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Abstract. This paper is mainly concerned with the asymptotic stability of the solutions of a
perturbed abstract differential equation in Banach spaces. Let A be a generator of an expo-
nentially stable operator semigroup and let C(z), r > 0 be a linear bounded variable opera-
. . . . . od
tor. Assuming that the perturbation F(z,x) is sufficiently small norm for the equation d—); =

Ax+C(t)x+ F(t,x), we derive the Lyapunov asymptotic stability conditions. These results are
applied to partial differential equations.

1. Introduction

The problem of Lyapunov stability of infinite-dimensional dynamical systems has
received a considerable amount of interest in the past, see [3, 4, 5, 7, 10, 13, 14, 16].
One of the basic methods for the stability analysis is the direct Lyapunov method. By
that method, many strong result were established, see [5, 8], but finding the Lyapunov
functionals is usually a difficult mathematical problem. A fundamental approach to the
stability of diffusion parabolic equations is the method of upper and lower solutions. A
systematical treatment of that approach is given in [11].

Many problems in partial differential equations which arise from physical models can
be considered as ordinary differential equations in appropriate infinite dimensional
spaces, for which elegant theories and powerful techniques have recently been devel-
oped, see [1, 2, 9, 12]. The asymptotic stability of zero solution of the non-perturbed
parabolic equation was studied in [13, 14]. In the hypotheses from [13] and by assum-
ing that the perturbation is of sufficient small norm, the author proved the Lyapunov
stability and asymptotic stability of the zero solution of the perturbed equation. How-
ever, we extended in [15] previous results concerning the Lyapunov stability of some
non-autonomous nonlinear evolution equations in Banach spaces. Moreover, Gil [4]
investigated the stability of linear non-autonomous equations in a Banach space, which
can be considered as integrally small perturbations of autonomous equations. Recently,
Marx et al. [10] introduced the asymptotic behavior for nonlinear perturbed systems
with nominal linear part and the perturbed term is a nonlinear damping function via
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Lyapunov techniques in infinite-dimensional spaces. This result has been applied to the
Linearized Korteweg-de Vries equation and wave equation.

The aim of this paper is to study the Lyapunov stability and asymptotic stability of the
perturbed abstract differential equation based on the direct Lyapunov method when the
origin is an equilibrium point. We prove the existence and uniqueness of a mild solution
of the perturbed problem. In particular, we consider evolution equations with periodic
boundary conditions.

The remainder of this work is organized as follows. In Section 2, some preliminary re-
sults are summarized and assumptions are provided. The statement of the mains result
are provided in Section 3-4. Finally, an application is given in Section 5 to show the
effectiveness of our result. Our conclusion is given in Section 6.

2. Mathematical preliminaries

We will use the following notation throughout this paper: R" denotes the set of all
non-negative real numbers, X denotes a real or complex Banach space with the norm
||l.llx. D(A) denotes the domain of the operator A, c¢IM denotes the closure of a set
M and I the identity operator. For a bounded operator K, ||K|| is the operator norm.
Everywhere below A is a linear operator in X with domain D(A), generating a strongly
continuous semigroup T'(¢), that is,

A= lim M
h—0 h
in the strong topology, and C(¢), t > 0 is a linear bounded variable operator mapping
D(A) into itself. Put B(r) = A+ C(t).
Consider the non-autonomous abstract differential equation

dx =B(t)x(t) + F(t,x), 1>s520,
x(s) =a,

where x(1) € X is the system state and a fixed s € R*. Suppose now that the system
(1) satisfies the following assumptions:

(7#41) The operator A : D(A) C X — X is a closed linear operator with ¢/(D(A)) =X,
generates a strongly continuous semigroup on X, 7(¢), exponentially stable, that is,
there exist M > 1 and & > 0, such that ||T(¢)|| < Me™*, forany t € RT.

(%) The nonlinear mapping F, defined on the Cartesian product of R™ with a neigh-
borhood of 0 in X, is continuous, F(7,0) =0 for all # > 0, there exist # >0, D >0
and x1, xp in a neighborhood of 0 in X, satisfying the following inequality

F (t,x0) = F(2,32) | < D maxP (e [, 2 ]]) 1 =1 2)

Put .
J(1) = / Cluts)du, 130,
0
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and
m(t) = |AJ(6) ~J(O)BO), 1>0.

(88) Limswp(W )]+ [ IT(e=0)m(0)d6) < 1.

