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Abstract

Applying the apparatus of triangular matrices, this paper determines general rela-
tions between the terms of the sequences generated by linear homogeneous recurrence
equations. We single out, in particular, the class of normal linear recurrence equations,
for which the corresponding number sequences have some interesting number-theoretic
properties.

Introduction

t present, quite a few general theorems have been proved for linear recurrence relations.

In fact, their content is similar to corresponding theorems from the theory of linear homoge-
neous and nonhomogeneous systems of equations with constant coefficients and the theory of
homogenous and nonhomogeneous ordinary differential equations with constant coefficients.

B

ut so far there are no general methods of solution even for linear homogenous recurrence

equations with variable coefficients.
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Linear recurrence sequences with constant coefficients are efficiently used in different
fields of mathematics (see, for example, [7, 25, 28, 30]). It is necessary, however, to find
the exact roots of a corresponding characteristic equation, which can cause considerable
difficulties.

The theoretical research tool for studying linear recurrent equations in this paper is
parapermanents of triangular matrices [34, 35]. The paper aims at applying parapermanents
of triangular matrices to solution of linear recurrence equations, determination of general
relations between the terms of the sequences generated by these equations, and isolation
of the class of normal linear recurrence equations, the number sequences of which have
some general number-theoretic properties. The method makes it possible to investigate
linear recurrence equations without solving corresponding characteristic equations. Here, the
bijection is established between the number sequence defined by linear recurrence relation, its
generating function and its n-th term given as a parapermanent of some n-th order triangular
matrix.

2 Preliminaries and notations

A triangular table of numbers

a11
@21 A22

A= , (1)
Anp1 Ap2 - Ann

n

is called a triangular matriz, and the number n is called its order [34, 35]. Note that a
triangular matrix (1) is not a triangular matrix in the usual sense of this term as it is not a
square matrix.

To every element a;; of the triangular matrix (1), we correspond (i — j + 1) elements a;y,
k=j,74+1,...,4, which are called derived elements, generated by element a;;.

The product of all derived elements of the matrix (1) generated by element a;; is denote
by {a;;} and called the factorial product of the element a;j, i.e., {a;;} = a;j a;j+1 -+ as.

To each element a;; of a matrix (1) we associate the triangular table of elements of matrix
A that has a;; in the bottom left corner. We call this table a corner of the matrix and denote
it by R;;j(A). Corner R;;(A) is a triangular matrix of order (i — j + 1), and it contains only
elements a,s of matrix (1) whose indices satisfy the inequalities j < s <7 < 4.

The parapermanent pper(A) of a triangular matrix (1) is the number

a1
n T
Q21  a22
pper(A4) = . = § § , py,1 H{ap1+~-~+Ps, p1+~~~+p571+1}’ (2)
: r=1 p1+-+pr=n s=2
ap1 Ap2 - Ann

n



where py, pa, ..., p, are positive integers, {a;;} is the factorial product of the element a;; of
the matrix A. We shall also denote a parapermanent of the matrix (1) briefly by [a,;], <j<i<n-
The rectangular table 7'(i) of elements of the triangular matrix (1) is inscribed in matrix
(1) if one of its vertex coincides with the element a,;, and its opposite one coincides with
the element a;, i = 1,2,...,n. [37]
The parapermanent algebraic complement P,; to the factorial product {a;;} of the element
a;; of the matrix (1) is the number [34]

—

Py = pper(R;_1.1) - pper(Rnit1), 3)

where R; 1, and R, ;11 are corners of the matrix (1), and pper(Ry1) = 1, pper(R,, 1) = 1.

Theorem 1. [34] (Decomposition of a parapermanent by elements of an inscribed rectan-

gular table). Let A be a triangular matriz (1), and T(i) be some inscribed rectangular table.
Then

pper(A) = Z Z {a,s} P, (4)

where P,¢ is a parapermanent algebraic complement to the factorial product of element a,.,
which belongs to T'(1).

Corollary 2. Fori =n we get decomposition of the parapermanent pper(A) by elements of

the last row:
n

pper(A) = Z {ans} - pper(Rs—1.1). (5)

s=1

Lemma 3. [35] The system of equations
Ti = Q21 + ;51020 + -+ ag o apb;, i=1,2,...,n,

bs—r+1

has the solution x; = [asrﬁ , where by = 1.

