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ABSTRACT. The construction of a variation of constants formula for the difference equation
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1. Introduction. Differential equations with advanced arguments is an active field
of research attracting the attention of the analysts [3, 4, 7]. The slow development
of the theory of difference equations with advanced arguments could be explained,
among other reasons, by the absence of a concise theory of equation with advance for
equations with continuous time variable.

In this paper, we attack a concrete problem arising in the theory of linear equations
with advance.

It is a well-known fact that the solution y¢(n) of the initial value problem

yn+)=Am)y(n)+f(n), »y(0)=0, neN={0,1,2,...}, (1.1)
where we assume that all matrices A(n) are invertible, is given by the following vari-
ation of constants formula [1]:

n-1
yrm) = > dn)d (m+1)f(m), (1.2)

m=0

where ®(n) denotes the fundamental matrix of equation

x(n+1)=Amn)x(n), (1.3)
that is,
n-1 -1
d(n)=[]A®s), n=0, [[A(s)=1. (1.4)
s=0 s=0

Such a formula for the initial value problem

yn+1l)=An)ym)+Bm)y(gn))+f(n), ymn) =0, (1.5)
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where g(n) is a sequence of advance satisfying g(n) > n+ 1, up to the knowledge of
the authors of the present paper, has not been found.
A variation of constants formula for the nonhomogeneous equation

y(n+1)=Am)yn)+Bn)y(gn))+f(n), (1.6)

cannot be obtained from a straightforward application of the ideas of the method
of Lagrange for ordinary differential equations or linear difference equations without
advance, since a formal application of this method leads to serious algebraic obstacles.

It is pertinent to emphasize that the analysis of equation (1.6) presents many fea-
tures distinguishing this equation to the ordinary difference equation (1.1). Some ex-
amples, where these properties can be appreciated, are given in [2]. In the case of
nonhomogeneous equation (1.6) for a general matrices A(n), B(n) and a general forc-
ing term f(n), the equation (1.6) may have no solutions. This situation makes relevant
the problem of existence and uniqueness of the solutions of this equation. Moreover,
even in the case when all matrices B(n) are invertible, a hypothesis not considered in
this paper, equation (1.6) cannot be treated as a difference equation of higher order
since the sequence of advances {g(n)} is not constant. From the algebraic point of
view, the analysis of equation (1.6) seems to be a challenging problem.

Although simpler, a similar situation we encounter in the study of the linear equation

y(n+l)=An)yn)+Bn)y(gn)), neN={0,1,2,...} (1.7)

for a prescribed initial value y(0) = &, studied in [2], where some results of exis-
tence and uniqueness of solutions of equation (1.7) are obtained if we restrict these
problems to specific sequential spaces. Those results rely on the following set of hy-
potheses:

(C1) ISP |1®(n)d~(m)| <M, Vn eN, M = constant,

(C2) [#(n)® (m)| <Kax(n)B(m)™!, n=m,

(C3) Xmool® ' (m+1)B(m)®(g(m))| <1,
where {x(n)} and {B(n)} in C2 are sequences of positive numbers.

Each of conditions (C1), (C2), and (C3) allow to define a sequential space &, where it
is possible to define a generating matrix ¥ of equation (1.7), such that the initial value
problem

y(n+1)=An)ym)+Bn)y(gn), »y(0) =g, (1.8)
has a solution in & given by
y(n,& =Yn)éE. (1.9)

The aim of this paper is to give a variation of constants formula for the equation
(1.6) under each condition (C1), (C2), and (C3). In general, this formula have the form

y(n)=dn) > C(f)(n), (1.10)
k=0

where {Ci} is a sequence of bounded functionals. We prove the convergence of
this series depending on which condition (C1), (C2), and (C3) is the problem (1.5)
considered.
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2. Notations and preliminaries. In what follows, V denote the vector space R" or
C". |x| denote some norm in V; for A, an » X ¥ matrix, |A| denote the corresponding
matrix norm. The following sequential spaces will be used:

