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Abstract: We investigate the dynamic of solutions in the a—norm for some nonhomo-
geneous linear partial functional differential equations. We suppose that the undelayed
homogeneous part is the infinitesimal generator of an analytic semigroup, the delayed part
is continuous with respect to fractional powers of the generator. We establish a reduction
principle for the infinite dimensional system in order to reduce its qualitative analysis to
a finite dimensional one. Our reduction method is based on a new variation of constants
formula. As application, the reduced system is used to prove the existence of almost
automorphic, almost periodic and periodic solutions for the whole infinite dimensional
system.
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1. Introduction

The reduction principle for infinite dynamical systems is an interesting tool to reduce
their complexity. Frequently, a model formulated in terms of partial differential equations
(PDE) can be reduced to an ordinary differential equation (ODE) in finite dimensional
space. This ODE is usually obtained by projecting the PDE on a finite dimensional
subspace which retains most relevant features of the whole system. At any rate the
asymptotic behavior of the original system is the same as that of the reduced one.

In this work, we study the behavior of the following class of partial functional differential

equations
{ %u(t) = —Au(t) + L(u) + f(t) fort=>o, (1.1)
Uy = € Cy :=C([—1,0]; X,),
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where the operator —A : D(A) — X is the infinitesimal generator of an analytic semigroup
(T'(t))e>0 on a Banach space (X, |.|). For 0 < a < 1, X,, denotes the Banach space D(A%)
endowed with the norm

|z|o = |A%| for x € D(A®),
where A® is the fractional power of A which will be defined below. C, := C([—r,0]; X,)
is the space of continuous functions from [—r,0] to X, endowed with the uniform norm
topology

|9le. = sup [$(0)]a-

—r<6<0
As usual, for every o € R and ¢t > o, the history function u; € C, is defined by

u(0) = u(t+6) for 6 € [-r,0].

L is a bounded linear operator from C, into X and f is a continuous function from [0, +00)
into X. As a model for the class (1.1) one may take the following system which describes
many phenomena in physical systems

0 n 0 0 n 0
av(t, T) =30 o (aij(:v)a—rv(t, a:)> —apu(t,z) +ed a_ac,-v(t — 1, T)

g

0
+/ B(@)v(t+0,x)d0 + O (t,xz) fort >0 and z € Q,

—Tn+1

v(t,z) =0 for t > 0 and = € 09,

v(0,x) = ¢o(0,x) for 6 € [-r,0] and z € Q,

(1.2)
where ag, € are constants, r = max {ry, ..., 711}, 2 is an open bounded set in R with a
smooth boundary 99, 3 € L*([-r,;1,0],R), © : RT x Q — R is continuous, the initial
function g : [—r,0] X @ — R is a given function.

The theory and applications of partial functional differential equations are an active
research area. It has been extensively studied in the past years (see [1], [2], [3], [4], [5],
[20], [28] and the references therein). Additionally, such equations can exhibit a very rich
behavior like almost periodicity, almost automorphy or periodicity ( see [7] and [8]). Since
1974, Travis and Webb [25], [26], [27] established the basic theory for the existence and
stability of solutions for the following equation

%u(t) = —Au(t) + G(t,u;) for t > o,
Uy = € Co :=C([—1,0]; Xo),

where G : [0, +00) x X — X is a nonlinear continuous function, as application the authors
proposed in [26] the following model
0 0?

7]
<4 N _ Lot — >
8tv(t, 7) axQU(t’ )+ F (U(t r,T), aIv(t T, x)) for t > 0 and z € [0, 7],

v(t,0) = v(t,m) =0 fort >0,

v(0,x) = @o(0,z) for § € [—r,0] and z € [0, 7],



where F: R? — R is a Lipschitz continuous function.

In this paper, we develop a new reduction principle for Equation (1.1) to prove that
the dynamic of bounded solutions on R is governed by an ordinary differential equation
in a finite dimensional space. This goal will be done through a new variation of constants
formula. As application, we propose to study the existence of almost automorphic, almost
periodic and periodic solutions of Equation (1.1). In the periodic case, usually we use the
fixed point theory to prove that the Poincaré map associated to the equation has a fixed
point. In the almost automorphic and the almost periodic cases the situation is different
and more complicated since the fixed point approach cannot be applied.

Almost automorphic, almost periodic and periodic solutions are interesting phenomena
in dynamical systems. Recall that the concept of almost automorphy is more general than
the one of almost periodicity. It was introduced by Bochner and studied by many authors.
For more details on almost automorphic functions we refer to [23]. Let us recall some well
established results in this field. Consider the following ordinary differential equation

d
520 = Bz(t) +b(t) fort € R, (1.3)

where B is a constant n x n-matrix and b : R — R"™ is continuous and 7-periodic. In [19],
Massera proved the existence of an 7-periodic solution under the existence of a bounded
solution on R*. Bohr and Neugebauer extended Massera’s Theorem to almost periodic
case ( see [12]). Recently, the results in [18] extended Bohr and Neugebauer’s Theorem to
almost automorphic case for Equation (1.3). For partial functional differential equations,
we refer to [1], [3], [4], [7], [8], [10] and [11].

For Equation (1.1), we use the reduction principle to show the existence of almost au-
tomorphic, almost periodic and periodic solutions. Massera’s Theorem, Bohr and Neuge-
bauer’s Theorem and the results of [18] are extended to Equation (1.1): the existence of
a bounded solution on R* implies the existence of an almost automorphic (resp. almost
periodic, resp. periodic) solution if the imput function f is almost automorphic (resp.
almost periodic, resp. periodic).

