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1. Introduction

Let (X,]|]]) be a Banach space, and let (X4, |-||z) for 0 < a < 1 be an arbitrary abstract
intermediate Banach space between D(A) (domain of the operator A) and X. In this paper,
we deal with sufficient conditions for the existence and uniqueness of pseudo almost
automorphic mild solutions to equation

%[u(t) + f(t, Bu(t))] = Au(t) + g(t, Cu(t)), teR, (1.1)

where A is a sectorial linear operator on a Banach space X and o(A) NiR = @, B, C are
bounded linear operators on X, f : R x X — X, ¢ : R x X +— X are jointly continuous
functions. This turns out to be a nontrivial problem due to the complexity and importance of
pseudo almost automorphic functions (e.g., see [1-8] and the references therein).

Upon making some additional assumptions, it will be shown that (1.1) admits a
unique X,-valued pseudo almost automorphic mild solution. Applications include the study



2 Discrete Dynamics in Nature and Society

of pseudo almost automorphic mild solutions to some nonlinear heat equation:

us(t, x) = Uy (t, x) + au(t, x) + g(t, g(x)u(t,x)), teR, x€[0,u],

(1.2)
u(t,0)=u(t,r)=0, teR,
where a € R is a constant, and g, g are continuous functions.

As a natural and important generalization of almost automorphy as well as pseudo
almost periodicity, pseudo almost automorphy has recently been investigated (for more
details, see [1-3]). Moreover, Liang et al. in [2] established a composition theorem about
pseudo almost automorphic functions; Xiao et al. in [3] obtained sufficient conditions for
the existence and uniqueness of pseudo almost automorphic mild solutions to semilinear
differential equations in Banach spaces. In particular, they proved in [3] that the space
(PAA(R, X), ||]le) of pseudo almost automorphic functions, endowed with sup norm, is a
Banach space, thus pushed the door open to study pseudo almost automorphic mild solutions
to various differential equations.

The method used here was firstly developed in [9], in which Diagana established
an existence and uniqueness theorem of pseudo almost periodic mild solutions to (1.1)
under some similar assumptions. Combining bounded invariance theorem of pseudo
almost automorphic functions established in [6] with composition theorem of pseudo
almost automorphic functions and completeness of the space (PAA(R, X), ||'||s), this paper
extends the results in [9], since such function as g(t,u) = usin(1/(2 + cos t + cos V2t)) +
maxkez{e’(&kz)z} cos u, t € R, u € X is not pseudo almost periodic, while they are pseudo
almost automorphic.

It should be pointed out that one can also make use of (1.1) to study several types
of evolution equations including partial functional differential equations, integro-differential
equations, and reaction diffusion equations.

2. Preliminaries

In this section, we collect some preliminary facts from [9-11] that will be used later.
Throughout this paper, N, Z, R, and C stand for the sets of positive integer, integer, real and
complex numbers; (X, [|-||), (Y, ||:|ly) stand for Banach spaces. If A is a linear operator on X,
then p(A), 0(A), D(A), ker(A), R(A) stand for the resolvent set, spectrum, domain, kernel,
and range of A. The space B(X,Y) denotes the Banach space of all bounded linear operators
from X into Y equipped with natural norm || Al|px,v) = sup, ¢y , 4 o(lAX]ly /llx]]). If Y = X it

is simply denoted by B(X) with ||Allpx) = sup .y , 4 oA /|x]]).

2.1. Sectorial linear operators and analytic semigroups

Definition 2.1. A linear operator A : D(A) C X — X (not necessarily densely defined) is said
to be sectorial if the following hold. There exist constants w € R, 6 € (or/2,7), and M > 0
such that

P(A) D Spw:={reC:\ # w,|arg(A —w)| < 0},
M (2.1)

<

where R(\, A) = (\I - A)™! for each A € p(A).
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Remark 2.2. If A is sectorial, then it generates an analytic semigroup (T (t));so, which maps
(0, o0) into B(X) such that there exist My, M1 > 0 with

IT(H)] < Moe**, t>0,
(2.2)
It(A-wDT®)|| < Mie”, t>0.

