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ABSTRACT. We consider the almost automorphy of bounded mild solutions to
equations of the form

(*) dz/dt = A(t)z+f(t)

with (generally unbounded) 7-periodic A(-) and almost automorphic f(-) in a
Banach space X. Under the assumption that X does not contain cg, the part
of the spectrum of the monodromy operator associated with the evolutionary
process generated by A(-) on the unit circle is countable. We prove that every
bounded mild solution of (x) on the real line is almost automorphic.

1. INTRODUCTION

Let us consider equations of the form

(1.1) Ay + 1(0),

dt
where A(t) is a (generally unbounded) linear operator on a Banach space X which is
periodic, and f is an X-valued almost automorphic function on R. We are interested
in conditions for which every bounded mild solution of this equation is almost
automorphic.

It is well known (see for example [10] [1 [5l [16] and the references therein) that
if for the t-independent operator A that is the generator of a Cp-semigroup, its
imaginary part of the spectrum is countable and X does not contain any subspace
isomorphic to ¢y, then every bounded and uniformly continuous mild solution of
(TI) is almost periodic. The concept of almost automorphic functions, which was
introduced by Bochner as an extension of one of the almost periodic functions, has
recently caught the attention of many mathematicians (see for example [8] [13] [14,
15, [6, 1T}, 17, [4]). Tt is natural to raise the question of whether this is true for almost
automorphic solutions, that is, if f is almost automorphic and X does not contain
any subspace isomorphic to ¢g, then is every bounded mild solution of (II]) almost
automorphic?
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In this paper we will prove that this is true. (In fact, we will prove a little more
general assertion in which A(t) generates a periodic evolutionary process.) As an
almost automorphic function is not necessarily uniformly continuous, the methods
of proving this standard result for almost periodic solutions, which are based on
the uniform continuity of the bounded mild solutions and of the forcing term f, are
no longer available. We refer the reader to [II, [10] for more details on the methods
of proving this result. To overcome this difficulty, we will discretize the equations.
We will first prove the discrete analog of the above problem, and then apply it to
solve our main problem. In order to prove the discrete analog we will introduce a
new concept of uniform spectrum of a bounded sequence with respect to a subspace
that allows us to give a short proof of the claim for discrete equations. The main
results of this paper are Theorems [2.14] and

2. ALMOST AUTOMORPHIC FUNCTIONS AND SEQUENCES

2.1. Almost automorphic functions.

Definition 2.1. A function f € C(R,X) is said to be almost automorphic if for
any sequence of real numbers (s],), there exists a subsequence (s,,) such that

(2.1) lim lim f(t+4 sn — sm) = f(¢)

m—00 N—00
for any t € R.
Theorem 2.2. Assume that f, fi1, and fo are almost automorphic and X\ is any
scalar. Then the following hold true:

i) )\f and f1 + fo are almost automorphic,

ii) fr(t):=f(t+71), t €R, is almost automorphic,
iii) f(t) := f(—t), t € R, is almost automorphic,

iv) the range Ry of f is precompact, so f is bounded.

Proof. See [I4, Theorems 2.1.3 and 2.1.4] for proofs. O

Theorem 2.3. If {f,} is a sequence of almost automorphic X-valued functions
such that f, — f uniformly on R, then f is almost automorphic.

Proof. See [14, Theorem 2.1.10] for a proof. O

If we equip AA(X), the space of almost automorphic functions with the sup norm

[flloe = sup [[f(£)]],
teR

then it turns out to be a Banach space. Recall that AP(X) and BC(R,X) denote
the spaces of all X-valued almost periodic functions and all X-valued bounded and
continuous functions, respectively. The following inclusions are obvious:

AP(X) c AA(X) ¢ BC(R,X).

We refer the reader to [14] for information on the properties of the almost auto-
morphic functions. In particular, we will use the following'

Theorem 2.4. Let us define F : R — X by F(t fo s)ds, where f € AA(X).
Then F € AAX) iff Rp = {F(t)| t € R} is precompact

As a big difference between almost periodic functions and almost automorphic
functions, we remark that an almost automorphic function is not necessarily uni-
form continuous, as shown in the following example due to B. M. Levitan.
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Example 2.5. The function
1
t) ;= sin
1®) 2 + cost + cos V2t

is almost automorphic, but not uniformly continuous. Therefore, it is not almost
periodic.

