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Two-sided delay-difference equations and evolution maps

Luis BARREIRA AND CLAUDIA VALLS

Abstract. We establish the equivalence of hyperbolicity and of two other properties for a
two-sided linear delay-difference equation and its evolution map. These two properties are
the admissibility with respect to various pairs of spaces, and the Ulam—Hyers stability of
the equation, again with respect to various spaces. This gives characterizations of impor-
tant properties of a linear dynamical system in terms of corresponding properties of the
autonomous dynamical system determined by the associated evolution map.
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1. Introduction

The main aim of this work is to show that hyperbolicity and two related
properties are equivalent for a two-sided dynamical system determined by a
linear delay-difference equation and for the dynamical system determined by its
evolution map. The main advantage of considering evolution maps is that they
always determine autonomous dynamical systems. Indeed, it is well known that
it is often much simpler to establish a given property for an autonomous system
than for a general nonautonomous system. The two additional properties can
be described in terms of certain perturbations of the original linear dynamical
system. More precisely, other than hyperbolicity, we consider:

(i) the admissibility with respect to various pairs of admissible spaces, for
the perturbations of the dynamical system;

(ii) the Ulam-Hyers stability of the system, which amounts to show that
there are exact solutions when there are approximate solutions.
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Our results thus give characterizations of several important stability properties
related to a linear dynamical system and its perturbations, in terms of cor-
responding properties for the autonomous dynamical system determined by
the associated evolution map. To a certain extent these results are motivated
by corresponding results for dynamical systems without delay, although we
emphasize that to obtain related results for delay-difference equations requires
several nontrivial changes. In particular, this includes dealing with the local-
ization problem for the projections of an exponential dichotomy onto higher-
dimensional spaces, as well as introducing appropriate admissible spaces that
are adapted to a delay-difference equation.

We briefly recall the importance of the notions considered in the paper. The
introduction of hyperbolicity goes back to seminal work of Perron [23] and has
many consequences, such as the construction of stable and unstable invariant
manifolds, the closing and shadowing lemmas, etc. For details and further
references on the notion of hyperbolicity and its consequences, we refer the
reader to the books [10,12,18,25] and specifically to [9,11] for delay equations.
The notion of admissibility also goes back to Perron, in the same work [23], and
allows one to characterize hyperbolicity via the existence and uniqueness of
solutions of the perturbations of a given linear system, taking the perturbations
and the solutions in certain admissible Banach spaces. We refer the reader to
the books [8,18] for details and many early references. Finally, for the Ulam-—
Hyers stability property we refer the reader to the book [14] for details on the
origin of the notion and further references. For many developments one can
see the books [7,15,26] and the references therein. In the context of differential
equations Ulam—Hyers stability seems to have been first considered by Obtoza
[19] and then by Alsina and Ger [1]. There are also some works for delay
equations, such as [13,20,21,27].

As already noted above, our main aim is to consider each of these three
properties (hyperbolicity, admissibility, and Ulam—Hyers stability) for a delay-
difference equation and show that each of them is equivalent to a corresponding
property of the evolution map associated to the given equation. The evolution
map is defined on a certain space of sequences, and while the original dynam-
ical system may be nonautonomous, this map always defines an autonomous
dynamical system.

Before proceeding, we mention with more detail why the equivalence results
for hyperbolicity and Ulam-Hyers stability between a nonautonomous setting
and the associated autonomous setting given by an evolution map may be of in-
terest. We first note that Ulam—Hyers stability can be described, equivalently,
as a shadowing property (see the books [22,24] for details and references).
We emphasize that shadowing theory was mainly motivated by hyperbolic dy-
namical systems. In particular, results of Anosov [2] and Bowen [6] lead to
the structural stability of hyperbolic sets. These shadowing results also have
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important generalizations to nonuniformly hyperbolic systems (a detailed de-
scription falls out of the scope of our work). In particular, a closing lemma was
first proved by Katok in [16] (see [17] for a shadowing lemma for nonuniformly
hyperbolic systems). These results and their proofs are somewhat technical,
and it is often convenient to use instead an autonomous setting, although at
the expense of considering a higher-dimensional space. In another direction,
while the notion of hyperbolicity for a nonautonomous linear dynamical sys-
tem gives rise to a spectrum such as the Sacker—Sell spectrum, on the other
hand an autonomous linear system defined by a single linear operator leads to
the study of the spectrum of this operator.

So that we can describe rigorously how evolution maps can characterize
the former properties, we first introduce several basic notions. Take € N and
let I, = [—r,0] N Z. Given a Banach space X with norm |-|, the set Y of all
functions ¢: I, — X is a Banach space when equipped with the (supremum)
norm

lell = max{[e(s)] : s € I }.
Now let L,,: Y — X be bounded linear operators for m € Z such that

¢ = sup|| Ly < o0 (1)
meZ

and consider the delay-difference equation

x(m+1) = Lyx, formeZ. (2)
Here the function x,, € Y is defined by

Tm(s) =x(m+s) forse I,

provided that the domain of x contains I, +m. In general, equation (2) gives
rise to a nonautonomous dynamical system.

Given a set A C Z" for some n € {1,2}, let £>°(A) be the Banach space of
bounded functions ¢: A — X equipped with the supremum norm ||-||o.. We
define a linear operator L: £>°(I. x Z) — {>°(7Z) by

(LP)k) = Liagl-k—1) fork €7, (3)
and we consider the induced equation
u(m+1,k) = (Lupy)(k) form,k € Z, (4)
where the map u,,: I, X Z — X is given by
Um(s, k) =u(m+s,k+s) for(s k)€l xZ. (5)

Since the operator L is (3) does not depend on m, equation (4) gives rise to
an autonomous dynamical system.

