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Abstract

It is known that every solution to the second-order difference equation

Xp =Xn-1 +Xn—2 = 0,n > 2, can be written in the following form x, = xof,_1 + X1 f,, where
f, is the Fibonacci sequence. Here we find all the homogeneous linear difference
equations with constant coefficients of any order whose general solution have a
representation of a related form. We also present an interesting elementary
procedure for finding a representation of general solution to any homogeneous
linear difference equation with constant coefficients in terms of the coefficients of the
equation, initial values, and an extension of the Fibonacci sequence. This is done for
the case when all the roots of the characteristic polynomial associated with the
equation are mutually different, and then it is shown that such obtained
representation also holds in other cases. It is also shown that during application of the
procedure the extension of the Fibonacci sequence appears naturally.

MSC: 39A10

Keywords: Homogeneous linear difference equation with constant coefficients;
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1 Introduction
Let N denote the set of all positive integers, No = N U {0}, and Z be the set of all integers.
If p,q € Z are such that p < g, then we use the notation j = p,q for the expression j =
pp+1,...,q

There has been some interest in difference equations and their applications for a long
time (see, e.g., [1-37] and the references therein). Since the time of de Moivre it has been
known that the homogeneous linear difference equations with constant coefficients are
solvable (see [6-8], see also [4, 9]). For some later presentations of the theory, see, e.g.,
(5, 10, 11, 13, 14, 17, 18]. For some recent results on solvability, invariants, and their ap-
plications, see, e.g., [2, 3, 19-22, 24—36] and the related references therein.

From a formula by de Moivre for solving homogeneous linear difference equations of
second order [7, 8], general solution to the following equation is specially obtained:

Xy —Xp_1 —Xnn =0, n>2. (1)
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The Fibonacci sequence (f,,),>o is the solution to equation (1) with xp =0 and x; = 1
(the solution can be explicitly found in D. Bernoulli’s paper [4], as well as the method that
is usually used in solving homogeneous linear difference equations with constant coef-
ficients nowadays). The sequence has been investigated for several centuries, and there
are a lot of properties and relations which are satisfied by the sequence (see, for example,
[1, 12, 16, 37]). The sequence is usually defined on N or Ny, but it is easy to see that it can
be defined on any set of integers of the form n > ny, where ny € Z is fixed, as well as on
the whole Z (see also the end of this section).

An interesting fact related to the Fibonacci sequence is that every solution to equation

(1) can be written in the following form:

Xy = Xofp1 + %1, mENg. 2)

There are several ways to prove (2). One of the ways is by using known theory. It is well

known that general solution to the equation
Lis(xy) i=xy —a1x,1 — - —agxnx =0, neNy, (3)

where k €N, d = (ay,...,a1), 4 €R, j = 1,k, and a # 0, is a k-dimensional linear space
[5,10, 11, 13, 14, 17, 18]. Let Sol(Lx ;) := {(xy)n>—k : Lx3(x,) = 0} (the space of all solutions
to equation (3)). It is also known that there is a natural linear isomorphism I; between
the k-dimensional real vector space R* and the space Sol(L; ;). Namely, if (Ej)]]f:1 c RFis

the canonical basis of R, i.e., ¢ = (0,...,0,1,0,...,0),j = 1, k, where 1 is the jth coordinate
in the vector, and (V) = (x,,(¥)) >« € Sol(Lyz) is the solution corresponding to the vector
v € R¥ (the set of initial values), then for every v = Z,k:1 V/é; € R¥ we have

X)) = (V) = Ik (2](: VE;) = Xk: VI(€) = Xk: V(&) (4)
j=1 j=1 J=1
If k = 2, then equation (3) becomes
Xp — A1 %Xp_1 — A2Xn_o =0, 1€ Ny, (5)
where a, # 0, and we have ¢; = (1,0) and ¢, = (0, 1). Since
f1=1, fo=0 and fi=1, (6)
we see that the solution to equation (1) corresponding to the vector é; is (f,-1)uen,, while

the one corresponding to the vector & is (f,)uen,. Since every v € R? has the form v =
v1é; + v2&,, by using the relations in (4), we have

(41 ) ,eny, = L) = V' L) + V2 B(@3) = V! (fu-Dnerg + V(i) nero- 7)

From (7) with # = 0 and # = 1, it follows respectively that xo(V) = v'f.; + v*fy and

x1(V) = vify + v*fi, from which along with (6) it follows that v! = xo(V) and v? = x; (V).
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Hence

x,(V) = xO({;)f;l—l + X1 (a)f;qx n € Ny, (8)
which is a known theoretical way how relation (2) is obtained.

