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ON THE DECAY RATE OF SOLUTIONS OF
NON-AUTONOMOUS DIFFERENTIAL SYSTEMS

TOMAS CARABALLO

ABSTRACT. Some results on the asymptotic behaviour of solutions of differ-
ential equations concerning general decay rate are proved. We prove general
criteria on the exponential, polynomial, and more general decay properties of
solutions by using suitable Lyapunov’s functions. We also present a detailed
analysis of the perturbed linear and nonlinear differential systems. The theory
is illustrated with several examples.

1. INTRODUCTION

The asymptotic behaviour of systems described by differential equations is a very
important topic as the vast literature on this field shows. To study the stability
of a nonlinear system one can, on the one hand, analyze its linear approximation
(see Brauer and Nohel [1], Yoshizawa [9] among others); on the other hand, one
can use another method which relies in the technique discovered by Lyapunov (see
Yoshizawa [9]). This is called the direct method (or Lyapunov’s Second Method)
because it can be applied directly to the differential equation without any knowledge
of its solutions, provided one is clever enough to construct the suitable auxiliary
functions (called Lyapunov’s functions). But, a major limitation of this procedure
is that there are no general methods to construct such auxiliary functions, much
more in the nonautonomous case in which we are most interested.

In this respect, there exist some interesting results due to Yoshizawa (see [9]-
[10]) and LaSalle (see [7]-[8]), among others, which ensure asymptotic approach
of trajectories to some closed attracting sets for the differential system (see also
Kloeden [6] for another approach). However, apart from the usual exponential
stability results obtained by the first approximation technique, in general, almost
nothing is said about how fast is the convergence of solutions in dealing with the
Lyapunov Second Method. Motivated by this fact, we shall first establish a sufficient
condition for the exponential decay of solutions which allows the derivative of the
Lyapunov function along the trajectories of the system to be bounded by a definite
negative function plus an additional nonnegative function with exponential decay.
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Another interesting problem arises when one is not able to prove exponential
stability but knows that the null solution is asymptotically stable. In this case, an
interesting question concerns the possibility of deciding the decay rate of solutions
(to zero or to other solution). As far as we know, most stability results related
to the Lyapunov method are devoted to provide results that ensure stability, as-
ymptotic stability, etc. but, in general, do not give any further information about
the decay rate of solutions (see Haraux [4, pp. 45-47] for a study of the energy
decay of a particular second order equation). We shall partially cover this gap by
providing some conditions which permit us to estimate the decay rates related to
certain general functions (e.g. polynomials, logarithmics, etc.), by introducing a
generalization of the concept of Lyapunov exponents. Another interesting fact is
that, although our main interest will concern sub-exponential decay of solutions,
our treatment also includes the case of super-exponential decay.

This paper is organized as follows. In Section 2, we prove a sufficient condition
ensuring exponential decay of solutions, and another one concerning asymptotic
polynomial behaviour. Next, we introduce in Section 3 the concepts of generalized
Lyapunov exponent with respect to a positive general function and the general
decay rate of solutions, give some criteria for the asymptotic decay of solutions, and
illustrate the results by showing some examples. Section 4 is devoted to the analysis
of perturbed systems. In fact, we analyze the perturbations of linear and nonlinear
differential systems. Finally, we include some remarks and ideas concerning the
possibility of extending the results to the infinite dimensional framework and the
functional one.

2. EXPONENTIAL AND POLYNOMIAL ASYMPTOTIC BEHAVIOUR

Consider the following initial-value problem for a system of differential equations
in R™:
d
_X(t) = f(ta X(t))v t >t

dt (2.1)
X(t()) =Xy € Rn,

where f : R x D — R” is a continuous function, and D C R"™ is an open set
such that 0 € D. It is well known (see, e.g., Coddington and Levinson [2]) that,
given ty € R and Xy € R"”, there exists at least a solution to this problem defined
in an open maximal interval. As we are interested in the stability or asymptotic
behaviour of solutions, we assume that every solution to (2.1) is defined for ¢ > ¢.
When we deal with the stability analysis, we will also assume that f(¢,0) = 0, so
that we consider the stability of the zero solution. Otherwise, we will not assume
this and, we will therefore analyze the asymptotic behaviour of such solutions.

