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Abstract

Starting from divisibility problem for Fibonacci numbers we in-
troduce Fibonacci divisors, related hierarchy of Golden derivatives
in powers of the Golden Ratio and develop corresponding quantum
calculus. By this calculus, the infinite hierarchy of Golden quantum
oscillators with integer spectrum determined by Fibonacci divisors,
the hierarchy of Golden coherent states and related Fock-Bargman
representations in space of complex analytic functions are derived. It
is shown that Fibonacci divisors with even and odd & describe Golden
deformed bosonic and fermionic quantum oscillators, correspondingly.
By the set of translation operators we find the hierarchy of Golden bi-
nomials and related Golden analytic functions, conjugate to Fibonacci
number Fjy. In the limit £ — 0, Golden analytic functions reduce to
classical holomorphic functions and quantum calculus of Fibonacci di-
visors to the usual one. Several applications of the calculus to quantum
deformation of bosonic and fermionic oscillator algebras, R-matrices,
hydrodynamic images and quantum computations are discussed.
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1 Introduction

The Golden calculus is the quantum or ¢-calculus with Golden Ratio bases ¢
and ¢’, so that Binet formula for Fibonacci numbers becomes the g-number
in this calculus [I]. The corresponding Golden derivative appears as a fi-
nite g-difference derivative with Golden ratio base, allowing one to construct
Golden binomials and Taylor expansion in terms of these binomials. Accord-
ing to this expansion, the Golden exponential functions and corresponding
trigonometric and hyperbolic functions, as solutions of Golden ODE of oscil-
lator type and PDE of wave type have been derived [1].

It was shown that quantized Fibonacci number operator determines the
deformed Golden quantum oscillator with discrete energy spectrum in the
form of Fibonacci numbers [I]. The relative difference of the energy levels
for this oscillator asymptotically, for big n becomes the Golden ratio. It
turns out that Golden calculus as g-calculus with fixed bases ¢, ¢’ does not
allow limit ¢ — 1 to the usual calculus. In the present paper we address this
problem by working with Fibonacci divisors, instead of Fibonacci numbers.
In general, the ratio of two Fibonacci numbers is not an integer number.
However, surprising fact is that Fibonacci numbers of the form Fy,, where
k and n are arbitrary integers, is dividable by Fibonacci number Fj. The
infinite sequence of integer numbers Fj,/F, = Fflk) we call the Fibonacci
divisors conjugate to F}, or shortly, the k£ — th Fibonacci divisors. According
to number k£ we have an infinite hierarchy of Fibonacci divisor sequences. An
intriguing fact is that the Binet type formula for F*) divisor is determined
by integer k-th power of the Golden ratio ¢ and ¢’ = —1/¢,

()" = (")

(k) —
F" - (,Ok _ <,O/k

(1)

For k = 1 this formula gives the sequence of usual Fibonacci numbers, while
for k = 2,3,4,... we have generalized Fibonacci sequences, with three term
recurrence relations, depending on value of k. The goal of the present paper
is to develop quantum calculus for these hierarchy of number sequences and
construct an infinite hierarchy of Golden oscillators, with discrete spectrum
determined by these numbers.

The paper is organized as follows. In Section 2 we discuss briefly some
physical examples from quantum mechanics, hydrodynamics, quantum in-
formation theory and quantum integrable systems, where Fibonacci divisors



F®) and corresponding calculus can be applied. Division of Fibonacci num-
bers and algebraic properties of corresponding integers, denoted as Fibonacci
divisors are subject of Section 3. In Section 4 we develop corresponding calcu-
lus and introduce the hierarchy of Golden derivatives, corresponding k — th
Golden periodic functions and generating function for Fibonacci divisors.
Section 5 deals with entire generating function for Fibonacci divisors and
several interesting identities for them. The k — th hierarchy of Fibonomials,
constructed from F*) is subject of Section 6. The corresponding hierarchy of
Golden binomials, the k — th Golden binomial expansion and Golden Taylor
formula are developed in Section 7. By this formula the set of exponential
functions, the translation operator and k — th hierarchy of Golden analytic
functions are introduced. In Section 8 we apply calculus of Fibonacci divisors
to hierarchy of bosonic and fermionic Golden quantum oscillators. Finally,
the hierarchy of Golden coherent states and Fock-Bargman representations
are obtained as realization of quantum calculus of Fibonacci divisors in com-
plex plane.

2 Physical Motivations of Fék‘)

Below we describe several physical systems in which F*) appears naturally.

21 F ](\f ) and the Golden-deformed bosons and fermions

For even k equation (1) in the limit £ — 0 gives just natural numbers,
limy,_,q F,gk) = n. In contrast, for odd k in this limit we have the binary
numbers 0 and 1, for even and odd n correspondingly. This shows that
depending on k, Fibonacci divisor numbers ([I]) can describe deformed bosonic
and fermionic quantum oscillators. These oscillators are determined by the
hierarchy of quantum deformed algebras

b — & b by, = o, (2)

parameterized by integer k, with number operator

k\N 1k\N
k) (") = (¢™)

Depending on k we have two type of models.



1) For odd k = 2] + 1 the algebra
1
Db+ bibe = Pty (4)

becomes a non-trivial g-deformed fermionic algebra [2],[3] for the g-deformed
quantum oscillators. It was applied to several problems, as the dynamic mass
generation of quarks and nuclear pairing [4], [5], and as descriptive of higher
order effects in many-body interactions in nuclei [6], [7]. When 0 < ¢ < 1, an
arbitrary number of g-fermions in this algebra can occupy a given state. If
we denote g = ﬁ, where k is positive odd number, the inequality is satisfied
and algebra () coincides with the one in [2]. The Fock space construction for
the Golden-deformed fermionic algebra requires to introduce the ”fermionic

g-numbers” [2], in the form (I), for odd k,

= :F

"5 ok + ok "
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It shows that for odd k the Fibonacci divisors number operator (3)) is a

specific realization of fermionic g-number operator of Parthasarathy and

Viswanathan [2]. Statistical properties of corresponding g-deformed fermions,

as descriptive of fractional statistics were investigated in [§]. As was shown

[9], thermodynamics of these generalized fermions should involve the g-calculus
with ¢-derivative in the form

D, f(ZL') _ %f(q_ ;E)_‘__qfl(_ql’)’ (6)

which for ¢ = é, becomes the Golden Derivative [I]. In a more general case

q= ﬁ, for odd k it becomes the k-th Golden derivative (), studied in the
present paper.
2) For even k = 2l the algebra

1

bibi — o bt = ", (7)

becomes the g-deformed bosonic algebra, with number operator

— (BN _ sinh N(kIny) (8)
ok — =k sinh(klny)

k
F® = (¢



This algebra and the number operator correspond to quantum algebra with
symmetric g-numbers, where ¢ = ¢* or in notation of paper [2], ¢ = ﬁ.

