ALMOST AUTOMORPHIC MILD SOLUTIONS TO FRACTIONAL
PARTIAL DIFFERENCE-DIFFERENTIAL EQUATIONS

LUCIANO ABADIAS AND CARLOS LIZAMA

ABSTRACT. We study existence and uniqueness of almost automorphic solutions for
nonlinear partial difference-differential equations modeled in abstract form as
(%) A%u(n) = Au(n+ 1) + f(n,u(n)), n € Z,

for 0 < a < 1 where A is the generator of a Cy-semigroup defined on a Banach space X,
A® denote fractional difference in Weyl-like sense and f satisfies Lipchitz conditions of
global and local type. We introduce the notion of a-resolvent sequence {Sq(n)}nen, C
B(X) and we prove that a mild solution of (x) corresponds to a fixed point of

uln+1)= Y Sa(n=j)fGuj), nel

j=—0o0
We show that such mild solution is strong in case of the forcing term belongs to an

appropriate weighted Lebesgue space of sequences. Application to a model of population
of cells is given.

1. INTRODUCTION

Our concern in this paper is the study of the existence and uniqueness of almost auto-
morphic solutions for the nonlinear fractional difference equation

(1.1) A%(n) = Au(n + 1) + f(n,u(n)), n ez,

where A is a closed linear operator with domain D(A) defined on a Banach space X and
O<a<l.

So far the study on fractional difference equations focuses in the discussion of different
but related definitions that may allow nice properties of calculus [5, 20, 21, 26, 27, 1,
40], existence of solutions of different classes of nonlinear fractional difference equations
and in the development of qualitative properties such as existence of positive solutions
and geometrical properties [5, 23, 24]. In the last time, applications to concrete models
have been analyzed [6, 7]. Nonetheless, all these studies are concentrated either in finite
dimensional cases or, concerning (1.1), at most a bounded operator A, which resembles
the study of ordinary differential equations. However, the fractional modeling of partial
differential equations that have a mixed character, i.e. that can be modeled both in
discrete time as well as in continuous space (or vice-versa), is an untreated topic that
deserves to be investigated. We observe that a wide range of this class of models can be
represented abstractly by (1.1), where A is an unbounded operator.
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For instance, abstract difference equations of the form (1.1) with & = 1 appears nat-
urally in traffic dynamics [13], [28]. In such case, the equation of motion of a line of
identical vehicles is given by (1.1) where A = p% is a differential and, consequently, un-
bounded operator. Here p > 0 is a positive number that incorporates the information on
the mass of each vehicle and the sensitivity of the control mechanism [13, p. 170]. In
recent years, the significance of such models has increased and a detailed understanding of
this key process is now becoming more important. We observe that, in appropriate spaces
of functions, the differential operator p% is the generator of the well known Cj-semigroup
of translations [19, Chapter II, Section 2.10].

It is noteworthy that mixed partial difference-differential equations occur not only in
traffic dynamics, but also in the theory of probability and in the theory of the chain
processes of chemistry and radioactivity [8, p.498]. Thus, the analysis of (1.1) for 0 <
a < 1 and A being the generator of a Cy-semigroup should provide new insights of the
discrete sub diffusive behavior of the equation because it incorporate memory effects of
the materials used for each specific model.

On the other hand, we recall that the concept of almost automorphic functions was
introduced by S. Bochner four decades ago. The interest in almost automorphic solutions
of evolution equations and their applications has been an important topic of research in the
last time. See [39], [31], [17] and references therein. New methods and new concepts have
been introduced in the literature in the last decade. The range of applications include
at present linear and nonlinear evolution equations, integro-differential and functional-
differential equations, dynamical systems, and so on [30, 10, 33, 22, 44].

The study of almost automorphic solutions for difference equations constitutes a recent
research area. This generalizes the analysis of almost periodic solutions for difference
equations which have been more deeply investigated. Almost periodic sequences appeared
early in the theory of almost periodic functions [14]. General results concerning almost pe-
riodic solutions for difference equations are available nowadays. For instance, we mention
those related to positive solutions and asymptotic solutions [18, 36]. For more information,
we refer to the monograph [14] and references therein. In contrast, the concept of almost
automorphic sequence was introduced only recently by Minh, Naito and N'Guérékata in
[38, Definition 2.6] and it was later contained in the works of Caraballo and Cheban [11],
[12]. A first systematic study of their main properties listed in [4] and further generaliza-
tions and applications has been performed in [29], [16], [32] and [2], among others. Beyond
that a discrete theory is strongly motivated by applications e.g. in population biology,
in addition, it serves as a basic tool to understand numerical discretization and is often
essential for the analysis of continuous problems. Concerning (1.1), almost automorphic
functions could play the role of harmonic oscillations covered with big noise [45].

The first open problem in order to begin the study of the existence of almost auto-
morphic solutions to (1.1) is to find an adequate notion of fractional difference operator.
Indeed, there are multiple definitions of the fractional difference (both delta and nabla),
which are well known to be translationally equivalent to one another [9]. Nonetheless,
these definitions do have various peculiarities, which affect their use in the study of par-
ticular problems.