The organization of this work is as follows: in Section 2, we recall some preliminary
results on the fractional powers of unbounded linear operators generating analytic semi-
groups and some results regarding the existence of solutions for Equation (1.1). In Section
3, we establish a variation of constants formula for Equation (1.1). In Section 4, we de-
velop a reduction principle for Equation (1.1). In Section 5, we prove the existence of
almost automorphic, almost periodic and periodic solutions of Equation (1.1). In the
hyperbolic case, we study the uniqueness of almost automorphic, almost periodic and
periodic solutions of Equation (1.1). In the last section, we apply our theoretical results
to the partial functional differential equation (1.2).

2. Preliminary results
We recall some results about fractional powers that will be used in the next. Here and
hereafter we assume that
(Hy) —A : D(A) — X is the infinitesimal generator of an analytic semigroup (7'(t)):>0
on a Banach space (X, [.|) such that
T (t)z| < Me**|x| for t >0 and z € X,
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where M > 1 and w € R. Without loss of generality, we assume that 0 € p(—A). Otherwise
we can substitute —A + 61 to —A such that 0 € p(—A + 61).

It is well known (see [24, p. 69-70]) that Condition (H,) allows us to define, for 0 < o < 1,
the linear operator A=* on X by

S T R
A _F(oz)/o V() dt

where I' denotes the Gamma function
oo
INa) = / t e,
0

Definition 2.1. [24, p. 74] For 0 < a < 1, the fractional power A® of A is the closed
linear operator defined from D(A%*) = Im(A~%) to X by

A% = (A,

Theorem 2.2. [24, p. 74] The following properties hold.

(i) A= is a bounded linear operator on X.

(ii) (Xa, | la) is a Banach space.

(iii) If 0 < B < a <1, then X, — Xp.

(iv) T(t) : X — X, for everyt > 0.

(v) For every t > 0, the operator A*T(t) is bounded on X and

w

AT (t)z] < Mat—a|x| forz e X andt >0, (2.1)

where M, is a positive constant and w € R is given by (H,).

We consider the following definition of the mild solutions for Equation (1.1).

Definition 2.3. [26] Let (0, ¢) € R x C,. A function u : [c —r,+00) — X, is said to be
a mild solution of Equation (1.1) if the following conditions hold
(i) u:[o—7r +00) — X, is continuous,

¢
(ii) u(t) = T(t — 0)p(0) + / T(t — s)[L(us) + f(s)]ds fort > o,
(iii) uy = . ’
Theorem 2.4. [26] For all ¢ € C,, Equation (1.1) has a unique mild solution on
[0 — 1, 400).
Throughout this work, the mild solutions of Equation (1.1) are denoted by u(., o, ¢, f)
and will be called solutions of Equation (1.1). For any ¢ > 0, we define the operator U(t)

on C, by
U(t)p =u(.,0,0,0) for v € C,.

Proposition 2.5. [26] (U(t)),>, is a strongly continuous semigroup on Co, that is:
(i) for all t > 0, U(t) is a bounded linear operator on C,,

(ii) ¢4(0) =
(iii) U(t + 9) UU(s) for allt,s >0,
(iv) for all p € Cy, U(t)p is a continuous function of t > 0 with values in C,.



Proposition 2.6. [26] Let Ay be the infinitesimal generator of (U(t))i>0. Then
D(Ay) ={p € Ca: ¢ € Ca, 9(0) € D(A) and p(0) = =Ap(0) + L(p)} ,

Aup = ¢
We assume that

(H,) T'(t) is compact on X for each ¢t > 0.

Consequently, we have the following important result on the eventual compactness of the
semigroup (U (1)),

Proposition 2.7. [27, Proposition 4.1] Assume that (H,) holds. Then for each t > r,
U (t) is compact on C,.

3. Variation of constants formula for Equation (1.1)

In this section, we obtain a variation of constants formula associated to the nonhomoge-
neous Equation (1.1) in terms of the semigroup (U (t)),, in the space C,, := C([—7,0]; X,,).
This formula is inspired by [17], where the authors considered an infinite delay but for
a = 0. We used our new variation of constants formula to explain some asymptotic
behaviors of solutions of Equation (1.1) in the a-norm.

Without loss of generality, we assume that w > 0 and we introduce for n > ng =
[max (w, %)] + 1, the function A"z defined, for x € X, by

(nf+1)B,z if 6 € [—1,0],
(A"z) () =
0if 0 € [—r,—2],
where [y] denotes the integer part of y and B,, = nR(n, —A) with R(n,—A) = (nI +A)~L.
It follows from (iii) of Theorem 2.2 that for any x € X the function A™z belongs to C,.
The following theorem gives a variation of constants formula for Equation (1.1) in C,.

Theorem 3.1. The solution u(., o, ¢, f) of Equation (1.1) satisfies the following variation
of constants formula

t
w(, o0, f)=U{t—0)p+ liIE / Ut —s)AN"f(s)ds fort>o. (3.1)
Moreover, the above limit exists uniformly over t > o such that t — o is bounded.
For the proof, we need the following Proposition.

Lemma 3.2. [15, Lemma 2] Let ¢ and w : [a,b] — [0,00) be continuous functions. If
®(-) is nondecreasing and there are constants 9 > 0 and 0 < o < 1 such that

U(t) < () +19/b %ds fort € [a,b].

Then for every t € [a,b] and every k € N such that ka > 1, we have the following
estimation

k-1 %
\P(t) S eﬂkr(a)k(ifa)kw/r(ka) Z (ﬁ(b - a’)) (D(t)

(67
=0
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Proof of Theorem 3.1 . Let u(.,0, ¢, f) be the solution of Equation (1.1). Then for
t > o, we have

ut('v 0,9, f) = ut('v g, ¢, 0) + ut('a g, 07 f)a
- Z/[(t - O—)@ + ut('7 g, 07 f)

We claim in the C,-norm that

t

lim Ut —s)A"f(s)ds = w(., 0,0, f),

n——+00

uniformly in (¢,0) such that ¢ > ¢ and ¢t — o is bounded. In fact, let

g"(t,o) = /tU(t —s)A"f(s)ds fort > o.