The solutions of the equations (2) and (4) induce certain linear operators
that in particular can be used to describe the hyperbolicity of the equations.
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Namely, one can define linear operators T'(m,n): Y — Y for m > n by requir-
ing that

T(m,n)x, = Tm (6)

for any solution = of equation (2) and any m,n € Z with m > n. Moreover,
one can define a linear operator S: ¢*° (I, x Z) — (>°(I, X Z) by requiring that

S, = Unp+1
for any solution u of equation (4) and any n € Z. One can show that
(S<p)(85 k) = (T(k7 k— l)w(a k— 1))(3) for (8, k) € Ir X 7

(see Proposition 1). Using the equations and these operators, we show in the
paper that:

(i) equation (2) has an exponential dichotomy if and only if equation (4) has
an exponential dichotomy (see Theorem 2);
(ii) equation (2) satisfies an admissibility property if and only if equation (4)
satisfies an analogous admissibility property (see Theorem 3);
(iii) equation (2) is Ulam-Hyers stable if and only if equation (4) is Ulam-—
Hyers stable (see Theorem 5).
The notion of exponential dichotomy is recalled in Sect.3 while the notions
of admissibility and Ulam—Hyers stability are recalled, respectively, in Sects. 4
and 5. For the convenience of the reader, in the following paragraphs we also
describe briefly the latter property in a particular case.
Given a Banach space E of functions x: Z — X, we say that the pair (E, E)
is admissible for equation (2) if for each y € F there exists a unique = € E
satisfying

x(m+1) = Lypxy +y(m+1) form € Z. (7)
Similarly, given a Banach space F of functions u: Z? — X, we say that the
pair (F, F) is admissible for equation (4) if for each v € F there exists a unique
u € I satisfying
u(m+1) = Luy +v(m+1) form € Z. (8)
We consider in particular the spaces of bounded sequences
E>® =/(*(Z) and F>™ =(>(Z?). (9)

Moreover, for each p € [1,+00) we consider Banach spaces EP and F? that are
obtained modifying in some appropriate manner the spaces ¢?(Z) and (?(Z?)
so that they are adapted to delay-difference equations (see Sect.4 for more
details). Namely, E? is the set of all functions z: Z — X such that

>~ max|a(m + 5)|” < +oo, (10)
mEZ sel,
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while FP is the set of all functions u: Z%? — X such that

Z m%x||u(m+s,k+s)||p < Fo0. (11)
mokez ST
We say that equation (2) is wuniformly Ulam—Hyers stable with respect
to E°° if there exists k > 0 such that for each ¢ > 0 and z,y € E* sat-
isfying
suple(m+1) — Lz, —y(m+ 1) <e
meZ
there exists z € E*° satisfying

z(m+1)=Lypzm +y(m+1) formeZ
such that

sup|z(m) — z(m)| < ke.

meZ
Here |-| denotes the norm on the space X. One can define similarly the notion
of uniform Ulam—Hyers stability for equation (4) with respect to the space F'*°.
See Sect. 5 for corresponding notions with respect to the spaces EP and F? for
each p € [1,+00).

We observe that is shown in [4] that if sup,, ¢y, [|[Lm || < 400 (see (1)), then
for each p € [1,4+00] equation (2) has an exponential dichotomy if and only if
the pair (EP, EP) is admissible. Together with Theorems 2 and 3 this yields
the following result.

Theorem 1. Let L,,: Y — X, for m € Z, be bounded linear operators satisfy-
ing sup,,cz || Lm|| < +00. Then the following properties are equivalent:

(i) equation (2) has an exponential dichotomy;
(i) equation (4) has an exponential dichotomy;
(i) given p € [1,4ox], for each y € EP there exists a unique x € EP satisfy-
ing (7);
(iv) given p € [1,+00], for each v € FP there exists a unique u € FP satisfy-
ing (8).

A simple consequence of our work is that property (iii) holds for some
p € [1,400] if and only if it holds for all p € [1,400]. A similar observation
applies to property (iv). In addition, we also show that if any of the properties
in Theorem 1 holds, then for each p € [1, +00] equation (2) is uniformly Ulam—
Hyers stable with respect to EP, and equation (4) is uniformly Ulam-Hyers
stable with respect to F? (see Theorem 4).

To some extent Theorem 2 is based on a related approach in [5] for one-sided
equations, but there are many differences between the two. In particular, the
two notions of exponential dichotomy are necessarily distinct (more precisely,
unlike in (22) below, the evolution map S need not take the unstable space
onto itself). Theorem 3 and its proof are inspired by related work in [3] for
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equations without delay, but the existence of a delay requires various nontrivial
changes, starting with the choice of appropriate pairs of admissible spaces.

2. Induced equations

In this section we introduce some basic notions from the theory of delay-
difference equations. Moreover, to each nonautonomous delay-difference equa-
tion we associate an autonomous delay-difference equation on a higher-
dimensional space that is crucial for our approach.

2.1. Delay-difference equations

We continue to use the same notations and notions as in the introduction.
Let L,,: Y — X be bounded linear operators for m € Z satisfying (1). We
consider the nonautonomous delay-difference equation in (2).