} 1<r<s<e
Lemma 4. [35] The system of equations
Ag—r+41
1+ 0gp(zs — 1) —+]
{( T ) As—r J1<r<s<i
where dg,. 1s the Kronecker symbol, ag = 1, has the solution

bi
N aibo + &i,1b1 + Clz;zbg + -+ Cblbl;l

X



3 Parapermanents and k-th order linear recurrence equa-
tions
Let us consider the linear recurrence equation of k-th order
Up = A1 Up_1 + Aolp_o + + + Aplp_t, (6)
with initial conditions
up=1, uy =by, ups =bo, ..., Up_1 = bj_1. (7)

If it is difficult to solve a characteristic equation of the recurrence equation (6) then the
following proposition can be useful, as it significantly complements Stanley’s theorem ([29,

p. 202]):
Theorem 5. [36]. For the sequence (uy)n>o the following three equations are equivalent:

(1) the linear recurrence equation (6) with initial conditions (7);

(2) ;

i a1Cq
Z—i a1Cy
Q-1 Ok—2
e an_s k-1
ap—1 afp—2 ai 1
0 e ... a3 O
ap—1 az ai
0 0o .- 0 T
| ag—1 ai dn
withug =1, a; #0 fori=1,2,... . k— 1, where
b 1,2,... k-1 (9)
¢ = y =L, =1
aibo + CLi,161 + -+ albi,1
with b() = 1,’
(3)
© 1+ (1—é)z+b2 (1—%) 224 by (1— Ck11>zk_1
! i = - .0
—i—Zuz l—a1z —agz? — - — apz” (10)

where ¢; 0 fort1=1,2,...,k—1.

The theorem is established in [36]; we just give the proof for convenience of the reader.
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Proof. Equivalence of the recurrence equation (6), (7) and the equation (8) follows from
the fact that numbers ¢y, co, ..., cr_1, according to Lemma 4, are solutions of the system of
equations

[(1+6sr(cs—1))M =b, i=12,...,k—1,

As—r } 1<r<s<i

and the decomposition of the parapermanent in (8) for n > k by elements of the last row
(see Corollary 5).

Let us now prove the equivalence of the recurrence equation (6) with initial conditions
(7) and the equation (10). To do this, we use the equality

(1 - éam) (1 +]§ uja:J) =

=14 (u1 — ay)x + (uy — ayuy — a9)x? + (uz — ajus — aguy — az)ax® + -+

k—1
s (Up—1 — QU2 — AoU—g — -+ — Qp_oUy — Qp_1)X" T+

o0
+ > (u — a1ui—1 — QUi — -+ — QpUi—g)-
i=k

In the right hand of above equality, we shall replace u; with by, bs, ..., bi_1, and factor
out by from the first parentheses, b, from the second parentheses, and so on. If we denote

= — =—— 3= s
as + aby 3 as + asby + a1by

Cy =
k . 0 .
(1 -3 aix’) L+ > uja?
i=1 =1

=1+b (1—é>x+b2 (1—é>xz+~~—|—bk,1 (1—%>x’f—1+

C1

b
3]

then

k—1

o0
+ > (U — arui—1 — Qg — -+ — QRU;i—) -
i=k

]

Note that Theorem 5 is also true for the recurrence equations of the form (6) with variable
coefficients.
The right hand of the equality (10) is called the generating function of the sequence (6).

Example 6. For the Tribonacci sequence u, = u,_1 + Up_o + Up_3, Ug = U] = Uy = 1

(A000213) from (9) we shall find the numbers ¢; = 2—11 =1,c= a2f21b1 = 1, from (8) — the
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n-th term of the sequence written with help of the parapermanent of the triangular matrix

1
L
1 1 1
w=1lo 1 1 1 : (11)
0o - 0 I 1 1} .
and from (10) — the generating function F'(z) = %
Let us consider the case when in (9) ¢; = ¢ = -+ = ¢x_1. Then from (9) we get the
system

by = a1bi—y +agbi_o+---+a;_1by +a;, 1=1,2,... k-1,

which, according to Lemma 3, has the solution

ay
a
rr] .
b, = . , 1=1,2,... k, (12)
ai %=1 g
a;—1 a;—2 1 i

and the initial conditions (7) for the recurrence equation (6) becomes

ay
az aq
al .
’LL():l, U; = . s 221,2,...,k—1. (13)
Qi Qi1 oo a
ai—1 Q-2 1 i

The initial conditions (13) for the recurrence equation (6) are called normal initial con-
ditions, and the sequence generated by normal initial conditions is called a normal sequence.

