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Introduction. In this paper, starting from the papers of T. Yoshi-
zawa [14] — [18] and V. A. Pliss [13], we prove that in the case of the
finite dimensional spaces, every w-periodic ultimately bounded system is
uniformly bounded (Theorem 2.2), is wuniformly ultimately bounded
(Theorem 2.3) and has at least one periodic solution of period @ (Theorem
2.4). However, for almost periodic systems, ultimate boundedness does
not necessarily imply uniform boundedness.

We give also some necessary and sufficient conditions in order that
the systems (1.1) and (2.1) be uniformly bounded (Theorem 3.1 and
Theorem 2.1 with Remark 2.1, respectively). Consequences of Theorem 2.2
are a result of V. A. Pliss and the fact that some conditions of Proposition
5 in [14] and of Corollary 1 in [14, p. 116] are superfluous (Remark 2.3).
Theorem 2.2 of V. A. Pliss [13] and Theorem 9.3 of T. Yoshizawa [16] follow
from Theorem 2.3, and in addition it follows that some conditions of
Proposition 6 in [14] and of Theorem 3 in [18] are superfluous. Moreover,
form Theorem 2.3 it follows that in the case of the periodic system, the
concepts of ultimate boundedness, equiultimate boundedness and uniformly
ultimate boundedness are equivalent. So far, it was known only the fact
that the concepts of equiultimate boundedness and uniformly ultimate
boundedness are equivalent in the case of the periodic systems (see
Theorem 9.3 in [16].)

In the last section, a necessary and sufficient condition in order that
the equation (4.1) (considered on a real Banach space X, with its dual
space X * strictly convex) be strictly uniformly bounded is given (Theorem
4.1). Theorem 4.2 is similar to a result of Gerstein and Krasnoselskii [6].

We mention that the ultimately bounded systems defined by T.
Yoshizawa (see e.g. [14], [16]) are identical with the dissipative systems
of Levinson [9]. From Corollary 2.1 in [13] it follows that every dis-
sipative system (ultimately bounded system) periodic in ¢ of period w
(w-periodic) has at least one periodic solution of period kw, for some in-
integer £ >1. From Theorem 2.4 it follows that such a system has a
periodic solution of period precisely w. A similar result for the equiulti-
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mately bounded systems is Theorem 29.3 of T. Yoshizawa [16].

The idea to prove Theorem 2.2 by using the Liapunov’s function has
been suggested to me by Professor C. Corduneanu. We mention that
Theorem 2.2 may be proved with the method of Liapunov’s function, but
only in the case f(t,x)e C'(t, ) (see Section 2).

On this opportunity the author wishes to thank Professors T. Yoshi-
zawa, C. Corduneanu, D. Petrovanu and Gh. Bantas for their useful sug-
gestions during the preparation of this paper.

1. Definitions. Let us consider the initial value problem
dx
1.1 — =f(,
(1.1) 7 @, )

(i) w(to) = @ ,

where f: R, X R"— R™ is continuous, R, = {te R, ¢t > 0} and R" denotes
Euclidean n-space. Assume that the initial value problem (1.1) and (i)
has a unique solution x(¢, ¢,, «,) for every (¢, ¢, ,) € R, x R, X R" [8].

We say that feC'(¢, x), if it is continuously differentiable with
respect to (f, ). For the definitions of C,(¢, #) and of different concepts
of boundedness of the solutions of (1.1), see Yoshizawa [14], [15], [17].

Roughly speaking, we will say that (1.1) is bounded or uniformly
bounded, if the solutions of (1.1) are bounded or uniformly bounded
respectively. In the same way, we define ultimately bounded systems,
equiultimately bounded systems and uniformly ultimately bounded systems.

We denote:

[| 2 || = the Euclidean norm of x;
S.={zeR" ||z||<a, a>0}, S ={zeR"||z||=a};
4« = the product space R, x S, ;
4% = the product space R, x S¥.

We say that the system (1.1) is w-periodic (resp. almost periodic) if f(t, x)
is periodic in t of period ® (resp. almost periodic in t¢).

2. Periodic bounded system. Let us consider the following -
periodic system

@.1) j—f = fit, )

under the same hypotheses as (1.1).
In this section, using Liapunov’s function method, we will discuss
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relationships between uniform boundedness and ultimate boundedness of
2.1).