Associated to the differential system in (2.1), we consider the derivative of a
function along the system, i.e., for a continuously differentiable function V(-,-) :
R x D — R we define the function V(-,-) : R x D — R as follows

_ OV(ta) | - OV(La)

ot —1 81)1

V(t7 {17) fi(tax)'

Remark. Observe that if X (¢) is a solution to (2.1), then it holds

d )
&V(t,X(t)) =V(t, X(1)).
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Now we state a result which, in particular, ensures exponential decay to zero
of solutions to (2.1). It is worth mentioning that V' does not need to be definite
negative.

Theorem 2.1. Assume V : R x D — R is a continuously differentiable function
satisfying:

Je1 >0 andp >0 such that ci|z|P <V (t,z), for all (t,z) € R x D,
Jep >0 such that V(t,x) < —coV (t,z) + \(t), for all (t, ) € R x D,

where A(+) is a nonnegative continuous function such that there exist M > 0,v > 0
satisfying

At) < Me ™ forallt € RT.

Then, there exists € > 0 such that for any solution X(t) to (2.1) defined for t >
to > 0, there exists a constant C = C(Xo) (which may depend on Xo) such that

|X(t)] < C(Xo)e =t0)/P  for all t > to.

Proof. Let us fix a positive number ¢ satisfying 0 < £ < min{cs, v}, and estimate
the following derivative for X (), a solution to (2.1) defined for ¢ > ¢y,

4 [V (t, X (1))] = eV (t, X (1)) + eV (t, X (t))

dt
< e V(X (1) — 2V (E X (1) + A1)
< efIA(t),
and thus
t
eV (t, X (t)) < eV (tg, Xo) +/ e**A(s) ds
to
Mele=7)to
< €0V (to, Xo) + ————
y—e
M
< eEtO <V(t0,X0) -+ > .
y—¢€
Therefore
1 M
Xt < — (V(to,Xo) + ) e ==10) - for all t > t,
C1 Y—£
and the proof is complete. O

Example 1. Let us exhibit a simple example to illustrate this result. Consider
the differential equation

X
X axy e tX/3, (2.2)
dt
and take the usual auxiliary function V(z) = $22. Then
. d
V(z) = Z(m) . (—4:1: + e*tx1/3) = —42? 4 e tat/3, (2.3)
x

which is not definite negative. However, it follows by Young’s inequality (ab <

l% + qlql/l” b? with % + % = 1) for suitable [ > 0, p = 3/2 and ¢ = 3,

. 2 1
V(z) = —4a® + e t2?? < (-4 4+ gl)av2 + ﬁe_&,
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and, for [ = 3/2 we have —4 + %l = —3, and therefore
V(z) < =322 + \(t),

where A\(t) = 2;47e_3t. Now, the theorem ensures that solutions decrease towards

zero with exponential decay.
Remark. The exponential decay of A is essential to guarantee the same decay of
solutions. Indeed, consider the following one dimensional equation

dX 1

— =X+ —.

dt + 1+1¢

It is clear that the null solution to the autonomous equation X =—Xis exponen-
tially stable. Moreover, every solution to this equation converges exponentially to
zero (i.e. the global attractor for this equation is the set {0}). However, as far as
we consider the perturbed nonautonomous version, the solutions do not converge
to zero, in general, with the same rate. To see this, notice that the solution to the
problem

X _ v, b

dt 1+1¢

X (to) = Xo,

is given by

t
X(t) = X (t;to, Xo) = e 70 X + / e =91+ 5)71ds.

to
One can easily check that

log | X
o JEIXOL

t—+4o0 t

so that we do not have exponential decay to zero. However, as a consequence of
the theory we shall develop, we will be able to ensure that the solutions decay to
zero with polynomial rate (see Example 3 below).

This fact motivates our interest in analyzing the decay rate of solutions, that is,
if we cannot prove exponential convergence of solutions and know that those are
asymptotically stable, is it possible to ensure at least polynomial decrease?. The
typical example related to nonexponential convergence of solutions to an equilib-
rium is given by the following simple ordinary differential equation (see Haraux [4,
pp. 45-46]):

X(t)=-X@®)[XOF " ,t>0,p>1.
The solution starting in X, at time ¢ = 0 is given by
X
X(t) = sgn(Xo)
{o-1t+ X"

}1/(11*1)’

so that | X (¢)| behaves as {1/ [(p — 1) t]}l/(p_l) as time ¢ goes to oo, and therefore
it decreases polynomially to the equilibrium.

