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Abstract. We present a new approach to the theory of asymptotic properties of solutions
to difference equations. Usually, two sequences x, y are called asymptotically equivalent
if the sequence x — y is convergent to zero i.e., x —y € ¢o, where ¢y denotes the space
of all convergent to zero sequences. We replace the space ¢y by various subspaces of cg.
Our approach is based on using the iterated remainder operator. Moreover, we use the
regional topology on the space of all real sequences and the ‘regional” version of the
Schauder fixed point theorem.
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1 Introduction

Let IN, R denote the set of positive integers and the set of real numbers, respectively. In this
paper we assume that

m e N, f:R—=R, c: N — N, limo(n) = oo,

and consider difference equations of the form

AN"xy = anf(Xg(ny) + bn (E)

where a,,b, € R.

Let p € IN. We say that a sequence x: N — IR is a p-solution of equation (E) if equality (E)
is satisfied for any n > p. We say that x is a solution if it is a p-solution for certain p € IN. If
x is a p-solution for any p € IN, then we say that x is a full solution.

In this paper, we present a new approach to the theory of asymptotic properties of solu-
tions. The main concept, in our theory, is an asymptotic difference pair. The idea of the paper
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is based on the following observation. If x is a solution of (E), f is bounded and the sequence
a is ‘sufficiently small’, then A™x is close to b, and x is close to the set

A7 = {y e RN : A"y = b}

This means that
xeEAN "+ Z (1.1)

where Z is a certain space of ‘small’ sequences. Usually Z = cy is the space of all convergent
to zero sequences. In this paper we replace ¢y by various subspaces of R™.

More precisely, assume that A and Z are linear subspaces of RN such that A C A™Z and
ux € A for any bounded sequence u and any « € A. If 4 € A and x is a solution of (E) such
that the sequence u = f o x o ¢ is bounded, then

AN"x =agu+bec A+bcC A"Z+b.

Hence A™x = A"z + b for certain z € Z and we get A" (x —z) = b. Therefore x —z € A™"b
and we obtain (1.1).

We say that (A, Z) is an asymptotic difference pair of order m (the precise definition is
given in Section 3). In the classic case, for example in [7,14,15], we have

A:{QERN:an_1|an|<oo}, Z = co.

n=1

In this paper we present some other examples of asymptotic difference pairs. Our purpose is
to present some basic properties of such pairs. Next, we use asymptotic difference pairs in
the study of asymptotic properties of solutions. For a given asymptotic difference pair (4, Z),
assuming a € A, we obtain sufficient conditions under which for any solution x of (E) there
exists y € A7"b such that x —y € Z. Moreover, assuming Z C ¢o and using the fixed point
theorem, we obtain sufficient conditions under which for any y € A™"b there exists a solution
x of (E) such that y — x € Z. Even more, we can ‘compute modulo Z’ some parts of the set of
solutions of (E) (see Theorem 4.9 and Theorem 4.11 in Section 4).

The concept of an asymptotic difference pair is an effect of comparing the results from
some previous papers. In those papers, implicitly, some concrete asymptotic difference pairs
are used (for details see Section 7). In fact, this paper is a continuation of a cycle of papers
[14-20].

In the study of asymptotic properties of solutions to difference equations the Schauder
fixed point theorem is often used. This theorem is applicable to convex and compact subsets
of Banach spaces. But the space RN of all real sequences with usual ‘sup’ norm is not a
normed space. We introduce a topology in RN, which we call the regional topology. Next,
in Theorem 2.6, we present the ‘regional version” of the Schauder fixed point theorem. This
theorem is applicable to any convex and compact subset Q of RN which is ordinary in the
sense that ||[x —y|| < oo for all x,y € Q. In fact, the regional topology is the topology of
uniform convergence. For more information about the regional topology see [20].

The main technical tool in our investigations is the iterated remainder operator. The fun-
damental theory of this operator is given in [19]. This approach to the study of asymp-
totic properties of solutions to difference equations were inspired by the following papers
[2-4,6,7,9,11,24-28]. Moreover, the papers [5,8,10,12,13,21-23] were the inspiration to the
study of ‘continuous’ version of the iterated remainder operator. The basic properties of this
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‘continuous’ operator are presented in [20]. Probably, using the ‘continuous’ version of the
iterated remainder operator, some of the results from this paper can be transferred to the
theory of ordinary differential equations.

The paper is organized as follows. In Section 2, we introduce notation and terminology.
In Section 3, we define asymptotic difference pairs and establish some of their basic proper-
ties. In Section 4, we obtain our main results. In Section 5, we present some examples of
difference pairs. In our investigations the spaces A(t) (see (2.1)) play an important role. In
Section 6, we obtain some characterizations of A(t). These results extend some classic tests
for absolute convergence of series and extend results from [19]. In Section 7, we present some
consequences of our main results. Next we give some remarks.

2 Notation and terminology

Let Z denote the set of all integers. If p, k € Z, p < k, then N, ]N]; denote the sets defined by

N,={pp+1,...}, Ny={pp+1... Kk}

The space of all sequences x: IN — R we denote by SQ. Moreover, by BS we denote the Banach
space of all bounded sequences x € SQ equipped with ‘sup” norm. We use the symbols

Sol(E), Sol,(E), Sole (E)

to denote the set of all full solutions of (E), the set of all p-solutions of (E), and the set of all
solutions of (E) respectively. Note that

Sol(E) C Sol,(E) C Solw(E)
for any p € IN. For p € IN we define
Fin(p) ={x€SQ:x, =0 forn > p}.

Moreover, let

Fin(co) = Fin = ] Fin(p).
p=1
Note that all Fin(p) are linear subspaces of SQ and

0 = Fin(1) C Fin(2) C Fin(3) C --- C Fin(c0).
If x,y in SQ, then xy denotes the sequence defined by pointwise multiplication
xy(n) = xuYn.
Moreover, |x| denotes the sequence defined by |x|(n) = |x,| for every n.