Since the space Y can be identified with X"*!, one can think of each
operator L,, as a row of bounded linear operators L; : X — X for s =
—r,...,0 that applies to the column with values z,,(s) for s = —r,...,0.
Then equation (2) is equivalent to

x(m+1) ZLgxm ZLQ (m+s).

Now we consider appropriate initial value problems and their solutions.
Namely, given n € N and ¢ € Y, we denote by z: [n —r,+00) NZ — X the
unique solution of the problem

x(m+1) = Lz, form >nwithz, = ¢.

This means that we are given the values z(n + s) = ¢(s) for s = —r,...,0,
and that the remaining ones, that is, x(m) for m > n, are obtained from
equation (2). As already noted in the introduction, these solutions induce
linear operators T'(m,n): Y — Y for m > n defined by (6).

It follows readily from (2) and (6) that

(T(m+1,m)p)(0) = L, forp € Yandm € Z. (12)
Moreover, we have
[#mir ]l < max{{|zm |, [z(m + 1)[} < max{1, c}||zm||
and so

|T(m+1,m)| <max{l,c} form € Z. (13)
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2.2. Induced equations

In this section we introduce an autonomous delay-difference equation associ-

ated to equation (2), although on a higher-dimensional space. It turns out that

the new dynamical system can be used to characterize completely some prop-

erties of the original (nonautonomous) dynamical system induced by equation

(2). This is the case for example of hyperbolicity, which is considered in Sect. 3.
Given a function u: B — X with domain B C Z? and m € Z:

(i) when B D I, x {m}, we define a function ™ € Y by
u™(s) =u(s,m) forse I,; (14)
(ii) when B D {m} x Z, we define a function u(m): Z — X by
u(m)(k) =u(m, k) fork e Z. (15)

Now let L: ¢>°(I,. x Z) — (°°(Z) be the linear operator defined by (3) or,
equivalently,

(L) (k) = Li_19" ' fork € Z,

using the notation introduced in (14). We consider the autonomous delay-
difference equation

u(m+1)=Lu,, formeZ, (16)

which can also be written in the equivalent form in (4). We call it the induced
equation. Note that

w(m + 1, k) = u(m + 1) (k) = (L) (k) = Lp_jur 1
for m, k € Z, where
w1 () = () 7(s) = upm (s, k — 1) =u(m + s,k — 1+ 5) (17)

for (s,k) € I, x Z (following (14) and then (5)). The next function w41 in
(16) is given by

u(m+1,k) ifs =0,

Umr1(s, k) =
(k) {u(m+1+s,s+k) ifs <0

B {Lklu’fn_l ifs =0,
um(s+1,k—1) if,s <0.
Given n € Z and ¢ € (>°(I, x Z), we denote by
u: ([n—r,400)NZ)xZ — X
the unique solution of the problem

u(m+1) = Luy, form > nwithu, = ¢. (18)
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Using these solutions, we can introduce the evolution map associated to equa-
tion (16). We recall that this is the linear operator S: ¢>°(I. X Z) — (>°(I, X Z)
defined by

S =upy1 fore € £°(1, x Z),

where u is the unique solution of problem (18). It follows readily from the
definitions that

(Sp)(0) =Ly forp e (1, x Z).
We also define another linear operator R: ¢>°(I, x Z) — (>°(I, x Z) by
(Ro)(s, k) = (T(k, k — 1)" 1) (s) for (s, k) € I, x Z. (19)

Proposition 1. We have S = R on (>°(I, X Z).
Proof. By (12) we obtain

(T(k, k= 1)"1)(0) = Lp—19"1 = (L) (K).
On the other hand, for s < 0 we have

(T(k k= 1) ) (s) = " (s +1)

and writing ¢ = u,, we obtain

G"Hs+ 1) =uf s+ 1) =uu(s + 1,k — 1)

=un+s+1,k+s) =unr1(s, k).

Therefore,
Luy,)(k ifs =0,
(Re)(s. by = 3 L)
Unt1(8, k) ifs <0
Jun+1,k) ifs=0,
* N tnga(s, k) ifs <0
= un+1(sv k) = (590)(37 k)7
which shows that the operators S and R are equal. 0

It follows readily from (1) and (13) that the operators L and S are well
defined and bounded. Moreover, it follows from (19) and Proposition 1 that
(S™) (s, k) = (T(k,k —m)* ™) (s) form €N, (20)

where S™ denotes the mth power of the operator S (no confusion arises with
the definition of ™ in (14) since we use capitals only for linear operators).
Incidentally, using the notation in (14) one can rewrite (20) in the form

(S™p)* = T(k,k —m)p"~™ form € N.
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The constructions and arguments presented in this section are two-sided
versions of corresponding constructions and arguments introduced in [5]. Nev-
ertheless, here the operator S may be invertible along certain subspaces, while
there the corresponding operator is invertible along no subspace. This corre-
sponds to consider the space £°°(I, x Z) instead of £>°(I, x N).

3. Characterization of hyperbolicity

In this section we show that equation (2) has an exponential dichotomy if
and only if equation (16) has an exponential dichotomy. We first recall these
notions. Equation (2) is said to have an ezponential dichotomy if there exist
A, D > 0 and projections P,,: Y — Y for m € Z such that for each m,n € Z
with m > n:

(i) PnT(m,n)="T(m,n)P,;
(i) letting @Q,, = Id — P,,, the map
T(m, n)|Qn(y): Qn(Y) — Qm(Y) (21)

is onto and invertible;
(ifi) |7 (m,n)Pyl| < De =) and |[T(m,n)|5! || < DeAm=m).