It is enough to prove formula (3.1) in [0,0 + ] and then we proceed by steps. Let
o <t<og-+r Then

g%a@w):/qungW@»wmy:/zm+ﬁ4$pJWﬂgnm&

On the other hand,

t+60
T(t+60—s)B,f(s)+ / T(t+60—&LUE — s)A"f(s))dE

’ if s<t+0,
u(t+0—s,0,A"f(s),0) =
(n(t+0—s)+1)B,f(s) if t+0<s<t+60+1

0 ifs>t+060+1

Then

min{t,t+0+711}
(n(t+6—5)+1)B,f(s)ds if 0 € [-(t —0) — L, —(t —0)],

n’

g'(t,0)(0) = /
0if 0 € [—r,—(t — o) — 1].

Let —(t —0) <6 <0. Then

t+0 t

u(t+6—s,0,A"f(s),0)ds +/ u(t+6—s,0,A"f(s),0)ds.

t+6

s't.o)6) = |

s



Therefore for —(t — o) <6 <0
40 tH0  pt1o
g"(t,0)(0) =/+ T(t+9—s)an(s)d3+/+ /+ T(t+60—&LUE —s)A™f(s))dEds

min{t,t+0+11}
+ / (n(t+60—3s)+1)B,f(s)ds,
t+0

t+0 t+0 p¢
:/ T(t+9—s)an(s)ds+/ /T(t+975)L(U(§fs)A"f(s))dsdﬁ

min{t,t+6+1}
—I—/ (n(t+60—3s)+1)B,f(s)ds,
t+0

- /gtwm + 6 — 5)B, f(s)ds + /UHQT(t +60—¢)L (/:u(f - s)A”f(s)ds> dg

min{t,t+6’+%}
+/ (n(t+60—3s)+1)B,f(s)ds,
t+0

—/+T(t—l-(9—‘s’)an({s*)ds—}—/Jr T(t+60—s)L(g"(s,0))ds

min{t,t+9+%}
+ / (n(t+6—s)+1)B,f(s)ds.
t+0

Finally, we get the following expression of ¢"(t,o)(f) for 6 € [—r, 0]
t+6 t+6
/ T(t+9—5)an(s)ds+/ Tt+6—s)L(g"(s,0))ds

min{t,t-+0+1}
+/ (n(t + 0 — s) + 1) Bof(s)ds if 6 € [—(t — o), 0],
g"(t,0)(0) = o

min{t,t+9+%}
/ (n(t+6—s)+1)B,f(s)ds ife|[—(t—0c)— 21 —(t—0)],

0 ifgel—r,—(t—0)—2.

n
Let m > n > ng and

W™ (t,0) = g"(t,0) — g™ (t,0).



If —(t—0) <0 <0, we get

Wmm(t, o) / Tt+60—s)L(W™™(s,0))ds
+/ T(t+6—s)(B,— Bn)f(s)ds

m1n{tt+0+ }
+/ (t+60—s)+1)B,f(s)ds
t+6

min{t,t+9+%}
—/ (m(t+0—s)+1)B,,f(s)ds

t+6

If =(t—0)— L <6< —(t—0), we obtain
min{t,t+9+%}
W™ (t,0)(0) = / (n(t+60—1s)+1)B,f(s)ds
min{t¢ t+t9+ﬁ}
—/ (m(t+0—s)+1)B,f(s)ds
If —(t—0)—1<0<—(t—0)— L, then

mln{t,t+6’+;}
Wt 0)(0) = / (n(t + 6 — 5) + 1) Buf(s)ds

If -r <0< —(t—o0)— %, then
W™ (t,0)(0) = 0.
Since for x € X
A“R(n,—A)x = /+O<> e ™M AT (t)adt,
0

it follows from (v) of Theorem 2.2 that
+o0 7(n w)t
|R(n,—A a:|a<M/ dt |z|.

Using the following formula for the Gamma function

“+o0 e—zt
[(1—a)zt = dt for z >0, (3.2)
0 te
we obtain o
|Bp]o < = w)l—aM@F(l — )|z

Consequently, we get

. |W“’"L<t,a><e>|a<( L, 1Q)Mar<1—a> sup £ (s)].

oel—r, —(t—0)] (n—w)l=  (m—-w)!




By computation, one can prove for —(t — o) < 6 < 0, that

W)@l < (s + s ) MaT(1 = ) s 17

w)tze - (m—w)t” selo, 1)

ew(tfa)

+M, (t - U) - sup |an( ) - Bmf(5)|

-« s€lo, t]

w(t+9 s)
+M, \L|/ t10- |W”m(s a)lc.ds.

It follows that

W)@ < (s + s ) MaT(1 = ) s 176

w)lia (m - (.U) s€lo, t]

w(t o)

+M, o (8 =0)"% sup |Byf(s) = B f(s)]

1- s€lo, t]

t4+0— cr
+M, |L|/ —|W”m(t+0—s 0)lc.ds

Let m > n > ng and p™™(t) = sup [W™™(s,0)|c,. Since p™™(-) is nondecreasing, then
s€lot]

ool < (Gt s ) Ml @) s 176)

w)t=e " (m—w)i=e selo, 1

w(t o)

JrMa

o (t=0)"7" sup |Byf(s) = Bnf(s)]

1- s€lo, t]

t—o ews
+Ma|L|/ (e — )lds
0

and

H,,,m(t)§<(n_1 N 11_)M1“(1—a)ﬁupf()|

s€lo, t]

w(t—o)

—(t=0)"" sup [Byf(s) = Bnf(s)]

s€lo, t]

t ew(t—s)
+Ma|L|/ = g)au"’m(s)ds.