Remark 2.1. A sequence x € SQ is a p-solution of (E) if and only if
A"x €a(foxoo)+b—+Fin(p)
and, consequently, x is a solution of (E) if and only if

A"x € a(foxoo)+ b+ Fin.
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We use the symbols ‘big O” and “small o’ in the usual sense but for a € SQ we also regard
o(a) and O(a) as subspaces of SQ. More precisely, let

o(1) = {x € SQ: x is convergent to zero}, O(1) = {x €SQ: x is bounded}
and for a € SQ let

o
—~
_
~—
I

a0(1) + Fin = {ax: x € o(1)} + Fin,

O(a) =aO(1) + Fin = {ax: x € O(1)} + Fin.
Moreover, let
o(n™®) = No(n’)=(No(n™), 0O@n®)=|JOow)= GO(”")
seR k=1 seR k=1

Note that if a, # 0 for any n, then
o(a) =ao(1), O(a) = a0O(1).

For b € SQ and X C SQ we define

A™"b={y €SQ: A"y =1}, AT"X ={yesQ: A"y e X}.
Moreover, let

Pol(m —1) = A0 = KerA" = {x € SQ : A"x = 0}.
Then Pol(m — 1) is the space of all polynomial sequences of degree less than m.
For a subset A of a metric space X and & > 0 we define an e-framed interior of A by

Int(A,e) = {x € X:B(x,e) C A}

where B(x, ¢) denotes a closed ball of radius ¢ about x.
We say that a subset U of X is a uniform neighborhood of a subset Z of X, if there exists a
positive number ¢ such that Z C Int(U, ¢). For a positive constant M let

f<M[={teR:|[f(t)] <M}
Let

A1) := {a €5Q: i lan| < oo}.
n=1

For t € [1,00) we define

A(t) == {a €SQ: i n'a,| < oo} = (n*HA(1). (2.1)
n=1
Moreover, let

Alo) = ) A(t) = ﬁA(k).
k=1

te[1,00)

Obviously any A(t) is a linear subspace of 0(1) such that
O(1)A(t) C A(t).

Note thatif 1 < t < s then
A(c0) C A(s) C A(t) C A(1).

Remark 2.2. If p e N, A € (0,1),t € [1,00),s € (0,00), and p > 1, then
0 = Fin(1) C Fin(p) C Fin C o(A") C O(A") C o(n™>) = A(c0),
A(c0) CA(f) CA(1) Co(1) CO(1) Co(n®) C O(n®) C O(n™) C o(u") C O(u").
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2.1 Unbounded functions

We say that a function ¢: R — R is unbounded at a point p € [—oo,00] if there exists a
sequence x € SQ such that lim,_,. x, = p and the sequence g o x is unbounded. Let

U(g) = {p € [—00,00] : g is unbounded at p}.

A function g: R — R is called locally bounded if for any ¢t € R there exists a neighborhood
U of t such that the restriction g|U is bounded. Note that any continuous function and any
monotonic function g: R — R are locally bounded.

Remark 2.3. Assume g: R — IR. Then

(a) gisbounded if and only if U(g) = @,

(b) g is locally bounded if and only if U(g) C {oo, —oo}.
Example 2.4. Assume ¢: R - R, T = {t1,t2,...,t,} C R. Then

(a) U(max(1,t)) = U(t+ [t]) = U(e") = {oo},

(b) U(min(1,£)) = U(t —[t]) = U(e™") = {—oo},

(c) if g is a nonconstant polynomial, then U(g) = {—o0, 0},

(d) if g(t) =1/t fort # 0, then U(g) = {0},

(e) ifg(t)=((t—t1)---(t—t,)) ' fort ¢ T, then U(g) = T.
Remark 2.5. Assume g, h: R — R. Then

U@+h) cu(g)ul(h),  U(gh) C U(g)UU(h).

This follows from the fact that if g and & are bounded at a point p, then ¢ 4 h and gh are also
bounded at p. Note also that if U(g) N U (h) = @, then

U(g+h)=U(g)UU(h).
This is a consequence of the fact that if exactly one of the functions g,/ is bounded at a point
p, then g + h is unbounded at p.
2.2 Regional topology
For a sequence x € SQ we define a generalized norm ||x|| € [0, o] by
||x|| = sup{|x,| : n € N}.

We say that a subset Q of SQ is ordinary if ||[x — y|| < oo for any x,y € Q. We regard any
ordinary subset Q of SQ as a metric space with metric defined by

d(x,y) =[x =yl (22)

Let U C SQ. We say that U is regionally open if U N Q is open in Q for any ordinary subset
Q of SQ. The family of all regionally open subsets is a topology on SQ which we call the
regional topology. We regard any subset of SQ as a topological space with topology induced
by the regional topology. The basic properties of regional topology are presented in [20]. We
will use the following ‘regional” version of the Schauder fixed point theorem.
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Theorem 2.6. Assume Q is an ordinary compact and convex subset of SQ. Then any continuous map
F: Q — Q has a fixed point.

Proof. Leta € Q, W=Q—aand T: Q - W, T(x) = x —a. Since Q is ordinary, we have
W C BS. Moreover, T is an isometry of Q onto W. Note also that T preserves convexity. Hence
W is a compact and convex subset of the Banach space BS. Let

H: W—>W, H=ToFoT .

Then H is continuous and, by the usual Schauder fixed point theorem, there exist a point
y € W such that Hy = y. Let x = T~ !y. Then

x=Ty=T"'Hy=T'TFT 'y = FT 'y = Fx. O

2.3 Remainder operator

In this subsection, we recall from [19] some basic properties of the iterated remainder operator.
Let S(m) denote the set of all sequences a € SQ such that the series

(o] (o] (o]
Z Z - Z a, .
i1=1i=i

I =ip—1
is convergent. For any a € S(m) we define the sequence " (a) by
Ma)(m) =) Y Y 4, 2.3)
i1 =n i2:i1 irn:im—l
Then S(m) is a linear subspace of o(1), r"(a) € o(1) for any a € S(m) and
r™:S(m) — o(1) (24)

is a linear operator which we call the iterated remainder operator of order m. The value
r"(a)(n) we denote also by 7' (a) or simply ri*a. If |a] € S(m), then a € S(m) and " (a) is
given by

Note that if m = 1, then

r(a)(n) =r'(a)(n) = }_q

j=n

is the n-th remainder of the series };7; a;. The following lemma is a consequence of [19,
Lemma 3.1].
Lemma 2.7. Assume x,u € SQ and p € IN. Then
(001) if |x| € S(m), then x € S(m) and |r"x| < r™|x]|,
(002) |x| € S(m) if and only if Y50 4 n™ x,| < oo,
(003) if [x| € S(m), then ryf|x| < Y32, "1 x|,
(004)

004) |x| € S(m) if and only if x € A(m),
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005) x ) if and only if O(x) C S(m),

€ A(m
A"o(1) =S(m), r™S(m)=o0(1),
007) if x € S(m), then A"™r"x = (—1)"x,

006

008) if x € o(1), then r"A"x = (—1)"x,
009) if Z is a linear subspace of o(1), then " A"Z = Z,

(005)

(006)

(007)

(008)

(009)

(010) if A is a linear subspace of S(m), then A" A = A,
(011) ifx € A(m), u € O(1), then |r™(ux)| < |u|r™|x|,
(012) if ux € A(m), Au > 0and u > 0, then ur™|x| < r"|ux|,
(013) if x,y € S(m) and x, <y, for n > p, then rj}x < ri'y forn > p,
(014) Fin(p) = Fin(p) = A™Fin(p), r"Fin = Fin = A™Fin,

(015)

015) if x > 0, then r™x is nonnegative and nonincreasing.