Similarly, equation (16) is said to have an exponential dichotomy if there exist
A, D > 0 and a projection P: £°°(I. x Z) — ¢*°(I, x Z) such that:

(i) PS = SP;
(ii) letting @ = Id — P, the map
SlQ(lm(ITXZ)): Q(EOO(IT X Z)) — Q(EOO(IT X Z)) (22)
is onto and invertible;

(iii) [|S™P|| < De™ ™ and [[S™|g (poe 1, xzy) |l < De™ ™ for m > 0.

Theorem 2. Let L,,: Y — X, for m € Z, be bounded linear operators satisfy-
ing (1). Then equation (2) has an exponential dichotomy if and only if equation
(16) has an exponential dichotomy.

Proof. We first assume that equation (2) has an exponential dichotomy. We
define a linear operator P: £°(I, x Z) — (*°(I, X Z) by

(Pu)™ = Ppu™  foru € £°°(1, x Z)andm € Z.
One can easily verify that P is a projection. Moreover,
(SPu)™ = T(m,m — 1)(Pu)™ ' = T(m,m — 1)P,,_qju™*
= P, T(m,m —1)u™ ' = P,,(Su)™ = (PSu)™
for each m € Z and so SP = PS.

(23)
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Now take v € £°°(I,. x Z) such that SQu = 0, where Q = Id — P. Proceeding
as in (23) we obtain

0= (SQu)™ = T(m,m — 1)(Qu)™ " = T(m,m — 1)Qu_10™"".

Since the map in (21) with n = m — 1 is one-to-one, we have Q,, _1v™ "1 =0
for all m € Z and so Qu = 0. This shows that the map S|g (1, xz)) is also
one-to-one. We will show that it is onto after having exponential bounds.

To obtain the exponential bounds, take u € £°°(I,. x Z) and m,n € Z with
m > 0. By (20) we have

(S™Pu)" =T(n,n—m)(Pu)""™ =T(n,n —m)P,_,u""™.
Hence,

1™ Pulloc = sup||T(n, n — m) Pa ™|
nez

< De A™ sup|lu"~"| = De_’\m||u|\oo
nez

and so ||S™P| < De=*™ for m > 0. Similarly, we have
(S™Qu)" =T (n,n —m)Qp_pmu™™™

and so

157 Qullow = sup|[T(m,m — m)Qu— ™"
ne”Z
> D71 sup||Qn_mu™ | = DTN |Qul o
newz

for m > 0. This readily yields the second exponential bound in the notion of
exponential dichotomy.

Take u € Q(¢>°(I,. x Z)). Since the maps T'(m,n)|q, (v) in (21) are onto for
m > n, there exists w" ! € Q,—1(Y) such that u™ = T'(n,n—1)w" ! for each
n € 7. These functions w™ ! determine a function w: I, x Z — X. Since

= = T (n,n = DIGE gyl < De ],
we obtain |[w|/e < De *|ullo and w € £°(I, x Z). Clearly, Sw = u and
so the map in (22) is onto. Summing up, equation (16) has an exponential
dichotomy.

Now we establish the converse statement. Assume that equation (16) has
an exponential dichotomy. Given a bounded sequence o = (a™),cz of real
numbers, for each u € £°°(I, xZ) we consider the new sequence o € £°° (I xZ)
such that

(au)" = a™u" forn € Z.
We have
(S™(aPu))"” =T(n,n —m)a" ™ (Pu)"™ ™ =" (S Pu)""™
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and so
15 (aPu)loo < llal|ool|S™ Pullsc — 0 (24)
when m — oco. One can easily verify that
P>(I, x 7)) = {v € £>°(I, x Z) : S"v — 0 whenm — oo}

and so it follows from (24) that aPu € P({>° (I, x Z)).
Now observe that au = aPu + aQu, which gives

P(au) = P(aPu) + P(aQu) = aPu+ P(aQu). (25)

For each m € Z we define a new sequence a(m) by a(m)™ = a™™™ for each
m € Z. Then

(aS™U™Qu)" = a™(ST"U™Qu)
=a"T(n,n —m)(UmQu)"™™
=T(n,n—m)a(m)" "™ (U™Qu)"~™
=T(n,n—m)(a(m)"U"Qu)"~™
= (S"a(m)"U™Qu)".

n

Letting U = S|E)%Z°°(I,.><Z))’ we obtain
1P(aQu)llco = [[P(aS™U™Qu)llc
= [[P(S™ ((m)U™ Qu)) |l (26)
= [|5™ P(a(m)U"™ Qu)| |,

because S™ and P commute. Using the exponential bounds in the notion of
exponential dichotomy, it follows from (26) that
IP(aQu)||s < De™ ™ [a™U™Qullos < D*e™**™||aloc [lullo
for m > 0, which implies that P(aQu) = 0. Hence, it follows from (25) that
P(au) = aPu foru € (I, x Z).

Now take @ = (a™)pez with @™ = 1 and o™ = 0 for n # m. For each
u € £°(I,. X Z) we have

[(Pu)™ || = lla™ (Pu)™|| = [[(aPu)™ || = [laPul|
= [[P(aw)]leo <[P - laulloe = [IP[] - fu™]].