In this paper, we solve this problem, by proposing a definition of Weyl-like fractional
difference by means of which the treatment of abstract fractional difference equations
defined on the time scale Z seems to be feasible. In this way, our definition set at least
one avenue of research, whose study is perhaps easier by the utilization of a modified
definition of the fractional delta difference. Indeed, one of our main results show that
our definition of Weyl-like fractional difference is consistent with the solution of (1.1)
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interpreted as a fixed point of the problem

(1.2 um) = Y Saln—1-NFGuG),  nez

j=—o00
where S,(n) is a sequence of bounded and linear operators that commutes with A on
D(A) and satisfy the property
(1.3) Sa(n)x = k%(n)x + A(k“ * Sy)(n)z, z€ X,
for all n € Ny, where
I'(n+ )
F(@)l(n+1)
Our second main contribution in this paper is the introduction of a method of analysis

of existence and qualitative behavior of solutions for (1.1) by means of the sequence of
operators (1.3). In fact, they play the role of the semigroup 7'(t) generated by A in

t
the solution formula u(t) = / T(t — s)f(s,u(s))ds of the classical problem w'(t) =

Au(t) + f(t,u(t)) for t € R. The sequence of operators S,(n) has the advantage that it
have the following representation:

(1.4) k%(n) =

Sa(m)z = Ban(i)I—A) Uz, neN, zeX.
j=1

This is due to the fact that (1.3) implies that the operator I — A must be invertible and
that S,(0) = (I — A)~! in contrast with the case of the scale R where the behavior near
to zero of the family of operators determined by the linear part of fractional differential
equations is not well described, in general. This is explained, of course, by the discrete
character of the scale Z.

This paper is organized as follows: Section 2 is mainly devoted to recall the defini-
tion of almost automorphic sequence and to introduce the concept of Weyl-like fractional
difference (Definition 2.3) by means of the notion of Weyl-like fractional sum. It incorpo-
rates the kernel (1.4) that seems to be at the basis of the discretization of the continuous
fractional differential operator in the sense of Riemann-Liouville [15, 40, 34]. In Section
3 we introduce an operator theoretical method for the treatment of the linear part of
(1.1) (Definition 3.1). It is interesting to note the regularized character of the introduced
concept of operator resolvent sequence (Theorem 3.2). More importantly, whenever the
operator A in (1.1) is the generator of a Cy-semigroup, an explicit form of such operator
resolvent sequence can be given (Theorem 3.5). This characteristic allows an analysis of
qualitative properties, like summability, which turns out to be important for the study of
almost automorphic solutions of (1.1). Section 4 is concerned with the study of the non
homogeneous linear difference equation

A%u(n) = Au(n + 1)+ f(n), n€Z.

The main objective is to prove the consistence of the given concept of Weyl-like fractional
difference and the representation of the solution of (1.1) by means of the formula (1.2),
see Theorem 4.2. Then, the notion of mild solution is introduced and our first result on
existence of almost automorphic solution is given (Theorem 4.5). Section 5 is devoted to
the study of almost automorphic solutions for the nonlinear equation (1.1). We present
two theorems of existence and uniqueness of almost automorphic solutions based on the
Banach fixed point theorem, that consider either global as well as local Lipschitz type
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conditions on the nonlinearity f(n,u) (see Theorems 5.2 and 5.4). Finally, the last section
6 provides some examples to illustrate how the abstract results of the previous sections
apply. Our first example brings into consideration a model that describes the number
of a population of cells distinguished by their individual size. We present their abstract
formulation and we give new insights on existence and uniqueness of almost automorphic
solutions for the fractional model.

2. PRELIMINARIES

Let X be a complex Banach space. We denote by s(Z, X) the vector space consisting
of all vector-valued sequences f : Z — X. Let p : Z — (0,00) be a a positive sequence
(weight). Let 1 < p < oo be given. By [5(Z, X) we denote the set of vector-valued
sequences f : Z — X such that

/1l = Z L () I[Pp(n

n=—oo

When X = C we write s(Z) and [5(Z) respectively. Moreover, if p(n) = 1 then we write
[P(Z). We define the forward Euler operator A : s(Z, X)) — s(Z, X) given by

Af(n) = f(n+1) = f(n), neZ
Recursively we define
AR = AFA = AAF, keN,
and A® = I is the identity operator. It is easy to see that

k
ik :
8 fa) = -1 () s

— J

J
In particular A' = A. In addition, for a > 0, we consider the scalar sequence {k“(n)},en,
defined by

I'(n+a)

L(a)l(n+1)
We note that the kernel £* satisfies the semigroup property in Ny, that is,

(k* % K%)(n Z k*(n B(j) = k**B(n)

k*(n) ==

with n € Ny and o, > 0. This property has been observed in [9] and follows easily
by noting that the kernel k%(n) can be equivalently defined by means of the generating

function
- « n 1
>k (n)z - T 2] < 1,
n=0

see [47, Vol I, p.77]. Furthermore, the following equality holds: for o > 0,

nafl

k() = Fs 1+ o)), nen,

n

([47, Vol. 1, p.77 (1.18)]) and k“ is increasing (as a function of n) for a > 1, decreasing
for 0 < o < 1 and k'(n) =1 for n € N ([47, Theorem I11.1.17]). We note that k%(n) is in
agreement with the kernel used in the definition of discrete fractional derivative for o < 0
and step h = 1 given recently in [40, formula (27)]. The above considerations suggest the
following definition.
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Definition 2.1. Let o > 0 be given and p(n) = |n|*~',n € Z. The a-th fractional sum of
a sequence f € l})(Z,X) is defined by

Af(n):= > k*n—3§)f(j), nez

j=—00
See also [35] for related work on a slight variant of this definition.