={fIN—=V:[f|® <o}, [fI®=sup{lf(n)l:neN},

O (F NV <), If] - §O|f<n>|. &0
For a sequence {F(n)} of invertible matrices we will define
={fIN=VFfel?}, |fIf=IFfI%
Gh=(fiN—VIFf e, Iflb=IFAIL 22
Also, we will use the notation
(lk(n) = f(n+k). (2.3)

3. Variation of constants formulas. In this section, we obtain different formulas
for the solution of the initial value problem (1.5). We seek this solution in the form
(1.10). Plugging series (1.10) into (1.6), we obtain

D AC(f)(n) =@ H(m+ 1) f(n)+ > D()Ci(f) (g(n), 3.1)
k=0

k=0

where we have denoted
D(n)=o'(n+1)B(n)d(g(n)). (3.2)
We define Cy(f) as the solution of the initial value problem
ACo(f)(n) =@~ ' (n+1)f(n),  ¥(0)=0. (3.3)

Consequently, from the general theory of difference systems [1] we have

n-1
Co(f)(m) = > &1 (j+1)f(J). (3.4)
j=0
For k > 1, let Ci(f) be the solution of
AC(f)(n) =D(M)Cr-1(f) (g(n),  »¥(0) =0, (3.5)

that is,

f)m) = ZD )T ()9 ()), k> 1. (3.6)
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DEFINITION 3.1. We call the series (1.10), with the functionals Ci(f) defined by
(3.4) and (3.6), the formal variation of constants formula of equation (1.6).

The series (1.10) give a solution of the problem (1.5) if it converges. In the sequel,
we show this convergence under each one of the conditions (C1), (C2), and (C3).

Formally, let us denote the right member of (1.10) by

9]

K(f)(n) =dn) > C(f)n), (3.7)
0

k=

which we call resolvent operator of equation (1.6).

3.1. Variation of constants in the space £*

LEMMA 3.1. Under conditions (C1) and f € £, the coefficients of the formal varia-
tion of constants formula satisfy the estimate

|®()Ci(f) ()| < M(MI{BM)}®)XI£1™, n,keN. (3.8)

PROOF. For k = 0, formula (3.8) follows from (3.4). Let us assume valid the estimate
(3.8) for k—1:

| (1) Crr (f) (1) | < M(MI{B()}I®) 1. (3.9)
For k we obtain
n-1
[@(n)Cr(f)() | = | D @)1 (j+1)B(j)®(9(7))C-1(f) (9(f))
j=0
(3.10)

n-1
<MMI{B)}*) 1B S (@)1 (j+1)|1f]
Jj=0

from where (3.8) follows. O
From Lemma 3.1, we have the following theorem.

THEOREM 3.1. Let us assume condition (C1). If M|{B(n)}|® < 1, then the series
(1.10) converges uniformly on all N and gives the unique solution of the initial value
problem (1.5) in the space £ . Moreover, under these conditions, the series (3.7) defines
a bounded operator

Heo 1 02 — £, (3.11)
which norm satisfies
(o] M
Heo < ——— = | fI~. 3.12
% ()] < T M B |fl (3.12)

The conditions of Theorem 3.1 and the estimation given by Lemma 3.1 yield the
following formula:

Ko (f)(n) =@ (M)Co(f) (M) +---+@(M)Ci (f) (M) + O (f, k) (M), (3.13)
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where the remainder O (f,k)(n) has the estimate

M(M|{B(n)}]=)**!

S S VI NE

L1 (3.14)
Formula (3.13) says that the solution ¥ (f)(n) is approximated by

O (n)Co(f) () + -+ - +@(n)Cr (f) (n), (3.15)

with an error given by O (f,k)(n). This approximation is valid on all N.