The above results indicate on intriguing relation between divisibility of
Fibonacci numbers for odd and even index k, and hierarchy of deformed
fermionic and bosonic quantum algebras correspondingly. As would be shown
below all these numbers are integer, and the spectrum of corresponding os-
cillators is also integer.

The Fibonacci divisors number operator, rewritten in the Fock-Bargman

representation F’ ](Vk ) = F;Q , becomes the k-th Golden derivative dilatation
operator -
; (") — (¢*)E flh2) = f(¢*2)
2w Dplf(2)] = — - f(x) = , (9)

- (oF — ™)
acting on holomorphic wave function f(z). In this form it can be related
with the method of images in hydrodynamics, described in next section.

2.2 Hydrodynamic images and k-th Golden derivatives

As was proposed in [10], an arbitrary complex analytic function describing
quantum state in Fock-Bargman representation, can be interpreted as the
complex potential of incompressible and irrotational hydrodynamic flow in
two dimensions. In several bounded domains, according to the method of
images, this flow is described by ¢-periodic functions and corresponding the-
orems, such as the two circle theorem [I1], the wedge theorem [12] and the
strip theorem [I3]. Depending on geometry of the domain, parameter ¢ has
different geometrical meanings and values. For the two circle theorem it is
given by squared ratio of two circle radiuses ¢ = r2/r?. By choosing annular
domain between concentric circles with radiuses in the Golden ratio, we able
to give then hydrodynamic interpretation of our k-th Golden derivatives and
corresponding periodic functions. For even and odd k results are different
and would be considered separately.
1) For even k = 2[, derivative ({)) is determined by finite difference

f(*z) = f(Zr2)

2w DElf(2)] = — (10)

Gy
between values of function f at points ©*z and ﬁz. Geometrically, num-
bers ¥ and ﬁ are symmetric points for unit circle at origin. The analytic

5



function f(z) describes irrotational and incompressible hydrodynamic flow in
two dimensions. If this flow is in annular domain bounded by two concentric
circles 1 < |z| < /9, then the method of images in the form of two circle
theorem can be applied [I1]. Replacing the boundary by an infinite set of
images it gives complex potential of the flow in following form

Gole) = 1)+ o (3) (1)

where

> s L(2)=

n=—oo

> (). a2

Here, the first sum describes the image flow in even annular domains and the
second sum, in odd ones. Then, the whole complex plane is divided to infinite
set of circles with Golden ratio of successive radiuses. The complex function
f-(2) is the Golden periodic function, f,(¢z) = f,(z) and as follows, it valid
also for function G,(pz) = G,(2). The last relation implies that

(k)D;“Ggo(z) = 0, (13)

for any integer k. The complex velocity corresponding to flow (IIl),

 / dG(Z) .- n s n 1 > n n 1
V(z) = —— = n;ww v(p"z) = ;n;oow v <so ;) ;o (1)
is then the Golden self-similar function V(pz) = if/(z).

In more general case, the annular domain is bounded by circles 1 < |z| <
©? with fixed k > 1, so that the flow is k-th Golden periodic Gor(phz) =
G, (2), and as follows

(k)DJZ;G@k (Z) =0. (15)
Corresponding complex velocity is the k-Golden self-similar function V(phz) =
ﬁV( z), but the flow is not the Golden periodic one G (¢z) # G (2).

As an example we consider the point vortex of strength I' at pOSlthIl 20
in the annular domain, 1 < |z < /¥, with complex potential [11], [14],

Z I Z¥"% (16)
2m

n=—oo SO ZO



It describes an infinite set of vortex images with Golden ratio ¢ of neigh-
bouring image distances from origin: for even reflections we have

20 20 <0

2 n
sy T e T —, 205, PR0, ¥ R0y .-y P 205 ---
¥ L2

and for odd reflections

1 1 1 1 ¢ ¢? p"
e o om e a m
Due to characteristic equation for Golden ratio, ¢ — 1 = i, the relative

distance between two neighbouring images is given by power of Golden ratio,
|t — " = ™! - for even reflections, and — ﬁ} = ﬁ - for odd
reflections.

Complex potential (I6) is the Golden periodic one, which means that any
vortex image can be chosen as the original vortex, so that the full flow in the
plane will not change by this choice. In addition, following [14] the infinite
sum for this potential can be expressed by ratio of first Jacobi elliptic theta
functions, with Golden ratio as a parameter.

2) For odd k = 20 + 1, derivative (@) is given by the finite difference

2w DElf(2)] = e (Zk__,_fi_)JZ)

1
o

(17)

between values of function f at points ¢*z and —ﬁz. To interpret these
image points geometrically, we consider the flow in double-circular wedge
domain, with boundary restricted by two coordinate lines I'y : 2 = x and
Iy : 2 = ze'Z = ix in first quadrant of complex plane z; and by two concentric
circles at origin with radiuses 1 and ¢; Cy : z = €, and Cy : z = /pe”,
where 0 < ¢ < 7. Then, application of the double-circular wedge theorem
[12] gives complex potential as

G = L)+ 1o (3), (13)
where
= 3 e+ 1=l B (3)= 3 U (en7)+F(=2))



This function is Golden periodic G(pz) = G(z) and in addition, it is even
G(—z) = G(z), so that,
() DFG(2) = 0. (19)

For point vortex in the double-circular wedge domain it gives the sum

$ ( — pP2g) (2% — PV %) 20)
n
27”’ n=—00 - (p2n22)(z - (n+1)%)

which is even and arbitrary k-th Golden periodic function. The set of images
in this sum includes an infinite number of pairs of images at antipodal points,
©"zy and —@,1120, As we show in next section, these antipodal points play an
important role in quantum information theory and can be related to the pair
of orthogonal qubit coherent states.