Remark 1 Relation (2) can be also obtained in a quite simple elementary way by using the
de Moivre formula (see, e.g., [30]).

Representation formula (2) suggests the following natural and interesting question.

Question Which homogeneous linear difference equations with constant coefficients
have the general solution representation formula of the form in (2)?

Some recent representations of general solutions to some solvable difference equations
and systems can be found, e.g., in [26-31, 33-36].

Here we give an answer to the question. Beside this we also explain an interesting el-
ementary procedure for finding a representation of general solution to equation (3) in
terms of the coefficients a1, a,, . .., dax, initial values xg, %1, ...,%x_1, and an extension of the
Fibonacci sequence. The representation and some details should be folklore, but the whole
procedure leading to it could be new and is interesting.

Before we state and prove the main results in this note, recall that since ax # 0, every
solution to equation (3) can be defined for all negative values of indices #, by using the
following obvious consequence of the equation:

k-1
Xy — Zj:l AjXy—j

Ak

Xn-k =
For example, for n = -1, we get

k-1
X_1— Z/=1 AjX_(j+1)
X_(k+1) = P ,
k

(this is, for example, used to get the value of f_; in (6)).

2 Main results
This section formulates and proves the main results in this paper. First, we give an answer
to the above question.

2.1 Answer to the question
Now we turn to the above question when k =2, a; € R, and a, # 0, that is, to find all a;
and a; such that the following representation holds:

%5 (V) = %0(V)yn-1(V0) + ¥1(V)y.(Vo), 1 € No, &)
for some vy € R? and for every solution to equation (5), as well as to the corresponding

question for the case of equation (3) for arbitrary k € N\ {1}.
The following theorem gives an answer to the question.
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Theorem 1 Counsider equation (3) withn >k >2,a; R, j= 1,k, and ay #0. Then there
is a vector vo = (v}, ..., ) € R and 5(Vy) € Sol(Lx ;) such that

yio) =V, j=0,k-1,
and that
xn(?/) = xo(lj)yn—1(170) + X1 (I;)_)/n(ao) +---+ xk_l(?/)y,,+k_2(170) (10)

for every n € Ny, vector v € RX, and solution X(v) to equation (3) ifand only ifk =2, as = 1,
and v = (vy,v3) = (0,1).

Proof Assume that representation (10) holds. Then for # = 0 we have

x0(V) = %0 (V)y-1(Vo) + x1(V)y0(Vo) + - - - + %11 (V) yx-2(Vo) (11)
for every v € R, i.e., the identity

(y-1(00) = 1)x0 + yo(Vo)x1 + - - + Y2 (Vo)ak—1 = 0 (12)
must hold for every (xo,x1,...,%_1) € RX, from which it follows that

y-1(9) = 1, y(%) =0, j=0,k-2. (13)

From this and using the fact that (Vo) € Sol(Lxz), we get
k
Yik-1(Vo) = Zajyk—lfj({;o) = ay. (14)

j=1
For n = 1 we have
x1(V) = 2o(V)yo (Vo) + x1(W)y1 (Vo) + - - - + X2 (V) Y2 (Vo) + xx—1(V)yx-1(Vo) (15)
for every v € RX. From (13)—(15), it follows that the identity
X1 —apx_1 =0 (16)
must hold for every x1,x¢_1 € R, which is only possible if k = 2 and ax = a3 = 1, from which
along with (13) and (14) it follows that 0 = yo (Vo) = v} and 1 = y; (Vo) = v3.
Now assume that k = 2, a5 = 1 and vy = (0, 1). Then (3) becomes

Xy — A1 Xp1 — Xy =0, n>2, (17)

An easy computation shows that

M=hy M=k

(Vo) = = ,
Inivo AM—Xy Jal+4

(18)
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where

a++Ja’+4 a,—+Ja*+4
M:l—l and )hzzlil'