REMARK 1. It is shown in [12] that the fitness of the L' -norm of T, that is,

~+oo
| 1Tl <o

implies that 7'() is exponentially stable.

Obviously, x(¢) = 0 is a solution of equation (1). We study its stability (in the sense
made precise below).
With the non-autonomous equation (1), we associate the integral equation

M) =Tt —s)a+ /t T(t— 0)C(0)x(6)d6 + /t T(t— 0)F(0,x(0))d6.  (3)
Let s’ be a real number with 5" > s.

DEFINITION 1. We say that a function x(.;s,a) : [s,s'[— X is an A-mild solution
of problem (1) on [s,s'[ if it is a solution of (3), for any 7 € [s,s'[.

Obviously, a classical solution of (1) on [s,s'[ is also a solution of (3), hence an A-mild
solution of the above problem.

REMARK 2. Note that in [7], Ion studied this problem when C(¢), >0 isa
linear bounded constant operator and proved the stability and asymptotic stability of
the zero solution. Moreover, Gil [4] assumed the equation (1) when F(z,x) =0 and
under some conditions he proved that the system is exponentially stable.

Our concern regards the stability behavior of the equilibrium point X = 0. First, we
recall some definitions about stability in Lyapunov sense.

DEFINITION 2. ([6]) A classical (resp, A-mild) solution x(.;sg,ao) of problem
(1) is called stable if for every € > 0 and every s > so there is a 6 = §(g,s), such
that for every y € X with ||y —x(s;0,a0)|| < 0, the classical (resp. A-mild) solution
x(.;s,y) exits, is defined on [s,+oo[, and

||lx(2550,a0) — x(t35,y)|| <&, Vi=s=0.

For the asymptotic stability we take the following definition.

DEFINITION 3. A classical (resp, A-mild) solution x(.;sg,ag) of problem (1) is
called asymptotically stable if it is stable and for every s > 5o there is a & = §(s) > 0,
such that for y € X with ||y —x(s;s0,a0)|| < 8, the classical (resp. A-mild) solution
x(.;5,y) exits, is defined on [s, +oo[, and

| x(2;50,a0) — x(t35,y)[| — 0, ast — oo.
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The following Lemma will also be required in our investigations.

LEMMA 1. Let w(t), f(¢t) and v(t) (0 < s <t < b <) be functions whose
values are bounded operators. Assume that w(t) is integrable and f(t) and v(t) have
t

integrable derivatives on [0,b]. Then, with the notation j,(t) = / w(u)du, one has
0

[ st = 650 0n0~ [ @ v+ 10 0 (s 1<

Proof. Clearly,

%f(f)jw (W) = £/ (0)jw(O)v(e) + FOWEO(E) + £ () ju (V' (1)

Integrating this equality and taking into account that j,(0) = 0, we arrive at the re-
quired result. [J

3. Existence and stability of the origin of the perturbed problem
We consider 6}, = %,([0,4o0[) the space of continuous bounded functions from
[0,4oo[ to X, endowed with the supremum norm |x||o = sup ||x()]|.
0

(>

We define the operators H, Es, G, as follows:
H:X — %,
associating with a € X the function H(a) is given by
H(a)(t)=T(7)a, 1> 0;

for every s > 0,

Eg: 6, — 6,
given by
/ T(t—0)C(s+0)x(0)d6;
and
€y — b,
defined by
/ T(t— 0)F (s + 0,x(6))d6.

The fact that the operators H and G, take values in the space %), is a consequence of
Lemma 1 and 2 from [13]. On the other hand, we have the following inequalities:

|H 2(x,4,) <M,
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Gl < K[x|PT, vxe %,

and
1Gs(x) — Gs()llo < Kmax(|x[15, lyI15) b = yllo,  Vx,y €

with K = @
o
Assume that
V() < g <1, (qg=const;t = 0).

Then, by Lemma 1, we get
T
/ T(t—0)C(s+0)x(0)d6
0

=T(0)J()x(t) — /T [<M> J(0)x(8) +T((t—0)J(8)i(6)| d6.

0 do
But, ( )
dT(t— 0
Ve —AT(t—0).
Then,

/OTT(T— 0)C(s + 0)x(6)d0o
—J(0)x(7) +/OT T (v~ 0)[AJ(8) — J(6)B(6) — J(8)F(6,x(6))}x(6)do.
Thus, for x € %},
|Es(x) ()] <[V (2)x(7)] +/OT IT(z—6)[lm(6)|lx(6)[d0
+ [N = )@ 1F(0.x(6)) x(6) a0
<Lxllo+ Kqllx[lf .
By taking the supremum for T € [0, +eo[, we obtain
1Es()llo < Lilo+Kallx/lf .
The same method leads us to
1Es(x1) = Ey(x2) o < Llbei —xallo + Kg max(|x1 |5, 2 |5) v = 323, V1,22 € 6.