Then, foroc <t <o+r
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wnt) < (s + s ) Mol (=) sup 79

w)l—a (m _ w)l—a

s€lo, t]
ew(tfa)
+M, (t —o)' = sup |B,f(s) — Bnf(s)]
-« s€lo, t]

t nm
prm(s)
M, |L|e“" d
#altie [ G
Lemma 3.2 implies that for o <t <o +r

n—w)=e  (m—w)e selot]

u"’m(t)gK( ! >F<1—a)sup|f<8)|

6w(t—a)

_|_

e U)I’QSSE%IBJ(S) - Bmf(S)]

k-1 wTr i
(Ma|L|e*)* T (1—a)* (t—0)FA=) /D(k(1—a)) M, |Lle“ r
X —_—

for every k € N such that k(1 — a) > 1. Then, for 0 <t < o + r, we have

s€lot]

9"(t,0) — g"(t,0)lc. < K(n e s ) T @) s )

ew(t—a)

+

(t—0)'= sup |B,f(s) - Bmf(8)|]

-« s€lo, t]

k-1 oo
s (Mol e (1) 1= 1 (k1) § Mol Lje=r ™
i=0 I—a
for every k € N such that k(1 — «) > 1. We conclude that (¢"(¢,0))n>n, is a Cauchy
sequence in C, uniformly in [o,0 + r]. We denote by g(t,0) the limit of the sequence

(9™(t,0))n>ny In Cq, and we define the function h in [0, 0 + 7] by

/+ T(t+0—8)[f(s)+ L(g(s,0))]ds it 6€[(t—0),0],
Wt o) (8) = Jo

0if 0 el[—r,—(t—0)].

16"(t,0) — h(t,0)le, < —_D(1—a) sup |£(s)] +

— |L| sup [g"(s,0) = g(s,0)lc,
(n —w)t-« s€lo, 1] ]

s€lo, t

w(t—o)
+ sup [B,f(s) - f(S)I] Mt o)

s€lo, t] 1
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This implies that the sequence (¢™(¢,0))n>n, converges to h(t, o) in C,. Consequently,
g(t,o) =h(t,o) foroc <t<o+r.
Define the function v : [0 — r,0 +r] — X, by
g(t,0)(0) if o<t<o+r,

o(t) =
0if o—r<t<o.
Then
vy =0and v; = g(t,0) foro <t <o+r.
It follows, for o <t <o+,

u(t) = g(t,0)(0)
=/ (t = 5)[f(s) + L (g(s,0))] s
_ / (t = 5) [f(s) + L(vg)] ds
=u(t, o, 0, f)
Consequently,
lim [ Ut —s)A"f(s)ds = g(t,0) = v =w(., 0,0, f), (3.4)

n—-+o0o o
uniformly in [0, o 4 r] . By steps, we use the same argument as above to prove the formula
(3.4) for allt > 0. O
4. Reduction principle

Here and hereafter we assume that (H;) holds. As a consequence of the compactness
property of the semigroup (U (t)),-,, the spectrum o(Ay) of the infinitesimal generator
Ay coincides with the point spectrum and we have

o(Au) = {A € C:ker A(A) # {0}},
where the linear operator A(X) : X, — X, is defined for A € o(Ay) and z € X, by
ANz = Az + Az — L(eMz).
The domain D(A(\)) is given by
D(A(N) ={zr € X, 2 € D(A) and Az — L(e*z) € X, }.
For x € X, and )\ € C, the function e*x € C, is defined by
(e*z) (0) = Mz for 6 € [-1,0].

By Proposition 2.7 and [9, Theorem 5.3.7, p. 333], we obtain the following spectral
decomposition of the phase space C,.

Theorem 4.1. C, is decomposed as follows
Ca=5aYV,
where S is U-invariant space and there are positive constants n and N such that

U (t) ple, < Ne ™ |glo. fort>0andpeS,
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V' is a finite dimensional space and the restriction of U to V is a group.

Let C* be the dual space of C, and d = dim(V') with a basis of V' given by ® = (¢, ..., @q).
Then there exist d elements ¥4, ..., 1, in C} such that

<¢Z7¢]> :51']'7 fOI' i,jil,...,d, (4 1)
(i, ) =0, forall g € Sandi=1,...,d, ‘
where
0 if i %,
and (.,.) denotes the duality pairing between C: and C,. Let ¥ = col (¢4, ..., %4). Then
(U, @) is a d x d-matrix where its (4, j)-component is (¢;, ;). Denote by II* and II" the

projections respectively on S and V, and by U® (¢t) and U" (¢) the restrictions of U (¢)
respectively on S and V. For each ¢ € C,, we have

I"p = (¥, p).

%—{ 1 if i =7,

d

In fact, for ¢ € C,, we have ¢ = II*¢ + IT%¢ with T’ = > a;¢; and a; € R. By (4.1),
i=1

we conclude that

Q; = <¢Za§0> .

Hence J
My = Z (Yi, ) i = D (¥, ) .
i=1

Since (U (t)),cg is a group on V/, then there exists a d x d-matrix G such that
UY (t) D = ®e'“ for t € R.
Moreover, o (G) = {\ € 0 (Ay) : Re(\) > 0} where A;, is the infinitesimal generator of
(U(1))i=0. For i € {1,...,d}, we define the linear mapping z;,, by
z}, (a) = (¢, A"a) forn >ngand a € X.