Therefore, if u™ = 0, then (Pu)™ = 0 and so one can define a linear operators
P,:Y —Y by

Pp = (Pu)™ for anyu € £°°(I, x Z) withu"™ = . (27)
It follows readily from (27) that P,, is onto for each m € Z. Moreover,
P2 = Pp(Pu)™ = (P?u)™ = (Pu)™
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and so P, is a projection. On the other hand, by (20) we have

P, T(m,n)u, = (PS™ "u)™ = (™" Pu)™
=T(m,n)(Pu)" =T (m,n)Pup,

which shows that P, T(m,n) = T(m,n)P,.

To obtain exponential bounds, take n € Z, p € Y and u € £>°(I,. x Z) with
u™ = ¢ and u™ = 0 for m # n. Note that (S™ "Pu)* = 0 for m > n and
k # m. Hence, by (20) we have

[T (m,n)Popll = [[(S™ " Pu)™|| = |S™ 7" Pul|o
< De™ ) ullog = De= N g
for m > n. Similarly,

[T (m, n)@nell = [(S™7"Qu)™ || = [|5™ " Qull
> D7 Qulloe = DA™ TV Qug].

Finally, we show that the maps in (21) are onto for m > n. For ¢ €
Q(t>=(I, x Z)) we have "1 € Q,,_1(Y) for all n € Z. Moreover,

(S)* =T(n,n — )" ' forn € Z.

Since the maps in (22) are onto, T'(n,n — 1)1~ attains all values of @, (Y)
by taking an appropriate function 1 (with an appropriate component "™~ 1).
In other words, each map

T(n,n— 1)|Qn71(Y): Qn-1(Y) — Qn(Y)

is onto. This readily implies that each map in (21) is also onto. O

4. Admissibility properties

In this section we show that equation (2) satisfies an admissibility property
if and only if equation (16) satisfies an analogous admissibility property on
appropriate corresponding spaces. For the convenience of the reader, we first
recall these notions. Given a Banach space E of functions x: Z — X, we say
that the pair (E, E) is admissible for equation (2) if for each y € F there exists
a unique z € E satisfying (7). Similarly, given a Banach space F' of functions
u: Z? — X, we say that the pair (F, F) is admissible for equation (16) if for
each v € F there exists a unique u € F satisfying (8).

Now we consider several admissible spaces, such as the Banach spaces E*>
and F'* in (9). In particular, F'*° can be identified with the space of bounded
sequences : Z — {>°(Z) equipped with the supremum norm: a function u €
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0°°(Z?*) can be identified with the sequence (u(m))mez with u(m) as in (15).
More precisely, for any x € E* we have ||z]/c = ||z]|L, where

2[5 = sup|[zm]|.
mEeEZ

Analogously, for any u € F*> we have ||ul|o = ||u||L, where
lullte = sup_flug,|
m,ke

with u¥, € Y as in (17) with k — 1 replaced by k. Thus,
B = (2(Z),|ll%) and  F> = (€2(Z%), | [|)-

Similarly, for each p € [1, +00) the space EP is the set of all functions x: Z — X
such that

1/p
]|}, := (ZIIMII”) < +00

meZ
equipped with the norm ||-[|}, (see (10)). Moreover, the space F? is the set of
all functions u: Z? — X such that

1/p
[[ull}, = ( > IIUntI”> < +o0

m,kEZL
equipped with the norm |[|-[|}; (see (11)). One can verify with standard argu-
ments that EP and F? are Banach spaces for each p € [1, +].
Theorem 3. Let L,,: Y — X, for m € Z, be bounded linear operators. Then
for each p € [1,+00] the following properties are equivalent:
(i) the pair (EP, EP) is admissible, that is, for each y € EP there exists a
unique x € EP satisfying equation (7);
(i) the pair (FP,FP) is admissible, that is, for each v € FP there exists a
unique u € FP satisfying equation (8).
Proof. We first prove an auxiliary result.

Lemma 1. Given u,v: Z?> — X, equation (8) holds if and only if
e(m+1) = Lol + g (m + 1) form,. €2,
where the functions !,y : Z — 7 are defined for each v € 7 by
(k) =u(t+k, k) and yM(k) =v(t+ k, k). (28)
Proof of the lemma. By the definition of L, equation (8) is equivalent to
u(m +1,k) = Ly_u® "t +o(m+1,k) form, k € Z. (29)
We claim that

-1

I[m-‘rl—k] — (x[m+17k])k_1 _ ufn ,

k—1
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using the notation in (28). Indeed, for s € I, we have
xg’iil*k](s) =R — 14 5) = u(m+ s,k — 14 5) = uF71(s).
Thus, equation (29) is equivalent to
el TR () = Ly 2T g R 0y form k€ Z. (30)

Since m and k are arbitrary, replacing k by k+ 1 and then m by ¢+ k, we find
that equation (30) is equivalent to

sk +1) = L;gx[b] ek +1) form,keZ.
This completes the proof of the lemma. O

We proceed with the proof of the theorem. We first assume that property (i)
holds and we show that property (ii) holds. Take a function v € F? for some
€ [1,+o0].

Claim: We have y[*! € EP for each ¢ € Z.