2.3 F® and the n—qubit coherent states

The pair of orthogonal qubit states in coherent state representation

0) + 9l _ -

1+ [ JI+ o

is parameterized by complex number ¢y € C, given by the stereographic
projection 1 = tangei¢, of the Bloch sphere state |0, ¢). The states are
determined by point v, and its antipodal one —% for unit circle in C' [15].
Geometrically, they correspond to antipodal points on the Bloch sphere,
M(zx,y,z) and M*(—x,—y, —z). For the Golden ratio ¢ = tang the states
lp) and |¢') = | — é) are orthogonal and correspond to antipodal qubit states
16,0) and |7 — 6, ).
Now we introduce the pair of normalized orthogonal antipodal states

. ~0j0) + )

< =

10) + ¢*11) |_g»:—wmwﬂw
V14 @ P V142

characterized by integer number £ € Z. In the limiting case, the states
become computational basis states: |1) and |0) for & — oo, and |0) and |1)
for k — —o0.

") = (22)



From these states (without normalization) the set of n-qubit states |¥),
characterized by Fibonacci divisors F\*) can be constructed. For odd k =
2l + 1, we define the state

(10) +¢*11))" = (10) +¢™1))"

ok — " ’

|\I/>k = Cp

(23)

which is expanded in computational basis as
W), = co[F7(]10...0) + ...|00...1)) + F{(]110...0) + ...]00...11)) ... + F®|111...1)].

Normalization constant for this state is determined by sum

' = JZ () 1)

s=1

and probabilities of measurement are

p_ (FM)? | (25)

() @

The states are entangled. For two qubit state with n = 2 and arbitrary odd
k, we have the state

{01) + [10) + Ly[11)

\/2+ L3
(k)

where Ly = ©* + <p’k = F," - are the Lucas numbers. The level of entangle-
ment in this state is determined by concurrence, expressed in terms of Lucas
numbers as decreasing function of k,

W)k (26)

2

Cp=—t .
P oy L2

(27)

The maximal value C; = 2/3 this concurrence reaches for k = £1.
From another side, from normalized states (22]) following [15], the set of
maximally entangled two qubit states can be derived,



") ") £ 1= )l = 20) |¢k>\—ﬁ>i\—ﬁ>\<ﬂk>.

V2 ’ V2
(28)

Two of these states are independent of k£ and in explicit form are just the
Bell states

|Py) =

G1) =

|00) + |11) |01) — |10)
|Py)=——F— [G)=——F—, (29)
V2 V2
while another pair of states is superposition of the Bell states, depending on
Fibonacci and Lucas numbers:

1) for even k = 2I,

_V5E, 00) = [11) 2 |01) + [10)

|P_) = I N TV (30)
Gy = _L% |00>\;§|11> 3 JLB:% |01>\J/r§|10>’ (31)
2) for odd k =20 + 1,
Ly |00y —11) 2 ]01) 4 |10)
PV =GR v TR v %)
Gy =2 00) — [11) Ly [01)+[10) (33)

VBE, V2 VBE, V2

By using identities: 5F?+4 = L2, for even k = 2[, and L} +4 = 5F?, for odd
k = 21 + 1; we find that the concurrence for these states is maximal C' = 1
and in the limit k& — oo the states reduce to the second pair of Bell states.

24 F](Vk ) and Hecke characteristic equation for R ma-
trix

The Fibonacci divisors F*) are connected also with quantum integrable sys-
tems approach to the theory of quantum groups, via solution of the Yang-
Baxter equation for the R-matrix [17]. The invertible R matrix obeys a

characteristic equation, known as the Hecke condition. For two roots ¢* and
1
—Z,

(R—¢")(R+—)=0 (34)



it is R A
R? = ByR+ 1, (35)

where B, = ¢F — ﬁ. For odd k£ = 2[ 4+ 1 these numbers are the Lucas

numbers By, = ¢ 4+ ¢'* = L, and equation (33) is characteristic equation for
Fibonacci divisors F\®) satisfying recursion relation (51,

= LoE® + () RY, (36)

For even k = 2[ these numbers can be written by Fibonacci numbers By =
o" — o = RV

By studying representations of the braid group, satisfying this quadratic
relation a polynomial invariant in two variables for oriented links was ob-
tained by Jones [I§]. Calculating higher powers of matrix R by repeated
application of the Hecke condition (35), we find

Rr=r®R+ M T, (37)

in terms of Fibonacci divisors.

3 Fibonacci Divisors

3.1 Addition and Division of Fibonacci Numbers
The addition formula for Fibonacci numbers is given by following proposition.
Proposition 3.1.1 (Addition formula)

Foim=FnFyi1+ F,F,_1, where m,n€Z (38)

The proof is straightforward by using Binet formula for Fibonacci numbers.
If in (B]) we put m = n = k, then Fibonacci numbers with even index n = 2k
can be factorized as

Fy, = Fy, Ly, (39)

where L, = Fy_1 + Fj ;1 are the Lucas numbers. By repeating application of
this formula

Fs,. = Fipop = Fy Fop1 + Frq (For) =
= Fy Fopo1 + Fuqr (Fy L) = Fi(Fok—1 + Fiqa Ly),

11



we get factorization
Fs, = Fy (Fog—1 + Fiq1 Li). (40)
This can be continued

Fiye = Fopgor = Fop Fopy + Fopyr Fop = Fop(Fop—1 + Fopq1) = (41)
= IY Loy = Fy Ly Ly,

with following factorization,

Fyy = Fy. Ly Lo (42)
The above results suggest the following divisibility property of F,;.
Proposition 3.1.2 F,; is divisible by Fy.

Proof 3.1.3 The proof can be done by induction on n. For given n, suppose
Fo. = F, X(k,n), where X(k,n) € Z. Then, for n+ 1, by using [BY) we

have:

Foiie = Frgnk = Fi Fu—1 + [Fui] Fia
Fk Fnk—l + [Fk X(k,n)] Fk+1 = Fk( Fnk—l + X(k,n) Fk+1)-

3.2 Fibonacci divisors conjugate to Fj,

Since [}, is divisible by F},, the ratio FF—Zf is an integer number. We call this
number as Fibonacci divisor, conjugate to Fj.