M
* * *
Define the d-column vector x; = col (mlyn, sy mdyn). Then

(¥, a) = (U,A"a) fora € X

ni

where for 1 =1, ...,d

(27, a); = (i, A"a) .
Let £(X,R?) denote the space of bounded linear operators from X to R<.

Theorem 4.2. There exists z* € L(X,R?) such that (z},)
sense

.
nsne CONUETgES to T in the weak

(xr, ) - (x*,x) forze X.
For the proof of Theorem 4.2, we need the following lemma.

Lemma 4.3. Let w(.,0,0, f) be the solution of Equation (1.1) with ¢ = 0 and t > o.
Then

M 0,0, f) = @ Tim | €006 (2 7€)y de.

N
n—+oo [
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Proof of Lemma 4.3. The solution (., 0,0, f) of Equation (1.1) with ¢ = 0 is given

by
w0, = i [ u-9 @) e
Then
W(o0.0) = i [ U (6= 0 (4" €) de.
Since

II" (A" f(£)) = (P, A" f(£)) = @ (27, f(£)),
it follows that

Mu0,0, 1) =@ Tim_ [ =96 (W, A" f(€)) de,
Ot

=@ lim_ [ <096 (2, f(6))de. O

n—-—+0oo
+ a

Proof of Theorem 4.2. Let z € X be fixed and consider Equation (1.1) with the
constant function f(.) =z, 0 =0 and ¢ = 0. Then for ¢ > 0

Muy(.,0,0,2) = ®Z(t, ),
where Z(t, ) € R%. On the other hand, by Lemma 4.3

t
u(.,0,0,7) = ® lim (/ edef) (T3, 7).
0

n—+oo

It follows that

Jim (/Ot eS9de (a7, w>) = %(t, x). (4.2)

to
Let o > 0 be such that / ef¢d¢ is invertible. Then
0

to -1
lirf (@), ) = (/ engQ“) Z(tg, z) for z € X.
n—-+0oo 0

By Banach-Steinhaus’s theorem, we deduce that there exists z* € £(X,R?) such that

(x}, ) - (x*,x) forz e X.O

As a consequence of Theorem 4.2 we obtain that

Corollary 4.4. For any continuous function e : R — X, the following formula holds for
t,o eR

lim tuv (t — & T (A"e(&)) dé = @ / teH)G (%, e(§)) d€.

—
n—+oo [

Using the above corollary we get a new reduction principle.
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Theorem 4.5. (Reduction Principle). Let u be a solution of the following equation

(1.1). Then, z (t) = (¥, u;) s a solution of the following ordinary differential equation
T (t) =Gz (t)+ (z", f(t)) for t>o0. (4.3)

Conversely, if f is a bounded function on R and z is a solution of Equation (4.3) on R,

then the function u given fort € R by
t

)= oz )+ Jm_ [ w1 s©)de| 0)
is a solution of the following equation in the whole real line
4,
dt
Proof. Let u be a solution of Equation (1.1) on R. Then for t > o, we have

(t) = —Au(t) + L(ug) + f(t) fort € R. (4.4)

Uy = HSUt —+ Hvut
and
t
W = U (¢ = o) W, + fim | 06— )T (A" (6) .

Since T°u; = ® (¥, u,), then by Corollary 4.4 we get that

BOV) = (o) @ () + @ [ 07 o p(e) e

(o8

= Delt=0IG (W, ) + / -6 (e (6)) de.

Let z (t) = (¥, u;). Then for t > o

t
oAt) = (o) + [ 9 p)de.
Consequently, z is a solution of the ordinary differential Equation (4.3) on R. Conversely,
assume that f is bounded on R. Then,
t

dim [we (- e (A () de
is well defined on R. Let z be a solution of (4.3) on R and consider the function v defined
on R by

t

ot) =0z () + lim [ U (t =TI (AF(E)) dE.

Let t,o € R. Since

2(t) = €09 4(0) + / -9C (17 f(€)) de,

g

and using Corollary 4.4, the function vy given by

v1(t) = Dz (t)
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satisfies
t

v () =U"(t —o)vi(o) + Tim [ U (t = &I (A"f(E)) dE.

n—+oo J
Moreover, the function vy given by
t

w()= lm [ U (- I (A f(€)) de.

S
n—+oo J_ o

satisfies for t > o the following expression
¢

v(t) =U(t —o)vz (o) + lim [ U (t = I (A"f(€)) d&.

g

Let ¢t > 0. Then
Ut—oc)v(o) =U (t—0o)v(o)+U5 (t— o) va(o),

= (t) — lim /tu“(tﬁ)ﬂ” (A"f(£)) dg

n—-+00

t

oolt) = Tin [ U e — €T (A" (€)))de,

g

—o(t) — lim / Ut~ €) (A" () de.

n—+o0o

Therefore .

v(t)=U({t—0o)v(c)+ lim Ut =& (A" f(&))dE.

—
n+oog

By Theorem 3.1, we obtain that the function u defined by u(t) = v (¢) (0) is a solution of
Equation (4.4) on R. O

5. Almost automorphic solutions

In this section, we study the existence of almost automorphic, almost periodic and periodic
solutions of Equation (4.4). We need to recall some results on this topic. Let BC(R,Y)
be the space of all bounded continuous functions from R to Y provided with the uniform
norm topology. For k € BC(R, V) and 7 € R, we define the function k. by

kr(s) = k(r+s) forall s € R.
Definition 5.1. [12] A continuous function k : R — Y is said to be almost periodic if
{k. : 7 € R} is relatively compact in BC(R,Y).