2.2. Almost automorphic sequences. Similarly as for functions, we define be-
low the almost automorphy of sequences. From now on we will use the notation
1°°(X) to indicate the space of all bounded (two-sided) sequences in a Banach space
X with sup-norm, that is, if © = {x,, }nez € 1°°(X), then

[[#]] := sup [|zy]|.
nez

Definition 2.6. A sequence x € [*°(X)) is said to be almost automorphic if for any
sequence of integers (k,), there exists a subsequence (k,) such that

(2.2) lim lim zpyp

= "ij
m—00 N—00

n—km
for any p € Z.

The set of all almost automorphic sequences in X forms a closed subspace of
1°°(X) that is denoted by aa(X). We can show that the range of an almost auto-
morphic sequence is precompact. For each bounded sequence g := {gy }nez in X, we
will denote by S(k)g the k-translation of g in {*°(X), i.e., (S(k)9)n = Gn+k, Vn € Z,
and S stands for S(1).

2.3. Kadets Theorem. In this paper we will use the standard notation ¢ for
the Banach space of all numerical sequences {a,}52; such that lim, . a, = 0,
equipped with sup-norm. In the simplest case, the problem we are considering
becomes the following: when is the integral of an almost automorphic function also
almost automorphic? We can take the same counterexample as in [10] to show that
additional conditions should be imposed on the space X.

Example 2.7. Consider the function f(¢) with values in ¢y defined by
f@) ={(1/n)cos(t/n)}or,,Vt € R.

n=1»
The integral F(t) = fot f(&)de of f(t) is F(t) = {sin(t/n)}>2,. Obviously, f is
almost periodic (so it is almost automorphic), and F' is bounded. However, the

range of F, as shown in [I0] pp. 81-82], is not precompact, so F' cannot be almost
automorphic.

The Kadets Theorem (see, e.g., [10, Theorem 2, p. 86]) says that if f is almost
periodic and F' is bounded, then F' is almost periodic if and only if X does not
contain any subspace isomorphic to ¢yp. An extension of the Kadets Theorem to
almost automorphic functions was given in [2].

The following extension of the Kadets Theorem to sequences will be used in this
paper.

Lemma 2.8. Assume that © = {x,}nez 18 a sequence in a Banach space X that
does not contain any subspace isomorphic to cg, and the difference
(2.3) x—Sr=y

is almost automorphic. Then, the sequence x itself is almost automorphic.
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Proof. This lemma is a special case of [2] Theorem 1]. O

As is well known (see, e.g., [10]), a convex Banach space does not contain any
subspace isomorphic to ¢g. In particular, every finite-dimensional space does not
contain any subspace isomorphic to c¢g.

2.4. Spectral theory of bounded sequences. Below we denote by S(n) the
translation operator: {*°(X) 3 g. — ¢.4n, € [°°(X), where n € Z, and S stands for
S(1).

Definition 2.9. Let A be a closed subspace of I*°(X). We say that A satisfies
Condition H if the following conditions are satisfied:

i) Every sequence of the form (constant sequence) {a}nez is in A.
ii) If {zp}tnez € A and g € T', then the sequence {¢" 2, }nez is in A.
iii) If B is a bounded linear operator in X, then {Bx,}ncz € A whenever
{Zn}nez is in A.

iv) SA=A.

As an example of a subspace of [°°(X) that satisfies Condition H, we can take
aa(X).

In the rest of this paper we will always assume that A is a closed subspace of
1°(X) that satisfies Condition H. Then, in the quotient space {*°(X)/A acts the
operator S defined by S(z + A) = Sz + A, Vz € 1°°(X). The operator S is an
isometric operator because of Condition H iv). Let m be the canonical projection
from 1*°(X) onto {*(X)/A, and let us denote 7z = Z. Below, the notation M;

means the closure of the subspace of {°°(X)/.A that spans over the set {S(n)z, n €
Z}.

Definition 2.10. The uniform spectrum of z € [°°(X) with respect to A, which is
denoted by sp4(x), is defined to be the following;:

(S| ms)-
It may be seen that sp4(x) is part of the unit circle T.

Lemma 2.11. Let = {z,}nez € 1°(X) and let A be a subspace of 1°(X) that
satisfies Condition H. Then spa(x) consists of all points zg of the unit circle T such
that the Carleman transform

S AT IS(n)E, VA > 1,

— 32 AIS(—n)E, VA < 1,
has no holomorphic extension to any neighborhood of zg.