Remark 2.2. The previous definition can be numerically compared with the continuous
fractional integral in the sense of Weyl, see [40, Section 3.3]. Moreover, we observe that

as a consequence of the semigroup property of the kernel k® we have that A=*A=F =
A+5) = A-BA

In what follows, we always denote p(n) = |n|*"!, n € Z.

Definition 2.3. Let o > 0 be given. The a-th fractional difference of a sequence f €
1(Z, X) is defined by

A“f(n) == AmA~f(n),  nel,
with m = [a] + 1.
Remark 2.4. Note that if f € 1)(Z, X) then

n

ATIAM () = Y KT (0 — §)A™f(4)

- S e S (e
_ g(—l)mi (") Zoo Fm-a(n— )1 +9)
- g(_l)mi (”Z”‘) :Z;O K™ (n 4 i —u) f(u)

= >y (m) AT f(n i) = ATAT f(n),
i

i=0
where we have applied the Fubini’s Theorem and a change of variable. In other words,
the discrete notions of fractional difference when defined either in the sense of Caputo or
Riemann-Liouville, coincide.

For a sequence defined on Ny, the theory and applications of fractional differences
defined by means of the kernel k%(n) is developed in [9]. Furthermore, it is clear from
Definition 2.3 that lim A“f(n) = f(n) = lim AT f(n) for f € I(Z, X), with a > 0.

a— a—
Now we recall the notion of almost automorphic sequences. A sequence f : Z — X is

called almost automorphic if for every integer sequence {k/ }, there exists a subsequence
{k,} such that

f(k) = h_}n(r}o fk+ k)
is well defined for each k € Z and lim f(k — k,) = f(k), see [4, Definition 2.1] and
n—oo
references therein. We denote by AA4(Z, X) the set of almost automorphic sequences. It
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is well known that the set AA4(Z, X) endowed with the norm || f||o := supyezl| f(k)]] is a
Banach space, see [4, Theorem 2.4]. A typical example is

: 1
fk) = sin (2 + cos(k) + cos(ﬂk‘))’ el

Throughout this paper, we use several properties about almost automorphic sequences
that appear in [4]. In particular, we will need the following theorem.

Theorem 2.5. [4, Theorem 2.10] Let u : Z — X be a discrete almost automorphic
sequence and let f : 7Z x X — X be a discrete almost automorphic function in k € Z for
each x € X that satisfies a global Lipschitz condition in x € X uniformly in k € Z, that is,
there is a constant L > 0 such that || f(k,x) — f(k,y)|| < L||z —vy||, for all z,y € X,k € Z
then, the Nemytskii operator U : Z — X defined by U(k) = f(k,u(k)) is discrete almost
automorphic.

The previous theorem admits a new version with local conditions on the function f, see
[3].

Corollary 2.6. Let f : Z x X — X be a discrete almost automorphic function in k € Z
for each x € X that satisfies a local Lipschitz condition that is, for each positive number r,
for allk € Z and for all z,y € X with ||z|| < r and ||y|| < r, we have ||f(k,z)— f(k,y)| <
L(r)||x — y||, where L : Ry — Ry is a nondecreasing function. Then, the conclusion of
the previous theorem s true.

We will need the following function, called stable Lévy process,

1 o—+100 N
(2.1) Jra(A) = —/ Az, 0>0, t>0, A>0, 0<a<l,

270 J g ioo

where the branch of z* is so taken that Re(z®) > 0 for Re(z) > 0. This branch is single-
valued in the z-plane cut along the negative real axis.

Proposition 2.7. The following properties hold:

oo

(i) / e fiaNdA =€ t>0, a>0.
(ii) fia(A) >0, A>0.

(iii / fta JdA = 1.

For a proof, see [46, p.260-262]. We also recall that the Mittag-Leffler function is defined
as follows

o0 n
Z)—;m, a>0, >0 =zeC.

One of the most interesting properties is associated with their Laplace transform:

Ao—8
. Re(A) > [w]V?,

2.2 h “MPBELE s (dwt®)dt =
(2.2 | e sty =

see [42, Section 1.2 | formula (1.80)] and with their asymptotic behavior: If 0 < a <
2, >0, then

1 1- 1
E.p(z) = —zTﬁexp(zl/a) +€eap(2), larg(z)] < §om
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where
N-1 o

z
€ap(z) = =D s T O(2]Y) (2 = o0).
“—~ I'(8 - an)
For more details on the Mittag-Leffler function see [37, Appendix E].

We also recall the function
ta_l

ga(t) = T(a)’ a > 0.

For further use, we also introduce the following definition.