Corollary 7. For the sequence (uy,)n>o the following three equations are equivalent:

(1) the linear recurrence equation (6) with the conditions (7), where numbers b; are defined
by (12);
(2)

ay
az
a1 ax
QK k-1
Up = ar_1  Qp_o ax (14)
O Dk a2 aq
ap—1 al
0 0 L 42 aq
L ag—1 ai 4n



withug =1, a; #0 fori=1,2,....k—1;

(3)
1 = . 15
+;uz 1 — a1z — aga® — - -+ — aga® (15)

Proof. 1f the initial conditions of the recurrence equation (6) are normal, then it is obvious
that all the numbers ¢y, ¢s, ..., ¢, in the Theorem 5 are equal to one. So, the normal initial
conditions (13) together with the equation (8) for ¢; =1,i=1,2,... k — 1, gives (14). O

Example 8. For the Jacobsthal sequence (A001045) w,, = t,_1 + 2Up_o, ug = uy = 1, from

(9) we shall find ¢; = 2—11 =1, from (14) — the recurrence equation

1
2 1
0o 2 1

Un=10 0 1 ;
0 -~ 0 0 2 1]

1
1—z—2x2"

and from (15) — the generating function F'(z) =

Example 9. For Narayana’s cows sequence (A000930) w, = t,_1 + Up_3, Uy = U3 = Uy = 1,
from (9) we shall find ¢; = % =1,c= lebl = 1, and from (15) — the generating function
F(z) =

l—z—z3"
Example 10. For Chebyshev polynomials of the second kind u,(x) = 2zu,(x) — u,—1(x),

up(z) = 1, uy(x) = 2z, similarly to the preceding example, we shall find the number ¢; = 1,
the recurrence equation

2z
1
0 —iz 2z
(@ =19 0 -L 2 :
| 0 0 0 —5 27
and the generating function Y u;(7)2' = =5 -
i=0

The next theorem makes it possible to reestablish an appropriate recurrence equation
with initial conditions by using a known generating function.
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Theorem 11. Suppose we are given the generating function

i 1+d12+d222+"'+dk,12k_1
1l —az—ag2® — - — a2k

f(2)

(16)

of the sequence (uy,)n>0. Then the sequence (u,)n,>o satisfies the recurrence equation (6) with
initial conditions

aq —+ d1
az2+do ay
ai .
up =1, wu;= y , i=1,2,... k—1, (17)
a;+d; aq—1 . a
ai—1 a;—2 Ly

with ag #0 fori=1,2,...,k—1.

Proof. The generating function of the sequence (uy,),>0, which satisfies the recurrence equa-
tion (6), follows from Theorem 5. According to Theorem 5, we also have the system
b; <1 — C%) =d;, 1 = 1,2,...,k — 1, which, after considering (9), we shall reduce to the
system

by = arbi_1 +agbi_o + - +a;_1by +abp +d;, 1=1,2,... k—1, (18)
The proof of the theorem follows from the system (18) being decomposition of the right
side of (17) by elements of the last row (see (5)). O

4 Number-theoretic properties of sequences

Recurrences and sequences of numbers or polynomials generated by them arise in different
fields of mathematics, and many problems in number theory and algebra come down to
studying their properties [7, 25, 30]. But often, the properties of recurrence sequences are
investigated regardless of the relevant equation, which complicates the process of studies.

Let us consider now general properties of sequences using linear recurrence equations
generating them and the apparatus of triangular matrices.

Theorem 12. [35] Let the sequences (u)),>1 and (uy,)n,>1 satisfy the recurrence equations
Uy = a1y 4 + gy, o+ -+ agun g,

Up = A Up—1 + A2Up—9 + -+ pUp—k,

with general initial conditions uj = by, uy = by, ..., u; = by and normal initial conditions
ay
@ g
ay
u =1, wu = ;o 1=2,3,...,k,
Gy G2 g
ai—2  G;—3 i—1



respectively, with a; # 0 fori=1,2,...,k— 1. Then
k

.
Upys = a; UjUr4s—i—j+1, (19>

i=1  j=r—itl
where r + s > k.

Proof. From Corollary 7 it follows that the parapermanent (14) is the solution of equation
(6) with initial conditions (7). Let us decompose the parapermanent (14) for n = r + s by
elements of the inscribed rectangular table T'(r). If b;; is some element of the table T'(r),
then the first corner R;_;, of its parapermanent algebraic complement

P,; = pper(R;_11) - pper(Ryts—1+1),

besides the coefficients of equation (6), will include the numbers ¢y, ca, ..., ¢k, which are
defined by (9). That is why the parapermanent of the corner R;_;; is the j-th term of
the sequence (u}),>1. In the second corner, all the numbers ¢; = 1, and that is why its
parapermanent is the (7 4+ s —¢)-th term of the sequence (uy,),>1. It is obvious that b;; = 0,
ifk—1< Z—] and bz’j = Qj—j+1, if 0 S Z—j S k. If’t-] = k—l, then bij = ag, 1 :]+l{?—1,
and the number j gets the value from » — k 4+ 1 to . Thus, all the summands from the
decomposition of the parapermanent u,. ¢ by elements of the table T'(r), which contain the
coefficients ay, of the equation (6), will be part of the sum ay, - > wjursj pi1-
j=r—k+1