3 Asymptotic difference pairs

Let Z be a linear subspace of SQ. We say that a subset W of SQ is Z-invariant if W +2Z C W.
We say, that a subset X of SQ is:

asymptotic if X is Fin-invariant,
evanescent if X C o(1),
modular if O(1)X C X,

c-stable if X is o(1)-invariant.

We say that a pair (A, Z) of linear subspaces of SQ is a difference asymptotic pair of order
m or, simply, m-pair if Z is asymptotic, A is modular and A C A™Z. We say that an m-pair
(A, Z) is evanescent if Z is evanescent.

Remark 3.1. For any a € SQ the spaces o(a) and O(a) are asymptotic and modular.

Remark 3.2. If W is an asymptotic subset of SQ, x € W and x’ is a sequence obtained from
x by changing finite number of terms, then x’ € W. Moreover, a linear subspace Z of SQ is
asymptotic if and only if Fin C Z.

Remark 3.3. If (A, Z) is an evanescent m-pair, then, using Lemma 2.7 (006), we have
A CAN"Z C AN"o(1) =S(m) C o(1).
Hence the space A is evanescent.

Remark 3.4. If a € SQ, then the sequence sgn o a is bounded and |a| = (sgn o a)a. Hence, if W
is a modular subset of SQ, then |a| € W for any a € W. In particular, if (A, Z) is an evanescent
m-pair and a € A, then

laj € A C A"Z C A"o(1) = S(m).

Therefore A C A(m) and, for any a € A, the sequences r"a and r"|a| are defined.
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Lemma 3.5. Assume (A, Z) is an m-pair, a,b € SQ, and a —b € A. Then

AN Ma+Z=N"b+Z.

Proof. We have 1 —b € A C A™Z. Hence there exists zgp € Z such that a — b = A™zp. Let

x € A""a and z € Z. Then
A"(x —z9) =A"x —A"zp=a—(a—b) =D.

Therefore x +z =x —zo+z0+2z € A~"b+ Z. Thus

A Ma+Z C A"+ Z.
Since b —a = —(a — b) € A, we have

A" +Z C AT"a+ Z.
The proof is complete.
Lemma 3.6. Assume (A, Z) is an m-pair and b € A. Then

A™"b+Z =Pol(m —1) + Z.

Proof. This lemma is an immediate consequence of the previous lemma.

Lemma 3.7. Assume (A, Z) is an m-pair, a € A, b, x € SQ and
A"x € O(a) +b.
Then x € A™"b+ Z.
Proof. The condition a € A implies O(a) C A. Hence,
A"x —beO(a) CACA"Z.
Therefore, there exists z € Z such that A™x — b = A™z. Then
A"(x—z)=A"x— A"z =b.

Thus x —z € A™™band weobtainx =x —z+z € A~"b+ Z.

O]

Lemma 3.8 (Comparison test). Assume A is an asymptotic, modular linear subspace of SQ, b € A,

a € SQ, and |a,| < |b,| for large n. Then a € A.
Proof. Assume |a,| < |b,| for n > p. Let

_fo if b, =0
"\ an/by if by #0O.

=

Then h € O(1). Moreover, if n > p and b, = 0, then a, = 0. Hence a, = h,b, for n > p.

Therefore a — hb € Fin(p). Let z = a — hb. Then

a=hb+z€O(1)A+FinC A+ A=A
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4 Solutions

In this section, in Theorems 4.9 and 4.11, we obtain our main results. First we introduce the
notion of f-ordinary and f-regular sets. We use these sets in Theorem 4.11. At the end of the
section we present some examples of f-regular sets.

We say that a subset W of SQ is f-ordinary if for any x € W the sequence f o x is bounded.
We say that a subset W of SQ is f-regular if for any x € W there exists an index p such that f
is continuous and bounded on some uniform neighborhood of the set x(IN,). For x € SQ let

L(x) = {p € [—o0,00] : p is a limit point of x}.
Lemma 4.1. If x € SQ, then
foxeO(1l) or L(x)NU(f) # @.

Proof. Assume the sequence f o x is unbounded from above. Then there exists a subsequence
Xy, such that

]}Ln;f(x"k) = 0.

Let yx = x;,, and let p € L(y). There exists a subsequence yj, such that

lim y;, = p.

i—o0

Then lim;_,o f(yx,) = oo and we obtain p € U(f). Since y is a subsequence of x, we have
L(y) C L(x). Hence p € U(f) N L(x). Analogously, if the sequence f o x is unbounded from
below, then U(f) NL(x) # @. O

Note that if the sequence f o x is bounded, then f o x o ¢ is also bounded.
Theorem 4.2. Assume (A, Z) is an m-pair, a € A, and x € Sol«(E). Then
xeAT"b+Z or L(x)NU(f) # Q.

Proof. Assume L(x) NU(f) = @. Then, by Lemma 4.1, the sequence f o x is bounded. Hence
the sequence f o x o ¢ is bounded too. By Remark 2.1,

A"x €a(foxoo)+b+Fin.

Hence
A"x € a0(1) + Fin+ b = O(a) + b.

Using Lemma 3.7 we obtain x € A™"b + Z. The proof is complete. O

Corollary 4.3. Assume (A,Z) is an m-pair,a € A, BUC =R, C is closed in R, f is bounded on B,
U(f) C R, and x is a solution of (E). Then

xe€AT"b+Z or L(x)NC #@.

