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On the semilinear multi-valued flow under
constraints and the periodic problem*

RALF BADER

Abstract. ** In the paper we will be concerned with the topological structure of the set of
solutions of the initial value problem of a semilinear multi-valued system on a closed and
convex set. Assuming that the linear part of the system generates a Cp-semigroup we
show the Rj-structure of this set under certain natural boundary conditions. Using this
result we obtain several criteria for the existence of periodic solutions for the semilinear
system. As an application the problem of controlled heat transfer in an isotropic rigid
body is considered.
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Introduction

Let E be a Banach space, D a closed, convex subset of E, A the infinitesimal
generator of a Cp-semigroup {U(t)}¢>0 and F': [0,T] x D — 2F an upper semi-
continuous multi-valued map. We consider the semilinear differential inclusion

(1) 2 (t) € Ax(t) + F(t,z(t)).

First, assuming as boundary conditions, that the semigroup {U(t)}s>o leaves
D invariant and that F satisfies a condition expressed in terms of the Bouligand
contingent cone, we will study the topological structure of the set of mild solutions
to (1) and we show that this set carries an Rg-structure, i.e. it can be represented
as the intersection of a decreasing sequence of compact absolute retracts (see [13]).

Problem (1) with single- or multi-valued perturbation F' was studied by many
authors (see [15], [16], [18], [6]). Also the structure of the solution set of differential
inclusions in infinite dimensional spaces was considered in various works (see [7]
and references given there). In particular, we mention [6], where it was shown
that the set of strict solutions of (1) is an Rg-set in the case A =0 (in [12] it was
observed that this set is compact and connected) and [7], where the same result

* The research was done while the author held a DFG scholarship.

** The results of this paper were in part announced without proofs in Differential Inclusions
and Optimal Control, J. Andres, L. Gérniewicz and P. Nistri (eds.), Lecture Notes in Nonlinear
Analysis, Vol. 2, 1998, pp. 51-55.
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was obtained for (1) but F' defined on F, i.e. problem (1) was considered without
constraints.

In the second part, we let F : [0,00) x D — 2F be T-periodic and consider
the problem of T-periodic, mild solutions to (1). Applying our results on the
integral funnel it is possible to apply certain fixed point principles of multi-valued
mappings (see [3]) on the translation operator along trajectories (see [11] for this
attitude in the finite dimensional setting and [4], [14] in the present case but
without constraints). Using this approach we obtain various assumptions on D,
F and A assuring the existence of periodic solutions. Thus we obtain multi-
valued generalizations of the existence principles formulated in [17] for single-
valued nonlinearities. Also some refinements of results given in [4] and [14] are
considered. In case F' is autonomous, we can derive sufficient conditions for the
existence of equilibria from the results on periodic solutions. Finally we will be
concerned with a control problem arising in the study of controlled heat transfer
in an isotropic, homogeneous body. We give sufficient conditions in terms of the
heating sources, which can be regulated, in order to obtain a periodic evolution
of the system.

1. Preliminaries

Given a metric space (X,d) let Bx(x,r) :={z € X : d(x, 2) < r} be the open
ball with center 2 and radius r (the subscript X is omitted unless it leads to
ambiguity) and d(z, D) := inf,cp d(x, z) the distance from z to a set D C X.
The interior, closure and boundary of D will be denoted by int D, D and 9D,
respectively. In the sequel, £ will always be a Banach space over C or R with
the norm | - | and E* is the normed dual of E. If U is a linear operator in F
the resolvent set of U is denoted by o(U) and the Banach space of all bounded
linear operators is £(E) with the operator norm | - |o. Given reals a < b we let
C([a,b], X) be the Banach space of continuous y : [a,b] — X equipped with the
maximum norm and by L!([a,b], E) we mean the Banach space of all Bochner
integrable maps f : [a,b] — F with the norm |f|; := ff |f(s)|ds.

For nonempty, bounded subsets 2 of E the Hausdorff measure of noncompact-
ness (MNC) x is given by

x(Q) := inf{r > 0 : there are finitely many points z1,... ,2 € E
k
with Q C U B(wi,r)}.
=1

Let us also provide some terminology concerning multi-valued maps. Given
metric spaces X and Y a multi-valued map F : X — 2V \ 0 is called upper
semi-continuous (usc), if F~1(V) := {x € X : F(z) C V'} is open in X whenever
V is open in Y and it is lower semi-continuous (Isc) if F~1(A) is closed in X
whenever A is closed in Y. Given another multi-valued map G : Y — 2% the
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composition of F and G is given by Go F : X — 2%, G o F(z) := UyeF(:c) G(y).

A multi-valued map F : D — 2F \ @, where D is a subset of the Banach space
E, is called a k-set-contraction, if F' is usc and for every bounded Q C D the set
F(Q) := U,eq F(x) is bounded and x(F'(2)) < kx(£2). In case k = 0 we say that
F' is a compact map.