THEOREM 2.1. 1) Assume that there exists a conmtinuous fumnction
V(t, ) which is defined in 4F (a>0, arbitrary) and satisfies locally a
Lipschitz condition with respect to x. If in addition,

2) V(ty @) — +oo as p— +oo, for every (t, ,) € R, x R"
with || @,||— + o as p— + oo,

3 Vi, x) <0 for (¢, x) € 4,
then (2.1) s uniformly bounded.

ProoF. Suppose that (2.1) is not uniformly bounded. Then there
exist

T, >, 1f, xs’eS,o, ">, Rp>’ro,p= L2 ...,

R,— o as p— oo, such that

2.1y @, &, @) || = Ry p=1,2, «- .

Let 6,€ [, t*) be such that
(2.2) 2@, &, @)l =1, D=1,2,+--,
and
(2.3) 7o < || 2(t, t&, 2) || for 6, <t < t?, p=12 -
If we set
2.4) 6,=m,® +0,0<8,<w, meN,
where N is the set of natural numbers, and set
(2.5) t? =t — mw, zr = x(0,, t?, x?) p=1,2 ..,
we have
(2.6) x(t, 0,, T) = x(t + m,w, t¢, x?) p=12 ---
since (2.1) is w-periodic. Taking into account (2.1)’-(2.6), we obtain
(2.7) @l =mr, =@, 0,7)I| =Rk,
2.8) r, < || ®(t, G, ®2)|| for 4,<t <t?, p=1,2, -+,
From the hypothesis 3) it follows that
(2.9) V'(t, x(t, 0, 7)) <0 for §,<t<T7.

Therefore
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(2.10) V(fpa x(i.p9 o—py z7)) < V(e_m z), p=1,2 ..

Since 0< 4, < w, ||Z?| =7, and V(t, x) is a continuous function on 4%,
there exists a constant M independent of » such that

(2.11) Ve, o(t? 0, ) <M, p=12---.

The contradiction obtained from (2.7), (2.11) and the hypothesis 2) proves
the theorem.

REMARK 2.1. If f(t, x) € Cy(t, ), from Theorem 5 in [14] it follows
that the conditions of Theorem 2.1 are also necessary.

COROLLARY 2.1. Assume that the hypotheses 1) and 8) of Theorem
2.1 are satisfied. If in addition

2 b(|x|) < V(& x), (¢, x) € 4% where b(r) is a positive function such
that b(r) — + o as r— +co, then (2.1) is uniformly bounded.

ProOF. Obviously, 2° implies the condition 2) of Theorem 2.1, and
hence Corollary 2.1 follows from Theorem 2.1.

The following theorem which has been reported in Boll. U.M.I. [11]
is important, because many results of the present paper are closely related
to this theorem.

THEOREM. 2.2. Amny ultimately bounded periodic system is uniformly
bounded.

PrROOF. Assume that (2.1) is ultimately bounded for bound R, but
not uniformly bounded. Then there exists 7,>0 such that for every
R >0, there exist t7 >0, zfe S, and t¥ > ¢¥ such that ||z(tF, 7, aF)|| > R.
Let a >0 be such that

(2.12) R<r +a.
Consider a sequence {R,} such that R,— + « as p— + « and
2.13) R,>r + a, p=12 ...

Then there exist 2, «?, t* such that
(2'14) xgesror >, ”x(tpy i3, x(z)))H>Rp>’ro+ «, D= 1! 29 et .

Let us consider x(f) = (¢, &2, 27). Since ||z || = |22 || < re <7+ @
and || x(t*)||> R,> 7, + a, denoting 6, the largest of all #¢ (2, t*) with
the property || (0, t¢, ?)|| = r, + @, we have _

(2.15) | (@, 88, W) [| = 70 + @

and
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2.16) =@, @, a)||> 7+ a, for 6,<t<t?, p=12-.-.
Using the relations (2.4) and (2.5) we derive

(2.17) x(t, 0, T2 = ot + m,w, 2,20, p=1,2 -,
Taking into account (2.4), (2.5), (2.14) — (2.17), we obtain
(2.18) |z, 0,, @) [| = R,>r + &

and

(2.19) [| (¢, 8,, ZO) || >r, + @ for G,<t<t?, p=1,2,+--.