Definition 2.8. An operator-valued sequence {S(n)}nen, C B(X) is called summable if
IS0 := > _lIS(n)]| < oo.
n=0

3. OPERATOR RESOLVENT SEQUENCES

In this section, we introduce the notion of a-resolvent family of bounded and linear
operators. This concept will be useful in the treatment of fractional difference equations
as we will see in the next section. Moreover, the knowledge of the properties of the
family of bounded operators provide insights on the qualitative behavior of the solutions
of fractional difference equations.

Definition 3.1. Let o > 0 and A be a closed linear operator with domain D(A) defined on
a Banach space X. An operator-valued sequence {Sq(n)}nen, C B(X) is called a discrete
a-resolvent family generated by A if it satisfies the following conditions

(i) Sa(n)Ax = AS,(n)x for n € Ny and x € D(A);

(i) Sa(n)x = k*(n)x + A(k* % S,)(n)x, for alln € Ny and x € X.

For o > 0 fixed and each n € N we define the sequence {5a,,(7)}=1
For n =1,

» as follows:

-----

Ba1(1) = k%(1).

For n = 2,
Bap2(1) = k%(2) = k%(1)Ba,1 (1),
and
Ba2(2) = k(1) Ba(1).
For n = 3,
Bas(1) = k*(3) — k%(2)Ban (1) — k(1) Ba2(1),
Ba3(2) = k%(2)Bap (1) + £%(1)Bag(1) — £%(1)Ba2(2)
and
Ba3(3) = k%(1)Ba2(2).
For n > 4,
5an == Z ka n j 50[] )
n—1
Ban(l) = k*(n — j)Ba;(l —1) Zkan—jﬁw ) 2<i<n-1,
j=i—1
and

Ban(n) = k*(1)Ban-1(n —1).
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The following result shows some properties of a-resolvent families concerning their
regularity, and that they have always an explicit representation in terms of a bounded
linear operator.

Theorem 3.2. Let {S,(n)}nen, € B(X) be a discrete a-resolvent family generated by A.
Then the following statements holds:

(i) 1 € p(A).
(ii) for all x € X we have that S,(0)x = (I — A)~ 'z and

So(n)x = iﬁw(j)(l — A Uz peN.
j=1

(iii) for all x € X we have that S,(0)x € D(A) and S,(n)z € D(A?) for all n € N.
Proof. Note that by Definition 3.1 part (ii) we have that
Sa(0)z =z + AS,(0), z e X.

Then
(I —A)S,(0)z =z r e X,
and using Definition 3.1 part (i) we get that
Sa(0)(I — A)x =z, x € D(A),

and we conclude that 1 € p(A) and S,(0)r = (I — A)~lz for all z € X.
Now let x € X. We have that

Sa(Dx = k*(1)x + k%(1)AS,(0)z + AS,(1)z,
then

(I — A)Sa(1)z = k(1) (1 + A - A)_1>x = k(1) — A) 'z,

where we have used that S, (0) = (I—A)™! and A(I—A)~' = (I— A)~' -1, and therefore
S.()(I — Az =k*(1)(I — A) 'z, 2z D(A).

Then S,(1)x = k*(1)(I — A) %z = B4.1(1)(I — A)~2x. By induction, we suppose that
j .
Salf)z =) Bay(i)(I — A)" g
i=1
for j < n —1. We write

Sa(n)z = k*(n)z+ A Z k*(n — §)Sa(j)x

= k¥*(n)z+ A Z_: k*(n — 7)Sa(j)z + k*(n)AS,(0)x + AS,(n)x.

j=1
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Then
n—1
(I = A)Sa(n)z = k*(n)(I + AS,(0)x + A k*(n— 5)Sa(j)x
j=1
= k*(n)(I+ A — A)~ x+AZk¢°‘n j ZBM —(i+Dy
= K*(n)(I +A(I - A)” x+AZnM A) g,
with 7., (2 Zko‘ n — j)Ba;(i) for i = 1,...,n — 1. Using that A(I — A)~' = (I —
A7t — 1T, we get that
n—1
(1= A8l = K= A) 0+ Y a0 (1 =20 = (1= 47 )a
i=1

= Z Ban(7) = A)_jxa

where Bon(n) = Nan(m — 1), Ban(j) = Nan(J —1) = Nan(y) for j = 2,...,n — 1, and
Ban(l) = k*(n) — nan(l). So for x € D(A) the identity

Sa(n)(I — A)x = Zﬁa,n(j)(f —A) 7z

holds. Finally, observe that by part (ii) of the above result, for all x € X it is a straightfor-
ward consequence that S,(0)z € D(A) and S,(n)z € D(A?) for n € N. Then we conclude
the result.

O

Remark 3.3. Observe that the property (ii) remember the solution of the equation Au(n) =
Au(n + 1), n € Ny which is given by u(n) = (I — A)7"u(0), n € No. In other words, even
when A is an unbounded operator we have that the discrete semigroup, namely (I — A)™"
constitutes a sequence of bounded linear operators. This is an interesting feature that
Definition 3.1 brings to the fractional case and therefore permits to treat the fractional
homogeneous problem A“u(n) = Au(n + 1), n € Ny, « > 0 where A is unbounded, by
means of a family of bounded and linear operators that can play the role of discrete semi-
groups.

Remark 3.4. We note that property (ii) indicates a better reqularity that is not present in
the continuous case. This is implied by the reqularizing character of the property S,(0) =
(I — A)~Y, which in turn responds to the discrete character of the scale Z.