2 2

On the other hand, by calculating the solution to (17) with initial values xo(¥) = v! and
x1(v) = v, using (18) and Viete’s formulas, we obtain

_ @@y =21 (M)A + (1 (V) = x0(V)A1)25

%, (V)
" Ay — A
M-t A =2
= —xo(MA A +x.(v
o(V)A1Aa Y 1()A1—A2
= %0 (V)yn-1(Vo) + x1(¥)y (Vo) (19)

for every v = (v1,12) = (xo(¥),%1(¥)), showing that representation (10) holds in this case, as
desired. O

2.2 Arepresentation of general solution to equation (3)

Theorem 1 shows that for the case k = 2 the solution to equation (3) satisfying the initial
conditions xp = 0 and x; = 1 is of some representation importance for the general solution
to the difference equation.

It is interesting to find the solution to equation (3) which naturally generalizes the Fi-
bonacci sequence and at the same time plays the corresponding role in representation of
general solution to the equation. Here we present an analysis which naturally leads to the
solution. The analysis will show that the solution satisfies the initial conditions

x,-:O, j:O,k—2, (20)
Xk-1 = 1.

The solution can be found also by using some other methods, but our aim is to get it in a
direct and elementary way, that is, without using any non-elementary theorem.

To give an answer to the problem, we use here the procedure which some readers might
have seen rather in linear algebra (in finding nth powers of matrices) than in dealing with
real or complex numbers. This time we will apply it to the nth powers of numbers.

Since the roots

1++5
2

A=
of the characteristic polynomial
P(M)=22-xr-1

associated with difference equation (1) are different, here we assume that the zeros 1;,
j = 1,k, of the characteristic polynomial

k
Pe(h) =21k - Z a <t (21)
i=1
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associated with equation (3) are mutually different, that is, A; # A, i #j, for i,j €
{1,2,...,k}.

In this case, general solution to equation (3) has the following form:
k
Xy = ZC]’)\.]"I, ne No, (22)
j=1

(the result essentially known to D. Bernoulli yet, [4]).

Note that
k
M= ank (23)
i=1

foreachje {1,2,...,k}.
By multiplying equality (23) by A}, then using again the equality and some simple calcu-

lations, we have

k k
)J'H-l — Zai)\‘]'(_“-l — al)\-k + Zﬂi)‘f]‘(_“-l
] ] ] ]
i=1 i=2

k k-1
i=1 i=1

k-1
= alakk;) + Z(ﬂlﬂi + ai+1))»}]-(_‘
i=1
k
1 k—i
-yt o
i=1
where
O =matag, i=1Lk-1 O = 25
A, i=adi + a1, =1, , g, = A10k. (25)

Hence, the quantity )»;‘*1 has the same type of representation as A]]»‘, but with different
coeflicients, which are given by the relations in (25).

Assume that we have proved

k
= Z adr (26)
i=1

for somen >k + 1.

Page 6 of 13
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Then, as above, by multiplying relation (26) by A;, suitable grouping of summands, and
application of equality (23), after some simple calculations, it follows that

k k
)\,;l+l — ng))\ll‘(_i+1 — dill))\yk + Zag))\’]/f—i+l
i=1 i=2

k k-1
= aﬁll) (Z aikllf_i) + Z aEf*l))»]/»‘_i

i=1 i=

k-1
= aka(nl)kf + Z(ﬂiﬂ(nl) + aﬁf"l)))»llf_i
i=1
k -
=Y i, (27)
i=1
where
afﬁl = aiaﬁll) + ag”), i=1,k-1, a28)
k
ai,,r)l = &lkail).

From the relations in (23), (28), and the method of mathematical induction, it follows that
relation (26) holds for every n > k, where the sequences (ag))nzo, i = 1, k, satisfy the system
of difference equations (28) and the initial conditions

a,(f) =a;, i=1k.

