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Abstract. This paper presents necessary and sufficient conditions for uniform exponential
trichotomy of nonlinear evolution operators in Banach spaces. Thus are obtained results

which extend well-known results for uniform exponential stability in the linear case.
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1 Introduction

One of the most notable results in the theory of stability of linear evolution
operators has been proved by Datko in [B]. Generalizations of this result
were obtained in [[[], [H], [[i] and [[[4] for exponential stability, in [[] and L]
for exponential instability and in [§, [[0] and [L§] for the case of exponential
dichotomy.

In this paper we shall extend these results in two directions. First, we
shall consider the case of uniform exponential trichotomy property ([g], [l
[, [[3)) and second, we shall not assume the linearity of evolution operators.

A unified treatment for uniform asymptotic behaviors (exponential de-
cay, exponential growth, exponential stability, exponential instability, expo-
nential dichotomy, exponential trichotomy) of nonlinear evolution operators
is given. Examples that motivate the extension of the asymptotic behav-
iors for the nonlinear case are given in [f. In our paper we obtain some
theorems which extend well-known results for uniform exponential stability
established in the linear case.

Let X be a real or complex Banach space. The norm on X will be
denoted by ||-||. The set of all mappings from X into itself is denoted by
§(X). Let T be the set of all pairs (¢,tg) of real numbers with the property
t>t9 > 0.



2 Evolution operators

Definition 2.1 A mapping E : T — §(X) is called evolution operator on
X if it has the property

E(t,s)E(s,tg) = E(t,tg), Y(t,s),(s,tg) € T. (2.1)

In order to emphasize the necessity of extending the study of evolution
operators in the nonlinear setting, we will consider the next

Example 2.1 Let us consider the Cauchy problem

{ O(t) = Av(t), t >0
v(0) = vy

on a Banach space X with nonlinear operator A. If A generates a nonlinear
strongly continuous semigroup (S(t))i>o0, then E(t,s) = S(t — s), where
t > s >0, defines an evolution operator on X.

Definition 2.2 The evolution operator E : T — §(X) is said to be with
(i) uniform exponential decay if there exist M > 1 and w > 0 such that

1E(s, to)z|| < M= ||E(t, to)z]| (2.2)

forallt > s>ty >0 and all z € X
(ii) uniform exponential growth if there are M > 1 and w > 0 such that

IE(t, to)x|| < Me* =) || E(s, to)z|| (2.3)
forallt > s>ty >0 and all x € X.

Lemma 2.1 The evolution operator E : T — F(X) has uniform exponential
decay if and only if there exists a nondecreasing function f : [0,00) — (1, 00)
with the property

lim f(t) = o0

t—o0
such that
| E(s, to)z|| < f(t—s)[|[E(t, to)x||

forallt > s>ty >0 and all z € X.

Proof.
Necessity. 1t follows from Definition .9 (i) for f(t) = Me“".
Sufficiency. If t > s > ty > 0 then there exists a natural number n such
that n <t —s <n+1. If we denote M = f(1) and w = In M, then by
hypothesis we have

IE(s, to)zl| < M | E(s + 1,to)a| < M? || B(s + 2, to)|| <



< M™||E(s +n,to)z|| < M| E(t, to)z]| =
= Me™ | E(t, to)al| < M=) | B¢, to)a |
forallt > s>ty >0andall z € X.
Finally, we conclude that E has exponential decay. U

Lemma 2.2 The evolution operator E : T — F(X) has uniform exponential
growth if and only if there exists a nondecreasing function g : [0,00) —
(1,00) with the property

lim g(t) = o0

t—o0
such that
|E(t, to)z|| < g(t —s) || E(s,to)z]]

forallt> s>ty >0 and all x € X.

Proof. It is similar with the proof of Lemma P.1]. O

3 Uniform exponential trichotomy of evolution op-
erators

Let E be an evolution operator on the Banach space X.