Our next result gives necessary conditions in terms of Cyp-semigroups for the existence
and summability of a discrete a-resolvent family. It is notable that we can give an explicit
form of such family in terms of functions of probability, like the Lévy process f;(t) and
the Poisson distribution p,(t) = <
given semigroup.
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Theorem 3.5. Let 0 < o < 1 and A be the generator of an exponentially stable Cy-
semigroup {T'(t) }+>0 defined on a Banach space X. Then A generates a discrete a-resolvent

family {Sa(n) bnen, defined by
(3.1) Sa(n)x := / / e’tt—'fs,a(t)T(s)x dsdt, neNy, ze€lX.
0 0 n.

Moreover, {S.(n)}nen, is summable.

Proof. Let M > 0 and w > 0 be such that ||T'(¢)|| < Me “*. Define
93—/ fsa®)T(s)xds, t>0, zelX.

First, we observe that T,(t) is well defined. Indeed, note that by (2.1) and Fubini’s
Theorem we obtain

00 o+100 . 1 o+100 . o] (ot
—ws o —ws z fsz dsdz = — z wsd dz.
[ esavas=gn [ [ str= g [ e

0—100

Hence, by Cauchy’s formula and (2.2) we get

> fws 1 oo 2zt 1 a—1 a
(3.2) fsa(t)ds = — e dz =197 By o(—wt®).
0

«
T 2mi o—ico 2%+ w

This gives

33) OIS [ FeaITEds <M [ e fnlt)ds = Me Bt
0 0

and hence, again by (2.2) we obtain

o o M
/ e RN T ()| dt < M / e el (—wt®) dt =
0 0

[Re(N)]* 4+ w’

for Re(\) > |w|*/*. Consequently, T, (t) is Laplace transformable and, using Fubini’s
theorem, we obtain

iﬁ@ﬂ;iéwémn@mm:i[?ﬁmaﬂthﬁHEMd&

Therefore, by (i) in Proposition 2.7 and a well-known property on the Laplace transform
of Cy-semigroups, we have

(AT — AT, (N = (XT — A)/ e T(s)rds =2, x€X,
0

and
TN (VT — Az = / e M T(s) (NI — A)xds =z, x € D(A).
0
It shows that A commutes with T, (¢) on D(A) and
1 1 .
Ta(/\).l’ = FZL‘ + AFTO[()Q[E, r e X.

By inversion of the Laplace transform, we obtain the identity

(3.4) To(t)e = x+A/gl_ (s)eds, =€ X,
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and since A is closed, we also get

To(t)z = go(t)x + /Ot 9ot — 8)To(s)Axds, x € D(A).

Note that the for w > 0 and 0 < o < 1 the function t — t*"'E, ,(—wt®) is integrable on
R, see [43, Lemma 3.9]. Since e~*%; < 1 for all ¢ > 0 and n € N it follows from (3.3)
that S,(n) defined by (3.1) exists for all n € N and is summable. In fact,

(3.5)

oo oo o) n 00 00
> 1San)] < Z/ e‘tEHTa(t)Hdt:/ ||Ta(t)||dt§M/ 1 B, o(—wt®) dt < oo.
n=0 n=0 "0 : 0 0

Finally, we prove that S,(n) satisfies (i) and (ii) in Definition 3.1. Indeed, (i) follows from
the fact that A commutes with 7,(¢) and A is closed. To prove (ii), we note that from
(3.4) we obtain

Sa(n)z = /000 e_ti—rz[ga(t)x + A /t Ga(t — 8)To(s)x ds| dt

= / t'ga( )xdt+A/ —/ Ga(t — 8)To(s)x dsdt
= $+A/ / —ga — 8)To(s)xdtds

= ot [ ([ T i)

ke )x+A/ /°° mz( ) 453, (7) dr ) Tu(s) ds

_ ko‘(n)m%—A/Oooe‘s;msj(/om () dr ) Ta(s)e ds
_ ka<n>x+,4/ szj_f(/oweTﬁga<7>d7)yva<s>xds

[e's} n J
= ka(n)x+A/ e_SZi'ka(n — )Ta(s)xds
0 =0 J:

= k%(n)x+ A Z k*(n — j) </0 —e Ty(s)x ds)

=0

n

= k(n)x+A> k*(n - j)Sa(n)z,

J=0

o
where we have made repeated use of Fubini’s theorem and the formula / e Pl tar =
0

INGY!
Ba

valid for o, 8 > 0. See [25, Formula 3.381(4)]. It proves the claim and the theorem.
O
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Remark 3.6. A careful reading of the proof of Lemma 3.9 in [43] combined with the estimate
(3.5) shows that for 0 < a < 1 we have

- 1 1
|Sall1 = ; |Sa(n)]| < E(g — arctan(cot(aw))) =
Using the Gearhart-Priiss-Greiner theorem that characterizes the uniform exponential

stability of semigroups in Hilbert spaces (see [19, Chapter V, Theorem 1.11]), we obtain
the following remarkable corollary.