Owing to this fact, in the following result we provide a sufficient condition guar-
anteeing polynomial convergence of solutions and, in the next Section, we will state
a more general result concerning more general decay rates.
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Theorem 2.2. Assume that there exists a continuously differentiable function V :
R x D — R satisfying

Je1 >0 andp >0 such that ci|z|’P <V (t,z), for all (t,z) € R x D,

3g > 1 such that V(t,z) < —a(t) [V(t,z)]*, for all (t,z) € R x D,

where a(-) is a nonnegative continuous function such that
1 t
liminf — [ a(s)ds >v >0 (2.4)

t—o0 to

Then, there exists § > 0 such that for any solution X (t) to (2.1) defined for t > to,
there exists a constant C' = C(Xy) (which may depend on Xo) such that

|X(t)| < C(Xo)t™°, for all t > to.
Proof. Let us consider X (t), a solution to (2.1) defined for ¢ > ¢y. Then

d .
g VEX@) = V(5 X(#) < —a®) [V(E XO)]"-

Denoting u(t) = V (¢, X (t)), we have that this function satisfies the following dif-
ferential inequality

w(t) < —a(t) [u(t)?,

and, therefore its positive solutions satisfy

a(t)
[u(®)]?

By a direct integration we easily obtain

< —af(t).

) < utto) =+ (- 1) [ a(s) | e

to

Taking into account assumption (2.4), and given € > 0, we can ensure for ¢y large
enough that

t
/ a(s)ds > (v —e)t, forallt > to,
to

and, consequently,
u(t) < Co(Xo)t~ Y@=V for all t > t,.

Noticing now the expression of wu(t), it is clear that the result holds by setting
d =1/p(q — 1) and a suitable C(X). O

Example 2. We consider the following two dimensional system in order to apply
the previous result.

U1 =y2 — y1 |y1]
Y2 = —y1 — Y2 [y2|.
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It is easy to check that the unique stationary solution is the zero solution. Let us
take V(t,y1,¥2) = 5(y +¥3). Then

V(t,yi,y2) = —vi [y1] — 93 |yl
3 3
— (Il + el

3/2
—c (1 + lnal”)

)2

IN

= —C [V(tv Y1, Y2

)

where ¢ > 0 is a suitable constant (notice that we have used the inequality (“T'H’)p <
% + %, a,b > 0, p > 1). Therefore, every solution to the system decays to zero
with at least decay rate t—1.

3. GENERAL DECAY RATE OF SOLUTIONS

Firstly, we will introduce the concept of generalized Lyapunov exponent with re-
spect to a positive function A(-) which will enable us to establish a precise definition
of stability or asymptotic behaviour with general decay function A().

Definition 3.1. Let the positive function A(t) 1 +oo be defined for all sufficiently
large t > 0, say t > T > 0. Let X (¢) be a solution to (2.1). The number

lim sup 710g X (@)
t—o0 log )\(t)

is called the generalized Lyapunov exponent of X (t) with respect to A(t). The
solution X (¢) is said to decay to zero with decay function A(t) of order at least
v > 0, if its generalized Lyapunov exponent is less than or equal to —v, i.e.,

: log | X (2)|

limsup ———= < —.

t_mop log A(t) — v
If, in addition f(¢,0) = 0 for all ¢ € R, the zero solution is said to be globally
asymptotically stable with decay function A(t) of order at least v > 0, if every
solution to (2.1) defined in the future decays to zero with decay function A(t) of
order at least v > 0.

Remark. Clearly, replacing in the above definition the decay function A(¢) by e
leads to the usual Lyapunov exponents concept and exponential decay rate.

Also, we point out that this definition includes both the case of sub-exponential
decay functions (polynomials, logarithms) and the situation of super-exponential
decay (e.g. A(t) = exp{expt}).

Now, we can prove a sufficient condition ensuring almost sure stability of the
solution of (2.1) with a general decay rate.

Theorem 3.2. Let ¢1(t), p2(t) be two continuous functions with ¢1 nonnegative.
Assume there exist a continuously differentiable function V : Rt x D — R, and
constants p >0, m >0, v >0, 0 € R such that

(a): [zPA(®)™ < V(t,z), (t,z) € RT x D.