Proof of the claim. The statement is clear for p = oco. On the other hand, for
p < +o0o we have

Urkn(s) =v(m+s,k+s)= y[m—k](k+ s) _ yl[cm k]( )

for each s € Ir, and so

m—k L
()" = 3" kP = 3" Iyl M Ir = S P < 400 (31)

m,kEZ m,kEZ L,kEZL
Therefore,
(ly™l)" =3l P < +oo,
kEZ
which shows that y!l € EP for each ¢ € Z. 0

By property (i), for each + € Z there exists a unique solution z(*) € EP of
the equation

2 (m+1) = Ly +y(m+1) form e Z. (32)

On the other hand, by Lemma 1, if u: Z? — X is a solution of equation (8),
then for each ¢ € Z the function zY in (28) is a solution of equation (32) (with
() replaced by z1). Since each solution z(*) is unique, necessarily z1 = ()
for all ¢ € Z, and so

u(m,n) = 2™ (n) form,n € Z. (33)

This shows that any solution of equation (8) (if it exists) is given by (33) and
so, in particular, it is unique.
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Given v € FP? and the corresponding functions z(*) obtained above, the
former discussion leads us to introduce a function w: Z? — X by (33). It
follows from Lemma 1 that it satisfies equation (8) (and it follows from the
discussion that w is the unique solution of that equation). Hence, to show that
property (ii) holds, it remains to verify that u belongs to FP.

Now we define a linear operator R,: D(R,) — E? by

(Rpx)(m) =x(m) — Lypp—12pm—1 form e Z (34)
on the domain formed by all sequences x € EP such that
(z(m) — Lm_lzm_l) , € BV

We show that R, is closed. Let (x )iez be a sequence in D(R,,) converging to
x € EP such that R,x" converges to y € EP. Then

z(m) — Ly 1%Tpm—1 = Zlirgo (z'(m) = Lip—1(z")m-1)
= lim (R,a")(m) = y(m)
for m € Z. This shows that R,z = y and so € D(R,). Hence, the operator
R, is closed. We consider the graph norm on E? given by
lzll” = Nzl + | Bpll,-
Since R, is closed, (D(R,), ||-||’) is a Banach space and the operator
Ry: (D(Rp), |-') — EP

is bounded. By property (i), it is onto and invertible. It follows from the open
mapping theorem that it has a bounded inverse

Ry': B — (D(Ry), |l

Claim: We have u € FP.

Proof of the claim. First take p = oo. For each m € Z we have
sup[[~™ (n)|| = sup|la®) (m + k)|| < sup||z[|o < supl||z*])".
nez kEZ kEZ kEZ

Since Rooz® = yl* we obtain

luloe = sup =™ (n)]| < supl|z™ |
keZ

m,ne

< IR suplly™ oo = IR - [[0]loo-
kEZ

This shows that v € E*°.
Now take p < +00. In a similar manner to that in (31) we have

(lallp)” = > 1P =S ()" < 3 (1) (35)

v,kEZ LEZ LEZ
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Since R,z =yl it follows from (31) that

(lallp)” < IRZHP >l 115)"

LEZ
= IRMP S w1 = IR HP (IIvll,) "
L,kEZ
Therefore,
lull, < 1R - [folll, < 400
and so u € FP. O

This establishes property (ii).
Now we assume that property (ii) holds and we show that property (i)
holds. Take a function y € F? for some p € [1,+00]. We define v: Z? — X by

y(n)
1+ (m—n)?/p
Note that when p = co this gives

v(m,n) = form,n € Z.
v(m,n) =y(n) form,n € Z.
Claim: We have v € FP.

Proof of the claim. The statement is clear for p = co. When p < +00 we note
that

_ _ ylk+s) Yi(s)
v,’;(s)—v(m—l—s,k—&—s)—1+(mik)2/p—1+(mik)2/p (36)
for s € I,., and so
oF = Yk
14+ (m—k)?/
This gives
AL oF P = llywll”
(W)= 3 I = 3 G
1
= lyell® )
kZ( o mZ 1+ <m —k)2/p)? )
= é“ykﬂp mZE:Z m
o 1 .
= Ul 3tz <+

and thus v € FP. O
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Hence, by property (ii) there exists a unique u € F? satisfying equation (8).
In view of Lemma 1, for each + € Z the function z!" in (28) satisfies the
equation

c¥(m+1) = Lzl + g (m+1) form e Z. (38)
Note that

A5 — __y(k)
y(k) = v+ k k) = FEy

and so it follows from (38) that
= (142 /p)zl
is a solution of the equation
M (m+1) = Lpgld +y(m+1) form € Z. (39)
Claim: We have x!] € EP for each ¢ € Z.

Proof of the claim. When p = co it follows readily from the definition in (28)
that 21/ € E> for each ¢ € Z. On the other hand, when p < +o0 it follows as
in (35) that
(lull)” = > (I=]3,)" < +o0
LEZ

and so z1 € EP for each 1 € Z. g

It follows readily from the claim that the solutions #1 of equation (39)
belongs to EP for all « € Z. Moreover, there are no other solutions of equa-
tion (39) (or equivalently of equation (7)). Indeed, otherwise one could use
(33) to obtain a different solution u of equation (8), which contradicts the

uniqueness of the solution. Hence, to complete the proof it remains to show
that 2! is independent of ¢.

Claim: The function &[] = (1 4 +2/p)x!" is independent of ¢.