Ifi—j=k—-2thenbj;=ar,1,t=5+k—2,j=r—k+2,...,r, and the similar sum

isap1- > UG Uy g5 j—kt2- Continuing the process of calculating the sums like these, in

j=r—k+2
(k—1) steps we get the equality i = j, which means we shall come to the sum a; ) uju, ;.
j=r
Thus, the index 7 of coefficients a; will get the value from 1 to k, and the decomposition of
the parapermanent u;, , by elements of the inscribed rectangular table 7'(r) will be (19). [

Let us write the equality (19) for k =1, k = 2, and k = 3 respectively:

* _ *
Uy, = U,
* * * *
Upyps = A1UUs + az(ur—lus + uru8—1)7
* * * * * * *
uy s = aupts + ag(up_qus + urts_q) + ag(ur_ous + ur_qus_1 + urtig_o). (20)

Replacing in (20) r with r + ¢, we get the equality
Uy gy = UpyqUgp1ls + QUyUgls + AUy Uglls— + a%u:uq,lus,l. (21)

Corollary 13. If the sequence (uy,)n>1 satisfies the recurrence equality (6) with normal initial
conditions (13), then for its terms the following relations hold:

k r
Ur+s:E a; g UjUpys—i—jy1- (22)

i=1  j=r—i+l



The validity of Corollary 13 is immediate from Theorem 12.
Let us write (22) for k = 1, k = 2, and k = 3 respectively:

Urys = Q1UrUs,
Upys = A1UUs + a2(ur—1us + urus—l)u
Upps = AU + Qo(Up—1Us + Uptis—1) + a3(Up_oUs + Up_1Us—1 + UpUs_3).

The first ten terms of the normal number sequence, which are generated by linear second-
order recurrence equation

Up42 = A1Up41 + Aoly,, ay, a9 € Z\{O}, (23)
are as follows:
Uy = 1,
Uy = aq,
2
uz = aj + ay,
3
ug = aj + 2aias,
4 2 2
us = a; + 3ajas + as,
5 3 2
ug = aj +4ajas + 3a;as,
_ 6 4 2.2, 3
ury = a; + dajas + 6ajas + a;,
7 5 3.2 3
ug = aj + 6ajas + 10aja; + 4aya;,
8 6 4.2 2.3, 4
ug = aj+ Tajay + 15aja; + 10aja; + as,
ug = ai +8alay + 21ala2 + 20a3a3 + 5a,a;
0 = @ 102 102 12 10s-
For n > 2 we get
- -
@ g,

al

a2
B O a ay o Z (kl +k2)‘ k1 ko
Un = 0 0 2—2 a1 - kllk’Q' ay as”.
! k14+2ko =n—1 ’ ’

0 -+ 0 0 2 g

L a 4 n—-1

The first ten terms of the normal number sequence, which are generated by third order
linear recurrence equation

Up4+3 = A1Upy2 + A2Up41 + A3UL, A1, A2, A3 € Z\{0}7

10



are as follows:

Uy = 17

Uy = a1,

us = CL% -+ as,

uy = aj+2aas + a,

us = aj +3alay + a3 + 2a1as,

ug = a; +4alas + 3a1a3 + 3aiaz + 2aqas,

u; = a4+ 5atay + 6aias + 4alas + 6ajazaz + ai + aj,

ug = a, +6a5ay + dbajaz + 10aa; + 12alasas + 4aas + 3ara3 + 3ajas,

uy = af +7a8ay + 6alaz + 15aia; + 20ajasaz + 10aias + 6ajas + 12a,a5a3 + ay + 3azas,

and for n > 2 we get

_ ay _
a2
a
as  az a;
_ C(L)Q % az a - (k1+l{?2+/{}3>‘ Ky ko ks
Up = a2 ai 1 - Z k‘k'k' a1a2a3.
: . k1+2ko+3ks =n—1 1- 2. hg-
O 0 0 0 - m
e, 02
- 0 0 0 0 ai a1 4 n—-1

Theorem 14. [35] Let the sequence (u,)n>1 Satisfy the second-order recurrence equation
(23)  with normal initial conditions uy = 1, us = ay. Then

(1) the following equalities hold:
Upys = Upy1Us T AoUpUs_1, (24>
Ugr = 0 (mod u,); (25)
(2) if in the equation (23) the coefficients are relatively prime, then
ng<u57 ur) = Ugcd(s,r)- (26)

Proof. Let us first prove (24). To do this, we shall use the method of mathematical induction.
We apply the Corollary 13 to the equation (23) with initial conditions u; = 1, uy = ay. For
k = 2 the equality (22) is

Upys = Qolp_1Us + A UM Us + AoUpUg 1. (27)
From (27), considering (23), we get

Upys = Us(Q1Uy + AU 1) + QUM = Upy1Us + AU U .