Definition 5.2. [23] A continuous function k : R — Y is said to be almost automorphic
if for every sequence of real numbers (s),), there exists a subsequence (s,), such that

lim k(t + s,,) = x(¢t) exists for all ¢ in R

and
lim x(t — s,) = k(t) for all¢tin R.

n—oo
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Remark 1. Because of the pointwise convergence, the function x is just measurable but
not necessarily continuous. Almost periodic functions are almost automorphic.
Remark 2. An almost automorphic function may not be uniformly continuous.
Example. Let £ : R — R be defined by

k() = sin (2 T cos(?) 1+ cos(ﬂt)> '

Then, k is an almost automorphic function which is not uniformly continuous on R.
Remark 2 and the above example are very important and indicate that many results
and methods in the theory of almost periodicity may not stand in almost automorphy
framework.

We recall the results about the existence of periodic, almost automorphic and almost
periodic solutions for the ordinary differential equation (1.3).

Theorem 5.3. [19] Assume that b : R — R" is 7-periodic. Then the existence of a
bounded solution on R of Equation (1.3) implies the existence of a T-periodic solution of
Equation (1.3).

Theorem 5.4. [12, Theorem 5.8, p. 86] Assume that b : R — R" is an almost periodic
function. Then the existence of a bounded solution on R of Fquation (1.3) implies the
existence of an almost periodic solution of Equation (1.3).

Combining Theorem 3.1 and Lemma 3.3 in [18], we obtain the following theorem which
gives the relationship between the existence of bounded solution on Rt and the existence
of almost automorphic solutions of ordinary differential equation (1.3).

Theorem 5.5. [18] Assume that b : R — R" is an almost automorphic function. If
FEquation (1.3) has a bounded solution on R™, then it has an almost automorphic solution.

Now, we state and prove a theorem on the existence of almost automorphic, almost
periodic and periodic solutions for Equation (4.4).

Theorem 5.6. The ezistence of a bounded solution on R of Equation (1.1) implies the
existence of an almost automorphic (resp. almost periodic, resp. T-periodic) solution of
Equation (4.4) if f is almost automorphic (resp. almost periodic, resp. T-periodic).

Proof. Let u be a bounded solution of Equation (1.1) on R*. By Theorem 4.5, the
function z(t) = (¥, u,) is a bounded solution on RT of the ordinary differential equation
(4.3). Moreover, the function s defined on R by

(1) = (2%, [ (1))

is almost periodic (resp. almost automorphic) from R to R? if f is almost periodic (resp.
almost automorphic). By Theorem 5.4 (resp. Theorem 5.5), we get that the reduced
system (4.3) has an almost periodic (resp. almost automorphic) solution z. Consequently,
®Zz(.) is an almost periodic (resp. almost automorphic) function on R. By Theorem 4.5,
the function u(t) = v(¢)(0) such that

t

o) =OE(0)+ lm [ U (- T (A () de,
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is a solution of Equation (4.4) on R. To end the proof, we show that the function defined
on R by

t

y(t) = lim U (t = &I (A" f(€)) dg

—
n—too /o

is almost periodic (resp. almost automorphic). In fact, if f is an almost periodic function

then for any sequence of real numbers (O‘;’)pzo there exists a subsequence (ap)pzo C

(a;)pw such that f(. + «,) converges uniformly on R to some function f and y(. + ap)
converges uniformly on R to the function
t
0= tm [ w(-m(Af()de
n—-+oo — 0
Consequently, y is an almost periodic function and v is an almost periodic solution of
Equation (4.4). Assume that f is almost automorphic. Then for any sequence of real

numbers (O‘z/o)pzo there exists a subsequence (ay) - of (O‘;))pzo such that for t € R

lim f(t + a,) = h(t)

and

lim A(t — o) = f(t).

p—o0

Then for t € R

t+ayp
o) = tm [ U (o, - T (A (€)
which gives that

t

ylt+ap) = lim [ U (E= T (A (€ +ay)) de.

Lebesgue’s dominated convergence theorem implies that
y(t+ a,) — w(t) as p — oo,

where w is a function defined for ¢t € R by
t

wit) = l [ w(e- g (A"h (g)) de.
Then for t € R

wit—a,)= lm [ U (- (Ah(E~ay))de.

Using the same argument as above, we can prove that
w(t —a,) — y(t) as p — oo.

Consequently, we conclude that y is an almost automorphic function and v is also an
almost automorphic solution of Equation (4.4). The periodic case can be treated by using
the same approach and Theorem 5.3. O

In the next, we investigate the existence and uniqueness of periodic, almost periodic and
almost automorphic solutions in the case where the semigroup (U(t)),-, is hyperbolic.
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Definition 5.7. We say that the semigroup (U(t)),, is hyperbolic if
o(Ay)NiR = 0.

The eventual compactness of the semigroup (U(t)),, implies the following result on the
spectral decomposition of the phase space C,.

Theorem 5.8. Assume that the semigroup (U(t)),s, is hyperbolic. Then the space Cq is
decomposed as a direct sum of two U-invariant closed subspaces S and V' such that the
restriction of (U(t)),~, on V' is a group and there exist positive constants Ny and 1 such

that
Ut)ole, < Noe ™ [pl,, fort>0 and ¢ €S,
Ut)ole, < Noe™|ple, fort <0 and ¢ €V.

As a consequence of the hyperbolicity we get the following theorem.

Theorem 5.9. Assume that the semigroup (U(t)),s, is hyperbolic. If f is bounded on R,
then Equation (4.4) has a unique bounded solution w on R which is given by
t

—+00
w = lim w(t—g)HS(A”f@))df—nETm/t U (t — &I (A" f(€)) d€.

N
n—-+oo o0

Moreover, w is almost automorphic (resp. almost periodic, resp. periodic) if [ is almost
automorphic (resp. almost periodic, resp. periodic).

