Introduction to Analytic Fibonometry

By RoBYN MINOR SMITH

1. Introduction

It is well known that the differential equations
Yy’ +y =0, with y(0) =0 and ¥/ (0) = 1
and
y" —y =0, with y(0) =0 and 3/(0) = 1
lead to circular trigonometry and hyperbolic trigonometry respec-
tively. On the other hand, the initial value problem,

y" —y —y=0,with y(0) =0 and 3'(0) = 1 (1)

is the differential equation analogue to the well-known recursion
equation ¢, = ¢,_1 + ¢n_2, with ¢g = 0 and ¢; = 1. This leads us
quite naturally to the Fibonacci numbers: Fy = 0, F; = 1; and for
alln > 2, F,, = F,,_1 + F,,_2. We will define the initial value prob-
lem (Eq. 1) to be the Fibonacci Differential Equation (FDE). It
has been suggested that there is a kind of trigonometry that can be
associated with certain kinds of differential equations. This paper
investigates some of the topics associated with the trigonometry
derived from the Fibonacci Differential Equation. The functions
we will develop will be defined as the Fibonometric functions.

2. The Fibonometric Sine and Cosine

It is straight forward to show that the solution to the FDE is
ea:r_eﬂ;t

y="“%"5"> where o = 1+_2\/5 and 0 = 1_—2‘/5 Notice that « and 3
are solutions of the quadratic equation s2v— s—1 = 0. Following the

el% _p—iT eT_e %

well-known patterns of sin(x) = <=5 and sinh(z) = <=—,
we define the solution of the FDE (1):

27]



28 Alabama Journal of Mathematics

DEFINITION. The Fibonacci sine is
. e _ eﬁx
sinf(r) = ————,
f@) = =5

where o = 1+—2\/5 and B = 1_—2\/5
A series solution can also be developed. We know that y =

oo
> cpx™ is a solution of the FDE. We take the first and second
n=0
derivatives of this and substitute into the FDE. After combining
like terms and equating like coefficients in the usual way, we obtain
the recursion relation

m+1)(n+2)cpy2—(n+1)eps1 —en =0.
We use this equation to prove the following;:

Fnei+Fn_1co

— , where F, is the n'* Fibonacci

LEMMA. ¢, =
number.

Proor. We use strong induction.

Basis: (=

Foci+Fieq _ (Deaat+()eo
2! - 2!

Assumption: ¢,y = W foralln+12>3
Induction: n+1)(n+2)cpt2 — (M4 1)epp1 — e =0,
(n+1)(n+2)cpie = (n+ 1)cpp1 + cn,
)

(n+1)(n+2)cpie = (n+1) (_Fn (1::{)1!%60)

Fhc1+F,_1c
_|_( 1 10)’

n!

<n+ 1)(n+2)cn+2 _ Fn,+1C1'+FnCO + Fnci+Fn_1co

n! n! ’
¢ _ (FupitFa)ei+Fn+Frn_1)co
n+2 — (n+2)(n+1)n! ’
— FnyocrtFayico
Cnt2 = nr2)!

O

Now we can re-express the solution of the differential equation

c1+c¢ F,ci + F,,_1c "
y200+01$+<1 0)$2++<¥>(E + e

2! n!

Imposing the initial conditions y(0) = 0 and ¢’(0) = 1 on the
series, we have cg = 0 and ¢; = 1. Therefore,

v o= Wt (B)a (B) e+ ()t (Bt

n!
0
— z”
= > Fuir
n=0
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Therefore, we have proved

THEOREM 1. The Fibonacci sine is

e _ eﬁac 0 "
sinf(x) = —— = E F,—,
_ |

a—0 — " nl

where F,, is the n'" Fibonacci number.

The convergence of the series can be determined by the ratio
test. In the ratio test the quotient of the n+1 and the n coefficients
of the series is examined as n — oco:

Frng1 " .
: (n+1)! s n+1 n:
Jim (R =t [() (#)]

In order to determine the limit, lim (%), the Binet Form
n—oo n

of the Fibonacci numbers will be used. The Binet Form of the nt®
Fibonacci number, F}, is given by
an _ /8”
F,=—-. 2

Note that this formula can be readily obtained from the solution
of the difference equation ¢,1 = ¢, + ¢p—1. With this characteri-
zation of the Fibonacci numbers, the ratio test for convergence of
sinf(z) can be completed. So

0. Fny1 - 0- antl_gntl a—_
F, a—0 an—pgm |
o O‘n+17 n+1
= 0- —Lan,gn 7
lim a”t'— lim g"t!
— 0 . n— 00 n— 00

lim a™— lim B"
n— oo n— oo

Notice, |G| < 1. Therefore, 8" — 0 as n — co. Hence,

lim a"*!
0-[2ZE=—— | =0-lima=0-aa=0.

lim o™ n—oo
n—oo
Therefore the series expansion for sinf(x) is absolutely convergent
for all real numbers x.
We define cosf(z) = -L(sinf(z)), or equivalently, from
Theorem 1:
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DEFINITION. The Fibonacci cosine is

aeaz

B — BeP* B > z"
cosf(x) = Y Z;)Fnﬂm,

(07

where a = 1+2\/5 and B = 1*2\/5, respectively.