11



Let us prove (25). For s = r the equality (24) is
Ugyr = ur(ur+1 + aQUT—1)7 (28)

that is (25) holds for s = 1 and s = 2. Let us assume (25) holds for s = 1,2,...,m — 1,
and prove its validity for s = m. AS Upr = Un—1)r4r = U@m—1)r+1Ur + Q2UGn—1)rUr—1, and
Uim—1)r = 0 (mod u,), then Uy, = Upm—1)r41Ur, i-e., (25) holds for s = m.

In order to prove the equality (26), let us first prove that

ng(Un,un+1) = 17 (29>
ged(ag, uy,) = 1. (30)

For n = 1 the equality (29) is obvious. Let us assume that (29) holds for n = k and prove
it for n = k+1. Let, conversely, ged(ugy1, ugyo) = d > 1. Then from (23) for n = k it follows
that either ux, = 0 (mod d) or ag = 0 (mod d). In the first case, we come to a contradiction
with the assumption that (29) holds for n = k, and in the second case from (23) for n = k
it follows that a; = 0 (mod d), and this contradicts the fact that the coefficients of equation
(23) are relatively prime. Thus, the equality (29) holds for an arbitrary n € N.

The validity of the equality (30) follows from the fact that assumption of the contrary
proposition together with (23) for n = s — 1 leads to contradiction with (29).

Now let s < r. Then considering the equality (24), we have

ng(Um us) = ng(ur—s-i-s; ur) =

= ng(urfs#»lus + Qo _sUs_1, us) = ng(GZUJrfsusflv us)-

From (29), (30) it follows that ged(asus—1,us) = 1. Therefore ged(u,, us) = ged(uy—s, us),
and we get the equality (26). O

Note that Theorem 14 also holds when the coefficients of linear recurrence equation (23)
are functions of some variables.

Example 15. Let us consider the normal sequence of polynomials w,(z) = x:__ll, which is

generated by the recurrence equation wy,2(x) = (x+1)w,41(x) —zw,(x). Polynomials w, (x)
do not have real roots, and for prime values n > 3, they are connected with the problem
of circle division into n equal parts. Gauss showed that the roots of polynomials w, (z) are
expressed as square radicals only when n is a Fermat prime, that is n = 22" 41 (A000215).

Only for these values of n, a circle can be divided into n equal parts with the help of a ruler
8% (n,m)—1

x—1

and compass. According to Theorem 14, ged (wy, (), w(2)) =

Corollary 16. If the sequence (ug)r>1 satisfies the hypotheses of Theorem 14 and uy # 1,
k > 2, then the term ug is a prime only when s is a prime.

The proof follows from (25).

12
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Corollary 17. Let the sequence (ug)i>1 satisfy the hypotheses of Theorem 14 and p is a
prime. Then u, has no common divisor with any of the preceding terms of sequence (uy)g>1-

The proof follows from (25).

Corollary 18. Let the sequence (ug)r>1 satisfy the hypotheses of Theorem 14 and ay = b,
where b € Z. Then each term ugpy.1, m > 1, can be written as the sum of squares of two
nonnegative integers, namely
Uam41 = u72n+1 + (bum)2
The validity of Corollary 18 follows from (24) for r = n and s = n + 1.

Example 19. The recurrence equation u, 2 = (k + 1)u,41 — ku, with normal initial con-

ditions uy = 1, up = k+ 1, k > 1, generates the number sequence (%)n>l' The condition

k > 1 satisfies the condition u, # 1, s > 2, of Corollary 16. According to Corollary 16 the
number % is a prime, if n is a prime. For k = 2 we get a well known fact that Mersenne
primes (A001348) are among the numbers of the form 27 — 1, where p is some prime. For
k = 10 we get a famous proposition that repunits (primes which are written as 11---1 in

the decimal system; see A002275), are also sought for prime n.

As the recurrence equation , o = U, 1 + U, with normal initial conditions u; = us = 1
generates the Fibonacci sequence, then Theorem 14 can be seen as generalization of some
relations for Fibonacci numbers.