(b) V(t’ J}) < (pl(t) + @Q(t)v(ta Z‘), (ta Z‘) €R" x D.
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(c): 3T > 0 large enough such that for to > T,

log ftto ©1(s) exp {— ftz pg(r)dr} ds
lim sup <v,
t—o00 IOg )\(t)
ftt pa2(s)ds
limsup =2——— <
i’ logA(t)
Then, if X (t) is a solution to (2.1) defined in the future (i.e. fort > tg), then
lim sup log | X (¢)] < o m— @+v) '
In particular, if m > 0+v and f(t,0) = 0, the null solution is globally asymptotically
stable with decay function A(t) of order at least (m — (6 +v)) /p.

Proof. Given (to,Xo) € (T,+00) x D, and X (t) a solution to the problem (2.1)
defined in the future, let us compute
d )

3V 6X(@) =Vt X(1) < e1(t) +e2(t)V (2, X (1)),

which implies

% [exp{—/t:g02(s)ds}V(t,X(t))] <s01(t)exp{—/t:¢2(8)d8},

S

whence
V(t,X(t) < (V(to,Xo) +/t p1(s) exp { —

Given € > 0, there exists 1 (g) such that for all ¢ > max{t;(¢),to} we have

/t: p1(s) exp {— /t: soz(r)dr} ds < A\(t)" e, /t 0(s) ds < log A(£)+).

to

patr)ar}ds)exp ([ gl as).

to to

Consequently, it follows that
log V(X (t),t) < log((V (to, Xo)) + A(£)""®) + (0 + €) log A(t)
for all t > min{t1(¢), o}, which immediately implies that
: log V(X (t),1)
limsup —————~——=
il logA(f)
As this holds for every € > 0, then
. log V(X (1), 1)
lim sup ————=
t_mop log A(t)

<v+e+0+e.

<v+90,

and, therefore
log | X (t)] o _m= @+v)
too  10gA() T p ’
which completes the proof. O

Remarks. a) Observe that, if ¢o(t) > 0, the result follows by replacing condition
(c) by

¢
. log [, p1(s) ds .
limsup, ,,, —————— <v, limsup,,

It #a(s) ds
log A(t) - =

log A(t) —
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b) On the other hand, when m — (6 + v) > 0 it can be proved in the theorem that
every solution to problem (2.1) is defined for all ¢ > ¢y, so that the limit makes
sense for every solution.

The next result is an improvement of theorem 2.2 to the more general case of
considering a general decay function A(¢) instead of .

Theorem 3.3. Assume V : R x D — R is a continuously differentiable function
satisfying

de1 >0 andp >0 such that ci|z|P <V (t,z), for all (t,z) € R x D,
3g > 1 such that V(t,z) < —a(t) [V(t,x)]?, for all (t,z) € R x D,
where a(-) is a nonnegative continuous function such that
t
gaty lg{[g# >
Then, for any solution X (t) to (2.1) defined for t > to it holds

v>0 (3.1)

log | X
lim sup og | X(®)] < - A
too  log A(t) p(g—1)
Proof. This follows the same lines as the proof of theorem 2.2, taking into account
the new assumption (3.1). O

Now, we shall consider some examples in order to illustrate the results. Of
course, as we are going to consider simple linear examples, the conclusions can be
obtained by solving directly the equations, and the theory to be developed in the
next Section can also be applied. However, our interest right now is to show the
different situations which can appear in more complex systems.

Example 3. Consider again the equation

dXx 1

L X

dt + 1+4+¢
We know that every solution X (¢) satisfies lim;_, 1, log | X (¢)| /t = 0. But, taking
V(t,x) = (1+t)z?, it is easy to check that

V(t,z) = 2%+ 2x(1 + 1) <—m + L)

1+t
22(1 4 t)1/?
952(—1—2t)+95(#1)/2
(1+1)
1
<z?(-1-2t)+2®(1+t)+ —

1+t
1
< PR
1+t
so that setting ¢ (t) = %th and ¢2(t) = 0, we immediately obtain v = 6 = 0 in
theorem 3.2, what implies that

1
o loglXO) _ 1
t—+o00 log (1 +¢) 2

In other words, although the solutions do not approach zero exponentially, we can
assure that their decay rate is at least t=1/2.
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Example 4. Now we include an example which does not contain any term causing
exponential decay (as —X in the previous one). Consider the following situation
for p>1/2 and ¢ > 0,

dX —p 1
— = X .
dt 1+t * (1+1t)?

