PROCEEDINGS OF THE

AMERICAN MATHEMATICAL SOCIETY

Volume 127, Number 6, Pages 1753-1760

S 0002-9939(99)05094-7

Article electronically published on February 11, 1999

ON THE ASYMPTOTIC STABILITY
IN FUNCTIONAL DIFFERENTIAL EQUATIONS

A. O. IGNATYEV

(Communicated by Hal L. Smith)

ABSTRACT. Consider a system of functional differential equations dz/dt =
f(t,z¢) where f is the vector-valued functional. The classical asymptotic sta-
bility result for such a system calls for a positive definite functional V' (¢, ¢)
and negative definite functional dV'/dt. In applications one can construct a
positive definite functional V', whose derivative is not negative definite but is
less than or equal to zero. Exactly for such cases J. Hale created the effective
asymptotic stability criterion if the functional f in functional differential equa-
tions is autonomous (f does not depend on t), and N. N. Krasovskii created
such criterion for the case where the functional f is periodic in t. For the
general case of the non-autonomous functional f V. M. Matrosov proved that
this criterion is not right even for ordinary differential equations. The goal of
this paper is to prove this criterion for the case when f is almost periodic in
t. This case is a particular case of the class of non-autonomous functionals.

1. INTRODUCTION

Let z = (z1,...,2,) € R",t € R, |z| = /2% +---+22. For a given h > 0,C
denotes the space of continuous functions mapping [—h; 0] into R™ and for ¢ € C,
lloll = sup_j,<p<o l9(0)|. According to [4] we denote

Cu={peC:pl|l<H}

If z is a continuous function of u defined on —h < u < A, A > 0, and if ¢ is a fixed

number satisfying 0 < t < A, then z; denotes the restriction of x to the segment

[t — h;t] so that x; is an element of C' defined by x¢(0) = (¢t + 6) for —h < 6 < 0.
Consider a system of functional differential equations

dx

(1) = = [t

and obtain conditions on a Lyapunov functional to insure that the zero solution is
asymptotically stable.

In this system dxz/dt denotes the right-hand derivative of z at ¢, ¢ is time, and
f(t, ) € R"™ is defined on [0;00) x Cg; f(¢;0) = 0.
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1754 A. O. IGNATYEV

According to [4] we denote by z(tg,¢) a solution of (1) with initial condition
¢ € Cy where xy, (to, ¢) = ¢, and we denote by z(t, to, ¢) the value of z(to, ) at ¢
and x¢(to, ) = z(t + 0,to, ), —h < 0 <0.

It is assumed that the vector-valued functional f(¢, ) is continuous on [0; co) x
C'ir so that a solution will exist for each continuous initial condition. For continua-
tion of solutions, we suppose that f takes closed bounded sets of [0; 00) x Cy into
closed bounded sets of R"™.

Let V(t,¢) be a continuous functional defined for ¢ > 0, € Cg. The upper
right-hand derivative of V' along solutions of (1) is defined to be [9]

dV t, Tt th Sp I 1
%ﬁ = AlﬂO{V(t + Atz ae(to, ) — V(& 2e(to, ¢)) -
If V satisfies a Lipschitz condition in the second argument, then this limit is uniquely

determined.

The classical criterion of asymptotic stability of zero solution of equations (1),
which was obtained by N. N. Krasovskii [10], assumes the existence of a positive
definite functional V' and a negative definite functional dV /d¢. In applications
one can constract a positive definite functional V', whose derivative is not negative
definite but is less than or equal to zero. Exactly for such cases J. Hale [8] created
the effective asymptotic stability criterion if the functional f in equations (1) is
autonomous (f does not depend on t), and N. N. Krasovskii [10] created such
criterion for the case where the operator f is periodic in ¢. For the general case of
the non-autonomous operator f V. M. Matrosov [12] proved that this criterion is
not right even for ordinary differential equations. The goal of this paper is to prove
this criterion for the case when f is almost periodic in ¢. This case is a particular
case of the class of non-autonomous operators.