To define the sequences (ag)), i =1,k for every n € Ny, we should choose the initial
values in the following natural way:
k
Nk
A=) )
i=1
for n =0,k -1, so that

a?=0, i#k-n  a?=1, i=k-n (29)

From (28) we have

al = alail_)l +a?

n-1
1 1 3
- 00d®, + ara®, + o,
= alaf}_)l + ﬂgﬂfql_)z +oot akail_)k (30)

for n > k, while from (29) we have

aV=0, n=0k-2, a =1 (31)

Page 7 of 13
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Hence, the sequence (ag,l))neNO is the solution to difference equation (3) satisfying initial
conditions (20), and this is one of the ways how the solution appears naturally.
From the relations in (28) we also have

(@ 1 (i+1)

ﬂn =a;a, + a, 1
1) 1) (i+2)

=aa,’y tai1a, 5ta, o

_ (1) (1 (1

=aid, 1+ 414, 5t aAra, pi
k

_ (1)

= Zalan—lﬂ'—l (32)
I=i

for n > k.

Employing relation (32) in (26), we obtain the following representation of the sequence
(A;’ JneN, in terms of the powers )»]l., [ =0,k -1, coefficients of equation (3), and the sequence

1
(af’l ))I’IENO:

k k
—i 1
=YY e, neN, (33)

i=1 I=i

By changing the order of summation in formula (33) and using a change of variables of

indices, we have

(¢Y)

k—i
)‘j Ay, i

l
i=1

k k
n_ k—i 1) _
A= 2 :)”/ E :“l“n-m-l =
I=i

k
i=1 =1

I

k—s+1

k
= 2“5'1—)5 Z )»/’.‘_tam_l. (34)
s=1

t=1

Employing (34) in (22), it follows that the general solution to equation (3) in the case when
all the roots 4, j = 1,k, of the characteristic polynomial associated with the equation are
mutually different has the following representation:

ko Kk
Xy = ch Zanl_s )»]]f_tat+5_1, neNg. (35)

By changing the order of summation in (35), we have

k k—s+1 k
Xp = Zaﬁﬂs Z Aprs1 Zc,)»jf‘t, neN. (36)
s=1 t=1 j=1
Now note that
k
Z C/')u}]-(it =Xkt (37)
j=1

(see (22)).
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Combining (36) and (37), we have

k k—s+1
1
%= a\l Y ki neNo. (38)
s=1 t=1

By using the change of variables j = k — £, relation (38) can be written in the following way:

k k-1
%= al > arjiax, neNo, (39)

s=1 j=s-1

which is a formula for general solution to equation (3) in terms of the roots A;, j = 1,k, of
the characteristic polynomial associated with the equation, coefficients of the equation,
and the sequence ad.

By changing the order of summation in formula (39), we get

k-1 j
1
Xn= Y %> a@ruiay g, neNy, (40)
j=0 i=0

or in the developed form, the following nice formula:

1 1 1 1 1
% = xo(axal,) + w1 (aaal? + aradly) + v (@ald) + - aal))
for n € Ny.
From the above consideration we see that we have given an interesting elementary proof
of the following theorem, which should be folklore.

Theorem 2 Counsider equation (3) withn >k >2,a;€R,j= 1,k, ax #0. Assume that the
zeros Aj, j = 1,k, of the characteristic polynomial associated with the equation are mutu-
ally different. If (af}))neNO is the solution to the equation satisfying the initial conditions in
(20), then general solution to the equation can be written in the form (39), as well as in the
equivalent form (40).

Remark 2 In the case when all the zeros 1, j = 1,k, of the characteristic polynomial asso-
ciated with equation (3) are mutually different, then the solution (zz(,,l)),,eNo in Theorem 2
has the following nice closed form formula:

A koo
/ ne N(). (41)
=1

k
(1) _ j -
a,” = = ; ’
Z Hi#j()‘j - )‘i) : Pk()\j)

J

Formula (41) follows from the following relations:
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discovered by Lagrange (see, for example, [12], and also Lemma 1 in [35]), and the form
of general solution to equation (3). We have used formula (41) recently in several papers
on solvability of difference equations and systems of difference equations (see, e.g., [27—
29, 34-36]).