First, we take the function V(t,z) = (1 + t)*’2?, and evaluate

. — 1
t,x) = 2p(1 + )2 + 2(1 + )% [ —2
V(t,z) =2p(1+ )P 2=+ 2(1 + )Pz 1+tx+(1+t)q

2(1 + )%z
- 1+
_ 2e(1+ P2 (1 +t)pte
- (1+1t)e
< (14127122 4 (14 ¢)2P- 9+,

Now, observe that we can set 1 (¢) = (1 + t)2(p_Q)+1 and @2 (t) = (1+t)~! yielding

¢
L feeals)ds
t—+oo log(l + 1)

b
and

log [y p1(s)ds [ 2(p—q)+2 if2(p—q)+2>0,
twtoo  log(l+t) | O otherwise.

Then, we can apply theorem 3.2 and obtain convergence to zero with decay rate at
least (1+¢)”” in the following cases:

If2(p—q)+2>0,ie. if ¢ < p+1 and, in addition, ¢ > 3/2, then v = (=3 + 2q)/2.
If2(p—q)+2<0,theny=p—1/2.

Example 5. Finally, we exhibit a situation with a more general decay rate. To
this end, consider

dX —2X 1

a@ A+ Dlg(1+D) (1+1)[log (14 8)]*

By using the Lyapunov function V (t,2) = x?log (1 + t) (notice that we are consid-
ering A\(t) = log (1 +¢)), it holds

. 1 -2z 1
V(t,z) = 24 9zlog(t+1
(t2) = g5% +2wlog(t+ )((1+t)log(1+t)+(1+t)[log(1+t)]2>
—322 2z
< +
T 1+t (1+t)log(l+1)
—222 1
<

1+t+(1+t)[1og(1+t)]2’

and we can set ¢1(t) = m and @2(t) = 0. Now, it is not difficult to
check that (c) in theorem 3.2 is fulfilled with § = v = 0 and, consequently, v = 1/2.
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4. PERTURBED SYSTEMS

In this Section, we shall investigate some stability properties of solutions of per-
turbed differential systems. Our aim is to prove some results which, in particular,
ensure the transference of some decay properties from the unperturbed systems to
the perturbed one. In other words, if we know that the solutions of a differen-
tial systems decay to zero with certain decay rate, under which conditions can we
guarantee that the perturbed one has a similar property?. Firstly, we will consider
the perturbed linear differential system, and then, we will treat a more general
nonlinear one.

4.1. The perturbed linear case. Consider the linear differential system
X = A(H)X, (4.1)

where A € C(R; L(R™)), i.e. is a n X n matrix whose elements are continuous
functions. Let A(t) be a function satisfying the assumptions in the previous Section
and let (-,-) denote the scalar product in R™ associated with the norm |-|. Let us
assume that the zero solution is globally asymptotically stable with decay rate A(t)
of order v > 0, what happens if, for instance, there exists a continuous function
a(t) such that

2 (A(t)u,u) < at)|u?, forall tecR,ucR",
with

t
d
lim supifO a(s) ds

< —2n.
ot loga@®) !

Now, consider the perturbed problem
X = AW)X + F(t, X), (4.2)

where F' : RxR"™ — R" is a continuous function. We shall prove that under suitable
conditions, every solution to (4.2) decreases to zero with the same decay function
although possibly with a different order.

To start, consider the linear autonomous case X = AX. If we assume that
the trivial solution is asymptotically stable with some decay rate, as this is an
autonomous system, it must be uniformly asymptotically stable and henceforth,
exponentially stable. Thus, all the eigenvalues associate to the matrix A have
negative real parts and, if necessary, by a suitable change of norm and its associated
inner product (see Hirsch and Smale [5, p. 211]), we can ensure that there exists
v > 0 such that |exp {(t — to) A}| < e (%) for all ty and t > to. This immediately
implies (see again Hirsch and Smale [5, p. 259]) that

(Az,z) < —yl|z|*, forall zeR".
Let us now consider the perturbed system
X = AX + F(t,X), (4.3)

where F' : RxD — R™ is continuous (D C R™ is an open set containing 0 in its
interior) and satisfies

(F(t,z),z) < ¢1(t) + do(t) 2>, for all (t,z) € RxD,
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being ¢1 and ¢o continuous functions, ¢; > 0, and fulfilling (for a decay function
A(t) as in the previous section)

log J}£ 261 (s) exp { — [}, 2(62(r) —7) dr } ds _
log A(t) =V
t
1o 2(82(s) —7) ds
<.
log A(t) -
Then, it is straightforward to check that assumptions in theorem 3.2 are satis-
fied with V(t,2) = |z|*,m = 0,p = 2,01(t) = 2¢1(t), 2(t) = 2(¢2(t) —7), and
therefore

lim sup;_, o,

lim sup;_, o,

. log | X(¢)] _ (0+v)

1 < .