In the integral equation (3), where ¢ > s, let us set t —s = T and make the change
variable 0 — s = 0’. We obtain,

M(s+7) =T (t)a+ /0 "T(t— 0)C(s+ 6')x(s + 0')dO’
. @)
+/O T(t—60')F(s+ 6 x(s +0'))d6’.
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For every continuous function x: Rt — X and every s € R*, we define the function
x|y : RT — X, by x[s(0) = x(s+ 0), such that the previous integral equation can be
written as

x|s = Ha+ E(x]5) + Gg(x]5) (%)
Since x|y belongs to %}, equation (5) is equivalent to the fixed point problem
0= q)(av ¢)v

where ¢ : X x 6}, — 6, is given by
¢ =¢(a,9) = Ha+Es(¢) + Gs(9).

In the sequel, we will assumed some conditions that guarantee the existence and unique-
ness of solutions for the system (1).

1-L
THEOREM 1. Let r? +2qr{5+1 <5 If |la]| < ;_/11(1 —L—Kr{3 —Zquf“),
the mapping @(a,.) is an uniform contraction from B(0,r1) C €, to itself.

Proof. For any a € X and any ¢1,¢, € B(0,r) C %}, we have

lp(a, ¢1) = @(a,02)llo < [L+KrP +2KqrP ][ g1 — ga]lo-

We choose a positive real number r| satisfying the condition

1-L
L—l—[(r{3 _|_2qu{5+1 <l<= r? —|—2qr?Jrl < X
and find that, for ||@|lo < r1, @(a,¢) is an uniform contraction with respect to a. If
lal| < 7o, then
lo(a.0)lo < Mro+ (Krf +Karf ).

By imposing this last quantity to be less than 7|, we find the restriction
ro < ;—;(1 —L- Kr? - 2qu?+l).

This ends the proof of Theorem 1. [J

PROPOSITION 1. For every s > 0 and any ||a|| small enough, there is an unique
A-mild solution of problem (1).

Proof. We consider ||a|| < rp, with rg defined in the proof of Theorem 1. By
The Uniform Contraction Principle and Theorem 1, we have the existence of an unique
fixed point ¢*(a) € B(0,r;) C 6} of the mapping ¢(a,.). We define the function x :
[s,+oo[— X,

x(t;s,a) =" (a)(t —s), t = 5.

This is the solution of problem (3), that is, the A-mild solution of problem (1). This
ends the proof. [
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THEOREM 2. Assume that (741) — (523) hold. Then, the A-mild solution x(t) =
0,t >0, of equation (1) is stable.

Proof. The solution x(z) = 0 can be regarded as x(.;s0,0) for any so > 0.
For s > 0 and € > 0, we choose 6 < min{g,r; }, with

1-L
[3+1< ,

r? +2¢qr, X

and 5
01 = min{d, —(1 —L—K&P —2Kq8P ).

By Theorem 1, we have for ||a|| < 0; the A-mild solution x(z;s,a) exists for t > s, is
unique and ||x(z;s,a)|| < €, for any 7 > s. This finished the proof. [
4. Asymptotic stability of the origin of the perturbed problem
The main result of this paper is given by the following Theorem:

THEOREM 3. Under assumptions () — (743), the A-mild solution x(.;s,0) =
0, s > 0, of equation (1) is asymptotically stable.

1-L
Proof. Let € > 0 be given such that KeP 4—[(q£ﬁJrl < = We take O as in
the proof of Theorem 2 and a with ||a|| < J;. Using the equation (4), one has

T
Ix(s+7)] <||T(T)aH+||/ T(t—0')C(s+0")x(s+6")de|
+||/ T(t—6)F(s+0',x(s +0'))d6|
_ 1 2
<M e“WM+LWHb+KWH£++KwﬂH“
From the proof of Theorem 2, it follows that ||x|s||o < €, and thus

x(s+7)|| < Me™%||a|| + Le + KePH! + KqePt2.