2. DEFINITIONS AND PRELIMINARY RESULTS

Definition 1 ([1], [2], [3], [5], [6], [11], [14], [15]). A continuous function F(t)
R — R™ is called almost periodic if for every ¢ > 0 there exists I = l(¢) > 0
such that any segment [a; o + ], € R, contains at least one number 7 such that
|F(t+ 1) — F(t)] < e for every t € R. A number 7 is called an e-almost period of
F.

Let us introduce the following definition which is analogous to [11], [14].

Definition 2. A continuous functional F(t,¢) : R x C, — R™ (0 < r < o0) is
called uniformly almost periodic in ¢ if for every e > 0 there exists | = l(e,r) > 0
such that any segment [a;a + ], € R, contains at least one number 7 such that
|F(t+7,0)— F(t,¢)| <eforeveryt € R,p € C,.

Remark. A continuous function F(t), which satisfies Definition 1 is called uniformly
almost periodic in papers [1], [2], [3], [11], so Definitions 1 and 2 are somewhat
different from corresponding Definitions in [1], [2], [3], [11].

Lemma 1 ([11]). Let Fi(t),...,Fn(t) : R — R™ be almost periodic functions. Then
for every e > 0 there exists | = () > 0 such that any segment [o;a + 1], € R,
contains a number T such that

IF(t+7)— F(t) <e, i=1,2,..,N; teR.
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We denote

Crwy ={p € Cn : [p(21) — p(x2)| < Llz1 — 2
for each 1,22 € [-h;0]} C Chx.

Lemma 2. If the functional F(t,¢) : R x Cyy — R"™ is Lipschitzian in ¢ and
almost periodic in t for every fizred ¢ € Cy(r), then it is uniformly almost periodic
i t.

Proof. Since the functional F'(t, ¢) satisfies Lipschitz conditions in ¢, then

(2) |F(t, ) — F(t,¢)] < Lille — 9|
where L; is the Lipschitz constant.

Let € > 0 be any real number. Cp(r) is the set of uniformly bounded equicon-
tinuous functions, therefore Cp(ry is a compact set. Hence there is a finite set of
functions 1, ..., o such that p; € Cyry (j = 1,...,N) and for each ¢ € Cr,)
there exists a number ¢ (1 <4 < N) such that

€
3 — il < ——.
3) o=l < 57~
From Lemma 1 it follows that there exists [ > 0 such that in any segment [a; « + 1]
there exists a number 7 , such that

() [F(t0i) = F(t+ 70| < 5

foreacht € R,i=1,...,N.

We will now show that for every ¢ € Cp (), each number 7, which satisfies
inequality (4), is an e-almost period of the functional F(¢,¢). Let @i be the same
element of the set ¢1, ..., pn for which ||¢ — ¢i|| < €/(3L1). Then from (2)-(4) we

obtain
+F(t+7,01) = F(t, 01)| + | F(t, 01) = F(t, 0)|
€ €
) < -42L1-— =e.
5) CR N
The inequality (5) proves Lemma 2. |

3. MAIN RESULTS

In this section we consider the system of functional differential equations (1)
under the assumptions above. We also assume that the functional f(¢,¢) is Lips-
chitzian in ¢ and almost periodic in ¢ for every fixed ¢ € Ch.

Lemma 3. Consider the solution xz(to,po) of the system (1). We suppose that
x¢(to, o) belongs to Cp (0 < v < H) for t > 0. Let {ex} be a monotonically
approaching zero sequence of positive numbers and {1} a sequence of ep-almost
periods of f(t, ) (for every ey, there corresponds an €x-almost period 1y ). Then the
limat relation

(6) k{ngo |z (to, ) — =47, (F0, p0)|| = 0

holds, where i = Tiy4-, (to, po) and t* is a fired moment of time which is more
than tg (t* > to).
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1756 A. O. IGNATYEV

Proof. Consider the solutions of the system (1)

(7) z(to, ¢r)
and
(8) x(to—l—Tk,(pk).