Corollary 3.7. Let 0 < a < 1 and A be the generator of a Cy-semigroup on a Hilbert
space H such that {u € C: Re(u) > 0} C p(A) and satisfy

sup |[(u — A)7H < oo
Re(p)>0

Then A generates a discrete a-resolvent family which is, in addition, summable.
Remark 3.8. The same conclusion of Corollary 3.7 can be obtained with different spectral

conditions on the generator A by assuming more reqularity on the semigroup. For example,
suppose that A is the generator of an analytic Cy- semigroup such that

sup Re(\) <0,
A€o (A)

where o(A) denotes the spectrum of A, then the same conclusion of Corollary 3.7 holds.
Moreover, we have the advantage that we can consider Banach spaces instead of only
Hilbert. See [41, Theorem 4.3, p.118|.

4. ALMOST AUTOMORPHIC SOLUTIONS FOR LINEAR FRACTIONAL DIFFERENCE

EQUATIONS

Let A be a closed linear operator with domain D(A) defined on X. In this section, we
consider the non-homogeneous linear fractional difference equation given by

(4.1) A%u(n) = Au(n+ 1) + f(n), n ez,

for 0 <a < 1.
Remember from the previous section that p(n) = |n|*™', n € Z.

Definition 4.1. A sequence u € lll)(Z, X) is called a strong solution for equation (4.1) if
u(n) € D(A) for alln € Z and u satisfies (4.1).

The following theorem is one of the main results of this paper. Observe that I'(Z, X) C
1(Z,X) for 0 <o < 1.

Theorem 4.2. Let 0 < a < 1 and A be the generator of a summable discrete a-resolvent
family {S,(n)}nen, C B(X). If f € IY(Z, D(A)), then

is a strong solution of (4.1). Moreover u € I(Z, X).

Proof. Note that u is well defined and u € [1(Z, X) with [Jul; < |[Sall1||f|li. Next, let
n € Z be fixed and note that S,(m)f(n —1 —m) € D(A) for all m € Ny by (iii) of
Theorem 3.2. Also f(j) € D(A) for all j € Z by hypothesis. Then

ASa(n =1 =7)f(4) = Saln — 1= j)Af()).
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Using that A is a closed operator, we get that u(n) € D(A) for all n € Z. To finish we
prove that u satisfies (4.1):

A%u(n) = ANy (n) = A=07y(n + 1) — A~0y(n)

n+1

= ) k"

j=—00
— zn: kL
j=—00
n+1
= > K
j=—00
— zn: Ll

j=—00

Jj—1

“(n+1-7) > Sali—1=)f()

1=—00

“(n—j) 3 Sali—1-i)f(i)

1=—00

-1 Jj—1—2

RCESESDY (k;a(j—1—z )+ Y k(G — 1 —i— 1) ASa (1) f(4)

=0

1=—00

) Y (kau B S PR l)ASa(l)f(i))-

=0

1=—00

It is easy to see that we can apply Fubini’s Theorem to all above summands, where we
use that f € I1(Z, D(A)) and {S,(n)}nen, is summable. Then, after changes of variable,

we get that

n+1

A%u(n) = > f@) > KT n+1—HEG—1-10)

1=—00 Jj=i+1
n—1

SO Y R ke -1
i=—00 Jj=i+1

n+1

=1 g

+ Y kT 1—) Y D K — v)ASa(v — 1) f(i)

j=—00 i=—o00 v=1+1
- ikla Z Zk“]—@AS(U—l—z)f()
j=—00 i=—o00 v=t+1

n—1 n+1

= Y @)=Y f@)+ Y K1) Y k(G — v)Au(v)

1=—00 1=—00 j=—00 V=—00
_ ikla Zko‘]—vAu)
J=—00 s V=—00
= n+ZAu ZAU n) + Au(n + 1),

where we have use the semigroup property of the kernel k% and that k'(n) = 1 for all

TLEN[).

0

From Corollary 3.7 we immediately get the following result.

Corollary 4.3. Let 0 < a < 1 and A be the generator of a Cy-semigroup on a Hilbert
space H such that {u € C: Re(u) > 0} C p(A) and satisfy

sup |[(u — A)7H| < oo
Re(p)>0

)
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Then for all f € I'(Z, D(A)) the equation (4.1) admits a strong solution u € I*(Z, H).

Since our objective is to study the solubility of (4.1) in the space of almost automorphic
sequences, where the forcing term f is only bounded, we need to introduce the next
definition. It is important to observe that due to Theorem 4.2 the following definition
is consistent, in the sense that when the forcing term is sufficiently regular, then a mild
solution is indeed a strong one.

Definition 4.4. Let 0 < a < 1, A be the generator of a discrete a-resolvent family
{Sa(n) bnen, € B(X), and f : Z — X. The sequence

u(n) = i Sa(n—1—=79)10), n ez

j=—00
is called a mild solution for equation (4.1) if m — S,(m)f(n — m) is summable on Ny,
for each n € Z.

The following result is now an easy consequence of the previous construction.

Theorem 4.5. Let 0 < a < 1 and A be the generator of a summable discrete a-resolvent
family {Sa(n) tnen, C B(X). If f € AAJZ, X), then

is an almost automorphic mild solution of (4.1).