Definition 2.3. A semigroup (T (t)) is said to be hyperbolic, if there exist a projection P and
constants M, 6 > 0 such that each T(t) commutes with P, ker(P) is invariant with respect to
T(t), T(t) : R(Q) — R(Q) is invertible and

IT(t)Px|| < Me™®||x|| for t>0,
(2.3)
|IT(£)Qx|| < Me®||x|| for t <0,

where Q := I — Pand T(t) := (T(-t))"" for t < 0.
Recall that if a semigroup (T'(t)) is analytic, then (T(t)),s is hyperbolic if and only

if 0(A) NiR = & (see, e.g., [11, Definition 1.14 and Proposition 1.15, page 305]).

2.2, Intermediate Banach spaces

Definition 2.4. Let « € (0,1). A Banach space (X, |||l«) is said to be an intermediate space
between D(A) and X, if D(A) C X, € X and there is a constant C > 0 such that

Ixlla < Cllx|I"[lx[l%,  x € D(A), (2.4)

where ||-|| 4 is the graph norm of A.

Concrete examples of X, include D(A%) for a € (0,1), the domains of the fractional
powers of A, the real interpolation spaces D4 (a, o), a € (0,1), defined as follows:

Da(a, ) := {x €X: [x], = sup ||t (A - wl)e™T(t)x|| < oo},

0<t<1

lllla = [lx]l + [] s

Syareull

and the abstract Holder spaces D4 (a) := D(A) .

Lemma 2.5. For the hyperbolic analytic semigroup (T (t));s, there exist constants C(a) > 0, 6 >
0, M(a) >0, and y > O such that

IT(H)Qx|lx < C(a)e®|x|| for t <0, .
2.6
IT(t)Px|la < M(a)t e ||x|| for t > 0.
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Lemma 2.6 (see [9]). Let 0 < a < 8 < 1. For the hyperbolic analytic semigroup (T (t))o, there exist
constants ¢ >0, 6 >0, and y > 0 such that

AT (1) Qxlx < ce®|lx|ls  for t <O,
(2.7)
|AT (t)Px|la < ctP~* e ||x||p  for t > 0.

3. Pseudo almost automorphic functions

In this section, we recall some recent results on almost automorphic functions and pseudo
almost automorphic functions. Let C(R, X) denote the collection of continuous functions from
Rinto X. Let BC(R, X) denote the Banach space of all X-valued bounded continuous functions
equipped with the sup norm ||u||, := sup,llu(t)|| for each u € BC(R,X). Similarly, C(R x
X, X) denotes the collection of continuous functions from R x X into X, BC(R x X, X) denotes
the collection of all bounded continuous functions f : R x X — X.

Definition 3.1 (see [8]). A function f € C(R,X) is said to be almost automorphic if for every
sequence of real numbers (0,),,cy, there exists a subsequence (s;),cy such that

lim lim f(t+s,—s,)=f(t) foreachtecR. (3.1)

m—+oco n—+0oo

This limit means that

g(f) = lir? f(t+sy) (3.2)
is well defined for each t € R, and
)= lim g(t-s,) (3.3)

for each t € R. The collection of all such functions will be denoted by AA(R, X).

Theorem 3.2 (see [7]). Assume f, g : R — X are almost automorphic, and A is any scalar. Then the
following holds true:

(1) f+g Af, fo(t) = f(t+7)and f(t) := f(=t) are almost automorphic;
(2) the range Ry of f is precompact, so f is bounded;

(3) if { fu) is a sequence of almost automorphic functions and f, — f uniformly on R, then f
is almost automorphic.

Theorem 3.3 (see [7]). If one equips AA(R,X) with the sup norm |lull,, = sup,pllu(t)ll, then
AA(R, X) turns out to be a Banach space.

One sets

AA(R,X) = {f € BC(R,X) : rlergozl—rJ‘r If(s)lds = o}. (3.4)
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Definition 3.4 (see [2]). A function f € BC(R,X) is said to be pseudo almost automorphic if
it can be decomposed as f = g + ¢, where g € AA(R, X) and ¢ € AA((R, X). The collection of
such functions will be denoted by PAA(R, X).