Definition 3.2.1 The Fibonacci divisor, conjugate to Fy, is an integer num-
ber

F,
k) _ Znk 43

Proposition 3.2.2 The Binet type formula for Fibonacci divisor is,

k) _ ()" = (@™)"
n k _ pk ’
TP

12



Proof 3.2.3 It is derived simply by using the Binet formula for Fibonacci
numbers,

()" = ()" _ (@) = (@)t — et (@) = ()

Fnk -
©— ¢ k-t p—¢ ok — @*
so that
Fy, " ok — ¢

The Fibonacci divisor numbers F(¥) give factorization of Fibonacci num-
bers with factorized index nk:

Fn.=F, FW.

The first few sequences of Fibonacci divisors F(F) for k = 1,2,3,4,5 and
n=1,2,3,4,5,... are given below

k= 1,FY =F,=1,1,2,3,5, ... (46)

k = 2,F? =F, =1,3,8,21,55, ... (47)
1

k= 3,F® = §F3n =1,4,17,72,305, ... (48)
1

k = 4,F% = §F4n =1,7,48,329,2255, ... (49)
1

k = 5 FP = = Fsn = 1,11,122,1353,15005, .. (50)

The next theorem gives the three terms recursion formula for Fibonacci
divisors.

Theorem 3.2.4 (Recurrence relation for Fibonacci divisors)

F® = LFD 4 (=) W) (51)

n

Here, Lj are Lucas numbers. The formula is particular case of more general
relation, given by following theorem.

Theorem 3.2.5

Fyntty+a = LpFinta + (—1)k_1Fk(n_1)+a, where a=0,1,...,k—1. (52)

13



The proof of both theorems is given in Appendix.
The total set of Fibonacci numbers {F,} is the sum of subsets {Fj,1a}
for each k and o =0,1,...,k —1;
k=2, {Fon, Foni1}
k= 3; {F3n7 F3n+17 F3n+2}

kE=k {Fin, Fint1,---s Fronp-1)}

Then equation (52) state that for given k, the subsequences Fy,,, Frni1, Frnio,-- -,
Fient(k—1), satisfy the same recursion formula. As an example we consider fol-
lowing sequences with k = 3;

a=0 = F;,=0,2,8234,...

a=1 = F;,,1=1,3,13,55,...

a=2 = Fj,,0=1,521,89,...

These sequences satisfy the same recursion formula,

Fstnti+a = LsFsnta + (=1)° " Fypn1)+a;

where a = 0, 1,2, but with different initial values, so that their union set
covers the whole Fibonacci sequence. The corresponding Fibonacci divisors
F® conjugate to Fy are determined by recursion with Lucas number Lz = 4,
3 3
F =489 + FY,,

and the initial values FO(?’) = 0 and Fl(?’) = 1. This gives the sequence of
numbers 0,1,4,17,72,305, ...

Proposition 3.2.6 The Fibonacci divisors F\¥) can be extended to negative
integers according to formulas

FU) = (—1)t E®), (53)
FiTP = (=)t tDk B, (54)
FGP = (—1)ktt E®), (55)

These formulas can be proved by direct application of the Binet representa-
tion. The formulas determine F*) for each k € Z, and each n € Z.

The following proposition relates powers of the Golden ratio with Fi-
bonacci divisors.

14



Proposition 3.2.7 Fork e Z andn € Z,
()" = P E® 4 (1) B, (56)
(@) = G EY+ () R (57)
The proof is straightforward.

Corollary 3.2.8 Numbers ©* and go’k are roots of quadratic characteristic
equation
A2 = L + (=1)F (58)

so that
2 2
(") = Lug® + (=DM, () = L™ + (=DM (59)

The last relations follow from the proposition for n = 2 and F2(k) = pF ot =

Ly.

4 Hierarchy of Golden Derivatives

In this section we introduce the Golden derivative operators () D% corre-
sponding to Fibonacci divisors, conjugate to Fj.

Definition 4.0.1 For arbitrary function f(z) and k € Z,

k:L’ o /kx
f(ip’)— @Jf’f;px . (60)

wDFlf(2)] =

The linear operator () Df we call the £ Golden derivative operator. The
complex analytic version of this derivative, acting on an analytic function
f(2), can be represented by the Fibonacci divisor number operator F ]Sf ) in

the Fock-Bargman representation, where N = zd%,
kz-% rkz-L
k ©p A — dz »
FULf(2) = P f(2) = 2w D3 ()] (61)
dz SO — (p

For even k this formula admits the limit £ — 0, giving the usual derivative
lim D; [f(2)] = f'(2). (62)
—0

15



For k = 1, the derivative reduces to the Golden derivative [1],

WD) = Dlf()] = D= L), (63

which by acting on monomial " produces Fibonacci numbers,

(pz)" — (x)" " ="
(p— ¢z o —¢

(1)D}C;(In) = 2= F, 2L

In a similar way, by applying the k'* Golden derivative to z", we get the
Fibonacci divisor numbers F*) conjugate to Fy,

A e

K~F (Spk _ gD’k)ZE ok — Splk

or
(i Dplz"] = FPa". (64)
This formula for negative k produces numbers, in accordance with (54]),

The Leibnitz and quotient rules for & Golden derivative are subject of
next propositions.

Proposition 4.0.2 (The Leibnitz Rule)
wDi(f(2)g(x)) =0 DE(f (@) 9(¢*2) + | (¢"2) wDi(g().  (65)

Proposition 4.0.3 (The Quotient Rule)

07 (£12) - DR o) 110 DB g
W g(w) 9(¢kx) g (™) ’
By applying Leibnitz rule to (64]),
wDi(a") =gy Dp(a™a") = FMa" ™, (67)

we get the following corollary.

16



Corollary 4.0.4

This corollary allows us to formulate following proposition.

Proposition 4.0.5

FP = FY, Fili+ () EP RY, (69)

m +m -m—1
In particular case k =1 it gives addition formula for Fibonacci numbers,
F, = F,_n Fm+1+Fm Fom-1.
Proof 4.0.6 By substituting ([B6) and (57), to ([68) we get

FM = FP (¢ FD, + ()R, )+ B, (¢ FD + (—1)ME)
= FPFY, (¢ + ")+ () EW Y+ ()RR, R,
= F®EY L+ (~)FE® R 4~k D E®
= B (L B+ ()M ERL) 4+ ()R ER B,

ED= £, E8 + (10 ED EY,

m - m

By shifting index n in (69) we get addition formula for F*)in convenient
form.

Proposition 4.0.7 An addition formula for Fibonacci divisor numbers is

Ffm = B9 Bl 4+ (=) BR Y

n+m m n —

For k =1, it reduces to addition formula for Fibonacci numbers (38).