Proof. First note that u is well defined since

[u()]| < [[Sall1ll flloc,

for all n € Z. We also have u € AA4(Z, X) by [4, Theorem 2.13] and [4, Remark 2.14].
Then w is an almost automorphic mild solution of (4.1). O

5. ALMOST AUTOMORPHIC SOLUTIONS FOR NONLINEAR FRACTIONAL DIFFERENCE
EQUATIONS

In this section we focus in the study of solutions for the nonlinear fractional difference
equation

(5.1) A%(n) = Au(n + 1) + f(n,u(n)), n €z,

for 0 < a < 1, where A is the generator of a discrete a-resolvent family {S,(n)}nen, C
B(X). We want to find almost automorphic solutions for (5.1) when f € AA4(Z x X, X),
that is, f is almost automorphic in the first discrete variable.

Definition 5.1. Let 0 < a < 1, A be the generator of a discrete a-resolvent family
{Sa(n)}nen, € B(X), and f : Z x X — X. We say that a sequence u € s(Z,X) is a
mild solution of (5.1) if m — Sa(m)f(n —m) is summable on Ny, for each n € Z and u
satisfies

1) = 37 Saln=j)fG,uli), neZ

Our first result in this section provides a simple criteria for existence and uniqueness
of almost automorphic mild solutions.
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Theorem 5.2. Let 0 < a < 1 and A be the generator of a summable discrete a-resolvent
family {Sa(n)}nen, € B(X). If f € AAYZ x X, X) and it is globally Lipschitz in the
following sense:

[f(n,2) = fln, )| < Lllz —yll,  foralln € Z, and z,y € X,

where L < ﬁ, then (5.1) admits a unique almost automorphic mild solution.

Proof. We consider the operator T': AA4(Z, X) — AA4(Z, X) defined by

(5.2) (Tu)n):= 3 Suln—1- )fGu(i), nel.

j=—o00

Note that 7' is well defined by [4, Theorem 2.10] and [4, Theorem 2.13]. In addition, for
u,v € AA4(Z, X) and n € 7Z the following inequality holds,

[(Tw)(n) = (Tv)(n)]| < i [5a(n =1 =5)(f(7,u(5)) = f(G,0(G))I

< LY ISuln— 1= )lluG) ()]

< LfISallfle = vlloo-

By hypothesis we conclude that T is a contraction, and using Banach fixed point theorem
we get that there exists a unique almost automorphic mild solution of (5.1) . O

Using Remark 3.6 we have a precise estimate for || S,||; that can be used to prove the
following corollary.

Corollary 5.3. Let 0 < o < 1 and A be the generator of a Cy-semigroup T'(t) such that
IT@)]] < Me™“*, for some M >0 andw >0 . If f € AA4(Z x X, X) is globally Lipschitz

with constant

1
L < —
w

then (5.1) admits a unique almost automorphic mild solution.
Proof. 1t is clear using Theorem 3.5 and the proof of Theorem 5.2. U

We end this section with a modified hypothesis on the previous Lipschitz condition,
assuming local instead of global. See Corollary 2.6.

Theorem 5.4. Let 0 < a < 1 and A be the generator of a summable discrete a-resolvent
family {Sa(n) bnen, C B(X). Let f : Zx X — X be a discrete almost automorphic function
m k € 7 for each x € X that satisfies a local Lipschitz condition. If there exist rq > 0

such that
To

then (5.1) admits a unique almost automorphic mild solution u with ||u||« := supy, [|[u(k)|] <
To.

Proof. First we consider the operator T' : AA4(Z, X) — AA4(Z, X) given by (5.2), that
is well defined by Corollary 2.6 and [4, Theorem 2.13].



16 ABADIAS AND LIZAMA

Let B, (0) :={u € AAZ,X) : ||u|lo < 70} be the ball of radius ry on AA4(Z, X). We
show that T'(B,,(0)) C B,,(0). Indeed, let u be in B,,(0). Since f is locally Lipschitz, we
get that

1 (s wlR) < 1f (R, u(k)) = f (R, O + ([ (R, 0)I| < Lro) [lu(k)I[ + [[f (K, 0)l, & €Z.

Moreover, we have the following estimate

1T () ()] < 2_: 1a(n =1 = DI u) = FG, 0l + 2_: [1Sa(n =1 =5)IIf 0l

j=—o0 j=—o0

< L(ro) i 19a(n =1 = DIl + 1 Salh sup £ (&, 0)]

j=—00

||Sa||1(L<r0) . supg | £k, O)l]

To

IN

>7‘0§T07

proving the claim. On the other hand, for u,v € B,,(0) we have that

[Tu(n) = To(n)|| < i [Sa(n =1 = IS, u) = £ v

< L) Y ISaln = 1= Dluts) — o)

< [SalliL(ro)[lu — v

Observing that ||S,||1L(r9) < 1, it follows that T is a contraction in B,,(0). Then there
is a unique u € B,,(0) such that Tu = w.
U

The following corollary is an immediate consequence of the previous results.

Corollary 5.5. Let 0 < oo < 1 and A be the generator of a Cy-semigroup T(t) such that
1T < Me™“*, for some M >0 andw >0 . If f € AAHZ x X, X) is locally Lipschitz
and satisfy

L (g + S0 EON g

w To

for some ry > 0, then (5.1) admits a unique almost automorphic mild solution.