Theorem 3.5 (see [3]). If one equips PAA(R, X) with the sup norm |[ull. = sup,.gllu(t)|, then
PAA(R, X) turns out to be a Banach space.

Definition 3.6 (see [2]). A function f € C(R x X,X) is said to be almost automorphic if
f € C(R x X, X) is almost automorphic in ¢ € R uniformly for all x € K, where K is any
bounded subset of X. That is to say, for every sequence of real numbers (0y,),,oy there exists a
subsequence (s,),cy such that

g(t,x) = lim f(t+ sy, x) (3.5)
n— -+
is well defined in t € R, for all x € K, and
f(t, x) = lir? g(t—5sp,x) (3.6)
n—+oo

foreach t € R and x € K. Denote by AA(R x X, X) the collection of all such functions.

One also defines AAp(R x X, X) as the collection of functions f € BC(R x X, X) such
that

1
R 67)

uniformly for any bounded subset of X.

Definition 3.7 (see [2]). A function f € BC(R x X, X)) is said to be pseudo almost automorphic
if it can be decomposed as f = g + ¢, where g € AA(R x X, X)) and ¢ € AA((R x X, X). The
collection of such functions will be denoted by PAA(R x X, X).

Theorem 3.8 (see [2]). Assume f = g+ ¢ € PAAR x X,X) with g(t,x) € AAR x X,X),
o(t, x) € AAY(R x X, X), satisfying the following conditions:

(1) g(t, x) is uniformly continuous in any bounded subset K C X uniformly for t € R;
(2) f(t,x) is uniformly continuous in any bounded subset K C X uniformly for t € R.
If x(-) € PAA(R,X), then f(-,x(-)) € PAA(R,X).

Remark 3.9. 1f X, for a € (0,1) is an intermediate space between D(A) and X, BC(R, X,),
AA(R,X,), PAA(R, X,) are equipped with the a-sup norm: ||u||c a0 = sup,cgllu(t)a, then they
all constitute Banach spaces in view of Definition 2.4, Theorems 3.3 and 3.5.

Theorem 3.10 (see [6]). Let u € PAA(R,Y), B € B(Y,X). If v(t) := Bu(t) for each t € R, then
v € PAA(R, X).
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4. Pseudo almost automorphic mild solutions

In this section, combining Theorem 3.10 with composition theorem of pseudo almost
automorphic functions (Theorem 3.8) and completeness of the space (PAA(R,X), |||le)
(Theorem 3.5), we will establish the existence and uniqueness theorem of pseudo almost
automorphic mild solutions to (1.1) under the following assumptions.

(H1) For 0 < a« < p < 1, Xp — X, — X are continuously embedded and there exist
ko >0, k(a) > 0 such that [lu|| < kol|ullg, [[ulla < k(a)||ulls for each u € Xp.

(H2) A is a sectorial linear operator on a Banach space X and o(A) NiR = @.

(H3) f = M+ ¢ € PAA(R x X, Xp) with t € AAR x X,Xp), ¢ € AAo(R x X,X;) and
g=N+¢ e PAAR x X, X) with N/ € AAR x X, X), ¢ € AA)(R x X, X).

(H4) The functions f, g are uniformly Lipschitz with respect to the second argument in
the sense that: there exists L > 0 such that

Ilftx) = ft, s < Lilx -yl
gt x) — gt Yl < Lllx -yl

(4.1)

forallt e Rand x,y € X.
(H5) M, N are uniformly continuous in any bounded subset K C X uniformly for t € R.
(H6) The operators B, C € B(X,, X) and w = max(||B||px,x), ICllBx.x))-