Proof. Using the relation U(f) C R we see that U(f) C C. Hence the assertion is a conse-
quence of Theorem 4.2. O

Example 4.4. Assume (A, Z) is an m-pair, a € A, and f(t) = t~! for t # 0. If x is a solution of
(E) such that 0 is not a limit point of x, then, by Theorem 4.2, x € A™"b 4 Z.
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Example 4.5. Assume (A,Z) is an m-pair, a € A, f is continuous and there exists a proper
limit lim;_, f (). Then, by Theorem 4.2, for any bounded below solution x of (E) we have
xe A"+ Z.

Theorem 4.6. Assume (A, Z) is an m-pair,a € A, and W C SQ is f-ordinary. Then
WNSolw(E) C A™"b+ Z.
Proof. Let x € WN Sole(E). By Remark 2.1,
A"x € a(foxoo)+Db+Fin.
Since x € W, we have f ox = O(1). Hence fox oo = O(1) and
A"x € aO(1) + Fin+ b = O(a) + b.

Now, the assertion follows from Lemma 3.7. O
Theorem 4.7. Assume (A, Z) is an evanescent m-pair,a € A, M >0, p € N,

y €A™, R=Mr"]a|, (yoo)(IN,) CInt(|f < M|,Ry), 4.1)
and f is continuous on |f < M|. Then y € Sol,(E) + Z.

Proof. For x € SQ let
x*=foxoo.

Moreover, let p € SQ,

0 forn < p,
= S={xeSQ:|x—y| <p}. 4.2
Pn {Rn forn > p, { Q:[x—y|l <p} (4.2)

By Lemma 2.7 (015), the sequence R is nonincreasing. Hence p, < R, for any n.
Assume x € S. Then

|xa(n) _ya(n)‘ < Po(n) < RP

for any n. By (4.1), Xp(n) € B(Yo(n), Rp) C |f < M| for n > p. Hence |x;;| < M for n > p.
Therefore the sequence x* is bounded. Since A is a modular space, we have ax* € A. By
Remark 3.3, A C S(m). Hence the sequence 1" (ax*) is defined for any x € S. Let

H:S—5Q,  H(x)(n) = {y” forn <, 4.3)

Yo+ (=1)"r(ax*) forn > p.
If x € S and n > p, then, using Lemma 2.7 (001) and (013), we get
H(x) (1) — yal = |72 ()] < P ax’] < [ Ma] = Mrla] = Ry = pu.

Hence HS C S. We will show that H is continuous. By Remark 3.4, A C A(m). Therefore, by
Lemma 2.7 (004) and (002),

oo
n"a,| < oo.
n=1
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Let € > 0. There exist g > p and a > 0 such that

0 q
2M Y n" Ha,| <e and a ) 0™ Ma,| <e. (4.4)
n=q n=p

Let
W =

q
n=

Wom) — RpsYo(m) + Rpl-
P
Then W is compact and, by (4.1), W C |f < M|. Hence f is uniformly continuous on W.
Choose a positive J such that for s,t € W the condition |s —t| < é implies |f(s) — f(t)]| < a.
Assume x,z € S, ||x —z|| < ¢ and let u = a(x* — z*). Then, using Lemma 2.7 (001) and (015),
we have

|[Hx — Hz|| = sup |H(x)(n) — H(z)(n)| = sup |r;/u| < supr|u] =r)[u].
n>1 n>p n>p

Hence, by Lemma 2.7 (003),

o] q oo
|Hx —Hz|| < ) n™u,| < ) ™, | + ) ",
n=p n=p n=q

Note that |u,| < a|a,| for n € NJ. Moreover, |x*n| < M and |z*n| < M for n > q. Hence, by
(4.4), we get

q [e]
|Hx — Hz|| < a Y n" Yau| +2M Y 0" Ha,| < e+e.

n=p n=q
Therefore H is continuous. Obviously the set S is ordinary and convex. We will show that S is
compact. Note that, by (4.1) and (2.4), we have R = Mr™|a| = o(1). Hence, by (4.2), p = o(1).
Let

T={xeBS: |x| <p}.
Then T is a closed subset of BS. Choose an ¢ > 0. Then there exists an index g such that p,, < ¢
forn >q. Forn =1,...,q let G, denote a finite e-net for the interval [—p,, p,] and let

G={xeT:x,€Gyforn<gandx, =0forn>g}.

Then G is a finite e-net for T. Hence T is a complete and totally bounded metric space and so,
T is compact. Let F: T — S be given by F(x)(n) = x, + y,. Then F is an isometry of T onto S.
Hence S is compact. By Theorem 2.6, there exists a sequence x € S such that Hx = x. Then,
by (4.3), for n > p, we have

Xn = Yn + (=1)"r) (ax™). (4.5)
Hence A™x, = A"y, + A"rl'((—1)"ax*) for n > p. Using the fact that y € A™™b and
Lemma 2.7 (007), we obtain
Aan - bn + anx:l - bn + anf(xg—(n))
for n > p. Thus
x € Sol,(E).
By (4.5), y — x + (—1)"r"(ax*) € Fin(p). Since ax* € A, we have

y—x €r"A+ Fin. (4.6)
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Using the definition of an evanescent m-pair and Lemma 2.7 (009), we have
MmACr"A"Z = Z.

Now, by (4.6), y — x € Z + Fin. By Remark 3.2, Z +Fin = Z. Hence y € x + Z. O
Corollary 4.8. Assume (A, Z) is an evanescent m-pair,a € A,y € A~"band {y} is f-reqular. Then
y € Solw(E) + Z.

Proof. There exist a positive M and J > 0 such that
(yoo)(N) C Int(|f < M],).
Let R = Mr™|a|. Then R = o(1) and R, < ¢ for certain p. Hence
Int(|f < M],6) C Int(|f < M],R,)
and, by Theorem 4.7, y € Sol,(E) + Z. O

The next theorem is our first main result. We assume that f is continuous and bounded.
This assumption is very strong but our result is also strong.

Theorem 4.9. Assume (A, Z) is an evanescent m-pair, a € A, p € IN, and f is continuous and
bounded. Then
Sol(E) + Z = Solp(E) +Z =Solo(E)+Z=A""b+ Z.