There are various generalizations of Fibonacci numbers. Some generalizations are con-
nected with preservation of the recurrence relation F,,; = F, + F,_; and replacement of
initial conditions [13, 17, 33], others are based on a more general recurrence relation of the
second order without changing the first two terms of the Fibonacci sequence [4, 5, 6, 10, 11,
26, 27, 32|. There are generalizations of the Fibonacci sequence when the recurrence relation
has a more general form generalizing the initial conditions with that [1, 3, 9, 16, 14, 21, 22].
In particular, generalizations of the Fibonacci sequence for recurrence relations of higher
orders were studied in [2, 8, 15, 19, 20, 30, 31].

Among the terms of number sequences, which satisfy one and the same recurrence equa-
tion but with different initial conditions, there are some interesting relations. Therefore
studying the properties of the terms of one sequence, it is possible to draw some conclusions
concerning the properties of the terms of another sequence.

As a consequence of Theorem 12 (when k=2, r =1, and s = n — 1), we have:

Theorem 20. If the sequences (up)n>1, (W))n>1 satisfy the linear second-order recurrence
equation

Uk42 = A1UE+1 + A2Ug (31)
with initial conditions
Uy = 1, U2 = Q73 UT = bl, U; = bg, (32)
respectively, then
U:L = bgun_l + agblun_Q. (33)

13
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The next theorem singles out some classes of number sequences, whose odd-numbered
terms can be written as the sum of several squares.

Theorem 21. [34] Let the sequences (up)n>1, (W))n>1 Satisfy the linear second-order recur-
rence equation (31) with initial conditions

up =1, up = ay; uj =k, uy = a;. (34)
Then
(1) for n > 3 the following relation holds:
wy = up + (k — 1)agt,—o; (35)
(2) of
k=ay=5s"+1 (36)
and ay > 0, then for n > 3 the number ul, , is the sum of three squares:
us, oy =up + ((s° + 1)un,1)2 + ((s* + s)un,g)Q; (37)
(3) if
k=s"4+1, ay="b% (38)
then for n > 2 the number uj, | is the sum of four squares:
Usyr = Uy + (bun)® + (sbuy)® + (sb*u,—1)*. (39)

Proof. The equality (35) follows from (33):
uy = botly—1 + b1ty = a1u,—1 + asku, o =
= a1Up_1 + AoUp_o + as(k — Duy_o = uy, + ag(k — 1)uy_o.
Let us prove (37). From (19) for k = 2 we have

Uy o = G Unts + Qo (Ur_ Us + Unlls—1) = Uy Us + QoURUs_1.

In the last equality we substitute r = n — 1 and s = n. Then, using (35), we obtain
s, = (a1l 4 agul o) Uy, + Q) Up—1 = UrUy + QU Uy =
= (uy + (k — 1)agup_o)up + ag(tn—1 + (k — 1)agty_3)up_1 =
=u? + (k — D)agup_ou, + agu?_| + (k — 1)a3u,_3u,_1 =
= u? + (k — 1)agun_2(ar1t,_1 + agu,_o) + agu?_| + (k — 1)aiu,_3u,_1 =
=u? +agu? |+ (k—1)adu?_ o+ (k — Dagu?_| = u? + kagu?_| + (k — 1)a3u?_,.

Hence, using (36), we get (37).
To prove (39) we shall write (35) for n = 2m + 1:

*
Uy = Uzt + (B — 1)agtop—1.

Hence, using (24) for r = m and s = m + 1 and the condition (38), after simple transforma-
tions we obtain (39). O
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Example 22. If s =0 we get k = as = 1 and the equality (37) is written as

Ugp_1 = U2 +u2 . (40)

Thus, all the terms of the normal number sequence with odd numbers, not less than 3, which
are generated by the recurrence equation u,,o = au, 1 + u,, can be written as the sum of
two squares, e.g.,

us = a*+1=a*+1?%
us = a'+3a®+1=(a*+1)*+a?
_ 6 4 2 _ (3 2 2 2
ur = a +5a"+6a°+1=(a’+2a)"+ (a" +1)°,
ug = a®+7a°+15a* +10a® + 1 = (a* + 3a* + 1)* + (a® + 2a)?,
uy = a'®+9a® + 28a° + 354" + 15a* + 1 = (a® + 4a® + 3a)* + (a* + 3a* + 1)

In general,

w _ HZH 2n —1 g2n—i+1) _
2t 2n —i+1)

1=2
2 2

- n—i—1\
a
n— 2t
Note that for a = 1 the equality (40) is written as Fh, ; = F? + F2_,, where F), are