Definition 4.1 (see [9]). A function u € BC(R,X,) is said to be a mild solution to (1.1) if
s— AT (t —s)Pf(s, Bu(s)) is integrable on (-0, t), s — AT (t - s)Q f (s, Bu(s)) is integrable on
(t, +o0) and

u(t) = —f(t, Bu(t)) - J‘i AT(t-s)Pf(s, Bu(s))ds + ft+mAT(t —-5)Qf (s, Bu(s))ds

, (4.2)
+00
+ I T(t-s)Pg(s,Cu(s))ds — f T(t-s5)Qg(s,Cu(s))ds
—w t
for each t € R.
Lemma 4.2. Let assumptions (H1)-(H6) hold. Consider the nonlinear operator A, defined by
t +o0
(Aqu)(t) = J‘ AT(t-s)Pf (s, Bu(s))ds - I AT (t - s)Qf (s, Bu(s))ds. (4.3)
. t

Then, Ay maps PAA(R, X,) into itself.
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Proof. From (H1), (H3), (H4), (H5), we deduce that f = M + ¢ € PAA(R x X, X) with /M €
AAR x X, X), p € AAo(R x X, X), satisfying the following conditions.

(1) U (t,x) is uniformly continuous in any bounded subset K C X uniformly for t € R.

(2) f(t, x) is uniformly Lipschitz with respect to the second argument in the sense that
there exists koL > 0 such that

£t x) = f(t Yl < koLllx = yll, (4.4)

forallt € Rand x,y € X.

Let u € PAA(R,X,). Since B € B(X,,X), it follows from Theorem 3.10 that Bu(-) €
PAA(R, X). Setting h(-) = f(-, Bu(-)) and applying Theorem 3.8, we get that h € PAA(R, X).
Using (H1) and Theorem 3.10, we obtain that h € PAA(R, X;). Now, write h = ¢ + 11 where
¢ € AA(R,Xp) and 11 € AAo(R, Xp), then

(Aqu)(t) = It AT (t - s)P¢(s)ds + J-t AT (t - s)Pr(s)ds
- - (4.5)

t t
+ f AT (t - s)Qé(s)ds + f AT (t -5)Qn(s)ds.
Set

=(t) = J‘t AT (t - s)P¢(s)ds + It AT (t - s)Qé(s)ds,
—Q0 +oo (4.6)

I1(t) = f AT (t - s)Pn(s)ds + ft AT (t - 5)Qn(s)ds.

Next, we show that 2 € AA(R,X,) and IT € AA((R, X,).
Now, to prove that = € AA(R, X,). Let us take a sequence (0,),,cyy and show that there
exists a subsequence (s,),cy such that

lim lim ||2(t+ s, —Sm) —Z@)|la =0 for each t € R. (4.7)

m-—+ocon—+oo
Since ¢ € AA(R, Xp), there exists a subsequence (s,,),,cy such that

lim lim [|{(t+ s, —sm) —&(t)|l[p =0 for each t € R. (4.8)

m—+0o n—+oo
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On the other hand, we have

(t+8n—5m)

Z(t+s,—sm) —2(t) = f AT (t+ s, — sy —s)P&(s)ds — J AT (t — s)P¢(s)ds

—0o0

t+5,—Sm t
+ j AT(t+ sy — Sm — 5)Qé(s)ds — I AT (t - s)Q¢(s)ds

= f+wAT(s)P§(t + Sy — S —S)ds — I+WAT(S)P§(t —s)ds
0 0
(4.9)

- <fwAT(S)Q§(t + 8y — Sy —S)ds — J‘i) AT (5)Qé(t - s)ds>

o9]

= fooAT(s)P[g(t +Sp—Sm—5)—¢(t—9)]ds
0

- IO AT (s)Q[E¢(t+ 5, —sm—5) —é(t —s)]ds.