For the time At = t* — ¢y the function @ moves to the function x4 (to, ¢x) along
the trajectory (7) and ¢ moves to the function

Ty gz (to + They Pk) = Te= 47 (L0, 0)

along the solution (8). The restriction of the solution x of the system (1),
x¢(to + Tk, ¢x), with initial boundary value problem ¢y = 4,4, may be inter-
preted as one of the system

dz

9) EZf(t+Tk,$t)

with initial function ¢ and initial moment of time ¢y. If ¢ is large enough, then
ry € Cy(r). But according to Lemma 2 the right-hand side of the system (1) is
uniformly almost periodic in ¢ on the set R x Cp(y,), therefore the right-hand sides
of the systems (1), (9) differ from each other no matter how small, if k is a large
enough natural number. Hence the limit relation (6) follows. O

Theorem 1. Let functional differential equations (1) satisfy the above conditions.
There exists a continuous functional V (¢, ) : RxCy — R which is locally Lipschitz
in @ such that the following conditions are fulfilled on the set R x Cy:

(1) a(Je(0)]) <V (t, ) <b(|l¢ll), where a,b € K; K is a class of Hahn'’s functions
7, 13]
(i1) V(t, ) is almost periodic in t for each fized ¢ € Cy;
(iii) dV/dt <0, dV /dt £ 0 on each solution of the system (1).

Then the solution
(10) x=0
of functional differential equations (1) is asymptotically stable.

Proof. From conditions (i), (iii) it follows that the solution (10) is uniformly stable
[8], [9]. Let e € (0;H) be any positive number. Denote by ¢; € R the initial
moment of time. By the stability of the zero solution there exists § > 0 such that
if ¢ € Cs, then z(tg, ) € C. for every t > tg. Choose such a § > 0 and show that
any solution z(tg, ¢) with ¢ € Cs tends to zero as t — co. Suppose that this is not
true, i.e. there exist n > 0 and ¢o € Cs such that |z(t, 0, po)| > 1 > 0 as t > to.

The function V(¢) = V (¢, 2+(to, ®0)) is monotonically non-increasing because
dV/dt < 0. Hence there exists the limit

tlim V() = tlim V(t, z(to, o)) = Vo > a(n) >0

and it is easy to see that V (¢, z¢(to, o)) > Vp for t € [tp; 00).
Consider some monotonically approaching zero sequence {e} of positive num-
bers, where €1 is sufficiently small. By Lemma 2 for every ¢; there exists a sequence
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of g;-almost periods 7.1, 73,2, -+, Tin, ... — 00 for functionals f (¢, ¢) and V (¢, ¢), such
that inequalities

|V(t =+ Tins (p) - V(ta (p)| < &iy

|f(t + Tins 90) - f(tv(p)l <E&;

hold for each t € R, ¢ € C.. Without loss of generality one can suppose 7; y, < Tjt+1,n
for every i,n. Designate 1, = 71 1.

Consider the sequence of functions ¢ = Z¢y1r, (to,00) (kK =1,2,...). Ttis a
bounded sequence of equicontinuous functions because ¢y, € C¢, therefore there is
a limit function ¢* of this sequence. Without loss of generality one can assume the
sequence @y, itself converges to ¢*. Because of continuity and almost periodicity of
the functional V' (¢, ») we obtain

V(to, %) = lim V(to, on)

= lim lim V(to + 7k, ¥n)

k—o0 n—oo

= lim V(to + 7n, ¥n)

n—oo

= lim V(to + Tn, Tto4r, (to, v0)) = Vo.

n—oo

Now consider the solution z(tg, ¢*). From the condition (iii) of the theorem, the
existence of such a moment of time t* (t* > ty) follows, when the inequality

V(t*,xt* (to, QD*)) =Vi<VW

holds.
Solutions of functional differential equations (1) are continuous in initial data,
So one can write

kli»n;o |24+ (to, pr) — T4~ (to, ™) = 0
because
i {lor =" = 0.
Hence it follows that
(11) lim V(t*, x4 (to, 0x)) = Vi

k—oo
Using the uniform almost periodicity property of f(t,¢) and the limit relation
(6), we obtain the inequality
(12) [+ (o, k) — Tte 4 (to, 0) || < Yk

where v, — 0 as £ — oo. Because of the uniform almost periodicity property of
V(t,p) we have