Proof. Choose M such that |f| < M. Then |f < M| = R. Hence

Int(|f < M|,6) =R
for any positive J. By Theorem 4.7 we have

A™"b C Sol,(E) + Z
for any p. For a given p € IN we obtain

A™"b+Z C Sol(E) + Z C Sol,(E) 4+ Z C Solw(E) + Z.
On the other hand, by Theorem 4.6, taking W = SQ we obtain
Solw(E) +Z C A™"b+ Z.

The proof is complete. O

Lemma 4.10. Assume Z is a linear subspace of a linear space X, D,S,W C X, W is Z-invariant,
WNSCD+Zand WND C S+ Z. Then

WNnS+Z=WnD+Z.

Proof. Assume w € WNS. Since WNS C D+ Z, we have w € WN (D + Z). Hence, there
exist d € D and z € Z such that w = d + z. Since W is Z-invariant, we obtain

d=w—-zcW+ZCW.
Hence w =d+z € (WND) + Z. Therefore WNS C WN D + Z and we obtain
WNS+ZCcWnND+Z+Z=WnND+Z.
Analogously, we obtain WND +Z C WNS+ Z. O
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Now we are ready to prove our second main result.
Theorem 4.11. Assume (A, Z) is an evanescent m-pair, a € A, and W C SQ. Then
(a) if Wis f-ordinary, then W N Solw(E) C A™"b+ Z,
(b) if Wis f-regqular, then WN A~"b C Sol«(E) + Z,
(c) if Wis f-reqular and Z-invariant, then

WNSolw(E)+Z=WNA"b+ Z.

Proof. Assertion (a) is a special case of Theorem 4.6. (b) is a consequence of Corollary 4.8.
Using (a), (b), Lemma 4.10 and the fact that any f-regular set W C SQ is also f-ordinary we
obtain (c). O

Remark 4.12. Any subset of an f-regular set is f-regular. If Z is a linear subspace of o(1),
then any c-stable subset W of SQ is also Z-invariant.

Remark 4.13. Assume W C SQ is f-regular and Z is a linear subspace of o(1). Then the set
W + Z is f-regular and Z-invariant.

Example 4.14. Assume f is continuous and bounded on a certain uniform neighborhood of a
set Y C R. Then the set

W={yesSQ:y(N) C Y}
is f-regular. If x € SQ and z € o(1), then L(x + z) = L(x). Hence the sets
Wy ={yesSQ:L(y) CY}, Wy ={yeSQ:limy, € Y}
are f-regular and c-stable.

Example 4.15. If f is bounded, then SQ is f-ordinary and c-stable. Moreover, if f is continu-
ous, then SQ is f-regular.

Example 4.16. If f is locally bounded, then the set O(1) of all bounded sequences is f-ordinary
and c-stable. Moreover, if f is continuous, then O(1) is f-regular.

Example 4.17. If f is locally bounded, then the set C of all convergent sequences is f-ordinary
and c-stable. Moreover, if f is continuous, then C is f-regular.

Example 4.18. Let Z be a linear subspace of o(1) and p € IN. We say that a sequence x € SQ is
(p, Z)-asymptotically periodic if there exists a p-periodic sequence y such that x —y € Z. If f
is locally bounded, then the set W of all (p, Z)-asymptotically periodic sequences is f-ordinary
and Z-invariant. Moreover, if f is continuous, then W is f-regular.

Example 4.19. If f(t) = ¢!, then the sets

le{xGSQ:lirnsupxn<oo} and WZ:{xGSQ:Iimxn:—oo}

n—o00 n—o00

are f-regular and c-stable.
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Example 4.20. If f is continuous and limsup |f(t)| < oo, then the sets

t—o0
W; = {x € SQ : liminfx, > —oo} and W, = {x €5Q: lim x, = oo}
n—o00 n—oo
are f-regular and c-stable.

Example 4.21. If f(t) =t~ ! for t # 0, then the set W = {x € SQ: 0 ¢ L(x)} is f-regular and
c-stable.

Example 4.22. Assume g: R — R is continuous, T = {t;,f5,...,t,} C R and

B 8(t)
ft) = (t—t)(t—t2)...(t—ty)

fort ¢ T. Then theset W = {x € SQ: TNL(x) = @} is f-regular and c-stable.

5 Examples of difference pairs

We say that a subset A of SQ is an m-space, if (A, A) is an m-pair. In this section we present
some examples of difference m-pairs and m-spaces. Next we establish some lemmas to justify
our examples. Part of those lemmas are a mathematical folklore. We present the proofs of
them for the convenience of the reader.

Remark 5.1. Assume that (A, Z) is an m-pair. If Z* is a linear subspace of SQ such that Z C Z*,
then (A, Z*) is an m-pair. Analogously, if A, is a modular subspace of A, then (A, Z) is an
m-pair.

Example 5.2. If a € A(m), then (O(a),7™O(a)) is an evanescent m-pair.

Example 5.3. If X is an asymptotic and modular subspace of A(m), then (X, " X) is an evanes-
cent m-pair.

Example 5.4. Let s € (—oo, —m). The following pairs are evanescent m-pairs
(o(n°), o(n™™)),  (O(n*), O(n™™™)).

Example 5.5. If s € Rand (s +1)(s+2)--- (s +m) # 0, then
(o(n%), o(n™™)),  (O(n%), O(n™"™))

are m-pairs.

Example 5.6. Let A € (0,1). The following spaces are evanescent m-spaces
Fin, o(A"), O(A"), o(n~%).
Example 5.7. Let A € (1,00). The following spaces are m-spaces
o(A"), Oo(A"), O(n®).

Example 5.8. If s € (—o0,0], then (A(m —s), o(n®)) is an evanescent m-pair.
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Example 5.9. Assume s € (—oo,m — 1], and g € NJ'~'. Then
(A(m —s),0(n%)),  (A(m—gq), A70(1))
are m-pairs.
Example 5.10. If t € [1,00), then (A(m +t), A(t)) is an evanescent m-pair.

Note that Example 5.2 is a special case of Example 5.3. Note also that Lemma 2.7 (010)
justifies Example 5.3. To justify Examples 5.4 and 5.5 we need the following four lemmas.