3.2. Variation of constants in the space 3

LEMMA 3.2. Under condition C2, let us suppose that the sequence {B(n)} is summa-
ble in the following sense:

Z B(j+1) " IB(j) < . (3.16)

Then the functionals C (f) defined by (3.4) and (3.6) have the following estimates:

|®(n)Ci(f) (n) | < Kax(n) (K8 | fllg,,, Vn,keN. (3.17)
PROOF. For k =0 we have
n-1
@M Co(f)M) | <K > am)B(i+1)"" | F()| < Kam)|fllg,. (3.18)
J=0

Thus, (3.17) is valid for k = 0. Let us assume the validity of the assertion for k — 1:
|@(M)Ch-1 (f) ()| < Kae(n) (K6 f gy, - (3.19)

From (3.6) we obtain

n-1
@) Ce(f) ()| = | >, @) (j+1)B()®(g (1) Cr1 (f) (9 (1))
j=o

(3.20)

<o<(n>1<2(1<5)“20 NBG+1) T BG) | 1f1L,
J

implying (3.17). O
From the above lemma we obtain the following.

THEOREM 3.2. Under condition C2, if f € €<B) and K6 < 1, then series (1.10) con-
verges uniformly in the norm of the space £3. Moreover, the series (3.7) defines the
operator

Hpo: gy, — Lo (3.21)

satisfying the estimate

|%p.0(f) |« Lf gy, - (3.22)

« =1 K6
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If condition C2 is accomplished with « = 8, then we denote the operator (3.21) by
H o = K« Therefore

Hollyy, — L, (3.23)

® K
|57{o<(f)|(xﬁm|f|%a)l- (3.24)

Lemma 3.2 and the estimate given by Theorem 3.2 yield to the following asymptotic
formula:

Ho(f) =2()Co(f) +- - +2(n)Ci(f) + Ou(f,k), (3.25)
where
Ka(n)(K§)k+!
0a(fiR) | = =5 | L (3.26)
with

Ks=K> a(g(i))ax(j+1)""|B(j)| <1. (3.27)

e

Jj=0

If the sequence o is monotone in the following sense:
ax(n) <Cx(n+1), VneN, (3.28)

where C is a positive constant, then we obtain the following.

THEOREM 3.3. If the conditions C2 with x = B, K6 < 1 and (3.28) are fulfilled, then
the operator (3.23) satisfies

ot O — £, (3.29)
~ _ KC
%) |3 < T | Lo (3.30)

In the form (3.29) the operator ¥, is more useful in applications to nonlinear equa-
tions with advanced arguments [6].

3.3. Variation of constants in the space g

LEMMA 3.3. Under condition C3, if f € #%@1, then the coefficients of the series (1.10)
satisfy

|Ce(f) M) | < p*| fliay,, YR kEN, (3.31)

where

p=> @1 (m+1)B(m)d(g(m))|. (3.32)

m=0
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PROOF. For k =0 the assertion is clear. If

|Cror () 0 | < 15V f |y, (3.33)

then

|
—_

n

n-1
[C() )| = | > D) Cr1 (@) | = 2 DD Crer (F) (@ () |
Jj=0

j=0
(3.34)
n-1 L
<pk! Z |D(j) | |f|(q>>1 :Uk|f|<q>>1-
j=0
This estimate completes the proof. O
From the above lemma we deduce the following.
THEOREM 3.4. Under condition C3, if f € €}¢)1 and u < 1, then the series
> Ce(f)(n) (3.35)
k=0
converges in the metric of the space £g . Moreover, the series (3.7) defines the operator
N R (3.36)
satisfying the estimate
|90 () g < (L= fllg, - (3.37)

The estimate given by Lemma 3.3 and the conditions of Theorem 3.4 yield the fol-
lowing asymptotic formulas:

Heo(f)(n) =2dM)Co(f)(n) + -+ - +@(M)Ci (f) (n) + 0o (f, k) (), (3.38)

where the remainder Og (f,k) (1) satisfies

|00 (f,k) (M) | < (=) ik | £, - (3.39)
Let us assume the condition
L=> [e'm)A T m)dm)| = > [@ (m+1)@(m)| < . (3.40)
m=0 m=0