(13) [V(t*, @) = V(" + 7%, 0)| < ek
for every ¢ € Cy, and from conditions (11), (12) it follows that
(14) |V(t*7 Ttx+y (t07 ‘PO)) - ‘/1| < Mk,

where n;, — 0 as k — oo.
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1758 A. O. IGNATYEV
From (13) we obtain

(15) [V (t*, 2t 41, (0, 00)) — V(" + iy Zpx 4y, (B0, 00))| < €k
From (14), (15) we have

(16) [V (t* 4 T, Ts 47y, (B0, 00)) — Vi < M + €ks

where 1 + e — 0 as k — oo.
On the other hand

(17) lim V(t* 4+ Th, T 17, (to, v0)) = Vo.

k—o0

The relations (16), (17) are in contradiction to the inequality V3 < V. This con-
tradiction proves Theorem 1. O

Theorem 2. Let the right-hand side of functional differential equations (1) be such
that there exists a continuous functional V (t,¢) : R x Cyg — R which is locally
Lipschitz in ¢ such that the following conditions are fulfilled on the set R x Cg:

(i) Vo)l <b(lel), be K;

(i1) V(t,¢) is almost periodic in t for each fized ¢ € Cpr;
(iii) for everyt € R and for every § > 0 there exists ¢ € Cys, such that V(¢,¢) > 0;
(iv) dV/dt > 0; dV/dt #Z 0 on each solution of the system (1).

Then the solution (10) of functional differential equations (1) is unstable.

Proof. Let ¢ € (0; H). We shall take arbitrary to € R and arbitrary small § > 0.
Let us choose ¢o € Cj such that V(to,¢0) > 0. We can do it by condition (iii)
of the theorem. By the condition (i) there exists n > 0 such that |V (¢, ¢)| <
V(to, o) for every ¢ € C,,. The function V(t) = V (¢, z+(to, po)) is nondecreasing,
ie. V(¢ z(to, v0)) > V(to, po) for t > tg. It means that ||z:(to, ¢o)|| > n for each
t > to. We shall show that there exists a moment of time ¢, (1 > to), such that
|z, (to, @o)|| > €. Suppose that this is not true, i.e. inequalities

(18) n < [|ze(to, po)ll < e

hold for each t > tg.

Using inequalities (18) and the condition (iv) of the theorem, we obtain a contra-
diction by means of the same way as in the proof of Theorem 1. We omit the literal
repetition of these reasonings. The contradiction proves that the semitrajectory
x(to, o) leaves Ce. The proof is complete. |

Example. Consider the non-linear equation

dx
o = —20(t) + 42 (t)alt — b)

(19) + (=12 + 3sin?(V2t) + 3sin? ) ()22 (t — h) 4 42°(t — h)
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and the functional

V(t, ) = %x2(t) + /tth;v4(6‘)d6‘.

Its time derivative dV/dt along the solutions of (19) is

av 1
Fr 2a(t) [-22%(t) + 42 (t)z(t — h)

+ (=12 + 3sin®(V2t) + 3sin? )z (t)a? (t — h) + 423 (t — h)]
+ 2% (t) — 2*(t — h)
= —224(t) + 423 () x(t — h) + (=12 + 3sin?(V2t) + 3sin® t)22 (t)z>(t — h)
+4a(t)z®(t — h) + 2*(t) — 2*(t — h)
= —a(t) + 423 (t)x(t — h) — 622 (t)2*(t — h) + 4x(t)a(t — h) — 2*(t — h)
+ (=6 + 3sin(V2t) + 3sin® t)z ()2 (t — h)
= —[z(t) — 2(t — h)]* — 3(2 — sin®(V2t) — sin® t)a? ()22 (t — h).

For any € > 0 small enough there exists a sequence t1,ts,...,t,, -+ — +00 such
that

0 <2 —sin?(vV2t;) —sin’t; <e (i=1,2,...).

The right-hand side of the equation (19) is not periodic in ¢. Hence we cannot
apply Krasovskii’s corresponding theorems on the asymptotic stability, but we can
use Theorem 1 because the right-hand side of (19) is almost periodic in ¢ and
dV/dt < 0 for each t > 0. Therefore the zero solution of (19) is asymptotically
stable.
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