W Tog A T 2
Now, if § + v < 0, asymptotic decay to zero with decay rate A(t) of order at least
— (6 +v) /2 holds.

Although this consequence can be seen as a trivial result, the most important
thing is that we can now give a very easy proof of two classical results concerning
stability in the first approximation and even weaken the assumptions. In fact, we
are referring here to the following general result (see, for instance Yoshizawa [9],
Brauer and Nohel [1], etc.).

(4.4)

Theorem 4.1. Assume that all of the characteristic roots of the matriz A have
negative real parts. Assume that F(t,x) = G1(t,x) + G2(t, ) where G1 and G2 are
continuous functions satisfying G1(t,0) = Ga(t,0) = 0 and

lim M =0, wuniformly in t; (4.5)
lz|-0 ||
Gt )| < g(t) o], with / g(£)dt < oo, (4.6)
0

Then, the zero solution of
X = AX + F(t,X)

is exponentially asymptotically stable, i.e. there exists § > 0, K > 0 and v > 0 such
that for every to € R large enough and every Xy € B(0;6) := {z € R™ : |z| < 4},
every solution X (t) to (4.3) such that X (to) = Xo, satisfies

|X(t)] < K |Xo| e ~7E0)  for all t > to.
Proof. Thanks to assumption (4.5), we can deduce that there exists § > 0 such that
G (t,2)| < % z|, forall e B(0;0).

Now we can restrict ourselves to consider the problem in the domain = RxB(0; ).
Thus, given (t9, Xo) € Q choose X () a solution of (4.3) such that X (to) = Xo.
Then, for all (¢,z) €

(F(t,x),z) = (G1(t,x) + Ga(t, z), z)

N

Y2 2
2 lal* + g(t)lal

(2 +90) P,

IA
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and taking A(t) = €', ¢1(t) = 0, ¢2(t) = T + g(t), we can easily check that

Jin 2(d2(s) =) ds Jin 2(g(s) = 3) ds

lim sup = lim sup
t—o0 t t—o0 t
ftt 2g(s)ds
= —v+limsup =——
t—o0 t

S -,

and thanks to (4.4)
log | X (¢
limsup70g| @) S—z,
t— o0 t 2

and the proof is complete. [l

Remark. Notice that we only need to assume

i g(s)ds
limsup —>—— =
t—o0 t
instead of the integrability of ¢ in the interval (0,400). Consequently, this condi-
tion can be weakened in the theorem. Moreover, by a slight modification at the
beginning of the proof, the stability result can be deduced by assuming only that
t
Jig 9(s) ds

lim sup
t—o0

=r<7v.

Now, let us consider the nonautonomous linear case and its perturbations. Namely,
consider the following differential systems:

X(t)=A@)X(t) (4.7)
Y (t) = AQ)Y (t) + f(t, Y (1)), (4.8)

where A € C(R;L(R")) and f € C(R""1;R"). Let us denote X (t;t9, Xo) the
unique solution to (4.7) starting in Xy at time tg, and by Y (¢; 9, Xo) the corre-
sponding one for (4.8) (maybe not unique). Assume that there exist A(¢) satisfying
the assumptions in Definition 3.1, 7" > 0,C > 0 and v > 0, such that for all
to > T,t >to and Xg € RN,

|X(t; t(), Xo)l S C |X0| )\(t — to)_’y.
Then, we can prove the following result.

Theorem 4.2. In the preceding situation, assume that |f(t,x)] < a(t), for all
(t,z) € R" where

log ft]; At —8)Va(s)ds

li < -0<0.
T O
Then,
log |Y (¢; o, Y.
lim sup 08 |Y (tito, Yo)| < —min{y, 6}.

t—soo  logA(t—to) —
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Proof. Observe that if ®(-) is a fundamental matrix for the linear system (4.7), it
follows that

[@(t)®(to) ™ || < CA(t — to) 7, Vt > to > T.