Proof of the claim. When p = co we first show that the sequence (u(m))mez
is constant. Note that

v(m)(n) = v(m,n) =y(n)
and so v(m) =y for all m € Z. Therefore, equation (8) takes the form
u(m+1) = Luy, +y  form € Z. (40)

Now we define a new function @ € F*° by requiring that @(m) = u(m + 1) for
each m € Z. By (40) we have

a(m+1) =L, +y form € Z,
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and it follows from the uniqueness in property (ii) that @ = w. This read-
ily implies that (u(m))mez is constant and so w(m,n) is independent of m.
Therefore, 211 = 21 (k) = u(s + k, k) is independent of .

When p < +oo we fix ¢ € Z and we consider the function u: Z? — X
defined by

1+q¢*/p

- "4 /F L ldy,
T npfp” ™

a(m,n)

for m,n € Z. Note that

L+¢*/p g
Ly,
L+ (m—k)?/p

and so, in a similar manner to that in (37), we have

(lall,)? = > llay,|”

ak (s) =a(m + s,k +s) =

(s)

m,kEZL
el
= (1+4¢*/p)?
A+ /ol X T m = Ry
1
= 1+ /(|9 Y e < e

meEZL (1 + m2/p)p

This shows that © € F'P. Note that
2 ~[a]

(k) == a(e+ k, k) = ys =

Tl 3)p
and so it follows from (39) with ¢ replaced by ¢ that
Z(m+1) = L7 +y(m +1)  form € Z.

Hence, by Lemma 1, @ is a solution of equation (8) and it follows from the
uniqueness of the solution that @ = u. Therefore,

Mgﬁ[q]

[L] = = U =
(k) =ult+k k) =a(t+k, k) T+ 2/p

(F)
for all k,¢ € Z. In other words,
F(0) = (142 /)l = (14 ¢ fp)a') = 9 (k)
for all k, ¢ € Z, which shows that 2 is independent of ¢ (since ¢ is fixed). [
Thus, property (i) holds, which completes the proof of the theorem. O

We emphasize that Theorem 3 does not require the boundedness of the
sequence L,, in (1). On the other hand, if property (1) holds, then the operator
R, defined by (34) has domain D(R,,) = E? and it is automatically bounded
(since it is closed). For a direct argument, note that if property (1) holds, then

[(Bpz)(m +1)| < [z(m+ )| + [ L] - lzm -



Two-sided delay-difference equations and evolution maps

and so
1Ryl < lmsall + cmaxlanss|

< @[l + cmax max{1, e} ||z, .
sel,

In particular, R,z € EP when x € EP, with
IRyl <1+ cmax{l,c}".

5. Ulam—Hyers stability

In this section we consider the Ulam—Hyers stability property. We show that it
is a consequence of hyperbolicity, and that this property or, more precisely, the
stronger property of uniform Ulam—Hyers stability, is equivalent for equations
(2) and (16). B

Given p € [1,+oc], let L: EP — X7 be the operator defined by

(Lx)(m) = Ly—12m—1 form € Z
and let £: FP — XZ° be the operator defined by
(Lu)(m) = Lty form € Z
Note that
(Lu)(m, k) = (Lu)(m)(k) = (Lum—1)(k) = Li—1uy,

for m,k € Z. Moreover, if the operators L,,: Y — X satisfy (1), then clearly
L(EP) C E? and L(FP?) C FP.

For each p € [1,+0o0], we say that equation (2) is uniformly Ulam—Hyers
stable with respect to EP if there exists k > 0 such that for each ¢ > 0 and
z,y € EP satisfying

Hx—fw—y”; <e (41)
there exists z € EP satisfying
z=Lz+y and |z —z|, < ke

Analogously, we say that equation (16) is uniformly Ulam—Hyers stable with
respect to FP if there exists k > 0 such that for each ¢ > 0 and u,v € F?
satisfying

lu—Lu—o|, <e
there exists w € FP satisfying

w=~Lw+v and |lu—wl), < ke.

Theorem 4. Let L,,: Y — X, for m € Z, be bounded linear operators satisfy-
ing (1). Then for each p € [1,+00] the following properties hold:
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(i) if the pair (EP, EP) is admissible, then equation (2) is uniformly Ulam-—
Hyers stable with respect to EP;

(i) if the pair (FP, FP) is admissible, then equation (16) is uniformly Ulam—
Hyers stable with respect to FP.

Proof. Take € > 0 and z,y € EP satisfying (41). Consider the sequence g
= (9(m))mez defined by
g(m) = (z — Lz — y)(m) = 2(m) — Lmn—12m—1 — y(m)

for m € Z. Clearly, § € EP because x,y € EP and the operators L,, satisfy (1).
Since (EP, EP) is admissible, there exists a unique sequence Z € E? such that

Z(m+1) = L@ =yg(m+1) =x(m+1) — Lpzy —y(m + 1)
for m € Z. On the other hand, using the linear operator R,: D(R,) — E?
in (34) we obtain
IZIl, < 1185 - 13l < IR, e
Moreover, setting z = x — T we have
zim+1)=az(m+1)—z(m+1)
= LpTm — LinTm +y(m +1) = Lz, +y(m + 1),
and so
Iz = 2l = 1Zll;, < se,

where & = ||[R;||. This concludes the proof of statement 1.

The proof of statement 2 can be obtained in the same manner. Note that

since the operators L,, satisfy (1), by construction we have Lu € FP for
u € FP. This completes the proof of the theorem. O

Finally, we show that equation (2) is uniformly Ulam-Hyers stable if and
only if the same happens to equation (16).