1-L
We choose 71, such that Me™ &7l < 5 Then, for T > 11,
1-L 2 L
T)|<2——€e+Le=( -+ = |e&.
s+ 0l <255 e +Le= (3+5)

Hence, for 7 > 11, we have

<Ade, A==+4+-=-<1,
l|lx(s+7)]| € 3 + 3

that is
[%]s+7 lo < Ae.
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Due to equation (4), we obtain

_ 1 2
x(s + 71 + 2)| < Me™ % lx(s + 1) | + Ll|xlssz, llo + KIxlsea 12 + Kal|elyq |5
and
[x(s+1+7)]| <A%, T>71.

That is
Xl 2m, || < A%

By induction, we obtain that for # > s+n7;, the inequality ||x(z)|| < A"e holds, imply-
ing that
||x(2;8,%5)]| — 0, ast — oo.

Hence, A-mild null solution of problem (1) is asymptotically stable. This ends the
proof. [J

To illustrate Theorem 3, we consider the following equation

X(r) =Ax(t) 4+ c(t)Cox(1) + F(z,x),
(6)
x(0)=a

where A and F two operators satisfying the hypothesis (77{) and (J4). Cp is a con-
stant operator and ¢(¢) is a scalar real continuous function bounded on [0,+oo[. So,

Clr) = clr)Co. Let, 8 = supic (1) with (1) = /O ' e(u)du

m(t) = [|AJ(t) — J(t)B(t)|| < ic(t)(||[ACo — CoAl| + [e(t)[|C5 )
< i (1)(|JACo — CoAl| + [|CE )
On the other hand,

. We obtain,

! M
[ra-e)lao<=, =0
0 o
As a consequence of Theorem 3, we have the following result.
COROLLARY 1. Under assumptions () and (56), if the inequality
M 2
B0 ([|Coll + — (IACo — CoAl| + [IGoll)) < 1
holds, then A-mild null solution of problem (6) is asymptotically stable.
EXAMPLE 1. Consider the system (6) with ¢(z) = cos(wz)(w > 0). Then, i.(t) <
1 1
= and m(r) < ;(HACO — CoA|| + ||C3||). Therefore, if
M 2
1ol +—, (IACo — GoAll + 1 Coll) < w,

then A-mild null solution of problem (6) is asymptotically stable.
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5. A partial differential equation with periodic boundary conditions

As an application, we study a partial differential equation to illustrate the applica-
bility of our result.
Consider the perturbed problem

Jux1) = aug;t) + (=b+c(t)ax))u(x,t) +xu?(x,1), u(x,0) = up(x),

ot
u(0,t) =u(1,z), (t=0), (0<x<1)

(7

with a positive constant b, a(x) is a real differentiable function and ¢(z) is the same
as in the previous section. The partial differential equation can be formulated to an
abstract differential equation on X = L?(0,1) of the form

Z—I;(Z) =Au(t)+C)u(t)+F(t,u(r)), =0, u(0)=u,

where the operator A is defined by

du(x,1)
dx

with D(A) = {f € L*(0,1) : f' € L*(0,1); £(0) = f(1)}, C(t) = c(t)a(x)I, and

F(t,u(x,t)) =xu®(x,t), 1>0, 0<x<l1.
We have,

< Au, u>—/ ( )) u(x)dx:/o1 (%%—buz(x)) dx
= 300 ~20) b [ = b [ 12

d
Let v(¢,x) is the solution of d_‘t) = Av. Then,

Au(x,t) = —bu(x,t), uecD(A),

d
— <V >=2< Ay > =2b< vy >.

dt
Therefore,
IT(@0)| <e™™, 1>0.
Moreover, the perturbation F satisfies the condition (2). On the other hand, we have
d d
(Aa(x) — a(x)A)u(x) = (“(2;‘(’“)) —a(x) ’;EC” =d (¥)ulx), ueDA).

. Due to the hypothesis (#3), we obtain the following.

/Otc(u)du

COROLLARY 2. Under assumptions (JA) and (56), if the inequality

Let, 8y = sup
t

6o (|a(x)[ + - W(N+M@W»<L 0<x<,

holds, then A-mild null solutwn of problem (77) is asymptotically stable.
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6. Conclusion

In this paper, we have studied the problem of Lyapunov stability of a perturbed

abstract differential equation in a Banach space. In this case, we introduced the exis-
tence and uniqueness of solutions of system. Moreover, sufficient conditions have been
derived to guarantee the asymptotic stability for a class of perturbed systems. As an
illustration, we gave an example of partial differential equation with periodic boundary
conditions.
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