Fibonacci numbers, and

1] n—1
F, = )

> ()

Example 23. In item 2 of Theorem 21, let a; = 4, s = 2. Then uy = ay = k =5,

L2

_ n—1 n—2i+1
2 (n—2i+ 1)“ *

i=1 i=1

. 3. 5n71 + 7 (_1)7171 5n + (_1)7171
o = ; M=

and the equality (37) becomes

BT (T (MY (0 Y

For example, for n = 16 we have decomposition of the prime 396983861923217773441 into
the sum of three different squares of positive integers, two of which are sequential:

396983861923217773441 = 254313151042 + 25431315105 + 101725260407,

15



Example 24. If in item 3 of Theorem 21 a1 =3, ay =4, b =2, s =1, then

- 4n+ (_l)nfl

wt=4""t (=D, :

and the equality (39) becomes

4m+1+ —_1)ym 2 22m+1+2_1 m—1\ 2
g = (Y (P,

N (22’““ + g(-1)m1>2 N (22’” + ;L(—l)m)Q.

For m = 272 we obtain Fermat numbers F,, = 2™ 4+ 1 = 22" 4+ 1 (A000215). The last
equality can now be written as

1 2 n—1 2 n—1 2 n—1 2
o 2242 4] 22" 9 22" 9 22" +4
Pl ) ) ) “D

where n > 3. For example,

Fo = 204 + 1 = 34359738372 + 1717986918% 4 17179869182 + 8589934602.

Using (41), with the help of simple transformations, Fermat numbers can be written
(I. V. Fedak) as the sum of three squares:

. 2a, —2\*>  [2a, +1\° 2\
e (552 (5 (5

For example, Fg = 2863311530% + 28633115312 + 14316557667,

5 Generalization of the Cassini formula
Over 300 years have passed since the discovery of the Cassini formula for Fibonacci numbers
Fo 1 Fpp — F2 = (—1)"

During this time, many studies have appeared presenting new similar formulae for other
number sequences, which have become classical. But the methods proposed in the preceding
sections make it possible to unify researches in this direction. It turns out that normal num-
ber sequences mostly have the same properties as Fibonacci numbers. It can be illustrated
with the results of Theorem 14, Corollary 17, etc. In this section we shall prove some general
theorems, which generalize the Cassini identity.
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Consider normal number sequences of the second order
up =0, up =1, Upro = a1Up_1 + a2Uy,.
For these sequences, the following equality holds [34]:
Upts = Upp1Us T A2UpUs—1,
where r > 1, s > 2. Let in (43) r =n, s =n — 1. Then
Uop—1 = Up41Upn—1 + QoUpUp_2.
For r =n—1, s = n from (43) we have
Uop_1 = ui + agui_l.
By subtracting two last equalities, we obtain the relation
Up1Un— 1 — U2 = —ao(Unlp_o — u>_,).

Thus, we get the sequence of equalities

—_

(—a2)’(Upsrtin—1 —u) = (—az)
(—a2) (Uns1tn —up) = (—a2)*(uptiy—2 —
(—a2)"(ugus —u3) = (—a2)"*(uzus — u3),
by adding which, we get the generalized Cassini formula
Up1Un_1 — u2 = (=1)"a) .
In the equality (43), let r =n —1, s =n — 3. Then

U2p—g4 = Uplp—3 + A2Up—1Up—4.

If r=n—2,s=mn-—2, then from above equality we get

U2p—g4 = Up—1Up—2 + A2Up—2Up_3.

By subtracting two last equalities, we obtain

UpUp—3 — Up_1Up—2 = _a2(un—1un—4 - un—Qun—B)-

17



Thus, we get the equalities

(_a2)0(unun—3 - un—lun—Q) - (_a2)1<un—1un—4 - un—Qun—?))a
(_a2)1(un—lun—4 - Un—2un—3) = (_a2)2(un—2un—5 - un—3un—4)7
(—az)”*‘r’(ug,uz — U4'LL3) = (—ag)"*4(u4u1 — U3U2>.

Hence, by adding all these equalities, we finally get the equality

o n n—3
Uplp—3 — Up_1Uy_2 = (—1)"aray ™.

In this way, we prove the following proposition.