Lemma 5.11 (Cesaro-Stolz lemma). Assume x,y € SQ, y is strictly monotonic and one of the
following conditions is satisfied

(a) x=0(1)and y = o(1),
(b) y is unbounded.
Then
RPRAS . X o_ o Ax
liminf — <liminf - <limsup — < limsup —.
A y y Ay
Proof. 1f (a) is satisfied, then the assertion is proved in [1]. Assume (b) and y is unbounded
from above. Then y is increasing and lim y,, = co. Let

= liminf Ax”.
Yn

If L = —oo, then the inequality

lim inf% < liminf > (5.1)

is obvious. Assume L > —oo. Choose a constant M such that M < L. Then there exists an
index p such that Ax,, /Ay, > M for n > p. We can assume that y,, > 0 and Ay, > 0 forn > p.
If n > p, then

Xn—Xp = Axp +Axpi1+ -+ Ax
> M(AYp + Aypia+ -+ Ayu1) = M(yn — yp).

Hence x, > My, + x, — My, and

x—”2M+7x”_My”

Yn Yn
for n > p. Since lim(1/y,) = 0, we have
..o Xn
liminf — > M.
Yn
Therefore, we obtain (5.1). Similarly, one can prove the inequality

X Ax
limsup — < limsup —.
Py Py

Replacing y by —y we obtain the result if y is unbounded from below. ]
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Lemma 5.12. Assume x € SQ, s € R, and s > —1 or x = o(1). Then

Ax =o(n®) = x=o(n*™), Ax=0(°) = x=0(n"").

Proof. 1f s = —1, then, by assumption, x = o(1) = o(n**!). Hence the assertion is true for
s = —1. Assume s # —1. Note that
Ax,  Ax, n’
Anstl T us Apstle
By the proof of [16, Lemma 2.1], the sequence (n°/An*"!) is convergent. Hence the assertion
follows from Lemma 5.11. O

Lemma 5.13. Assume s € Rand s+ 1 # 0. Then

o(n®) C Ao(n*™),  O(n®) C AO(n*™).
Proof. Assume z = o(n®). Choose x € SQ such that z = Ax. If s > —1, then, by Lemma 5.12,
x = o(n**1). Let s < —1. Then the series }_z, is convergent. Let

U:izn, x1 =0, Xp=2z1+ " +z,1—0 forn>1.
n=1
Then x = o(1), Ax = z and by Lemma 5.12, we have x = o(n°*!). Hence we obtain o(n®) C
Ao(nT1). Analogously O(n®) C AO(nt1). O
Lemma 5.14. Assumes € Rand (s +1)(s+2)---(s+m) # 0. Then
o(n®) C A"o(n°t™), O(n®) C A™O(n"t™).
Proof. The assertion is an easy consequence of the previous lemma. O
Lemma 5.14 justify Examples 5.4 and 5.5.

Lemma 5.15. If A € (0,1) U (1, 00), then

o(A") C A™o(A"), O(A™) C A™O(A").
Proof. Let x,w € SQ and Aw = x. Since AA" = A"T1 — A" = A"(A — 1), we have

Aw,, Xn Xn

AN AAn - Fan 6-2)
where, L = 1/(A —1). Assume A € (0,1) and x € o(A"). Then the series Y ,” ; x,, is conver-
gent. Hence x € S(1) = Ao(1) and there exists w € o(1) such that x = Aw. Using (5.2) and
the fact that x € o(A") we have Aw,/AA" — 0. Moreover, w, — 0 and A" — 0. By Lemma

5.11, we obtain w € o(A"). Hence

x = Aw € Ao(A").
Therefore o(A") C Ao(A") and, by induction,
o(A") C A™o(A™).

If x € O(A"), then the sequence x,/A" is bounded and, by (5.2), the sequence Aw,/AA" is
also bounded. Hence, by Lemma 5.11, w € O(A") and we obtain O(A") C AO(A"). Moreover,
by induction

O(A™) C A™O(A").

If A > 1, then A" — o0 and using Lemma 5.11 (b) we obtain the result. O
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Lemma 5.16. o(n~*) C A™o(n™").

Proof. Using [19, Lemma 4.8] we have rA(k+ 1) C A(k) for any k € IN. Hence rA(co) C
rA(k+1) C A(k) and we get

rA(e0) C [ A(k) = A(o0).
keN

Therefore r?A(c0) = rrA(c0) C rA(c0) C A(co) and so on. After m steps we obtain
" A(o0) C A(00).
By Lemma 2.7 (007), we have A™r"™A(o0) = A(o0). Hence
A(c0) = A"r"A(o0) C A™A(00).
Now the result follows from the equality o(n~*) = A(co). O

Using Lemma 2.7 (014), Lemma 5.15 and Lemma 5.16 we justify Example 5.6. By Lemma
5.14, we have O(n°) C A™O(n®) for any s > m. Hence

O(n*) = [ J O(n°) C A"O(n®).

s>m

Therefore, using Lemma 5.15, we obtain Example 5.7.
Lemma 5.17. Ifs € (—oo,m — 1], then A(m —s) C A™(o(n*)).

Proof. Let a € A(m —s). Choose x € SQ such that 2 = A™x. By [16, Theorem 2.1] we have
x € Pol(m —1) + o(n*). Hence

a=A"x € A"(Pol(m — 1) 4+ o(n*))
= A"Pol(m — 1) + A"o(n®) = A"o(n®).

Lemma 5.18. If g € NJ' ™, then A(m —q) C A"A™0(1).

Proof. Leta € A(m — q). Choose x € SQ such that 2 = A™x. By [17, Lemma 3.1 (d)] we have
x € Pol(m —1) + A~90(1). Hence

a=A"x € N"(Pol(m — 1) + A~%0(1)) = A" A 0(1).
Using Lemmas 5.17 and 5.18 we obtain Examples 5.8 and 5.9. O
Lemma 5.19. Ift € [m +1,00), then "™ A(t) C A(t — m).
Proof. Choose k € N such thatk <t < k+1. Let s =t — k. Then
At =n"tTA(1) = n' A1) = n s FA(1) = n0Ak).
Hence, for a € A(t) we have n°a € A(k). By Lemma 2.7 (012),

a€A(k) and nrla| < r|n’al.
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Since |n°a| € A(k) and r(A(k)) C A(k—1), we have
rin’al € A(k—1).

By the comparison test we obtain n°r|a| € A(k —1). Using the inequality |ra| < r|a| we have
n®|ra| < n°rla|. By comparison test, n°|ra| € A(k —1). Hence

racenAk—1)=A(t—-1).