Proof. The function w is well defined and bounded on R. In fact, for every ¢t € R we
have ™
lw(t)a < f\f\(lﬂs\ﬂﬂvl),

where |f| = sup |f(s)|. Moreover, for all ¢ > o we have
s€R

w, = lim /U us(t—5)Hs(A"f(g))d§+ngr+noo/w(t—ﬁ)HS(A"f(f))dﬁ

—
n—+oo | _ o

o —+o0
- nm/tuv(t_g)nv(/\nf(g))dgngrfoo/ U (t— &I (A" f()) de.

n—-+00

t

= U(t—o)ws+ lim | U(E—€) A f(E)de.

This means that w is a bounded solution on R of Equation (4.4). For uniqueness, assume
that there exists another bounded solution w of Equation (4.4). Then for t > o,

Wy *’[Dt :u(t* O') (U}U *1’1\]10-)
and
|TT* (wy — @t)|ca < Nye "t=9) ITT° (wy — Wy ) |c,,-
Since w, — w, is bounded, we get by letting 0 — —o0
Hs (U)t — 'lI)}) = 0
It follows that
Wy — ﬁ]it ev.
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Since U"(t) is a group, then for ¢t < o
Wy — wt :Z/lv(t — 0') (’LUO- - @0) .
Then
lwy — Wy, < Noe"™ 7wy — Wole, -
Letting 0 — 400, we get
wy, = wy for all t € R.

This proves that Equation (4.4) has a unique bounded solution on R. By Theorem 5.6, this
unique bounded solution w is almost automorphic (resp. almost periodic, resp. periodic)
if f is almost automorphic (resp. almost periodic, resp. periodic). O

6. Applications

To apply our theoretical results, we consider the following model of partial differential
equation with several delays

0 n 3] 0 n 0
&v(t, T) =30 o (aij(x)a—%v(t, CE)) —agv(t,®) +e) ﬁ_xiv(t —7;,1)

0
+ B (t+0,z)d0 + O (t,z) fort> o and x €,

—Tn+41

v(t,z) =0 fort > o and = € 09,

v(o+0,x) = ¢o(0,z) for € [-r,0] and z € Q,
(6.1)

where o € R, ay and ¢ are positive constants, r = max{ry,.....,r,41}, Q is an open
bounded set in R" with a smooth boundary 99, 3 € L?([—r,41,0];R), © : [0, +00) x Q —

7

R is continuous, the initial data ¢g : [—r, 0] X — Ris defined in the next. The coefficients
a;; € L>(Q) are symmetric and satisfy the ellipticity condition, namely,

n

Y ay(@)&&; = vlEf for x € Q and € € R,

5,J=1
for a positive constant v.

In order to rewrite Equation (6.1) in the abstract form, we introduce X = L? (Q) and we
define the linear operator A: D(A) C X — X by

D(A) = H*(Q) N Hy (),
n 0 0
A=— Zi,j:l 8_1’2 <am($)a_%) .
Lemma 6.1. [24, Theorem 7.3.6] —A is the infinitesimal generator of a compact analytic

semigroup (T(t))i>0 on X. Moreover, the spectrum o(—A) is the point spectrum and
o(=A) ={ A\ :n €N} where ... < App1 < Ay < ... < Ao < 0.
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Lemma 6.2. |V| and |.|, are equivalent on D(A2). More precisely, we have
2

VYV <Joly <\ ] max Jai . [V,
<i,j<n
where V is the gradient vector.

Proof. Since the coefficients a;; are symmetric, then the operator A is self-adjoint. Then
for ¢ € D(Az)

(A, ) = (A2g, A7) = [A2] = [y]3.
On the other hand, we have

() =~ 3 [ 5 (aste)gvt)) taras

Using the ellipticity condition, we obtain

n o 2
A = 2
( ’”’¢>Z”;/Q<aﬁ(“’>> dr = vV

Consequently,
N
From (6.2), we obtain

= 0 0
() < o ol 3 [ 0@l viw)lde

i,j=1

By Young’s inequality, we obtain

1 « o > 1o ?
A < I il
(A9.4) < 1?3,?§n|a”|L°°2i;/g ( oz /| ‘axjw(x) )d”’
n a 2
< 12}7?§n|ai,j|mo ;/ﬂ aml@ﬂ(ﬂf) dr,

< max Jag |, [VoP.
<n

1<i,j
Consequently,
< -
[Yly </ 8% [ail e [VY]. O
The following Lemmas are needed to show the well posedness of Equation (6.1).

Lemma 6.3. Let ¢ € C%. Then

©(.)(x) € L*([-r,0]) for a.e. x € Q.
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Proof. Let ¢ € C1. Then ¢ € C([—r,0]; X'), which implies that

sup/|<p 2))? dz < oo,

[ [l i <o

By Fubini’s Theorem, we get

/(/ 10(6) |d0>d:c<oo

/|30 |d9<oof0raex€ﬂ O

and

Consequently,

Let us introduce the linear operator L : C; — X defined for ¢ € Cé by

L(¢) = —agp(0 +sza ) / B(0)b(6)d6.

N
Proposition 6.4. L is a bounded linear operator from C% to X.
Proof. L is decomposed as follows

L =1L+ Ly,
where L; and L, are defined for ¢ € C 1 by

Li(p) = —app(0) +e >0 ' 92 sﬁ( ri),
Lale) = / B(6)(0)db.

—Tn4+1

It follows in L2-norm that

o) < lal |60+ 3 | o(-r

On the other hand, by Lemma 6.2 we have for i =1,....,n

()| < Vel < 7= lol-r2)

Therefore,

[(0)] < |4~

OF
Consequently, we deduce that L is a bounded linear operator from C% to X. Lemma 6.3
implies that (.)(z) € L*(—r,0) and

0

ILa() (2)? < / 5(6)2d6 / (0 ()] db.
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Then
0

[@Pas [ pors [ ([ uowke) s

and

0 0

13(6)” do / o(0)2db.

