [=| f1 || f2 |sina = fifesin§ = fifa .

Theorem 2.2. Suppose that the {h,}22 | (defined in equation (22)) is
a sequence of heights related to parallelepiped. Then:

lim Tl #2.

n—o0 n

Proof. From the definition of {hy,}2°; and the properties of Fibonacci
sequence explained in section 0 we have
hpy1 . Jnt1fni2sina
= lim —/——————
hy, n—oo  fp for1sina

(2.2) lim

n—o0
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= lim T2
n—oo  fp,
= ¢?
Hence, the proof is complete. O

3. NEw CLASS OF CONVERGENT SERIES

3.1. Series Based on cos(a): In this section, we are going to obtain
some series based on sequences illustrated in the last section. First we
consider the sequence {c,}72 :

Suppose that ¢2 = f2 + fzﬂ + 2fpfar1cosa (for n > 1) as illustrated
in (). inserting v = % gives us a sequence of the form:

(3.1)
™
=Rt fR 2 nfaricos(s) = A= i+, (n>1).

2
Therefore, we can obtain the following sum related to {c,}22 ;:
A=fi+fi G=F+f d=f+fl . a=f+lia
then

sp=20ff +f3+ o+ R fi) - - fia
using equation (IC3), we obtain
g =2fni1fnre — 1 =21+ fr
=2fni1(far2 = for1) + fop — 1
=2fni1fn+ frp1 — 1
:2fn+1(2fn + fn+1) -1
:fn+1fn+2 + fn+1fn - 1.
By inserting C,, = 1 + s2, we can gain a series of the form:
>
n=1 Cn
For testing the convergance of this series we use the ratio test as follows:
1
L= lim |[&L

1
-
n—oo Cn

1
— lim Jn+afnis+Ffatrafatt
n—oo

1
frt1fnt2tfnfns1
— ] fn+1fn+2 + fnfn—i—l
= lim

n—00 | fuiofuys + farofatl
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In
fn+2 + 1

frts +1

fnt1

= lim
n—oo

# 1

¢ +1

1 [(¢*+1
:¢2<¢2+1>
1
ped

Since L < 1, it leads to the following theorem:

Theorem 3.1. Let {¢,}5° be as in (B) and suppose that

n

n
C”:1+8721:1+ZCZ’2’ (CP=ci+c3+c+ - +ch).
i=1

then the series y i, (é) s convergent.

Let us consider the sequence {c,}>° ; again by inserting a = 0.

i = [+ [+ 2fnfas1 cos(0)
= C?L = (fn + fn+1)2
= = fat fns1-

It means that for any n > 1, we have ¢, = fr4+2. Defining

n
Sp = E C?
=1
2 2 2 2
:Cl+02+03+"‘+6n

n
= o =sit st t s,
=1

gives us roughly the same series based on Fibonacci number squares
illustrated in the first section for which the ratio test has been used
to verity its convergence property. We remark here that the upper and
lower bounds for C), are k1 = fu+fnr1 = fanr2and ko = froi1—frn = fa-1

respectively, where n > 2.
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3.2. Series Based on sin(a): Let us consider the sequence of the heights
{hn}52; built by cross product of two consecutive numbers of Fibonacci
sequence. In fact, we have hy, = f,, fny1sina. Inserting a = 3 gives the
spacial case of {hy,}5°; where hy,, = ffn+1 for n > 1. Now, by defining
a series of the form

o0 1 [e%S)
th Z::nn—i-l

n=1 "

Zf1‘f‘fz 4 fE

it can be concluded that this series is convergent too:

1
L= lim |Mmt
n—oo h—
. hn
= lim
n—0o0 hn+1
n—0oo fn+1fn+2
I In
= l1im
_ 1
= E

Since # < 1, therefore by using the ratio test on series, one can say
that the series is convergent. The volume of parallelepiped based on two
secutive numbers of Fibonacci Sequence, where « is the same as used in
the sequence of triangles and heights {c, }2°; and {hy}32, respectively,
can be obtained as follows:

Vi = (fnfn+1 Cos a)(fnfn—H sin a)

1 .

f(fnfn+1)2 sin(2«).
If we choose o = Z, then the sequence of volumes {V},}>° ; can be shown
with the following from

1
(3.2) 1@:§ﬁhﬂﬂ n=123,...,

Now, we define a convergent series of the form:

2
ZVI <fzfz+1>

n=1 i=1
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e V2 ;
_;<f%+f§+-~+f?) '

Using the ratio test again, it can be written that
1

. v,
L= lim —"1“
— =
n o0 Vn

. Va
= lim
n—00 Vn+1

. < fnfni1 )2

n—=00 | \ fni1fnio

= lim In )2
_nl—>oo <fn+2

1 2
- <¢>2)
1

4. CONCLUSION

In this work, new classes of sequences based on two Fibonacci numbers
are given. The first class of sequences peresnted in this paper, is the areas
of triangles as shown in Fig. B. The ratio of the inner edge of this type
of triangles is related to golden ratio ¢. The second class of sequences
presented, which are based on cross product of two vector d and b
where || and ‘?

c_}lear that by changing the value of angle « between two vectors @ and

— —
, are fu&fny1, respectively (h, = @ x b). It is

b, a new sequence based on Fibonacci numbers can be obtained. Also,

two classes of convergent series based on two above mentioned sequences
have been presented with required proofs and analysis. Some theorems
and needed proofs have been illustrated in the paper too.
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