THEOREM 3.5. If C3, u <1 and (3.40) are assumed, then the series (3.7) defines an
operator

Ko : 03 — £, (3.41)
satisfying the estimate

[ (f)(n) g < ﬁlfl;:. (3.42)

PROOF. The proof follows from (3.37). O
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4. An integral equation for the operator J. We have deduced the existence of
a variation of constants formula under different condition (C1), (C2), and (C3). The
above methodology gives the erroneous impression of a certain chaotic set of these
formulas depending on the sequential space we have posed the initial value problem
(1.5). We demonstrate that all obtained operators ¥, X «, and H¢ satisfy a common
equation, from where they can be deduced.

Formally, let us write (3.7) in the following form:

H(f)() =@ ()Co(f) () +@(n) > C(f)(n). 4.1)

k=1

Using the definition of the functionals Cy, we may write

n-1 © n-1
H(HM) =d(n) D i+ f(D)+d(n) D> > DEH)Cror (f)(g(D)). (4.2)
i=0 k=11i=0

Let us interchange the sums in this formula. We obtain
n-1
H(f) ) =@(n) Y (@ Hi+1)f @) +2 i+ 1DB@OI(f)(g(D)). 4.3)
i=0

In the next theorem, ¥ and ¥ denote sequential spaces defined on N.

THEOREM 4.1. Let 3 : ¥ — & be a bounded operator such that for each f € ¥ the
sequence K (f) satisfies the integral equation (4.3), then the sequence ¥ (f)(n) is a
solution of the initial value problem (1.5) belongs to &.

PROOF. The proof is obtained by a straightforward calculation. O

Theorem 4.1 allows the possibility of giving other variation of constants formula,
different from ¥, H«, and He.

Let us consider problem (1.5) under the following conditions:

(D1) Sp_ol®(n)] < o,

(D2) [{&'(n+1)B(n)}|™ < oo,

(D3) & =Ly, =10

Let us consider the integral equation

n-1 n-1
ym)=om) > & H(i+1)f (i) +®(n) > &+ 1)B(i)y(g()). (4.4)
i=0 i=0

Under conditions (D1), (D2), and (D3) and

[H{e 'm+ 1B} D 1e(n)] <1, (4.5)

n=0

the right-hand side of the integral equation (4.4), for each fixed f € E(lq,) . defines an
operator AU : 1 — £, that acts like a contraction on ¢! into itself. Let us denote the
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unique fixed point of this contraction by 7 (f). Thus J : €<1¢>1 —{'. From

n-1
T(f) ) -T(h)(n) =dn) > & (i+1)(f-h)()

i=0

(4.6)
+¢(n>§¢1(i+ DB (T (f) T (h)(g(1)),
we obtain
1T(F) =T |" <plf ~hily,, 4.7)
where
p S-ol®()] 4.8)

T1-[{e ln+ )BT S 1@ ()]

Thus the operator J is continuous and satisfies equation (4.3) for any f € €<1¢)1.
From Theorem 4.1, I (f) is a solution of the problem (1.5) if f € #%@1. We empha-
size that the operator J was not obtained by means of Theorems 3.1, 3.2, and 3.3.

5. Applications. In this section, we exhibit some examples of the obtained results.

5.1. Perturbed systems. Letusrecall, the notion of the generating matrix of a linear
system with advance which was introduced in [2]. Let ¥ denote a space of sequences.

DEFINITION 5.1. A sequence of » X+ matrices {¥(n)}, ¥(0) = 1, is called a gen-
erating matrix of system (1.7) in the space &, if and only if the following hypotheses
hold:

(i) the sequence {¥(n)} is a solution of the equation (1.7) on N,
(i) ¥(n) is invertible for all values of n > 0,
(iii) {¥(n)} € <.