4.1 Hierarchy of Golden Periodic Functions

The Golden periodic function for Golden derivative plays the same role as a
constant for the usual derivative. Similarly, the set of £ Golden derivatives
(60)) determines the hierarchy of Golden periodic functions for every natural

k.

17



Proposition 4.1.1 Every Golden periodic function D%(f(z)) = 0 <= (f(¢x) =
f(@'x)) s also periodic for arbitrary k — th order Golden derivatives,

Di(f(z)) =0 = @Du(f(z)) =0,
fler) = f(¢'z) = f(e'z) = fl¢"n), (70)
fork=23, ...

The proof is evident by induction. As an example, f(z) = sin (& In |:)3|) as
the Golden periodic function,

D% sin <& In \x|> =0,
is also the k — th Golden periodic,
() D% sin (& In |[L’|> = 0.
But the opposite to Proposition [.T.T]is not in general true. If function f(x)

is k- periodic, k = 2,3...,

D (f(x)) =0,
then it is not necessarily the Golden periodic one (with £ = 1). For example,
f(x) = sin (# ln|x\) is the Golden periodic function with k£ = 2, ie
@ DE(f(x)) = 0. However, the Golden derivative of this function doesn’t
vanish,

cos (ﬁ In \:c|)
(o — ¢z
and it is not the Golden periodic function.

Dy(f(x)) =

£0

4.2 Generating Function for Fibonacci divisors

Definition 4.2.1 Function,

wF(x) = Z E®)gn — Fo(k) + Fl(k)x + F2(k)x2 + F?fk)xg +...
n=0

is called the generating function for Fibonacci divisors F*), where

1 dr
¥ = g wEF @) (71)
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Proposition 4.2.2 The generating function g F () is convergent in the disk

lz| < ﬁ and has following explicit representation

1
1= Ly + (=1)ka?’

(k)F({l?) = Z F,Sk)xn (72)
n=0

Proof 4.2.3 The ratio test

] F,Ek) xn—i—l r(zk)
p= i | =] = i |2 el = o <

implies,

k
1
|z] < (—) <1,
2
for any positive k. By using k —th Golden derivative

wF@) = > F®)gn — P4 > gF® gt =04 dw E®) gr—l
n=0 n=1

n=1
= Y awDp@") =z @Dp ) 2" =
n=1 n=1

= x(k)Df;:c(1+:c+:c2+...)

=l () =i ()] - (b — o) _
= Twlr\7—4) Y|P\ ;)| =% (F— o™z
xr X

A= ¢ro)(1— %) 1—Lya+ (—1)Fa?

Corollary 4.2.4 ) F(x) is rational function with simple zero at x = 0 and

two simple poles at
1 1

rT=—, T=—f.
k’ 1k
¥ ¥

For k =1 it reduces to generating function for Fibonacci numbers,




For k =2 and k = 3 it gives generating function for "mod 2” and "mod 3”
Fibonacci numbers correspondingly,

T x
Fy, - : 74
Z " T 1- 3z + a2 (1 —22)(1 — ¢2x) (74)

T T
F = .
Z " T 1-dr—22  (1- @37)(1— ¢Ba) (75)

For arbitrary k it represents generating function for ”mod £”-Fibonacci num-
bers,

xr s
Fi., = . (76
5 L e = o e~ s

5 Entire generating function for Fibonacci di-
visors

Applying ) D% to e” in power series form

£t o (5o (1 @ a2

n=0
we get the series
Di(er) = 3 F, L 77
) DE(e) nZ::O T D) (77)

convergent for arbitrary z. From another side, by definition (€0),

k_ Ik k_ Ik
D (") et _ gt wk?/kxe(v 2" )w_e_(v 2 )x
L efy=————=c¢ ,
R)HF (Sok _ SO/k)$ (Sok _ Solk) T

and relations ©* + '* = L, ¢* — ¢’ = F.(¢ — ¢'), we have

L, Sinh ( k(p — gp ) )
D%(e") =2e2 " .
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Replacing ¢ — ¢’ = v/5, we get explicit formula for derivative of exponential
function

sinh (F & @x)

Lg
(i Dp(e”) =e>™ (78)
(Fioga)
By comparing (1) and (8], finally we obtain identity:
> F(k) Ly, sinh (Fk§$)
=t ————— (79)
- n! Fk_5

2

In particular case k = 1, it reduces to the one for Fibonacci numbers [1],

< £, 1, sinh(%x)
nz::ln'x =e2 T (80)

Relation ([79)) represents the entire generating function for Fibonacci divisors,
and allows us to obtain several interesting identities.

5.1 Some identities for F¥)

From (79) for x = 1 follow summation formulas

< pk ., sinh (Fkﬁ)

2
Z L —e2 ———2 (81)
=0 ! (Fké)

and

0 sinh ( F, X2
Z _""f — e% % (82)
n=0 n. (T)
By replacing x — iz in (79) we get,
oo p(k) sinh ( Fj, %2z
n=1 n Fk%

Substituting sinh(iz) = isin(z) and splitting sum in the L.h.s. to even and
odd parts gives,

Z 21421 l L2+ Z F2(l—|)-2 1I21+2 ei%kx Sm(Fkéif) (84)
= 20+ 1)! (2l +2)! oy
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By using Euler formula e’ Fo = COS(L’c )+ sm(lg‘ x), and splitting equality

to real and imaginary parts, we get generating functions for even and odd
Fibonacci divisors:

i 21421 D2 = cos <&x> sin(Fkéx) (85)
(20 + 1) 2 R

and
0o k) .
Z F2(l+2 1)!2%+2 = sin <&x> 78m(Fk§x>. (86)
£ (20 +2)! 2 FL

From these entire functions follow several identities. From (85) we have:
1) For z =,

= Fz(zkll 1_21 m Sin(Fkﬁﬁ)
Z —=T_(—1)'7m" = cos (—Lk) — 2 7 (87)
= (204 1)! 2 Fk@

The right hand side of this identity vanishes for odd values of Lucas numbers
Lki L1 = 1, L2 = 3, L4 = 7, L5 = 11, etc.

2) = 2—7;,
Since sin(Fjm) = 0, then for arbitrary k;

o) (k) 21
2l+1 ; (2m) _
; T A (88)
3) =,
00 (k) 21
Foty i 2 T . ( 7T)
—= (-1)— = — L,—— F.— ).
g R el TS B G (89)

For even values of Fj; I3 = 2,Fg = 8, Fy = 34, etc. the right hand side
vanishes.
4) z =2,

Wi sin(Fv/57) .