Definition 3.1 An application P : Ry — F(X) is said to be a projection
family on X if
P(t)> = P(t), Vt € R,. (3.1)

Definition 3.2 Three projection families Py, P1, Py : Ry — §(X) are said
to be compatible with the evolution operator E : T — F(X) if

(Ctl) P()(t) + Pl(t) + Pg(t) =1,Vt>0

(cta) P(t)P;(t) =0, 4,5 € {0,1,2}, i #£j, V£ >0

(ct3) E(t,to)Pr(to) = Px(t)E(t,to), V(t,to) € T and k € {0,1,2}.

In what follows we will denote
Ey(t,to) = E(t, to)Py(to) = Pe(t)E(t, t0)
for all (t,tp) € T and k € {0,1,2}.

Remark 3.1 If E is an evolution operator on X, then Ey, E1 and FEo are
also evolution operators on X, fact proved by the following relations

Ek(t, s)Ek(s, to) = E(t, S)Pk(s)E(S, tO)Pk(tO) =

= Pu(t)E(t,t0) Pr(to) = Er(t,to0),
forallt > s>ty >0 and k € {0,1,2}.



Definition 3.3 An evolution operator E : T — F(X) on a Banach space X
1s said to be uniformly exponentially trichotomic if there exist Ny, N1, Ny >
1, vy, v1, 0 > 0 and three projection families Py, Py and Py compatible with
E such that
(ueto) || Eo(s, to)z]| < Noe™==) || Eg(t, to)x|| < Nge*0t==) || Eg(s, to)z]|
(uetr) e =) || Ey(t, to)z|| < Nu [|Ei(s,to)z]|
(uets) €”2(=5) || By (s, to)x|| < No || Ea(t, to)z]|
forallt > s>ty >0 and all z € X.

Remark 3.2 For Py = 0 we obtain the property of uniform exponential
dichotomy for evolution operators studied in [§], [14] and [1d]. It is obvious
that if the evolution operator E is uniformly exponentially dichotomic then
it is uniformly exponentially trichotomic.

Remark 3.3 If Py = P, = 0 the property of uniform exponential stability is
obtained, as in [, B], [A] and [13]. It follows that a uniformly exponentially
stable evolution operator is uniformly exponentially dichotomic and, further,
uniformly exponentially trichotomic.

Remark 3.4 Without any loss of generality, in Definition 3.4 we can sup-
pose that
N0:N1:N2:Nandl/1:1/2:l/

because otherwise we can consider
N = max{Ny, N1, N2} and v = min{v, s }.
Example 3.1 Let us consider X = R3 with the norm
|(z1, 22, 23)|| = |x1| + |22| + |23], * = (21,22, 23) € X.

Let ¢ : Ry — (0,00) be a decreasing continuous function with the property
that there exists tlim o(t)=1>0.
— 0

Then the mapping E : T — F(X) defined by

¢ . )
E(t, to)x = (6_ fto W(T)drxl, efto ‘P(T)deQ’ 6—(t—t0)<p(0)+ft0 SO(T)de?))

1s an evolution operator on X.
Let us consider the projections defined by

P1 (t)(.%’l, 9, .%'3) = (.%'1, 0, O)

PQ(t)(.’El,IEQ,IE:g) - (OaanO)
P3(t)($1,$2,$3) = (0,0,2?3).
forallt >0 and all © = (x1,x9,23) € X.



Following relations hold
IE(t, to) Pi(to)x)|| < e~ |E(s,to) Pi(to)) |

|E(t, to) Pa(to)x)|| > =) || E(s, to) Pa(to))||
IE(t,t0) Ps(to))|| < e?OU=) || E(s,t0) Ps(to))||
IE(t, to) P3(to)x)|| > e~ #OU=) | E(s,t0) Ps(to)x) |

forallt>s>ty>0 and all x € X.
We conclude that E is uniformly exponentially trichotomic.