Passing to the norm |||, 0 < @ < 1, remembering the triangle inequalities, (2.7), then we
obtain that

+oo

IE(E+ 80 = Sm) = E(D)|la < L IAT (s)P[&(t + sp = 5m — 5) = §(t = 5)]llads

0
v f IAT(5)QIE (¢ + 50 — $m — ) — &(t - )]s
- (4.10)

+00
< cf P S&(t + 8y — 5y — 8) — &(t — 9) |
0

0
‘e f O \E(E + Sy — S — 8) — &(t — 5) s

Thus, (4.8) and Lebesgue dominated convergence theorem lead to (4.7), therefore, to = €
AA(R, X,). To finish the proof, we will prove that IT € AA((R,X,). It is obvious that IT €
BC(R, X,), the left task is to show that

1
lim lJ’ ITI(t)||.dt = 0. (4.11)
r—w2r)_,
Using (2.7), we have

1 T
0< lim ZJ ITI(E)||adt < T+ J, (4.12)
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where

I lim < dtj — )P L9 1(5) | pds

r—o 21

r— o T

= lim £ dtf P11t - 0)|pdo

+o0o r
= 1imcf ofalevo [lf ||71(t—o)||[5dt]do,
r— oo 0 21" _

(4.13)
J:= 11m— dtj e® 9 ||n(s)||pds

r— o T

r— o

.c "
= lim Zf_rdtf_mESGllﬂ(t - 0)|lpdo

= llch e [Zl—rf ||11(t—o)||ﬂdt]do.

1 — 00

Then, by the Lebesgue dominated convergence theorem and the fact that 7 € AA((R, Xp),
one has I = J = 0. Hence, IT € AA((R, X,) and we end the proof. O
Lemma 4.3. Let assumptions (H2)—(H6) hold. Define the nonlinear operator A, by

(Aqu)(t) = J‘i T(t-s)Pg(s,Cu(s))ds — f+wT(t -5)Qg(s,Cu(s))ds. (4.14)

t

Then, Ay maps PAA(R, X, ) into itself.
Proof. The proof is similar to that of Lemma 4.2, so we omit it. O

Theorem 4.4. Under the assumptions (H1)-(H6), partial hyperbolic evolution equation (1.1) admits
a unique pseudo almost automorphic mild solution if

0=Llw [k(a) + % + C((S“) + Cr(y’;__a 9, M(“)YE(F} L Y (4.15)

Proof. Firstly, define the nonlinear operator A on BC(R, X,) by

(Au)(t) = —f(t, Bu(t)) - f AT(t - s)Pf(s, Bu(s))ds + ft+wAT(t - 5)Qf (s, Bu(s))ds

+ It T(t-s)Pg(s,Cu(s))ds — I+WT(t - 5)Qg(s, Cu(s))ds (4.16)

t

= —f(t, Bu(t)) — (Au) (£) + (Au) ().
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Let u € PAA(R,X,), then f(-, Bu(-)) € PAA(R,Xs) C PAA(R,X,), as proved in Lemma 4.2.
Together with Lemmas 4.2 and 4.3, it follows that the operator A maps PAA(R, X,) into itself.
Secondly, we will show that A admits a unique fixed point in PAA(R, X,).

Let v, w € PAA(R, X,), then the triangle inequality reads

[(Av)(t) = (Aw)(D)la < [If (8, Bo(t)) = f (£, Bw(®))lla + [[(A12) () = (M) (B)]|

(4.17)
+[[(A20) (£) = (A2w) (F) -
By (H1), (H5), and (H6), we obtain
£ (t, Bu(t)) - f(t, Bw(t))ll« < k(a)L||Bo(t) — Bw(t)|| < k(a)Lw||v — |l a- (4.18)
By (H2), Lemma 2.6, (H5), and (H6), we obtain
t
(A1) (t) = (M) (t)|la < f |AT (t - s)P[f (s, Bv(s)) = f (s, Bw(s))]|lds
[ 1AT(= QU (5, Bo(s)) - £(5,Bro(s) lds
t
< cLw|v - w||mf (t—s)P o ler(t-9)gg (4.19)
+cLwl||v - w||m,aJ‘+me‘5(tS)ds
t
1" —
< Lo - wlloa [% . %]
Similarly, by (H2), Lemma 2.5, (H5), and (H6), we obtain
t
[(A20) (t) = (Aaw) (t)|la < f IT(t - s)P[g(s, Cv(s)) — g(s, Cw(s))]llads
[ I - 901505, Co) - (s, Cro(s)luds
< M(a)Lw||v = W||opn f t (t-s) e rt9)gs (4.20)

+o0
+ C(a)Lw||v — w0 f e®t9)ds
t

< Lal[ - ] | OO —0) | ch)] .