.- 2H—1 2[
~1)/(2m)* = cos(L
> g it @) = cos(lm) =2 e
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o k
Z FZ(H)-l (_1)! — oS (&) Sln(Fké) ' (91>
20+ 1) 2) RY¥
6) v =7,
00 (k) 21
Pyt ! ( T )
——(=1)" | — ] =0. 92
g (20 + 1)!( ) Ly, (92)
) x= \/25%,
x  Fy) (27)*
2 ] 1(_1)l l 7 =0 (93)
— (20 +1)! 5L(F})
In a similar way from (86) follow identities:
1) z=m,
00 ; V5
2l+2 o2+l o (T ) sin(F, 5 m)
- = —Lp) ———. 4
2 arr i) Sm(2 ) RLn oY

For even Lucas numbers: L3 = 4, Lg = 18, Ly = 76, etc. the right hand side
is zero.
2) x= \/— Since sin(Fym) = 0, then

gt o\ 21
lz: 212;; 1y (ﬁ) = 0. (95)
3) v =T,
i 2l+2 —1)! (l)zHl = ism (LkL> sin (sz) . (96)
£ (2 + 2)! V5 Fym 2v/5 ’

For even Fibonacci numbers Fy: F3 = 2, F5 = 8, Fy = 34, etc. the right hand
side vanishes.
4) z =2,

(k)

- 2l+2 l 241
S : 2 = 0.
(2l +2)! 1) (2m) ’ (97)
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i 21422 l (L Sin(Fké)
—1) =sin( =5 ) ——=—. (98)
— (21 +2)! 2 £
6) =1,
i F2(lk+2 l (2)2“_1 _ sin (f_llz éﬂ-) (99)
7 x= i—z Since sin(%i—’;) = sin(m) = 0, then
) F(k 2 2l+1
Z _2dr <—7T) = 0. (100)
— (2l +2)! Ly
For o = %, two more interesting identities follow from (8H) and (86
correspondingly,
> F2(lk-i)-1 , w2 2 L, =w
= Zcos (2L 101
2 a Ve m 7\ B (101)
and

) - 20+1 2 L -
Z P ) < ) = " sin <—’“—> . (102)
(21 +2)! V5 F, 7 Fy 2v/5

6 Fibonacci divisors and Fibonomials

Definition 6.0.1 The product,
k2k‘3knk5n‘modk (103)

1s called mod k factorial. It is equal,

I sk = nlk" (104)

s=1

and for particular case it reduces to usual factorial

k=1 = n!modlzn!
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Definition 6.0.2 The product of Fibonacci numbers,

FiFo ... Fop =[] For = Ful vnoax (105)

s=1

is called mod k Fibonacci factorial. For k =1, it gives the Fibonacci factorial,
E vod1 = F1Fy .. F, = F,! (106)

For k =2 and even n, it gives the double Fibonacci factorial,
E vodo = FoFy. .. Fyy,. (107)

Definition 6.0.3 The product of Fibonacci divisors,
FOE®  pk = H F® = gl (108)

is called the Fibonacci divisors factorial. It can be considered as the k — th
Fibonorial or generalized Fibonorial. In particular case k = 1, it reduces to
Fibonacci factorial; F(V! = F,\. For F®! we have next formula,

FrlopFsg ... Fop  FiFopFap ... Fug

= = —, 109
or in terms of mod k Fibonacci factorial,
!
Fy — Enmod i (110)

Definition 6.0.4 The Fibonomial coefficients for Fibonacci divisors or shortly
k — th Fibonomials are defined as

PO k) ) (k)
(k)[n] -— ('f>2 G (1?>+ = o (111)

and for k =1 they reduce to Fibonomials,

n| E)!
m| . FanlEy!

For arbitrary k they can be represented by mod k Fibonacci factorials (II10);

n Fn!modk
= . 112
*) [m‘|F Fm!modk Fn—m!modk ( )
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In a similar way as for Fibonomials, it is possible to derive the recursion
formula for £ — th Fibonomials

n m =1 n—m n—1
(k) lm] = " (k)l m ] + " g [m_ 1] ; (113)
F F F

and give interpretation of it in terms of Pascal type triangle.

7 Hierarchy of Golden binomials

By k — th Fibonomials we can introduce now the hierarchy of Golden bino-
mials.

Definition 7.0.1 The k — th Golden binomial is defined by polynomial,
) (LU . CL);; _ (QIZ‘ . (pk(n—l)a) (LIZ‘ . (pk(n—2)g0/ka) o (LIZ‘ . (pk(plk(n—2)a) (LIZ‘ . (plk(n—l)a)
ifn>1, and it is equal one if n = 0.

In particular case k = 1, it reduces to the Golden binomial [I]. The polyno-
mial satisfies following factorization formula.

Proposition 7.0.2 (Factorization Property)

wl@—ap™ = (2 —¢a), (v - "), (114)
= (k) (SL’ — gOlkmCL)F (k) (SL’ — (pkna)F (115)
The proof is straightforward.

Theorem 7.0.3 The k — th Golden binomial expansion is,

n . n mm=) o m, m
<k><x+y>F=Z<k>[ ] (1) g (116)
m=0 L"M]p

In particular case k =1, it reduces to the Golden binomial formula [1).
The proof can be done by induction.

Corollary 7.0.4 From this theorem the identity follows,

w1+ 15 = Zn: () [R]F(—l)kw- (117)

m=0 m
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Lemma 7.0.5 The k — th Golden derivatives are acting on k — th Golden
binomials as,

WDy w(@+y)p = FP gy@+y)y ', (118)
n n—1

wDE w (@ +y)p = FY (I + (—1)k?/)F ) (119)
n n—1

wDE (=9 = —FF (SC - (—1)ky)F (120)

The proof is long but straightforward.

7.1 Fibonacci divisors and Golden Taylor expansion

Here we introduce monomials,

(121)

so that due to (64),
w Dy (PF) = P, (122)

The monomials satisfy Theorem 2.1 in [19], and allows one to derive the
Taylor type expansion for arbitrary polynomials.