Theorem 5. Let L,,: Y — X, for m € Z, be bounded linear operators. Then
for each p € [1,400] the following properties are equivalent:

(i) equation (2) is uniformly Ulam-Hyers stable with respect to EP;

(ii) equation (16) is uniformly Ulam—Hyers stable with respect to FP.

Proof. We first assume that property (i) holds and we show that property
(ii) holds. Take p = co. Given € > 0, let u,v € FP be such that

sup [[u(m + 1) = Ly, —v(m + 1)||oo < €. (42)
meZ

For each ¢ € Z we consider the sequences 2" and yl) defined in (28). Proceed-
ing as in the proof of Lemma 1, it follows from (42) that

supllz(m 4+ 1) = Lypzld —ylm + 1) < e.
meZ
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By property (i) there exist x > 0 (independent of ¢ and ¢) and 21 € E*
satisfying

m4+1) =LY +yd(m+1) formez (43)
such that
sup ||z (m) — 2 (m)]|| < ke. (44)
meZ

Define w(m,n) = z"=")(n). By (28) we have v(m,n) = y*~™l(n) and so it
follows from (43) and Lemma 1 that

w(m+1) = Lw, +v(m+1) form € Z. (45)
Moreover, by (44) we get

sup [|lu(m) — w(m)||e = sup supHx["_m] (n) — Zn—m] (n)|| < ke.
MmeEZL MELNEL

This proves property (ii) for p = co.
Now take p < 400. Given € > 0, let u,v € FP be such that
(lu=Lu—=vlp)? = > lluk, = (Lu)k, — vk |IP <. (46)
m,kEZL

We continue to consider the sequences z! and y!* defined in (28). By (46)
together with the fact that

(L) (e + ko k) = (Luge-1) (k) = Lp-aully = Lyl = (Lald)(k),
it follows as in (31) that
Z(Hx[‘] — Lz — yMH;)p = (||u — L — ’UH;)p < P,

LEZ
Take positive numbers «, for ¢ € Z such that
Za{’ <e? and |z — Lol —yl|! < q, for all. € Z. (47)
LEZ

By property (i) there exist £ > 0 (independent of ¢ and ¢) and Y € EP
satisfying (43) such that

2 — 21| < ka,.

Define w(m,n) = zI"~™l(n). Then (45) holds. Moreover, proceeding as in (31),
it follows from (47) that

(le =l = >l =™ — 2=y

m,neEZ
= Z(”xh] _ ZMH;)P < KkPeP.
LEZ
This proves property (ii) for p < +o0.
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Now we assume that property (ii) holds and we show that property (i)
holds. Take p = oco. Given € > 0, let x,y € E*° be such that

sup|lx(m+1) — Lipxm —y(m+ 1)|| < e.
meEZ

Define
u(m,n) =z(n) and wv(m,n)=y(n).
Note that
u(m)(n) = (Lt -1)(n) = v(m)(n) = u(m,n) — Ly_yup "y — v(m,n)

(’Il) - Ln—lxn—l - y(n)

since u" Y = x,,_. Hence,

sup [|u(m) — Lum—1 = v(m)]lec = sup [[u(m,n) = (Lum-1)(n) —v(m)(n)]
meZ m,ne”

=supl|z(n) — Lp—12,—1 — y(n)|| <e.
nez

By property (ii), there exist £ > 0 (independent of €) and w € F*° satisfying
wim+1) =Lw, +v(m+1) formeZ (48)
such that

sup [[u(m) — w(m)l|se < re.
meZ

By Lemma 1, for each ¢ € Z, setting zl4(k) = w(. + k, k) we have that
Mm4+1) =Lz +y(m+1) form e Z,
since y(k) = v(¢ + k, k) = y(k). Moreover,
s%%Ha:(m) —ZM(m)| = suE%Hu(L +m,m) —w(t+m,m)|| < ke.
Taking any ¢ property (i) follows for p = oo.
Now take p < +o00. Given € > 0, let x,y € EP be such that
|z — Lz — yl|;, <e.
Define

y(n)
14 (m—mn)?’

= m and U(m, n) =

u(m,n)
Note that
u(m)(n) ~ (St 1) (n) — v(m)(n) = u(m, n) ~ Loy — v(m,n)
_z(n) = Ly_12n—1 —y(n)
14 (m —n)?

since in a similar manner to that in (36), we have

3

unfl = L
mL T 4 (m—n)?
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Hence, proceeding as in (37) we get
_ _ 1 1
_ —_ ol = _ —_ ! )P E - p E -
(”u L’U, U”p) - (Hl‘ Lz y”p) = (1 + mg)p <e = (1 + mg)p'

By property (ii), there exists £ > 0 (independent of ¢) and w € FP satisfy-
ing (48) such that

1/p
Z (1 —|—1m?)p> : (49)

Ju —wl];, < Ke (
meEZ
By Lemma 1, for each ¢ € Z, setting z!J(k) = w(v + k, k) we have that
Mm+1) = Lzl +y(m4+1) form e 7z,
with
YU (k) = vt + k. k) = y(k) /(1 +2%).
Now take ¢!(k) = (14 ¢2)21 (k). Clearly,
dm+1)=Lpgld +y(m+1) formeZ.

Taking ¢ = 0 and using (49) we obtain

1/p
lz = Py, = [l = 2 < <Z(II$M - zmll;)”)

LEZ

1/p
1
2 <1+mz>> -

meZ

= [Ju —oll, <Ii€<

This completes the proof of the theorem. O
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