—Tn+41

ILa(p)]? < /

—Tn+1

It follows that

La(o) < |47

2 [0 0 s
[ wera [ atere

—Tn+1

and

1|2 o
o) < [ ([ 1500 a0) 1ok,
—Tn+41 2
Consequently, L is a bounded linear operator from C 1 to X. O
Let f: R — X be defined by
f(t)(z) =0O(t,x) for t € Rand z € Q,

and
u(t)(x) =v(t,x) fort > o and x € Q,
0(0) () = po(0,x) for § <0 and x € Q.

Then Equation (6.1) takes the following abstract form

%u(t) — _Ault)+ L(w) + f(t) fort > o,

(6.3)
Us =@ €Cy = C([-r,0] ;X%).

Let p € C%. By Theorem 2.4, there exists a unique solution u of Equation (6.3) on
[0 — 71, 400).

Let (U (t)),>, be the solution semigroup on C1 of Equation (6.3) and Ay be its infinitesimal

generator (see Preposition 2.5 and Proposition 2.6). In order to obtain the hyperbolicity
of (U (t)),5, we add the following assumption

Ay [ 16®)d0 < ao

—Tnt1
The next important result is needed to prove the hyperbolicity of (U (t)),-

Lemma 6.5. There exists €9 > 0 such that for ¢ < eg and for A € C with Re(\) > 0, we
have

n a
. —Ar;
{ue«:.Re<sz}Cp<—A+€§e a)

0 :
where p (—A +ed, e_’\”8 ) denotes the resolvent set of the differential operator

" 0
—A —An
+é ; e 92

(2



Proof. Let A, ;1 € C be such that Re(\), Re(u) > 0. Then p € p(—A) and
it Ay e (oS e DRy (ur v ),
i1 5%1 i—1 8’El ’
For i = 1,...,n, we have in L?-norm

0
—Ar; _ < _
‘e _8x,;R(M’ A)' < |VR(u,—A)].

Lemma 6.2 implies that for ¢ € L*(Q2)

1

Rlu,—A)qg| < — |R(u, —A)q|1 .
IVR(, —A)q| < 7 | R (1, —A)gls

On the other hand,

+oo

Az R(u, —A)q :/ e MAZT(t)qdt.
0

From (v) of Theorem 2.2, we obtain that

+00 e()\ofReu)t
Rlu—A)ly <My [ e
2 2 0 t§
and
+o0 eAUt
R, — )]s < M;/ ot
2 *Jo t2

Using formula (3.2), we get

IV R(s, ~A)| < My YT
2 _)\OV
It follows that
u 0 NS
=7,
R —A)| <enM: .
gge aﬁl’, (M? ) SEn 5\/T01/

—)\()V

Let ¢g =
0 nM% e

. Then for € < gy, we have

< 1.

"N, 0
526 Ala—xiR(lLL, —A)
i=1

Hence the operator
- 0
I- T R(u,—A
e ; e g Bl =4)
is invertible. This implies that for € < g¢.
peEp —/Heia”’ii O
i=1 Oi |-

Proposition 6.6. Let ¢ < gy. Then, o(Ay) C {\ € C: Re()\) < 0}.
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Proof. Let A € o(Ay), then there exists y € D(A), y # 0 such that A(A\)y = 0, where
A(])) is given by
0

g 0
ANy = My + Ay + apy — E e_’\”—amy— (/
i=1 ¢ -

which implies that

n e a 0
)\y+Ay+a0y—sze ’\"%y— </
i=1 ¢ -

Tn+1

ﬁ(@)e%) y, for y € D(A)\{0},

Tn+1

5(9)@%9) y=0

and
0

A+ ag — B(0)eMdo € o, (—A +ey e_)‘”%> .
i=1 i

—Tn+1
We proceed by contradiction and assume that there exits a characteristic value A such
that Re A > 0. By assumption (A,), we can see that
0
Re(\) + ag — / 5(0)eRN cos(Im(X)6)dd > 0.
—Tn+41

Lemma 6.5 implies that
0

A+ag— B(0)eMdl € p <—A + EZ@AT1£> .
i=1 g

—
This gives a contradiction. Consequently,
o(Ay) c{AeC:Re(N) <0}. O

Which implies that the semigroup (U(?)),-, is hyperbolic.

In the next, we suppose that © : R x 2 — R is continuous, in order to obtain a unique
bounded solution on R of the following equation

%u(t) = —Au(t) + L(u) + f(t) forteR, (6.4)

we assume that

(A,) For every ¢ € R, the function ©(¢,.) € L (2) and the function f : ¢ — O(f,.) from
R to L* () is continuous and bounded, namely,

sup (/ |@(t,x)|2d:p> < +00.
teR \Jo

Corollary 6.7. Let € < g9. Then Equation (6.4) has a unique bounded solution on R.

Proof. By Theorem 5.9, Proposition 6.6 and Assumption (A,), we conclude that Equa-
tion (6.4) has a unique bounded solution on R. O

Thanks to Theorem 5.9, we obtain the following result.

Corollary 6.8. If the function f is almost automorphic (resp. almost periodic, resp.
periodic), then the only bounded solution of Equation (6.4) is almost automorphic (resp.
almost periodic, resp. periodic).
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Example. (i) Let
O(t,x) = (sin(at) + sin(5t)) O (z),
where % ¢ Qand g : Q@ — Risin L?(Q). We deduce that the function f : R —L?(Q)

is almost periodic.

(ii) As an example of almost automorphic function, we propose

. 1
olt, ) =sin (2 + cos(t) + cos(ﬁt)) So(@),

where Oy is the same function as in (i).
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