Since 0< 4, < w, and ||Z||=r,+a, p=1,2, -+, we can assume (with-
out the loss of generality) that the sequences {4} and {Z?}7 are con-
vergent. Let 6, (resp.x,) be their limits.

Since (2.1) is supposed to be ultimately bounded for bound R, there
is 7,> 6, such that

(2.20) l(Te, 0o ) | <R <7 + .

Taking into account that the solution (¢, 4,, x,) depends continuously on 6,,
z,, and using (2.18), (2.19) and (2.20), it follows that for p, sufficiently
large, the cases t*>7, and ?* < 7, are impossible (see also [13] p. 31).
This contradiction proves the theorem.

REMARK 2.2. 1% f(¢, »)eC'(t, ), Theorem 2.2 may be proved by
using the Liapunov’s function.

Indeed, from Theorem 2.6 in [13] it follows that there exists a func-
tion V (¢, ) € C*(t, ) with the following properties:

a) V(i + o2 = V(E,x, (& x)edf.

b) V(,x)>0 on 4.

¢) V(t, x)— + o as |[|x]||— + o uniformly with respect to ¢< [0, w].

d) oV/jot + >r, oV/jox, f; <0, (¢, x)€ 4%.

Set b,(J|z||) = inf o<t<o V(t,y) for each ze S}.

Hyll=ll=}l

Obviously we have

(2.21) b(lzl) < VE», (G x)eds.
There exists t? € [0, w] such that
(2.22) b(lzl) =VEs,y), llyll=I=l.

Taking into account b) and c), it follows that V(;, y) — + o as ||@ ]| + oo,
and therefore b,(r)— + ~ as r— + «~ so that Theorem 2.2 is a con-
sequence of Corollary 2.1.
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2°) In the case of almost periodic systems, the ultimate boundedness
does not necessarily imply the uniform boundedness.

Indeed, by Theorem 1 in [14] for the linear system the ultimate
boundedness is equivalent to the asymptotic stability, and the uniform
boundedness is equivalent to the uniform stability. But there exists a
linear almost periodic equation for which the zero solution is asymptotical-
ly stable, but not uniformly stable (see C. C. Conley and R. K. Miller [4]).

REMARK 2.8. From Theorem 2.2 it follows that the conditions
“||2(t; 2 0) || < & for xz,€ Kz t> 07 and “the solutions issuing from I7(0)
are equibounded” of Proposition 5 in [14] and of Corollary 1 in [14],
respectively, are superfluous.

THEOREM 2.3. Ultimate boundedness of the solutions of (2.1), implies
uniformly wltimate boundedmness.

Proor. This theorem follows from Theorem 2.2 and Proposition 5 in
[14]. However, we mention the following simple proof.

a) First of all, it is easy to see that it is sufficient to prove only
that the solutions from M,, where M, = {x(t, t,, %,), with (¢, =) € [0, ®] x B"}
are uniformly ultimately bounded.

b) Since ultimate boundedness of (2.1) implies uniform boundedness
(Theorem 2.2), for proving that the solutions belonging to M, are uni-
formly ultimately bounded, it is sufficient to prove only that the solutions
issuing from II(w) are quasi-equiultimately bounded.

¢) Therefore, let us consider the solutions issuing from [7(w). If
y€ S, (@>0, arbitrary), there exists ¢, such that

(2.23) le(@ + ¢, 0, y)|| <b,

(where b is the bound of ultimate boundedness of (2.1)). There exists a
neighborhood V, of y such that

(2.24) le(w + ¢, 0, x) || <b for every €V, .

But {V,},cs, covers S, and hence there exist «z,, ---,x,€ S, such that S,
be covered by {V,.}.<ic, and

(2.25) e + ¢, w,2)[|<b  for ze V,,.

Let us consider now T'(a) = max(t, ---, t,). By Theorem 2.2 there exists
B(b) such that

(2.26) @, t, )| < B8 for (t,x)eR, xS, and t>¢,.
Now, if x,€ S,, there exists ¢, 1 <% < p, such that x,¢ V,.. But
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” x(t’ w’ xo) ” = ” x(t, @ + tiy a:(a) + ti’ (0, xo)) ” .
From (2.25), (2.26) we obtain
(2.27) 2@t o, z)||<B for t>w+ T(),

and hence the solutions issuing from II(w) are quasi-equiultimately bound-
ed of bound B(b). The proof is completed.