Proof. The proof follows the lines of the one in [I2] Lemma 2.4], so we omit the
details. (]

Consider the linear difference equation
(2.4) Tpy1 = Bz, + frn, neZ,

where B is a bounded linear operator. Below we will denote by or(B) the part of
the spectrum of B on the unit circle I' of the complex plane.
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Lemma 2.12. Let x € I*°(X) be a solution of 24), and let f € A. Then
(2.5) spa(x) C or(B).

Proof. First we note that the operator of multiplication by B in [°°(X) has the
same spectrum as B. For the reader’s convenience we will use the same notation B
to indicate this multiplication operator if it does not cause any danger of confusion.
So, by the definition of Condition H, since the operator of multiplication by B
leaves A invariant, B induces a bounded linear operator B in the quotient space
[°(X)/A. Taking the Carleman transform of ([24]) we have

SEN) = B3,
M(\) —2 = Bi()).
Therefore,
Mt(\) — Bz(\) = i,
A=B)z(\) = z.

Let 19 € p(B). For n close to 19 such that n & iR,

x(n) = (n—B)~'z.
Using the analyticity of the resolvent (n— B )~! with respect to 7 in a neighborhood
of o € p(B), we see that Z()) can be extended analytically to a neighborhood of 7.
Therefore, by Lemma I} spa(z) C op(B) := ' Na(B). Now it suffices to show
that 0(3) C o(B) to complete the proof. To this end, suppose that zy € p(B); we
will show that z is in p(B). In fact, by definition, for every y € 1°°(X), there is a
unique w € [*°(X) such that zow,, — Bw,, = y, for all n € Z. This shows that given
7 € 1°°(X) /A there exists a solution @ € 1°°(X)/A such that zow — B = §. Next,
we show that such w is unique, that is,

2w+ A) - Bw+A) =y + A
This is obvious from the definition of Condition H. The lemma is proved. (I

Lemma 2.13. Let A be the space of all almost automorphic sequences in X, and
let x be in I*°(X) such that spa(x) is countable. Moreover, assume that the space
X does not contain any subspace isomorphic to cq. Then, © € A.

Proof. If spa(x) is empty, because of the boundedness of the linear operator 5'|Mi,
the space Mz must be trivial, that is, £ = 0, or in other words, x is almost
automorphic.

Suppose that spa(x) is not empty. Since §|Mac is an isometry in Mjz and
spa(z) = o(S|am,) is countable, by the Gelfand Theorem there is a point zy in
its spectrum that is an eigenvalue of S |am, (for the Gelfand Theorem, see, e.g.,
[T, B]). So, we can find an element j € M; such that zj = S§. To complete the
proof we will show that for each bounded sequence z € [*° (X)), if zoz — Sz is in A,
then = € A.

Let us consider the isomorphism V) : [°°(X) — [°°(X) defined as

W (n) = \"z,,Vn € Z,
where \ € I". Note that V) leaves A invariant and
VASVy = A7ts.
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Thus, we have
200 — St = zo(x — 261533) = 20(w — VzoSVzglx)'

Therefore, zox — Sz is in A means that « — V. SV, 'z is in A. In turn, this is
equivalent to saying that Vzglx -8 Vzglx is in A because

z =V, SV e =V, (I -8V '

and both V,, Vzgl are isomorphisms on A. Now we are ready to apply Lemma 2.8
to show that Vzglx must be almost automorphic, so x must be almost automorphic.
(Obviously, if z is almost automorphic, then & = 0. So, sp4(z) must be empty.)
The lemma is proved. g

The main result of this paper will be proved based on the following.

Theorem 2.14. Let B be a bounded linear operator in X with or(B) being count-
able, and let X not contain any subspace isomorphic to cy. Assume further that
{zn}nez be a bounded sequence that satisfies the equation

(2.6) Tnt1 = Brp +Yn, neEZ,
where {Yn tnez is in aa(X). Then {x,} is almost automorphic.