Therefore
r(A(t)) C A(t—1)

and, by induction, we obtain the result. O

Now let t € [1,00). By Lemma 5.19 we have r"A(m + t) C A(t). Hence, using Lemma 2.7
(007),
Am+t)=A"r"A(m+t) C A"A(Y)

and we obtain Example 5.10.

6 Absolute summable sequences

In our investigations the spaces A(f) play an important role. In this section we obtain some
characterizations of A(f). Our results extend some classical tests for absolute convergence of
series and extend results from [19].

Lemma 6.1. Assume t € [1,00) and s € R. Then (n°) € A(t) & s < —t.

Proof. We have
M) eAlt) & () e (n™HAMD) & W HeAl) e t+s—1<-1es< —t. O

Lemma 6.2 (Generalized logarithmic test). Assume a € SQ, t € [1,00) and

__Injay|
" Inn
Then
(1) if liminfu, > t, then a € A(t),
(2) if u, <t forlarge n, then a ¢ A(t),
(3) if limsupu, <t, then a ¢ A(t),
(4) if limu, = oo, then a € A(o0).

Proof. If liminfu, > t, then there exists a number s > t such that u,, > s for large n. Then
lay| < n~° for large n. Hence (1) follows from the comparison test and from the fact that
(%) € A(t). If u, <t for large n, then |a,| > n~" for large n. Hence (2) follows from the fact
that (n~!) ¢ A(t). The assertion (3) follows immediately from (2) and (4) is a consequence of
(1). O
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Lemma 6.3 (Generalized Raabe’s test). Assume a € SQ, t € [1,00),
un:n< 2] —1).
|an+1|

(1) if liminfu, > t, then a € A(t),

Then

(2) if u, <t forlarge n, then a ¢ A(t),
(3) if limsupu, <t, then a ¢ A(t),
(4) if limu, = oo, then a € A().

Proof. Let
b, = n"la,, w, = ( 1)
|bn+1‘
Then

w —n( nJan| —1> =n ( " > 2] -1
! (n+ 1) a4l n+1 |an41]
t-1 t-1 -1 t-1
) (- () ) ) (o))
n+1 |an11] n n+1 |an11] n

If s € R, then using the Taylor expansion of the function (1 + x)° we obtain

(I14+x)*=1+sx+o(x) forx—0.

Hence
N Cr o rom
n - n '
Therefore
w, = " tiln 2| —1) - n " (t—1—no(n™h))
T \n+1 @11 n+1
-1
n
= cplly — Cy(t —1—0(1)), Cn = (n+1> — 1.
Thus

liminfw, = liminfu, — (t — 1) = liminfu, —t + 1.

Hence, if liminfu, > t, then liminfw, > 1 and by the usual Raabe’s test we obtain b € A(1)
i.e., a € A(t). The assertion (1) is proved. Now, we assume that u,, < t for large n. Then

t
n ( 2] —1> <t ie, 2| < —-+1 forlargen.
|41 [

t—1 -1
n |an| 1>
Wy =n — 14—
) (e (e
< t

=

Hence
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It is easy to see thatif t > 1 and x € (0,1), then (1 + x)! > 1+ tx. Hence

1\! 1 1\ !
<1+) 21+f, and t+1—<1+) <1+> <0.
n n n n n

t—1 t—1 t=1
() = n () = ()
n n n n n n
Hence w, < 1 for large n and, by the usual Raabe’s test, we obtain b ¢ A(1) i.e., a ¢ A(t). The
assertion (2) is proved. (3) is an immediate consequence of (2). (4) follows from (1). O

Therefore

Lemma 6.4 (Generalized Schlomilch’s test). Assume a € SQ, t € [1,00),

|an|

Uy, = nln .
@41

Then
(1) if liminfu, > t, then a € A(t),
(2) if uy <t forlarge n, then a ¢ A(t),
(3) if limsupu, < t, thena & A(t),
(4) if limu, = oo, then a € A(c0).

Proof. If liminfu, = b >t and c € (t,b), then liminfu, > ¢ for large n. Hence

|ay| c
> ex <7) .
ana] = TP\
Since ¢* > 1+ x for x > 0, we have

|ay|

’anJrl’

>1+< and n( 2| —1)>c>t
n |an+1|

for large n. Now, by Raabe’s test we obtain (1).
Assume u,, <t for large n. Then

we have , ,
t 1 n bn
n 1 - = = .
‘ <( +n—1> <n_1> o
fence a b ol Jaus
ay t n an An+1
<en < d
‘a”+l‘ o bn+1 bn bi’H»l

for large n. Hence, there exists a A > 0 such that |a,|/b, > A for large n. Therefore

|ay| > Ab, > An~!

for large n. Using the fact that (n~!) ¢ A(t) we have a ¢ A(t) and we obtain (2). The assertion
(3) is an immediate consequence of (2). (4) follows from (1). O
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Lemma 6.5 (Generalized Gauss’s test). Leta € SQ, t € [1,00), A,s € R, s < —1 and

||

’anJrl’

A
:1+;+O(n5)

Then
(a) if A >t, then a € A(t),
() if A <t then a ¢ A(t).

Proof. Let b, = n'~1a,. Then

bl n'Va :< n ) aa
bt] ~ D ]~ \n 1) Ja

n \'7! A
= 14+ — .
(1) (+5+om)
It is easy to see that

t—1 t—1
n 1 F—1 1 r—1 1
= 1— :1—7 :1—7 —_— .
<n+1> < n+1> n+1+o<(n+1)2> n +O<n2)

Hence

|bn+1‘ n
A t—1 A(t—1
=1+=+0(n°) (n2 )+O( T +0(n?)
A—t+1 ,
=145 = o)

For some s’ < —1. If A > t, then A — t+1 > 1 and, by the usual Gauss’s test, b € A(1). Hence
a € A(t). Analogously, if A < t, then A —t+1 <1and b ¢ A(1). Therefore a ¢ A(t). O

Lemma 6.6 (Generalized Kummer’s test). Assume a, ¢ are positive sequences,

t—1
Cnad n
te[loo), Ku = an+n1 <n+1> o
n

Then
(1) ifliminfK, > 0, then a € A(t),
(2) if the series Yo c,; ! is divergent and K, < 0 for large n, then a ¢ A(t),
(3) if the series Y o 1 ¢, ! is divergent and limsup K,, < 0, then a & A(t).