From Theorem 2.3 it follows:

COROLLARY 2.2. In the case of the periodic systems, the concepts of
ultimate boundedness, equiultimate boundedness and uniformly ultimate
boundedness are equivalent.

REMARK 2.4. The Theorem 9.3 in [16] follows from Corollary 2.2.
Taking into account the Corollary 2.2 we easily see that the condition:
“the solutions issuing from /7(0) are quasi-equiultimately bounded” of Pro-
position 6 in [14] is superfluous.

THEOREM 2.4. If (2.1) is wltimately bounded, then it has at least a
periodic solution x(t, 0, ) of period @ and in addition

(*) | %(¢, 0, Zo) [| < B
for all t >0, where b 1is the bound of uniformly witimate boundedness.

The proof is immediate, using a fixed point theorem of Browder [2],
in a similar way as in the proof of Theorem 29.3 in [16], so that we
omit it.

The relation (x) is obviously necessary.

Theorem 2.4 specifies Corollary 2.1 in [13], which shows that (2.1)
has at least one periodic solution of periodic kw for some integer &k > 1.

REMARK 2.5. From Theorem 2.2 and Theorem 2.3 we shall derive
two results of V. A. Pliss [13].

If (2.1) is ultimately bounded, then there is h>0 such that for every
a >0, there exists a mumber k(a) such that

19 T*S,c S, for every k> k(a), where T is defined as wsually:
T Ly = x(a)i 09 xo)’ [1]7 [16]'

Since ultimate boundedness of (2.1) implies uniformly ultimately
boundedness, we have
(2.28) |z, 0,2)||<b for t> T(a), €8S,
where b is the bound of uniformly ultimate boundedness. Let k,(a) be

the first natural number such that k,(a)w > T'(a). Obviously, letting
k(@) = k(@) and h = b, Theorem 2.2 in [13] can be obtained.
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In the proof of the result mentioned above, Pliss used the following
proposition [13, p. 31].

Assuming that (2.1) s ultimately bounded for bound b, there 1is a
number h>0 such that

(2-29) Tka c Sh k = 1, 2, e .
From Theorem 2.2 there exists b such that
(2.30) |2, 0,2)|| <b for t>0 and =x,€8S,,

so that (2.29) follows from (2.30) with A = b.

3. Generalizations. Let us consider again the system (1.1). In this
section we shall give a slight extension of Theorem 10.2 in [16].

THEOREM 3.1. 1) Assume that there exists a Liapunov function
V(t, x) defined in 4% (x>0, arbitrary) such that

2) Vi, x)— +c as p— + o for every (t, %, € Ry x BR* with
[|,]|— + oo as p— + oo,

3) Vi, x) <b(lz]|), where b(r) is a continuous positive function,

4 V'iy(, 2 <0.

Then, (1.1) is uniformly bounded.

ProOF. Suppose that (1.1) is not uniformly bounded. Following the
proof of Theorem 2.1 (Section 2), there exist r,>a, &, a7cS,, t">t,
th<o,<t", R,>r, with R,— + « as n— + oo, such that

(3.1) [ 2(0n, t3, 2 | = 70y 125 || < 74 n=12 -
(3.2) o ts, ) || = R, > 7, , n=1,2,--
(3.3 ro < || @, ty, x7) || for 6,<t<t", n=12 ..
Taking into account 3), 4), (38.1) and (3.3), we derive
(8.4) Ver, a@t", t7, 22) < V(O €0 t3, a0) < M

where n = 1,2, --- and M is a constant independent of n. The contradic-
tion between (8.4) and the hypothesis 2) proves the theorem.

REMARK 3.1. The hypothesis 3) of Corollary 2.1 (or the hypothesis
(i) of Theorem 10.2 in [16]) may be weakened by using a method in
[10].

4. Some remarks in the case of a Banach space. We consider now
the initial vulue problem
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de ; —
(4.1) rri ¢, o), (1) 2t =

with f: R, X X— X, where X is a real Banach space and f is a con-
tinuous function. Assume that the initial value problem (4.1) and (i)
has a unique solution for every (¢, 2,) € Ry X X. In addition, we assume
that the norm of the solutions of (4.1) is differentiable almost every-
where (a.e.).