Theorem 7.1.1 (k—th Golden Taylor expansion)
The derivative operator () D% is a linear operator on the space of polyno-
mials, and

xn

FP T F® L ER  E®

P (x) =

satisfy the following conditions:

(i) P{P0) =1 and P®(0)=0 for any n>1;

(ii) deg(P{) = n;

(iii) oy DE(P® (z)) = PV, () for any n > 1, and 4 D%(1) = 0.

Then, for any polynomial f(x) of degree N, one has the following Taylor
formula;

#) = XwDP"Sf OPPE) = L (@PPf Oz (29

27



As an example
(z 4+ 1)° = 24P () + 9PP (z) + 3PP (2) + PP (x). (124)

In the limit N — oo (if it exists) the Taylor formula (I23]) determines an
expansion of function f(z) in P*)(x) polynomials,

(e} n

f@) =3 ((k)D?f)"(O)%.

Proposition 7.1.2 Let,
[ee] Z’I’L
f(z) = n;anm

is an entire complex valued function of complex variable z. Then, for any
integer k exists corresponding complex function 4y fr(z) determined by for-
mula,

n

s z
W [r(2) =) an—gs:
’ 2 )
and this function is entire.

Proof 7.1.3 By the ratio test

. 1 Ant1
— | =0= 125
p o= Jel Jim [ || (125)
. 1 Ap+1
wpr = |z Im |— || —— (126)
“e FL |1 an
— 12| lim n+1 <‘ 1 an+1>
o n o k
| el
. n+1
= | P =0
n+1
1
since li_)In % =0.
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As an example of entire complex functions, the following hierarchy of the
pair of Golden exponential functions is introduced

Definition 7.1.4 (k—th Golden exponentials)

- (@) xn
Kep = e
(k)R ;Fék)!

i n(n—1) l’n

Z(—l)kTWa (128)

n=0

(127)

L

where
Fy - Fop - Fy, ... Py,
(F)" '

Proposition 7.1.5 The k — th Golden derivative of k—th Golden exponen-
tials is

WDk (wer) = A we, (130)
T T —1)F Az
0D (mEX) = X wEr "™ (131)

This two exponential functions are related by formula
W) EF =(-k) €F- (132)

The product of two exponentials is represented by series in powers of k—th
Golden binomials

By exponential function (I28§)) it is possible to introduce translation operator
(k)Ef;(k)DF generating these binomials from monomial =",

W ERE e =gy (x4 ) (134)

Then, applying this operator to an arbitrary analytic function we get an
infinite hierarchy of k—th Golden functions

D2 DE = __— n
(k)Egﬂ(k) Ff(x) =(k) E?;(k) F Z anpl = Z Ay * (k)(SL’ + y)F. (135)

n=0 n=0
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In particular, translated by this operator exponential function (I27)) gives

equation (I33)),

D% T N (z+
(o EXOF et =y e T (136)

or in another form

D‘T xT xT
WERTT el =0 Ef ) €. (137)

7.2 Hierarchy of Golden analytic functions

By complex version of translation operator (I34]) we introduce the complex
k—th Golden analytic binomials

BT = (@ +iy) 7, (138)
and the hierarchy of k—th Golden analytic functions

WEEO T f (@) =3 an - gl +iy)p = (@ +iy)r), (139)

n=0

for every integer k satisfying the 0-equation

1 . )
5((k>D? +iryDp) f (i (x +1iy)r) = 0. (140)

The Golden analytic functions from [13] correspond to particular value k = 1
of this infinite hierarchy. The real and imaginary parts of these functions

w(z, y) =) cosp(yuw D) f(2), v(z,y) =cr sinp(ywDE) f(z), (141)
are subject to Cauchy-Riemann equations
wDru(z,y) =1 Dpv(z,y), (nDpu(r,y) = —mDiv(r,y),  (142)

and are solutions of the hierarchy of Golden Laplace equations

() DE)*O(2,9) + (0 DE)?*¢(,y) = 0. (143)

Therefore, it is natural to call these functions as the k—th Golden harmonic
functions.
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8 Hierarchy of Golden quantum oscillators

In this section we apply the quantum calculus of Fibonacci divisors or k —th
Golden calculus to deformed quantum oscillator problem. We define the set
of creation and annihilation operators by and b} in the Fock basis {|n)},
n =0,1,2..., represented by infinite matrices

0 VFE® o 0 0 0

| 0 0 VEP o o | VEY 0 o
_ b=

0 0 JFE® 0 VEY o0

By introducing the Fibonacci divisor number operator

K\N _ ( Jk\N
P _ ;k - fp‘fk ) (144)
where N = a*a is the standard number operator, we find that in the Fock

basis the eigenvalues of this operator are just Fibonacci divisor numbers
conjugate to Fy,

Fy s k) = F®n; k) (145)
and in the matrix form
FEP o0 o .. F® o o .
(k) (k)
w_ | o F o o w | 0o EY o0 o0
FW = , P = (146
N o o FM o N o o FP o (146)

The operator satisfies recursion rule
Pyl = Ly + (D R,
and is expressible as
bbi = FiL, b = FY, (147)
giving the commutator
v 0] = Pyl — Y- (148)
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From definition (IZ4) for F\¥ follows matrix identity

()N = " + (—1)MEY, (149)
where
1 0 0o ..
N 0 <,0k 0 O

and deformed commutation relations
bibi — @b = O b — @b b = V. (151)
The hierarchy of Golden deformed bosonic Hamiltonians, defined as

hw hw
Hi = (b +bghe) = 5 (B + F) (152)

is diagonal and gives the energy spectrum in terms of Fibonacci divisors

h
P = S-(FY + B, (153)
For even k it becomes
2 _ hw sinh[(n + 1)k In ¢]
"2 sinh[£lng]

(154)

In the limit & — 0 this spectrum gives the one for linear harmonic oscillator

1
EY = hw (n + 5) (155)

and for k — oo it is exponentially growing as powers of Golden ratio

B0 ~ 9 i

~ 1
s (156)