Theorem 3.1 Let E : T — F(X) be an evolution operator on the Banach
space X with the property that there exist three projection families Py, Py
and Py compatible with E. Then E is uniformly exponentially trichotomic
if and only if there exist two nondecreasing functions f, g : [0,00) — (1,00)
with the property

tlim fit) = tlim g(t) = 00

such that
(uety) | Bo(s,to)x]| < f(t —s) [ Eo(t to)z|| < f2(t — s) || Eo(s, to)x]|
(uet) gt — s) | Er(t, to)z| < [ E1(s, to)z
(uety) g(t — s) | Ea(s, to)z|| < || E2(t, to)z|]
forallt>s>ty>0 and all z € X.

Proof. Necessity. As the evolution operator £ : T' — §(X) is uniformly ex-
ponentially trichotomic it follows from Definition B.J that there exist three
projection families Py, P; and P, compatible with FE such that Fjy has uni-
form exponential growth and uniform exponential decay, F4 is uniformly
exponentially stable and F5 is uniformly exponentially instable.

According to Lemma P.] and Lemma P.9 there exists a nondecreasing
function f :[0,00) — (1,00) with the property

tlim flt) =00
such that
| Eo(s,to)z|| < f(t—s) || Eo(t to)z|
and

1Eo(t, to)x|| < f(t = s) [ Eo(s, to)x||

forallt> s>ty >0andall z € X.

Hence (uety)) is proved.

By a similar proof as in Lemma P.]] one can characterize the properties
of uniform exponential stability for £; and uniform exponential instability



for Fy (see [[]) by means of a nondecreasing function g : [0,00) — (1, 00)
with the property

A () = oo
such that
g(t = s) [ Ex(t, to)z|| < || Ev(s, to)z|
respectively

g(t = 5) [[Ea(s, to)x|| < || Ea(t,t0)]]

forall t > s >ty > 0 and all x € X, which completes the proof of (uet})
and (ueth).

Sufficiency. According to Lemma P.1] and Lemma P.9, the two inequali-
ties of statement (uet;,) imply that Ej has exponential decay and exponential
growth.

The inequality (uet]) characterize the property of uniform exponential
stability for Fy and (uet}) shows that Es is uniformly exponentially unstable,
as in [[[J]. Thus, according to Definition B.3, F is uniformly exponentially
trichotomic. O

Definition 3.4 The evolution operator E : T — §(X) is said to be strongly
measurable if for every (to,x) € Ry x X the mapping t — ||E(t, to)z| is
measurable.

Theorem 3.2 Let E : T — F(X) be an evolution operator on the Banach
space X with the property that there exist three projection families Py, Py
and Py compatible with E such that the evolution operators 1 and Es are
strongly measurable.

Then E is uniformly exponentially trichotomic if and only if

(1) Ey and E1 have uniform exponential growth;

(1i) Ey and Eo have uniform exponential decay;

(1ii) there exists M > 1 such that following inequalities hold

t
/ |Bx(r,to)e || dr < M |Ex(s, to)a] (3.2)

and .
/ | Ba(r.to)e| dr < M || Ea(t, to)a] (3.3)

forallt> s>ty >0 and all x € X.

Proof. The property of uniform exponential trichotomy is equivalent with
the existence of three projection families Py, P, and P, compatible with F
such that Ey is with uniform exponential growth and uniform exponential
decay, F1 is uniformly exponentially stable and FEs is uniformly exponentially
instable.



It is sufficient to prove that if the evolution operator F; has uniform
exponential growth and satisfies (3.2) than it is uniformly stable. Indeed, if

we denote by
1 _/1 du
N 0 9(uw)

where function g is given by Lemma R.2, then

Eq(t,t tNEL(tt
Hlmwm:/\mmwmwg
N t—1 9(’5—7')

t
g/nammwmngmmnn
S

and hence
| E1(t, to)z|| < MN [|E(s, to)z|

forallt>s+1, s>ty >0andall x € X.
If t € [s,s + 1] then

1EL(E to)x]| < g(t = s) [|Ev(s, to)]] < g(1) [| B (s, to)]

for all s > tg >0 and all z € X.