Proof. This theorem is an immediate consequence of Lemmas 2.12] and [2.13] O

3. ALMOST AUTOMORPHY OF BOUNDED SOLUTIONS
OF EVOLUTION EQUATIONS

Let us consider equations of the form

(3.1) dz—f) — Altyult) + f(t), teR,

where f is an almost automorphic function with values in X, and A(t) generates
a l-periodic evolutionary process (U(t,s)):>s in a Banach space X, that is, a two-
parameter family of bounded linear operators that satisfies the following conditions:
i) U(t,t) =1 for all t € R,

i) U(t,s)U(s,r)=U(t,r) foralt>s>r,

ili) the map (¢,s) — U(t, s)x is continuous for every fixed z € X

iv) U(t+1,s+1)=Ul(t,s) for all t > s (1-periodicity),

v) [|U(t,s)|| < Ne*=2) for some positive N,w independent of ¢ > s.

We emphasize that the above choice of the period of the equations is merely for the
simplification of the notation, but does not mean a restriction. We refer the reader
to [I, [7] for more information on the applications of this concept of evolutionary
processes to partial differential equations.

An X-valued continuous function v on R is said to be a mild solution of 1) if

t
32wt =Usus) + [ UCOSEOdE vz stseR,
Lemma 3.1. Let u be a bounded mild solution of BI) on R and let f be almost

automorphic. Then, u is almost automorphic if and only if the sequence {u(n)}nez
is almost automorphic.
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Proof. Necessity: Obviously, if u is almost automorphic, the sequence {u(n)} ez
is almost automorphic.

Sufficiency: Let the sequence {u(n)},ecz be almost automorphic. We now prove
that u is almost automorphic. The proof is divided into several steps:

Step 1: We first suppose that {n].} is a given sequence of integers. Then there
exists a subsequence {ny} and a sequence {v(n)} such that

(3.3) klim u(n +ng) =v(n); klim v(n—ng) =uln), Vnez,
(3.4) k]i{go flt+ng) = g(t); klir{.lo g(t —ng) = f(t), VteR.

For every fixed t € R, let us denote by [t] the integer part of t. Then, define
n

o) = Un, [0 () + /[ Vg e 10+ 1)

In this way, we can define v on the whole line R. Now we show that
Jim u(t +ng) = v(t).
In fact,
T [fu(t ) = o) < T UG+ s [+ nu() +ne) = UG [)e(()]

t
+ lim / U0 + i) — g(n)lldn
— 00 [t]

= Jim U EDu(t] +ni) = UL EDo()]

t
+dm [ I+ 0 gl =0

Similarly, we can show that
lim ||v(t — ng) — u(t)|| = 0.
k—o0

Step 2: Now we consider the general case where {s} }xez may not be an integer
sequence. The main lines are similar to those in Step 1 combined with the strong
continuity of the process and the precompactness of the range of the function f.

Set nj, = [s},] for every k. Since {ty}rez, where ¢ := s}, — [s], is a sequence in
[0,1), we can choose a subsequence {n;} from {n}} such that limj .. tx = to €
[0,1], and (B3) holds for a function v, as shown in Step 1.

Let us first consider the case 0 < to +t — [to + t]. We show that

(3.5) klirgo u(ty +t+ng) = klirgo u(to +t +np) = v(to + ).
In fact, for sufficiently large k, from the above assumption we have [to+t] = [t +1].
Using the 1-periodicity of the process (U(t, s)):>s we have
(3.6) i+t + ) — uto + ¢ +m)]| < A(R) + B(R),
where A(k) and B(k) are defined and estimated as below. By the 1-periodicity of
the process (U(t, s))i>s, we have
A(k) = ||U(tk +t+ g, [tr + 8]+ n)u((te + €] + ng)
~Ul(to +t +ng, [to + 1] + nx)u([to + 1] + n)||
= U@k + 1, [to + t)ul[to + ] + nr) — U(to + ¢, [to + t))u([to + t] + ng)]|-
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Using the strong continuity of the process (U(t,s)):>s and the precompactness of
the range of the sequence {u(n)},ez, we have limy_,o, A(k) = 0. Next, we define

tot+t+ng

tp+t+ng
mmﬁw/ Uw+vmmmﬂmm—/ Ulto + ¢ + niesm) £(n)dn].
[tr+t]+ng [to+t]+nk

By the 1-periodicity of the process (U(t, s))t>s and [to + t] = [t + t], we have

tr+t—[tp+1]
B(k) = || / U(tk +t+ ng, [to + t] + ng + e)f([t() + t] + ng + 9)d9
0
to+t—[to+t]
—/ Ulto +t + ng, [to + t] + ni + ) f([to + t] + n + 0)dO||
0
tr+t—[to-+t]
- ||/ Ults + — [to + 1,0 F ([t + ] + e + 0)d0
0

tOth*[toth]
*/ U(t0+t7[to+t],9)f([t0+t]+nk+9)d9”.
0

From the strong continuity of the process (U(t, s));>s and the precompactness of
the range of f it follows that limg_., B(k) = 0. So, in view of Step 1, we see that

B3) holds.