6. EXAMPLES AND APPLICATIONS

In this section we give some examples and applications to illustrate how our abstract
results apply.

Example 6.1. We consider a population of cells that are distinguished by their individual
size. We can describe the population at discrete time k € N by the number n(k, s) of cells
having size s by means of the following evolution equation (see [19, p.349] and references
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therein)

n(k—1,s) —n(k,s) = —%n(k, s) — p(s)n(k,s) — b(s)n(k,s)

{M@@Mh%)ﬁﬂgsguz
0 1/2<s<1

(6.1)

with boundary condition n(k —1,5/2) =0, k € N and initial condition n(0, s) = ngy(s) for
f/2 < s < 1. Here f > 0 denotes the minimal cell size, 1 is a positive continuous function
on [8/2,1] corresponding to the death rate, and b is the division, being a continuous
function satisfying b(s) > 0 for s € (8,1) and b(s) = 0 otherwise.

We rewrite (6.1) as an abstract difference equation. As a natural Banach space we
choose X = LY($/2,1) in which the norm || f|| of a positive function is the size of the
total cell population represented by f.

We define

Aof = =f' = (n+b)f, D(Ao):={feW"(8/2,1) : f(B/2) =0},

and

Bﬂ@::{%@ﬁﬂ%)ﬂﬂ§s§1m

0 1/2<s<1
Set A := Ay + B with D(A) = D(Ay). With this definition, equation (6.1) becomes the

abstract difference equation
Au(k) = Au(k +1), k€ N,

where u : Ny — LY(3/2,1) is defined by u(k)(s) := n(k,s). By [19, Chapter VI, Proposi-
tion 1.3], the operator (A, D(A)) generates a strongly continuous semigroup {T'(t)}i>o on
X. Moreover, by [19, Chapter VI, Corollary 1.17] the semigroup {T'(t)}+>o is positive on
the Banach lattice X := L'(3/2,1) and uniformly exponentially stable if and only if

1/2 )
£(0) :=—1 +/ 4()(2s)e_fv2 W+ 7 < )
B/2

See [19, Chapter VI, Theorem 1.19]. By Theorem 3.5, we conclude that for each 0 < o < 1
the operator A generates a summable a-resolvent family Sy (n).

FExample 6.2. Next, we consider the fractional difference equation

vg(k)u(k)
1+ supy, |u(k)|’

(6.2) A%u(k) = Au(k + 1) + ke,

where 0 < o < 1 act as a tuning parameter for the difference equation (6.2), the operator
A is the generator of an exponentially stable Cy-semigroup on a Banach space X and g(k)
18 an almost automorphic function that play the role of harmonic oscillations covered with
big noise [45]. The parameter v > 0 is a control of the size of the such oscillation.

Note that

vg(k)x
flkyx)=——"—  keZ, xze€lX.
1+ [z
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Hence, we have the estimate

Yy
I$002) = F5 ) < Vo T |
< As)l|r =g AT P e s ||y||oo)Hoo
< vlg(k)| [Hiﬁ = Ylloo + [[Ylloo| [1¥loo — Hx”oo‘]
< V[gllee(X + llylDllz = ylloo-

Therefore, we can choose
L(r) = v|igllsc(1+7), 7>0,

to deduce that f(k,x) is locally Lipschitz. Since f(k,0) = 0, we obtain that for sufficiently
small v the condition
[SalliL(r) <1

is satisfied. We conclude, by Theorem 5.4, that the fractional model (6.2) admits a unique
almost automorphic mild solution.

Example 6.3. Let 0 < a < 1. We consider the fractional difference scalar equation
A%u(n) = Aufn+1) + f(n,u(n)), neZ,

where A is a complex number with Re(\) < 0 and f : 7 x C —> C. It is clear that X is the
generator of the exponentially stable Cy-semigroup T(t) = e, for t > 0. Then we apply
Theorem 3.5, and we assert that X\ is the generator of a summable discrete a-resolvent

family {Sa(n) }nen, given by

So(n) = / / fsa et ds dt = /0 metgtalEa,a(Ata)dt
= E (e 1Em<At“>>)(")<1> e (G A)*)(") ,

n! n!
‘s:l

where we have used (3.2) and (2.2) and L denotes Laplace transform.
On the other hand, by Theorem 5’.2 the family {So(n) }nen, has the representation given

by Sa(0) = (1= X)7! and Su( Z Ban( N)~UHD forn € Ny. Then we conclude

(n)
that the coefficients Bu.n(j) can be obtained by means of <(s°‘ - )\)_1>

|s:1

Remark 6.4. To finish, we mention that it is possible to apply the framework indicated in
this paper to study more complexes classes of fractional difference equations defined on the
scale Z, taking advantage on the properties of the convolution form that we have presented
in the definition of fractional difference considered in this paper and in [35]. One of the
most interesting open problems to be done, relies on the extension of the ideas that we have
indicated in this work to the case 1 < o < 2. This is a not trivial task because it heavily
depends on each difference equation to be studied. Also, it is worthwhile to comment that
the theory presented is flexible to be adapted to the study of other qualitative behavior of
solutions, like almost periodic sequences, asymptotically almost periodic sequences, and so
on. We leave the study of such properties for future work.
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