Now, by the variation of constants formula, we can write

Y (t) :=Y(t;to, Yo) = ®(£)®(to) Yo + /t O(t)B(s) " f(s,Y(s))ds,

to
and, consequently,

Y (1)) < [|@(0)®(t0) || [Yo| + / ()@ (s)~1| £ (s, Y (s)] ds

t
<Ot —to) " |Yol+ | CAt—s)"a(s)ds.

to
Given 0 < ¢ < 4, we can get, for ¢ large enough, that

/t At —s)"a(s)ds < At — to)*(‘sff)’

to
and, thus
[Y ()] < CA(t — o)~ ™n»@=} for ¢ > ) large enough,
which immediately implies the result. O

4.2. Perturbed nonlinear systems. We shall now prove a similar result but
considering the perturbations of a nonlinear differential system. However, for this
more general case, we need that the decay functions A(t) satisfies the following
sub-exponential condition

At +s) < AB)A(s),Vt, s € RT. (4.9)

In this respect, consider the following differential systems
X = f(t,X), (4.10)
Y = f(t,Y) +g(t,Y), (4.11)

where f, g are continuous functions from R"! to R"™. Given (tg,z) € R"1, let
us denote by X (¢;to,z) and Y (¢; ¢, x) solutions to (4.10) and (4.11) respectively,
starting in = at time ty. We also assume that all of the solutions to these systems
are defined in the future. We can now prove the following theorem.

Theorem 4.3. Assume that there exist positive constants C, M,§ and v, and non-
negative functions a(-) and B(-) such that for all to large enough (say to > T), all
t > to, every Xo € R™ and every solution X (t;to, Xo), it holds:

| X (t;t0, Xo)| < C|Xo| At —t0)™7, Vt 2> to, (4.12a)
F(ba) ~ f(by) <o)z —yl, VE>tomyeR",  (412h)
lg(t,2)| < B(t), Vt=>to, (4.12¢)
t+1

/ a(s)ds < M, Vt>to, (4.12d)

t

log [T B(s)d

lim sup M < —4. (4.12¢)

00 log A(t)
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Then, every solution to (4.11), Y (t;to,Y:,), defined in the future satisfies

lim sup —log V(% to, Y )|
t— 00 log A(t)

Proof. First of all, we can assume without loss of generality that C' < 1/4. Oth-

< —min{~y, d}.

erwise, we consider the new decay function A(t) = (4C)_1/ T A(t) for which now
(4.12a) holds replacing C by 1/4 and also (4.12e) remains true with the same con-
stant. Once the theorem is proved for this function, it is clear that also holds for
A

Let us now take ¢p > T and Y;, € R™ (fixed), and denote t; = to + j, for j € N,
Y(t) = Y(t;t0,Ys,) and Y; = Y (¢;),7 € N. Firstly, we claim that given ¢ > 0
arbitrary, there exists jo(¢) € N such that for all j > jo(e) it follows

1 — —4ZE
Y (0) = X (645, Y| < SME)7 07, e € 1, 15) (4.13)

Indeed, notice that (4.12e) implies that given € > 0, there exists j1(¢) € N such
that

ti+1
[ Bods < aw)C9, forall 2 jufe)

tj
and, it is obvious that there exists ja(€) € N, such that
1
(1+ M) < g forallj> j2(e).

Now, we can also write

t
X(t;t]‘,Y}) :}/}+ f(st(S;tj7Y}))d87Vt€ [tj?tj+1]7
tj

Nﬂ=%+/U@Y@Hw@Y@ﬂ%

to

t
Yy [ 6 Y () + 95,V (9)] syt € [t5,850]
tj
Thus, denoting jo(¢) = max{ji(g), j2(¢)}, and for j > jo(¢), and ¢t € [t;,tj41], it
follows that

V() =X (05| = | [ 160X (5245, 79) = 5.V (5) = g(s. V()] ds

< /:a(s)‘y(s) - X(s;tj,yj)\ ds + /:/B(s)ds,

and, by the Gronwall lemma,

Y (t) — X (t;t5,Y;)] < /:+1 B(s)ds (1 + /tt exp (/:a(r)dr) ds)

J
(1+eMA(t;) )
1

gA(tj)_(é_%),

IN

IN

which proves (4.13).