By using (41) in (39), we also obtain the following representation of general solution
to equation (3) for the case when the zeros A, j = 1,k, of the characteristic polynomial

associated with the equation are mutually different:

k k-1

k —,
Fn = ZZ P);:ly(l;l) Z Ajjis-1%j, 1€ No.

s=1 i=1 j=s—1

Remark 3 From the representation in (40) we obtain another proof of Theorem 1 for the
case when vy = (0,...,0,1). Namely, the coefficient at xo in (40) is equal to akafqlfl, from
which it follows that a; must be equal to one, whereas the coefficient at x;_; in (40) is

@ a

equal to aja,’; +--- + axa )k, which by the definition must be aﬁ,l), from which together

n—

with the form of solution representation in (10) it follows that delay k must be equal to

two.

Remark 4 If k = 2, then from (40) we have

%y = xoarayy +x1al, neN, (42)

a formula which is a consequence of the de Moivre formula for the second-order difference
equation. A detailed explanation for representation (42) can be found, for example, in [26].
We would also like to say that the formula holds also for the case when both roots of the

characteristic polynomial associated with the equation are equal (see [26]).

Remark 5 Another representation for general solution to equation (3) can be obtained
by calculating the coefficients c;, j = 1,k, in formula (22) in terms of the initial values
X0,%1,...,%k-1, and the roots A;, j = 1, k, of the characteristic polynomial. Namely, it must
be

Ci1+Cy+ -+ C =X

cl)fl +02A’2 4+ +ck)Jk =X

M e g =,
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from which it follows that

-1
1 1 ox 1 1 1 1 1

Y j j j j j j

o R AN Vi Py R VR VO YA
M e Ak L AR A kL
k-1

= Zx,(—l)”’*l T (43)
=0 Vk()"l’)"Zw--;)"k)

for i = 1,k, where Vi(A1,A,..., k) is the so-called Vandermonde determinant, whereas
Wi.1,i is the minor corresponding to the element x; in the first determinant in (43) (i.e.,
to the element at the position (j + 1,7)). Many determinants and methods for calculating
them can be found, e.g., in [15] and [23].

By calculating the determinants in (43), and consequently obtaining in this way some
formulas for constants ¢;, i = 1,k, in terms of the initial values xg,x1,...,%¢; and char-
acteristic values Aj, j = 1,k, and using such obtained formulas for ¢;s in (22), after some
further calculations and algebraic manipulations, we can also obtain the representation in
Theorem 2, but this time in a more complicated way. It should be also pointed out that, if
this method is used, then the solution (oz(,,l)),,eN0 to equation (3) does not appear so directly

as it was the case in the analysis preceding formulation of Theorem 2.

Bearing in mind Remark 4, it is natural to expect that formula (40) also holds in the
case when some of the roots of the characteristic polynomial (21) are equal. Since (40) is
a solution to equation (3) (note that it is a linear combination of solutions aﬁ,l_)s), to prove
the claim it is enough to check that its initial values in all possible cases are xg,x1,..., (1.

Let n = 0. Then, by using the relation

1 _ (1) (1)
A =md y +- o +agal;,

j=1,k, as well as (31), we have

X (aku(_ll)) + X1 (ak_la(_ll) + aka(_lz)) + e+ X1 (ala

k-1 k=2

1 1 1 1 1

. (ayl _ Za,a;;l) . (a;g _ Za,ayﬂ) vt raa)
1 1

= xoaV. =
=Xody_1 = X0,

1 1
Vvl

so the claim holds in this case.

Page 11 0f 13
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Ifn=ie{l,2,...,k -1}, then the calculations are a bit more complicated, but still quite
simple. We have

(1)

xo(ara; )+ +x; (ak_,a(l) a W

teta (1)) ( ) ) L. )
1 kA7) + Xie1 (Gk—icra;_ + - +axa’y

¢Y) (1)
o X (alai_l +oot ﬂkdi_k)

k=i—2

— e o) ) (1) (1) o_,. 1 _ .,

=xiara_y) + x| apy — Ajdy_ o |+ Xy = Xidra_y = X,
J=1

since
()] (1) 1 (1) (1)
aya_] =a; | — a1, _y— - —ar_1ay =dy ;= 1.

From this we see that the following extension of Theorem 2 holds.

Theorem 3 Counsider equation (3) withn > k>2,a;€R,j = 1,k ar #0. If(af})),,eNo is the
solution to the equation satisfying the initial conditions in (20), then general solution to the
equation can be written in the form (39), as well as in the equivalent form (40).
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