Let ¥ be the generating matrix of
y(n+1) =An)yn)+(Bn)+C(n)y(gn)) (5.1)

in the space &¥. The question for an estimate of ¥(n) — ¥(n) is an important and
difficult question in the theory of equations with advance. Such estimates are not
obtained by discrete inequalities, because such a theory has not been developed for
equations with advance. In our paper we give a partial solution to this problem.

THEOREM 5.1. Let us assume condition (C1). If
MI{B(n)}* <1, M{B(n)+C(n)}~ <1, (5.2)
then there exist the generating matrices ¥ and ¥ of systems (1.7) and (5.1), respectively,
in the space £, satisfying the following estimate:

. M .
¥ =¥ < B s Couy s CmY . (5.3)
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PROOF. The existence of generating matrices ¥ and ¥ follows from [2, Theorem 2].
From (1.7) and (5.1), we obtain that the sequence ¥ — ¥ satisfies

yn+1)=Amn)yn)+Bn)+Cn))y(gn))-Cn)¥(gn)). (5.4)

Applying the estimate (3.12) to this equation we obtain (5.3). O

If we formally replace B(n) = 0 and C(n) = B(n) in (5.2), then from Theorem 5.1 it
follows that

¥ - < K|{B()®(n)} |, (5.5)
where
M
“ MBS (56

In applications, a more general estimate than (5.5) is needed

Y (n)ytm)-d(n)d(m)|® <Ksup |B(m)®n)® '(m)|, n=m. (5.7)

The estimate (5.7) can be obtained by a slight modification of Lemma 3.1 and
Theorem 3.1, where it is necessary to fix an initial time ny = m instead of ng = 0.
A similar estimate to (5.7) can be obtained by using the condition C2.

THEOREM 5.2. Let us assume condition C2. If

i x(g(m))

o a(g(m))
, Bim+1) Z

[B(m)| <1, Blm+1)

[B(m)+C(m)| <1, (5.8)

then there exist the generating matrices ¥V and ¥ of systems (1.7) and (5.1) in the space
L% satisfying

¥ -¥Iy < _K; Y ()} gy, » (5.9)
where

= > a(g(m))B(m+1)"1B(m)+C(m)|. (5.10)

m=0

PROOF. The existence of matrices ¥ and ¥ follows from [2, Theorem 4]. From (1.7)
and (5.1) we obtain that the sequence ¥ — V¥ satisfies equation (5.3). Applying the
estimate (3.22) to this equation we obtain (5.9). O

From Theorem 5.2, it follows

¥ lF < = BB} Ly, (5.11)

1

where § is defined by (5.10) with B(n) =
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It is useful to point out the forthcoming estimate, following from Lemma 3.2 and
Theorem 3.2,

Y ()Y (m) —e(n)e~ " (m)} |y <

K
[{BM)®(n)® ' (m)}lL,, n=m. (5.12
1—K5|{ (M)®(n)®~" (M)}, (5.12)
In the sequential space 3 we may enunciate the following.
THEOREM 5.3. Let us assume condition C3. If

[@~1(m+1)(B(m)+C(m))®(g(m))]| <1, (5.13)
0

|§\M8

then there exist the generating matrices ¥V and ¥ of systems (1.7) and (5.1) in the space
L3 satisfying

¥-¥]5 <1-0  [{COY ()} g, (5.14)
where
fi=> |&(m+1)(B(m)+C(n))d(g(m))|. (5.15)
m=0

PROOF. The existence of the generating matrices ¥ and ¥ follows from [2, Theo-
rem 6]. The sequence ¥ — V¥ satisfies equation (5.3). Applying the estimate (3.37) to
this equation we obtain (5.14). O

Theorem 5.3 implies
¥ =@[§ < (1-)  H{B()®()} i), - (5.16)
From Lemma 3.3 and Theorem 3.4 we obtain
Y)Y 1 (m)-em)dt(m) |y <(1-@)7!| {B(n)q>(n)}|}¢>l, n=m. (5.17)