Following [I3] we can derive the ”semiclassical expansion” of energy levels in
powers of In ¢ < 1, giving nonlinear corrections to the harmonic oscillator
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1 oo k2s (11’1 (,0)28
W =t (n+5) 423 Baa(n+ 1) o0 157
where B,,(z) are Bernoulli polynomials.
The energy levels (I53) satisfy the three term recurrence relation
B = LEY + (-) B, (158)

where L, are Lucas numbers. The first few energy levels for different values
of k are:

hw _hw _hw hw

— 1.pWM 9 g g™ oi* 1
ko= 1:iED =275 355 50 80 (159)
hw hw hw hw
= 2:F® =97 912 929" 38 1
ko= 2:BY =275 2175, 297, 38— . (160)
hw hw hw hw
= 3: B0 =57 91" 89— — .. 161
k 3:Ey 52,212,892,3772, (161)
h hw h hw
ko= 4:E¢ _8—“’ 55~ 3772” 2584 (162)
h h hw hw
k= 5:E0 = 127“, 1337, 1475, 16358 (163)
The difference between levels for odd k& = 20 + 1 is growing as
*) hw
AEW =F, ., — E, = 7LanH, (164)
while for even k = 2[ it is
I
AE® = ;(LanH — 9F "), (165)
Then, the relative distance
AE® W p®)
no— o2 n (166)

EY  F® 4 FY

n

for asymptotic states n — oo is given by the k-th power of Golden ratio

lim — % = " — 1. (167)



For odd k£ we define the hierarchy of Golden deformed fermionic oscillators
by Hamiltonians

hw hw

Hy = = (b be = bib) = —(FY - FY)), (168)
with integer spectrum
I
B = Z2(FY — B, (169)

In the limit £ — 0 (though it is not odd number) it becomes the usual
fermionic two level system with energy E(®) = h‘*’ for even n, and E(0) = %‘*’
for odd n. In this form it can be applied for descrlptlon of the qubit. Then,
the deformed case opens possibility to study modifications of qubits as units
of quantum information, depending on k.

The first few members of fermionic hierarchy are follows. For & = 1 the
spectrum is determined just by Fibonacci numbers E(1) = %“’Fn_l. For k =3
and k = 5 we have an infinite number of states with energy:

hw h_w h_w hw

_ a9 @) _ W et
k 30 B =3-7, 1375, 55—, 2383, . (170)
k= 5:E,§5>:10h7”, 111%”, 1231%‘", 13652%”,... (171)

8.1 Hierarchy of Golden coherent states

By transformation

F](\;g) FJ(\;CH FN+1
= N 172
b ad N N+1° o N+ U7

we introduce the states

I ()"
7 E

|05 k) p, (173)

where bi|0; k) p = 0, coinciding with the Fock states {|n)} and satisfying

brini k) = VEE In+ 1,k g, belnsk)yp = VES |n— 1Lk)p.  (174)
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The hierarchy of Golden coherent states is defined by eigenstates of annihi-
lation operator

bk |Bk) = Br |Br) F- (175)

Expanding in basis (I73)), the normalized coherent states are found as

2\ —1/2. 2 B
|Be)p = ((k)e‘}ék‘ ) Z \/k(T)'W k)e, (176)
n=0 n !
were the scalar product of two states is
O

Flow|Br)r = (177)

((k)e‘;P) 1/2 ((k)e‘}@z) 1/2°

The exponential functions in the last two equations are the k-th Golden
exponentials, defined in ([I27]).

8.2 Hierarchy of Golden Fock-Bargman representations

An arbitrary state from the Hilbert space (I73)),

o0

W> = Z Cn|n§ k>F

n=0

by the inner product with coherent state (I76])
.
(Brlv) = ((k)e‘f«ék' )

determines the complex analytic wave function
Z’I’L

179
FFN 1)

Uu(z) = i; e

in the corresponding k-th Golden Fock-Bargman representation. The opera-
tors by and b} in this representation are given by

e — wDi, b — 2, (180)
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were the complex k-th Golden derivative ()D% was defined in (60). Then,
the higher order Fibonacci number operator (I44) is represented as

F) = 2 4y Dx. (181)

This way a link of our Fibonacci divisors Golden calculus with Fock-Bargman

representation for hierarchy of deformed quantum oscillators is established.
As an example we consider the scale invariant analytic functions. If func-

tion 1(z) is the scale invariant ¥s(\z) = A*14(2), then it satisfies equation

sy = Be(E2) —waee) (@) — (@)
(k)DF@bS( ) = (tpk — (p/k)z (go’f _ (p/k)z Q/)S( ) (182)

or
2 Dis(2) = FF 4y (2). (183)
This eigenvalue problem is just the k-th Golden Fock-Bargman repre-

sentation of the Fibonacci divisor operator eigenvalue problem (I45]), where

eigenfunctions
S

z
Vs(z) = (184)
F
are scale invariant. Then, the general solution of (I83) is of the form
7vbs(z> = Zsfk(z)v (185>

where fi.(z) is an arbitrary k-th Golden-periodic analytic function f;,(p*z) =
fi(¢’"2), which has been introduced in Section 3.1. It was noted that such
self-similar wave function characterizes the quantum fractals [16],[11].
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10 Appendix

Here we proof Theorem 2.2.4. as equation (BIl) and Theorem 2.2.5. as
equation (52)). First we prove Theorem 2.2.5.

1 -
Fkn-l—k-l—a = - (pkn+k+a _ (p/kn—l—k—l—a}
Y—¢ -
1 [ knt+a n+o
= oo e e "]
1 [ kn+a nta ntc o
1 [ nT+o n+ao n-+o nta
= T LT T et — et
1
= Fkn+a<,0k 4 — [golkn+a(pk . ﬁp/kn—l—a@/k}
Y—¢
= Finta {ka b=t (p/kﬂ i : {Solkn+a(pk . (p/kn+ago/k}
Y-
1 n+o n+a
= Bunsa(@" + ") = Fna™ + —— [ghmtaph — ghnte ]
! n+a
= Fkn—l—aLk -+ [(p/kn-i-a(plk . (pkn-l-ocgolk + QOlknJra(,Ok - (P,k + QOlk

o—¢
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N ﬁ itk  ghta]
—  LiFinja+ % prtn i — el
= LiFinta — % e — bt
= LuFinga = LD s gooisa] e (ol = (-1,
 LeFn— (<1 phn—hta _ SO:kn—k-i—oe
p—

LiFrnia + (=D Fypio and since (—1)"7(=1)72 = (=1)F 1,
- Lkan+a + (_]-)k_len—k—l—a

Therefore, equation (52))
Fk(n+1)+a = Lkan-i-a + (_1)k_1Fk(n—1)+a

is obtained. By choosing a = 0 and dividing both sides of the equation with
F}. gives us the desired recursion formula ().
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