EJDE-2001/05 ON THE DECAY RATE OF SOLUTIONS 15
Secondly, we claim that
1 (5—3¢ L
Y(t) - X (15, Y5) < 7AE) (O3 Wt € [tj41,t542], Y5 > jo(e). (4.14)

Indeed, notice that for t € [tj41,t;42],7 > jo it follows

Y (#) = X (&5, Y5)| < [YV() = X(& 00, Vi) + [ X (G 40, Viga) — X (& 45, Y5)]

IN
oo | =

Aty) ™72 4 X (t 841, Vig1) — X (15, Y7)] . (4.15)

Now, we denote v(t) = | X (¢;tj41,Yj41) — X (¢;t;,Y;)| and obtain an estimate for
this term. Observing that for ¢ € [tj41,¢j42]

t
X(ttjp1,Yi41) = Yin +/ f(s, X(s5tj41,Yj41))ds,
Jj+1

t
X(t t]vyrj) X( ]+1,t Y) f(S,X(S th}))d

ti+1

and, it is easy to get by the virtue of (4.13) and (4.12b)
’U(t) < |}/}+1 - X( J+17t]7}/})|

t
+ / (5, X (550, V1)) — F(5, X (531, 7)) ds

tit+1

< )\(tj)—(é—26)+/t a(s)v(s) ds,

1
8 tit+1
and the Gronwall lemma obviously implies

1

v(t) < ()07 eM < Z (1) 7073,

0| =
0o

Taking into account now this estimate with (4.15), we obtain (4.14).
Thirdly, we claim that

Y (O] < 5 (1415, ) A@) ™M b€ [ty 4, tjg4inn], i=1,2,... (4.16)

l\DIH

Let us prove the assertion by induction. Indeed, take ¢t € [tj41,tj,+2]. Then, (4.14)
and (4.12a) yield to

|Y(t)| < |Y(t) _X(t t]m Jo)' + |X( J07on)|

1 . _
< M) 3>+ 1 Vil At = t5,)™
1 0 _
< PO 4 YA
1 min —oE&
< S0+ [V DA(L) {63922,

and the assertion holds for ¢ = 1. Assume now that it is true for ¢ and let us prove
it for ¢+ 1. Thus, considering t € [tj,+i+1, tjo+i+2], it follows by a similar argument
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as above and using (4.9)

YO <Y (0) ~ X0 i Vi) X5ty Vi)
1 a1 B
<M Ej0+4) © 3)+Z|Y}0+i|)‘(t_tjo+i) !
1/1 .

At 1) 0 4 1 (G5 I DAG 059 ) 1)

)\(Z + 1)— min{(6—3¢),v}

_‘_% (%(1 + |ijol))\(i)—min{(6—3e),7}> A(l)—min{(é—&s),'y}

1 : 1/1 .
SZ/\(i + 1)7m1n{(5735),7} + I <§(1 + |Y]0|)) )\(i + 1)7mm{(573€)77}

1 .
<5 [+ 1V ] A6+ 1)~ min{(6-3¢).7}

and our claim is proved.
Finally, (4.16) implies that, for ¢ € [t;,+i,tj,+i+1) and for all ¢ € N large enough,
log [Y(t)] _ log $(1+ Y0 log A(i)
log \(¢) — log A(%) log A(t)’
which allows us to ensure that
log |Y (¢; to, Yz, )|

— min{(§ — 3¢),~}

lim sup ———————> < —min{(d — 3¢),~},
MSUp =N {( )7}
and since € > 0 is arbitrary, the proof is therefore complete. O

Remark. Notice that a more general result can also be proved by a suitable
modification in the preceding proof. For instance, if g satisfies

lg(t, )| < Bu(t) + Ba(t) |2l V(t, ) € R™,
instead of (4.12c) in the theorem, (31 satisfies (4.12¢e), and for B2 we assume that

t+1
lim / B2(s)ds =0,
¢

t—o0

the assertion in the preceding theorem also holds.

5. CONCLUSIONS AND FINAL REMARKS

We have developed a theory on general decay properties of solutions of differen-
tial systems by using the Lyapunov Second Method and some kind of first approx-
imation results for perturbed systems. In particular, in order to prove our main
results, we also have introduced the generalized Lyapunov exponents with respect
to general positive functions which has permitted us to establish some criteria for
general decay of solutions.

However, a very interesting question is concerned with the possibility of deter-
mining how fast attract some closed set (e.g. attractors) the solutions of a dif-
ferential system. Some results on this topic have previously been proved by Eden
et al. [3] in the case of exponential attraction. But, to our knowledge, nothing
is known about a weaker kind of attraction (e.g. polynomial) or a stronger one
(super-exponential).
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On the other hand, our treatment could also be extended to the infinite-dimensional
context, i.e. for partial differential equations, and some similar results could be
proved for differential functional equations. We plan to investigate these in some
subsequent works.
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