5.2. Equations with periodic solutions. Let us consider equation (1.6), where the
sequences {A(n)}, {B(n)}, and {g(n)} are periodic with a same period T e N, T > 0:

Am+T)=An), Bm+T)=Bn), gm+T)=g(n), VvneN. (5.18)

Using the Floquet formula [1], the fundamental matrix of equation (1.3) can be written
in the form

®(n)=Pn)C", (5.19)

where P(n) is a T-periodic sequence and C = %/®(T). Let us assume that all the eigen-
values of the invertible matrix C satisfy |u| < 1. In this case, it is easy to prove the
existence of a positive constant K such that

@)@ t(m)| <Kr"™™, n=m,0<r<1. (5.20)
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Thus, condition (C1) is satisfied with M = (1 —%) ' K.If the T-periodic sequence {B(n)}
satisfies K|{B(n)}|® < 1 — v, then for any T-periodic sequence {f(n)}, the initial
value problem (1.5) has a unique bounded solution. This bounded solution must be
T-periodic and is the unique T-periodic solution of equation (1.6). This T-periodic
solution can be approximated by the asymptotic formula (3.13), where the sum

d(n)Co(f)(n) +---+P(M)Cr(f)(n) (5.21)

is T-periodic.

5.3. Scalar equations. Let us consider the scalar equation
yn+l)=an)ym)+bn)y(gn))+f(n), (5.22)

where the complex value sequence {a(n)} satisfies a(n) = O for all n. The hypothesis
C2 is accomplished with

n-1
a(n) =Bm) =[] latm)]. (5.23)
m=0
According to Theorem 3.2, if
gim)-1
Z [T latkbm)| <1, (5.24)

m=0 k=m+1

then the solution of the initial value problem (1.5) is given by the approximate for-
mula (3.25):

n-1 n-1

oY) = > [] ak)fm)

m=0k=m+1

(5.25)
gm)—
+ Z b(m) ]_[ a(k) z ]_[ a(l)f ) +O0u(f,1)(n),
k=m+1 j=0 i=j+1
where the remainder Oy (f,1)(n) satisfies the estimate
|0a(f,1)(n) ] < |f|<a>1 (5.26)
For g(n) = n+ 2, we obtain the formula
n-1 n-1
Ha(f)m)= > ] ak)fm)
m=0k=m+1 (5.27)

m+1 m+1

+ Z b(m) ]‘[ ak) >, [T a@f(j)+0«(f,1)(n).

k=m+1 j=0i=j+1
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5.4. Equations with constant coefficients. Let us consider the case A(n) = A =
constant and B(n) = B = constant. If A is an invertible matrix with all eigenvalues u
satisfying |u| < 1, then from the results in [1, 5] it follows, for some positive K and
0 <r < 1, the estimate

[@(n)e~t(m)| <Kr"™™™, n=m, (5.28)

where ®(n) = A™. Thus (C1) follows with M = K/(1 —7).If M|B| < 1, then Theorem 3.1
implies the asymptotic formula (3.13) for the solution of the initial value problem

ym+1)=Ayn)+By(gn))+f(n), y0)=0, gmn)=n+1, fel>. (5.29)

In this particular case (3.13) has the form

n-1
Koo (f) () = D AWML f(m)
m=0
el glm)—1 (5.30)
+Z Z AImBAGMI—k=l £(k) + O (f,1) (M),
m=0 k=0
where the remainder O« (f,1)(n) satisfies
M 2 fleo
0 (£, 1) ()| = e (MIBI)IF1™ (5.31)

We point out the following particular cases of (5.30): if the matrices A and B commute,
then we obtain the approximate formula

n-1 gim)-1
(o (f)(n) = Z AL (m) +B Y > Anramimmek=2 (), (5.32)
m=0 m=0 k=0

The particular case AB = BA and g(n) = n+ 2 leads to the solution

n-1 n-1 m+1
Ho(f)m) = > AV fm)+B > S Ak f(k) +0x(f,1)(n). (5.33)
m=0 m=0 k=0
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