Proof. This lemma is an easy consequence of the usual Kummer’s test since, by definition of
the space A(t), we have
(aq) € A(t) & (') (ay) € A(D).
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Lemma 6.7 (Generalized Bertrand’s test). Assume a € SQ, t € [1,00) and

|an11] n nlnn’

Then
(1) ifliminfA, > 1, then a € A(t),
(2) if Ay <1 for large n, then a & A(t),
(3) iflimsup A, < 1, then a & A(t).

Proof. Let
t—1
n Cnln
=nlnmn, = , K, = - .
Cn ninn un <n_|_1> n unun+1 C}’ZJrl
Then , N
K, =u, (1++ " >nlnn—cn+1:un(n—i—t)lnnjtun)\n—cnﬂ.
n nlnn
Since - 1
n B 1 - 1—t¢
= =(1- =14 — -2
thn <n+1> < n+1> +n+1+O(n )
we have

1—
K, = (1 + ni—ki +O(n2)) (m+t)Inn—(n+1)In(n+1)+ Ayu,

(n+ t‘)ﬂ(i—1 t)Inn +o(1) = (n+1)In(n+1) 4+ Auuy,

m+1)(t—1)Inn  (n+t)(1—t)Inn
n+1 n+1

=n+t)lnn+

=n+1)Inn+

n+1
+0(1) = (n+1)In(n+1) + Aty = In <n’j_1> + Aty + 0(1)

1 n+1
=In (1_7H—1> +)Lnun+0(1) = —1+Anun+0(l).

Since u, — 1, we have
IminfK, = —1 +liminf A,,.

Hence, by Kummer’s test and by the divergence of the series Y5 ; ¢, !, we obtain (1) and (3).
Since (1+x)! > 1+ tx for t,x € [0,00), we have

1\! 1\!
1+t§<1+> and n+t§n(n+ )
n n n

Hence

up(n+t)<n

n+1/n+1
n n

t—1
) u, =n—+1.

Moreover,

n+1 n+1 n+1 n+1
e < 1+1 = ntl = e 1> " = In " < —1.
n n n+1 n+1
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Hence
Ky =uy(n+t)Inn+u,ry —cpp1 < (n+1)Inn+uAy — (n+1)In(n + 1)
NS
=u,Ay +1In (n-l—l) < =1+ uyA,.
Now, using Kummer’s test and the fact that u, € (0,1], we obtain (2). O
7 Remarks

In this section we present some consequences of our results. Next we give some final remarks.
The first part of Theorem 4.11 we may state in the following form.

Theorem 7.1. Assume (A, Z) is an evanescent m-pair, a € A, and W C SQ. Then

(a) if W is f-ordinary, then for any solution x of (E) such that x € W there exists a sequence y such
that A"y =band x —y € Z,

(b) if W is f-regular, then for any sequence y € W such that A™y = b there exists a solution x of
(E) such that y — x € Z.

Using this theorem and Lemma 3.6 we obtain the following theorem.
Theorem 7.2. Assume (A, Z) is an evanescent m-pair, a,b € A, and W C SQ. Then

(a) if W is f-ordinary, then for any solution x of (E) such that x € W there exists a polynomial
sequence ¢ € Pol(m — 1) such that x — ¢ € Z,

(b) if W is f-regular, then for any polynomial sequence ¢ € Pol(m — 1) such that ¢ € W there
exists a solution x of (E) such that ¢ — x € Z.

Using Theorem 7.1, Example 5.10 and the generalized Raabe’s test (Lemma 6.3) we obtain
the following theorem.

Theorem 7.3. Assume W C SQ is f-reqular, t € [1,00), and

liminfn< 2] —1) > m+t.
|an+1|

Then for any y € W N A~™Db there exists a solution x of (E) such that
limsup n <|yn_x”| — 1> > t.
Yn+1 — Xnt1]

Using Example 5.8 and the generalized Schloémilch’s test (Lemma 6.4) we obtain the fol-
lowing theorem.

Theorem 7.4. Assume W C SQ is f-ordinary, s € (—oo,0], and

|an|

liminfnln
‘unJrl ‘

>m —S.

Then for any solution x of (E) such that x € W there exists y € A~"'b such that

Xy — Yn = 0(n°).



24 J. Migda

Using Example 5.6 we obtain the following theorem.

Theorem 7.5. Assume W C SQ s f-regular, A € (0,1), and a € o(A"). Then foranyy € WNA~"b
there exists a solution x of (E) such that

Yn — Xn = 0(A").

Using other examples of m-pairs one can obtain many other theorems.

Asymptotic difference pairs are used, implicitly, in some papers. The classical case is
(A(m),o(1)), see for example [7,14,15]. The pair (A(m —s),o0(n®)), for a fixed s € (—o0,0], is
used in [16], [17], [18] and [20]. The pair (A(m + p), A(p)), for a fixed p € N, is used in [19].
The pair (A(m —q),A™90(1)), for a fixed g € N, is used in [17, Theorem 7.5].

Our results may be partially extended to the case of nonautonomous equations. The basic
difference is as follows. If f: R — R, x € SQ and the sequence (f(x,)) is bounded, then
the sequence (f(x,(,))) is also bounded. On the other hand, if f: N x R — R, x € SQ, then
the boundedness of the sequence (f(n,x,)) does not imply the boundedness of the sequence
(f(nr xa(n)))'

In some papers the term generalized solution is used instead of our solution and the term
solution in place of our full solutions.

The terminology is a matter of taste. A separate question is why study the generalized
solution at all. As a kind of motivation we give three examples. These examples are taken
from [18].

such that a, = 0, a,,1 = 1. Consider the equation

Example 7.6. Assume a, > 0, the series ), ; a, is convergent and there exists an index p > 1

Axy = ay|x,_1|.

Then every number A € IR is the limit of a certain solution. On the other hand, if x is a full
convergent solution, then lim x,, > 0.

Example 7.7. Assume a, > 0, the series )}’ | na, is convergent and a, = 1 for certain p.

Consider the equation

2

2. _
NxXy = apx;,.

Then every real constant A is the limit of a certain solution but if A is the limit of a full solution,
then A < 2.

Example 7.8. Assume that the series ), ; 4, is absolutely convergent. Consider the equation
Ax, = ayx, + a,.

Then any real constant A is the limit of a certain solution. Morever, if a4, # —1 for all n € N,

then any real A is the limit of a certain full solution. On the other hand, if 2, = —1 for certain
p and x is a p-solution, then x, = —1 for any n > p.
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