Theorem 25. For normal number sequences of the second order (42) the following equalities
are true:

Up4+1Un—1 — u% = (_1)na§l*17 (44>
Uply—3 — Uy 1Up_o = (—1)"aray>. (45)

For the sequences (u,)n>1, (w)),>1, which are generated by the second-order recurrence
relation with initial conditions u; = 1, up = a1 uj = by, u = by respectively, the following
equality is true

u;; = bgun—l + azblun_g. (46)

Let us apply (46) to determine the Cassini formula for the sequence (u}),>1:

Una oy — (up)? =
= (batn, + bty 1) (botin—2 + asbitiy—3) — (batin_1 + asbiun_2)* =
= b2 (Upty_o — U2 ) + a0} (Up_1Un—3 — U2 _5) + asboby (Unly 3 — Up_1Upn_2).
Using (44), (45), we shall substitute relevant values instead of parentheses in the last
equalities
U1y — (u)? = (=1)"'5ay =2 + (=1)"azbjay > + (—1)"asbibraray > =
= (—1)”_1a§_2(b§ — ng% — alblbg).
Theorem 26. For normal number sequences
up =1, upg = ay, U = ArUn-1 + G2Un—2 (47)
the following equalities hold:
Un U —f — U1 Un—(p—1) = (—1)"TEEOL2 g7k, (48)

where k > 2, n >k + 1.



Proof. We shall prove the theorem by induction for k. For k = 2 the proposition of the
theorem is true based on the equality (44). Assume that the proposition of the theorem
is true for n = k and we shall prove that the proposition of the theorem is also true for
n==Fk+1. We get

UpUp— (k1) — Un—1Un—k = (A1Up—1 + Q2Up—2)Un—(k41) — (A1Up—2 + A2Up_3)Up_f =
=a (unflu(nfl)fk - un72u(n71)7(k71)) + az (un72u(n72)7(k71) - unfSU(nf2)f(k72)) =
_ al(_1>(n71)+(k mod 2)*1a§n_1)_kuk_1 + a2(_1>(n72)+(k71)(mod 2)*1a§”_2)_(k_1)uk , =

= (—1)n+(k mod Q)agf(kﬂ)(aluk,l + aguy_o) = (_1)n+(k mod 2)a;f(k+1)uk'

]
Theorem 27. The terms of the normal number sequence (47) satisfy the relation
UpUp—p — Un—sUn—(h—s) = (—1)ntkmod 2 =lyn—ky oy . (49)

Proof. We shall prove by induction for s. For s =1 (49) is written as the equality (48) from
Theorem 26. We shall denote U(n, k, 8) = UpUp—f — Up—sUp—(k—s). Then

U(na ka s+ 1) = UpUn—f — Un—(s+1)Un—(k—(s+1)) =

= (@1tn—1 + A2Up—2) Un—k = Un—(s11) (Q1UR-1)~((r=1)—s) T Q2U(-2)—(k-1)—5)) =
=aUn—1,k—-1,8)+aU(n—2,k—2,5s—1) =

_ (_1)(n—1)+((k—1) mod 2)—1a1agnfl)f(kfl)usu(k_l)_s +

+(_1)(n—2)+((k—2) mod 2)—1azagn—%—(k—?)us_lu(k_2)_(s_l) _

= (_1)n+(k mod 2)_1a7217kuk—(s+1)(a1u8 + a2u371) = (_1)n+(k mod 2)_1agikus+1uk—(s+1)-
]

Theorem 28. For the sequences (uy)n>1 and (u)),>1, which satisfy the linear recurrence
equation (31) with initial conditions uy = ay, ug = ag and ui = by, uy = by respectively, the
following identity is true:

* * (_1)n+(k mod 2)a127,7k71 (bg o CLQb% . a1b1b2) Uty s

* J—
L unfsunf(kfs) -

*
n
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Proof. To prove this we shall use the identity (33):

U Uy, — Uy Uy = (D2Un—1 + a2biup—2)(bottn—j—1 + a2bitly—j—2) —

—(batty—s—1 + a2byun_s_2) (b2un—(k—s)—1 + a2b1un—(k—s)—2) =
=03U(n—1,k,s) +a3biU(n — 2,k,s) +
+a2b2b1U(n — 1, k + 1, S) -+ agbgblU(n — 2, k — 1, S) =
— (_1)n—1+(kbmod2)—lbgag—l—kusukis + (_1)n—2+(k mod 2)—1a§b%ag—2—kusuk75 +
+(_1)n71+((k+1) mod 2)*1agbgblag"_l)_(kﬂ)usu(k“),s +
+(_1)(n—2)+((k—1) mod 2)_1a262b1aé”d)*(k*l)usu(k,l),s _
= (1) e Dap= 2 (agbfuy—s — a3biup—s — azbibau—s 1 + a3biboug——1) =

= (—1)tkmed 2)n=k=1 (52 _ 4,02 — a1b1by) Usti_s.
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