Yl—vc
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Combining the above inequality together, we obtain [|[Av — AW||eq < O||v — W||co,a, Where

C(a) . cI'(p-a) . M(a)T'(1-a)
o) Yﬂ—a Ylfa :

O = Lw|k(a) + % + (4.21)

Clearly, if © < 1, then the operator A becomes a strict contraction on PAA(R,X,).
Remembering that PAA(R, X,) equipped with the a-sup norm: ||[u|so = sup,gllu(t)|ls is a
Banach space by Remark 3.9, the classical Banach fixed-point theorem leads to the desired
conclusion. O

5. Application

Example 5.1. Take X := C[0, &r] equipped with the sup norm. Define the operator A by
Ap(¢) = ¢"(§) +ap(§), Vi€ (0,m), p € D(A), (5.1)

where D(A) := {¢ € C?[0,r], ¢(0) = ¢(;r) =0} C C[0,r] and a € R is a constant.

Clearly, A is sectorial, and hence is the generator of an analytic semigroup. If a # n?,
then A generates a hyperbolic analytic semigroup (T (t));s, on X.

Let

1
C*0,x], if0<a<=,

X = Da(a, 0) = L2 (5.2)
C210,o], if 5 <a<l,

where C2#[0,x] = {¢ € C?*[0,7], ¢(0) = () = 0} (see [10] for more details).
Define the operator C by

Co(é) =q(y(E), Vée(0,7), ¢ € D(C), (5.3)

where D(C) := {¢ € C[0, 7], ¢(0) = ¢(or) = 0} € C[0, ], then X, ¢ D(C) and ||C||px,x) =

llqlle = supge[o,ﬂ]q(é)-
Let

1 22
t,u) = usi + - (k) , teR, ueX, 5.4
g(tu) = usin 2 +cos t + cos /2t I?GaZX{e } cos " G4

then ¢ € PAA(R x X,X), g is Lipschitz with respect to the second argument with L =
2, MN(t,u) = usin(1/(2 + cos t + cosv/2t)) is uniformly continuous in any bounded subset
K ¢ X uniformly for t € R.
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Now the above discussion can be formulated as follows.

Proposition 5.2. Let g(t,u) = usin(1/(2+cos t+cos ﬁt))+maxkez{e‘(&kz)z} cosu, teR, ue
X. Suppose that the constant a # n* for n € N. Then, nonlinear heat equation (1.2) admits a unique
Xq-valued pseudo almost automorphic mild solution if

C(a) N M(a)I'(1-a) <1

2liglles | =5 e (5.5)
Appendix
Proof of Theorem 3.10. Write u = ¢ + ¢ where ¢ € AA(R,Y) and ¢ € AA(R,Y), then
v(t) = Bd(t) + By(t). (A1)
Set
©(t) = Bp(t),  W(t) = Byl(t). (A2)

We are going to prove that ® € AA(R, X) and ¥ € AA((R, X).
Let us take a sequence (0,),cn and show that there exists a subsequence (s;),,cy such
that

lim lim |®(t+s, —5,) —D()|| =0 for each t € R. (A3)

m—+oo n— +0oo
Since ¢ € AA(R, Y), there exists a subsequence (s;),cy such that

lim lim ||¢p(t+ 5, —Sm) —P(t)|ly =0 for each t € R. (A4)

m—+oon—+oo
On the other hand, we have

0 <Ot + 5p = 5m) = PB)[| = IB(t + 5p = 5m) = BB < IBllpv,30|P(E + 5n = 5m) = p(8) |-
(A.5)

Thus, (A.4) leads to (A.3), therefore, to ® € AA(R, X).
To complete the proof, we will prove that ¥ € AA( (R, X). In fact, it is easy to check
that ¥ € BC(R, X) and

1T 1
tim o Ol < [Bllce tim o [ 0t =0 (A.6)

Hence, ¥ € AA((R, X) and we end the proof. O
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