Next, we consider the case when ¢y +t — [t + t] = 0, that is, tg + ¢ is an integer.
If ty +t > tg +t, we can repeat the above argument. So, we omit the details. Now
suppose that t; +t < tg +t. Then
(3.7) llw(tr +t +ng) —u(to + ¢+ ng)|| < C(k) + D(k),
where C'(k) and D(k) are defined and estimated as below:

C(k) = |U(tx + t + ng, [t + t] + n)u([tr + t] + nk)
—U(to+t+ng, to+t —1+np)u(to+t— 1+ ng)|
= Uty +t,t0 +t — Dulto+t — 1+ ng)
—Ul(to+t,to+t—Duto +t — 1+ ng)|-
Now using the strong continuity of the process (U (¢, s)):>s and the precompactness

of the range of the sequence {u(n)},ecz we obtain limg_,, C(k) = 0.
As for D(k), we have

tp+t+ng
D(k) == || Uty +t+ ng,n) f(n)dn
[tk +t]+nk

to+t+ng
7/ Ulto +t + ) f£(n)en]
[to +t]~‘r’l’bk —1

tp+t+ng

= Uty +t + ni,n) f(n)dn
[t0+t]+’l’bk*1

tot+t+ng
-/ Ulto +t + g ) f ()|
[to+t]+nr—1
trt+1—to
:||/ Ults + t.t0 + — 1+ 0)f(to +t + ng — 1+ 0)dd
0

1
—/ Ulto 4 t,to+t—140)f(to+t+np — 1+ 0)do).
0
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From the strong continuity of the process (U(t, s));>s and the precompactness of
the range of f, it follows that limg .., D(k) = 0. This finishes the proof of the
lemma. (]

As a main result of this paper we have the following theorem.

Theorem 3.2. Let A(t) in (BI) generate a 1-periodic strongly continuous evolu-
tionary process, and let f be almost automorphic. Assume further that the space
X does not contain any subspace isomorphic to co and the part of spectrum of the
monodromy operator U(1,0) on the unit circle is countable. Then, every bounded
mild solution of B on the real line is almost automorphic.

Proof. The theorem is an immediate consequence of Lemmas 212, 213} and Bl
In fact, we need only to prove the sufficiency. Let us consider the discrete equation

n+1
u(n—i—l)zU(n—&-l,n)u(n)—&—/ Uln+1,8)f(&)d¢, nez.

n

From the 1-periodicity of the process (U(t, s)):>s, this equation can be re-written
in the form

(3.8) u(n+1) = Bu(n) + yn, n € Z,

where
n+1

B i=U(1,0); gy = / Uln +1,6)£(€)dE, ne.

n
We are going to show that the sequence {y, }ncz defined as above is almost auto-
morphic. In fact, since f is automorphic, for any given sequence {n}} there is a
subsequence {n;} and a measurable function g such that limyg_,o f(t + ng) = g(¢)
and limy, o g(t — nm) = f(¢) for every t € R. Therefore, if we set
n+ng+1
w, = lim Uln+ng, &) f(6)de, nezZ,

k—oo ndng,

then, by the 1-periodicity of (U(%, s)):>s and the Lebesgue Dominated Convergence
Theorem, we have

n+1 n+1
wo = Jim [ Ul i +ndn = [ Utnn)g(npan
Therefore, limg_, oo Yntn, = W, for every n € Z. Similarly, we can show that

limy, o0 Wn—ny, = Yn-

By Lemma [ZT3] since {u(n)} is a bounded solution of (3.8), X does not contain
any subspace isomorphic to ¢, and the part of spectrum of U(1,0) on the unit
circle is countable, {u(n)} is almost automorphic. By Lemma [B1] this yields that
the solution w itself is almost automorphic. O
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