LEMMA. cosf(x) # 0 for all x.

PROOF. Suppose that cosf(x) = 0 for some x, then we would
have

et — /Beﬂm

cosf(x):a—_ﬁzo,
or
aeaw_ﬂe,&v —_ O,
ae™ = ﬁeﬁw,
B _ a8
«
But
B_1-VE_(-VER_(-VEP (1B
a 1445 1-5 -4 2 I

Since e raised to any real power is positive and g < 0, we have a
contradiction and cosf(x) # 0. O

The convergence of cos f(x) is guaranteed since the derivative of
an absolutely convergent series is convergent. Since the remainder
of the Fibonacci functions are defined in terms of quotients of either
sinf(x) or cosf(x), they will also be absolutely convergent except
when a denominator is 0.

3. The Fibonometric Tangent and Cotangent

In this section we will follow the familiar patterns for the circu-
lar and hyperbolic functions and define the analogous Fibonometric
functions. We define tanf(z) = % As we have shown, this
function is defined for all real numbers .

Since the power series expansions for sinf and cosf have par-
ticularly nice coefficients with respect to the Fibonacci numbers,
we investigate two types of series expansions for the other Fibono-

metric functions. The first expansion is in terms of powers of e*.
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By dividing the Fibonacci sine, <= 5

ae"mfﬁeﬁm

£OT_ B

, by the Fibonacci cosine,

a g o we have
az Bx
e’ —e
t =
(@) =
_ QT 1 eﬁw—aw
- 57 a— ﬂeﬁac—aw )
1 1 —a)x
_ o« - Ee(ﬁ )
o 1— ge(ﬂ_a)x
Note:
1 — 2 __ _201-V5)
a 1+v5 — (1+v5)(1-v5)
= 55 =-p (3)
a—f = 1+2\/3_17\/3:225:\/g; (4)
8 _ 2
5 = B (5)
Hence,

1 1,(8-

1— ge(ﬁ—a)w

—B+ eV
1+ Pe—Voa’

_ 3 —1—1—6*‘/5‘"”
15 eV )

We perform the indicated division, and use the fact that § is a
solution of the equation s2 —s—1 = 0 to replace 3* 41 with 3+2,

to obtain:

3 -1+ e*\/g“’
1+ f%eVoe

) = Bl-1+ B+ V5 - g5+ 2)e ™

+84 B+ 2)e V-]
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This yields

tanf(z) =

1+Z nﬁZn ﬁ+2) —(n—i—l)fﬂc] )

B

1+ (8+2) Z(—lm%em*”ﬁf] ,
n=0

B+ BB +2) Y (~1)rpPre (V5

n

=B+ (57 +20) Do (1) e Ve,

g &

n=0
= B+B+1+28)) (-1)"Fe —(n+1)vBz,
n=0
= —B+(B8+1)) (-1)rFem (VA
n=0

2 . _ .
Therefore, 3™ are coefficients of powers of e £ However, notice:

B = 148

3 = B+p) =0+ =1+28

B = B(L+28)=6+20"=5+2(1+0) =2+ 30;
B = B2+38)=28+38>=28+3(1+08)=3+58,

which suggests the following proposition.

ProprosITION. 3" = F,,_1 + F,8 for n > 1 and similarly,
a”=F, 1+ F,a for n > 1.

Proor. We will only give the proof for 3" using induction.

Basis: B2 =F + Fp.

Assumption: B" =F,_+ F,(.

Induction: B = B(B™) = B(Fn_1 + F.0),
= nflfg + Fnﬁza

- nflﬁ"i‘Fn(ﬁ'i‘ 1)7
= n—lﬁ"i'Fnﬂ"i'an
= (Fn—l +Fn)ﬁ+Fna
= n+16+Fn-
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Hence we have proved

THEOREM 2. The Fibonacci tangent can be expressed
tanf(z) = —B+(36+1)[e v

(=) (Fo-1 + Fnﬁ)2ei\/§(n+1)m

18

+

n=1

where 8 = 1_2\/5.

As a bonus, we note that the Binet form of the n'" Fibonacci
number, equation 2, can be derived from the Proposition

6n = Fn—l +Fn6a

a = Fn_l—I—FnOé,
an_ﬁn = Fn(a_ﬁ)v
F, = @20
a—p

While the coefficients in the series for tanf(x) in powers of e*
were of some interest, the coefficients of the series in powers of x
turned out to be very complicated. We were not able to obtain a
closed form general term.