Finally, we deduce that £7 is uniformly exponentially stable.

Similarly, it is sufficient to prove that if the evolution operator Es has
uniform exponential decay and satisfies relation (3.3), then it is uniformly
instable.

Indeed, if we denote by

1 Ldu

N Jy flu

where function f is given by Lemma P.1], then

[ E2(s, to)z]| /SJrl [ E2(s, to)z]| /SJrl
=23 2071 =232 07 gy < By (v, to)z| dv <
N s f(v—2s) V= s |2 (v, to)al dv <

t
< | [[B2(v,to)x]| dv < M || Ey(t, to)x||
to

and hence
[ E2(s,to)z|| < MN [|Ea(t, to)x||

forallt > s >ty > 0 and all x € X and so Es is uniformly exponentially
instable. O

Remark 3.5 Theorem [3. can be considered a generalization of a well-
known result due to Datko (Theorem 11 from [3]). We remark that our
proofs are not generalizations of Datko’s proof for the characterization of
the uniform exponential stability property.



References

(1]

C. Buse, On nonuniform exponential stability of evolutionary processes. Rend. Sem.
Mat. Univ. Polit. Torino 52 (1994), 395-406.

R. Datko, Uniform asymptotic stability of evolutionary processes in Banach spaces.
SIAM J. Math. Anal. 3 (1972), 428-445.

S. Elaydi, O. Hajek, Exponential trichotomy of differential systems. J. Math. Anal.
Appl. 129 (1988), 362-374.

S. Elaydi, O. Hajek, Exponential dichotomy and trichotomy of nonlinear differential
equations. Diff. Integral. Egs. 3 (1990), 1201-1224.

A. Ichikawa, Equivalence of Ly stability for a class of nonlinear semigroups. Nonlinear
Analysis 8 (1984) No. 7, 805-815.

H. Jianlin, Fxponential trichotomies and Fredholm operators. Ann. of Diff. Equations
9 (1993), 37-43.

M. Megan, On (h,k)-stability of evolution operators in Banach spaces. Dynamic Sys-
tems and Applications 5 (1996), 189-196.

M. Megan, D.R. Latcu, Ezponential dichotomy of evolution operators in Banach
spaces. Internat. Ser. Num. Math, Birkhéuser Verlag 107 (1992), 47-62.

M. Megan, A.L. Sasu, B. Sasu, Banach function spaces and exponential instability of
evolution operators. Archivum Mathematicum 39 (2003), 277-286.

M. Megan, A.L. Sasu, B. Sasu, On nonuniform exponential dichotomy of evolution
operators in Banach spaces. Integral Equations Operator Theory 44 (2002), 71-78.

M. Megan, A. Pogan, On exponential h-expansiveness of semigroups of operators in
Banach spaces. Nonlinear Analysis 52 (2003), 545-556.

M. Megan, C. Stoica, On asymptotic behaviors of evolution operators in Banach
spaces. Seminar on Mathematical Analysis and Applications in Control Theory, West
University of Timisoara (2006), 1-22.

M. Megan, C. Stoica, On null uniform exponential trichotomy of evolution operators
in Hilbert spaces. Annals of the Tiberiu Popoviciu Seminar on Functional Equations,
Approximation and Convexity 3 (2005), 141-150.

J.M.A.M. van Neerven, The asymptotic behavior of linear operators. Birkh&user Ver-
lag, 1996.

P. Preda, M. Megan, Ezponential dichotomy of evolutionary processes in Banach
spaces. Czechoslovak Mathematical Journal 35 (1985) No. 110, 312-323.

MIHAIL MEGAN

Faculty of Mathematics

West University of Timigoara
Bd. Parvan, No.4

300223 Timisoara

Romania

E-mail: megan@math.uvt.ro

CODRUTA STOICA

Department of Mathematics
Aurel Vlaicu University of Arad
Bd. Revolutiei, No. 77

310130 Arad

Romania

E-mail: stoicad@rdslink.ro