We denote by (,) the pairing between X and X* (X* being the dual
space of X), and by F the duality mapping of X into X*(see e.g. [7],
(8-

DEFINITION 4.1. A mapping A: X— X s said to be dissipative if
Sfor any x, ye D(A) and fe F(x — y), we have

(4.2) (Ax — Ay, /) <0.

DEFINITION 4.2. We say that (4.1) s strictly uniformly bounded
(s.u.b) if the norm of the solutions is a monincreasing function.

Obviously, the strictly uniform boundedness is a particular case of
uniform boundedness. The following result will be necessary.

KATO’S LEMMA. Let 2(t) be a X-valued function defined on R,.
Suppose that x(t) and ||2@Et) || are differentiable at ¢ = s. Then

(4.3) Ila(s) | —gt— 2@ |l le=s = @'(s), f)»  feF@(s) -

THEOREM 4.1. Suppose that X* is strictly convex. Then, the equa-
tion (4.1) is s.u.b. if and only if
(4.9 (ft, o), F@)) <0,  for any (t,x)e Ry X X .

Proor. Sufficiency. Let (¢, @) € Ry X X. From (4.3) we have

(4.5) %% @, ty 2 |F = (F(E, 0, to 29), F(@t, ty ) aee.
and hence

d
(4.6) ra |, t, 2) || <0 a.e.

Integrating (4.6) over [t,, t], we obtain
(4.7) [, b o) | < M| for ¢ >4, .
From (4.7) (see also [12]) it follows that (4.1) is s.u.b.
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Necessity. Assume that (4.6) is not true, therefore assume that
there exists (¢, «,) € Ry X X, such that
(4.8) (f (to, ), F'(25) >0 .

Set @(t) = (f(t, z(t, t, %), F(a(t, t, ), t =t

Since the duality mapping is demicontinuous (because X* is strictly
convex), it follows that @(¢f) is a continuous function for ¢ >¢,. But
®(t) = (f(t, 2,), F(x,)), and therefore there is a § >0, such that

(4.9) P(t) >0 for any telt,t, + 0] .
From (4.5) and (4.9) we obtain

(4.10) % @, b 2)|| >0  ae.  on [ty b + ] -

But (4.10) implies
(4.11) Il 2(, toy @) || > [l ]]  for  te[ty, & + 0] .

Since (4.1) is supposed to be s.u.b., the inequality (4.11) is a contradic-
tion, so that the theorem is proved.

COROLLARY 4.1. If f(t,x) is a linear mapping from X to X for
every te R,., them (4.1) 4s s.u.b. of and only if f(t,x) is a dissipative
mapping.

ProOF. Indeed, in this case, (4.4) is the definition of dissipativeness
of f(t, ) ([19], ch. IX).

REMARK 4.1. Let us consider

dx
(E) 2 = Az,
where A is a nonlinear operator which generates the nonlinear semigroups
T, of contractions [8]. Set N(4) = {x,xe D(A), A x=0}. If NA = O
(@ being the empty set), then the equation (E) is uniformly bounded.
Indeed, x(t, t, %)) = T, @ t = ¢, ¥, € D(A). Let us consider ec N(4).
Then we have x(t, t,,¢) = T,_,e = ¢, t >t. But

(4.12) [, toy %) || = || Toesyto — Tieiell + llell <l ]l + 2] e]] .
Therefore
(4.13) 2@, ty @) || <7+ 2]|e]] for [laf|<r, t>t

i.e. (E) is uniformly bounded with B(r) = r» + 2||e|| ([16], Definition 9.3).
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Conversely (if X is a Hilbert space), from a result of Browder men-
tioned in [5] (Section 5, Theorem 5.1) if the solutions of (E) are uniformly
bounded (or only bounded), then N(4) = @&.

Finally, let us consider (4.1) again. Using a fixed point theorem of
Browder [2], it is easy to prove the following result.

THEOREM 4.2. Assume that (4.1) is periodic in t of period @, and
the mapping T defined by Tx, = x(w, 0, x,) is a compact mapping.

If in addition (4.1) s uniformly bounded and wniformly wultimately
bounded, then there exists a periodic solution of period w.

Theorem 4.2 is similar to Theorem 2.4 and to a result of Gerstein
and Krasnoselski [6].
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