The Fibonacci cot f(z) can be defined in the obvious way

_cosf(z)  ae™ — Bel?
cotf(w) = sinf(r)  eor — ebe

We investigate the involvement of the Fibonacci numbers in the
coefficients of this quotient. Recalling equations 3, 4, and 5, we

have
NEROE
cotf(x) = (a) (é)eam_(é)eﬁx ’
= eam 7/64»/667\/51 ’
B (l) 1+ (B+1)eVoe
- B —1+4 eV .

Carrying out the division in the second factor, we obtain

1+ (B+1)e Voo
—1 4 e Voe

=—1—(B+2)e V3" — (B+2)e 2" _

Consequently, we have

cotf(z) = —% (1 +(8+2) ie‘"‘/g’”> )

n=1
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Note, this is undefined if x = 0, for then sinf(xz) = 0, i.e. the series
fails to converge since

oo
B+2)) 1= (6+2) lim n = co.

n=1
Furthermore, for any x < 0, each of the terms in the series for
cotf(x) is a positive power of e, and hence, is greater than 1. Thus,
this series diverges for x < 0; or, to state it positively, the series
expression for cotf(x), derived above, converges for = > 0. As with
the Fibonacci tangent, a generalized expression for the coefficients
in the power series in x is not readily obtainable.

Definitions for the Fibonacci secant and cosecant can be ob-

tained analogously and their series investigated. The general terms
are not readily obtainable.

4. Elementary Identities of Fibonometry

In circular trigonometry, one has the identity sin® t+cos®t = 1.
To eliminate the parameter ¢, one lets = cos(t) and y = sin(t)
and obtains the circle 22 + y? = 1. In hyperbolic trigonometry,
the identity cosh? ¢t — sinh?t = 1 leads to hyperbola 22 — 2 = 1,
where x = cosht and y = sinht. However, the situation is not
so direct in Fibonometry. The proof of the following theorem is
straightforward but tedious. the motivation for the theorem is not
so clear and would take us too far afield for this paper.

THEOREM 3. The Fundamental Identity of Fibonometry is
cosf?(x) — cosf(z)sinf(x) — sinf?(x) = e®.

PROOF. Recall that s> —s —1 =0 for s = « or 3. Therefore
(aeax_ﬁeﬂx )2 B (aeaz_ﬂeﬁz) (ea:cieﬁm)
a—4 a—p a—pf
emmieﬁm 2
— (=5

azezaz_2a56(a+ﬂ)z+ﬂ2e2ﬂz
- a2—2a8+32

_ ae2az_ae(a+5)z_ﬂe(a+5)w+56251
a?—2a(+32

. (8201:728(0&»5)1:4,’»8251)
b

a?—2af+3>
(az—a—l)ez‘” i (B—2aB+a+2)ela P
a?=2a3+3° a? =208+
N (627571)82@1
a2—2aB+8%
_ 0-€29% 4567 40.¢28% \ _ ev
= = = e?.
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Note that the proof of the last theorem depends on the value
of o and 3 only at the last step. This leads to the following gener-
alization, which will play an important role in the second part of
this work.

THEOREM 4. Suppose p and q are distinct real numbers or
conjugate complex numbers. If

ePT _ o4z
y(x) = o)
p—q
for all real numbers x, then

2
W) = (p+q) yy +pgy® = PO

and
W —py)’ = —qy)* = """

PrOOF. For the given function,

2
W) — (p+ 9 vy + pay?
2 .
_ pepw_qeqw _ epz_eqa: peP‘E_qeqw
= (=) o () ()

2
el —ed®
G =a

(p2e(p+q)w —2pgePto® +q28(p+q)z)

o (r—a)® ’
_ (p*—2pg+q?)erto®

- (r—a)? ’

_ (p_q)ze(p+q)z _ e(;u-i-q)w.

(r—a)?

On the other hand,
/ P __ peP®—qel®\ (eP® —ed%) p
W —py) = K—p_q ) p (—p_q )} :

— pel® —qe?® —peP* 4 pet® )p
- )

pP—q

_ ((p*q)e"”)p — epaz,

pP—q

The proof is similar for

(' —qy)" = e,

5. Conclusions

In the previous sections we have defined the basic Fibonomet-
ric functions and shown their series expansions. In addition, we
have suggested how these may be similar to the trigonometric and
hyperbolic functions. Interestingly, we see some important differ-
ences, e.g. the role of functions of e*.
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There are a number of issues and formulas left unresolved. For
example, what are the results when sinf(x) is expressed in terms
of sinz and sinh 7 What is the meaning of sinf(iz)? In Part II of
this work we will investigate formulas for the Fibonometric sine and
cosine of the sum and difference of two real numbers. The method
used will also provide insight into the Fundamental Identity.

Finally, the results of this investigation were obtained while
the author was an undergraduate student at Huntingdon College.
It was done under the direction of G. Joseph Wimbish who helped
her chart the direction of the investigation. The results of this part
of the work are those obtained in her Senior Capstone Project,
while the results of Part IT are those obtained in her Mathematics
Honors Project.
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