2. Existence of solutions for the semilinear multi-valued flow under
constraints

Let A be a closed linear (in general unbounded) operator on F, which is the
infinitesimal generator of a Co-semigroup {U(t)}¢>0 (see [15]). Let D be a closed
subset of E and let F' : [0,T] x D — 2F\ () be a multi-valued mapping. Given
xg € D we consider the initial value problem

@) { o' (t) € Ax(t) + F(t, 2(t)),

x(0) = xo.
A continuous mapping z : [0,7] — D is called a mild solution of (2) if x satisfies
the integral equation

t
(3) z(t) = U(t)zg +/0 U(t — s)f(s)ds for every t € [0,T],

where
f € Np(z) :={g € LY([0,T], E) : g(t) € F(t, z(t)) a.e. on [0,T]}.

The set of all mild solutions of (2) will be denoted by S(xg). Recall that strong
solutions of (2), i.e. continuous z : [0,7] — D such that 2(0) = g, = is almost
everywhere (a.e.) differentiable with 2/ € L([0, 7], E) and x satisfies (2) a.e. on
[0, T], must not exist in general. Clearly, if we have A = 0, a mild solution to (2)
is also a strong solution.

In order to state the boundary condition on F' sufficient for the existence of
solutions we consider the Bouligand contingent cone, i.e.

d(x + hy, D)

Tp(z) ={y € E: liminf . =0}.

h—0,h>0
Recall that in case D is convex the equality

1
Tp(a) = | 30~ {})
t>0
holds and the following characterization in terms of hyperplanes is available (see
9, p.32]): y € Tp(x) iff
z* € E*, [z*| =1, Rez"(z) = supRex™(z) implies Re z*(y) < 0.

D

We also will use the condition that the semigroup {U(t)};>¢ leaves the set D

invariant, i.e. for each t > 0 we have U(t)D C D. Recall that this condition can
be characterized solely in terms of the generator A:
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Lemma 1 (see [15, p. 304]). Let A be the generator of a Cy-semigroup {U(t)}¢>0
on E and let D be a closed, convex subset of E. Then U(t)D C D for eacht >0
iff (I —XA)™1D C D for each \ > 0 sufficiently small.

We have the following existence result.
Theorem 2. Let F be a Banach space, D be a closed subset of E and let A be
the generator of a Co-semigroup {U (t)}+>o such that U(t)D C D for each t > 0.
Let F:[0,T] x D — 25\ () be usc with compact convex values such that

It )| i=supf 2] : 2 € F(t,2)} < e(t)(1 +al)
for every t € [0,T],x € D,
where ¢ € L'([0,T],R) and
(4) F(t,z) NTp(z) # 0 for every t € [0,T] and x € D.
Then for each xg € D the initial value problem (2) has a mild solution provided
that one of the following conditions holds:
(i) for bounded Q) C D

(5) . lbrr}ll Ox( (Bio,q)(t, h) x ) < k(t)x(92) for each t € [0,T],

where k € L'([0, T, R)
(ii) the semigroup {U(t)}>0 is compact.

PROOF: Theorem 2 was shown in [6] under analogous assumptions, except that
instead of our separated boundary conditions, i.e. U(t)D C D for each ¢ > 0 and
(4), it was assumed that

(6) F(t,z) N TH(z) # 0 for every t € [0,a] and x € D,
where
. . . dlUh)x+ hy, D)
T E: 1 f = .
(7) b(x) = {y €E: liminf h 0

Now the theorem follows since under the above assumptions y € Tp(z) implies
Yy € Tg(x) (1). To see this, recall that y € Tp(z) iff 2 + hpy, € D for some
hn — 0, hyp, > 0 and some y, — y. Then
d(U(hn)x + hny, D) < d(U(hn)(@ + hnyn), D) + ha|U(hn)yn — y|
= hn|U (hn)yn — vl
since U(t)D C D for every t > 0. Thus, using the strong continuity of {U(t)};>0,

it follows that 1

h—d(U(hn)x + hny, D) — 0 as n — oo,
n

ie.ye Tg(a:) O
We will also use the following continuity property of the solution operator.

1The argument used in the subsequent proof of this implication was communicated by
D. Bothe.
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Corollary 3. Let the assumptions of Theorem 2 be fulfilled. Then the multi-
valued map S : D — 2C(0TL.D)\ ¢ is usc with compact values (C([0,T], D)
denotes {z : [0,T] — D : z is continuous}).

ProoF: Follows easily by using arguments from the existence theory to (2) (see
(6], [9]). 0

Remark. The “cone” defined in (7) does not have the useful property to define
a Isc set-valued map D > 2 — Tg(x) C FE in the case where D is convex (as
it happens for Tp(-)). To see this let £ := {z : [0,00) — R : z is bounded
uniformly continuous} with the supremum norm and consider (Af)(t) := f’(t)
for f € D(A) := {f € E: f' € E}. The operator A generates a nonexpansive
Co-semigroup. Now let D := {f € E : f(0) = 0} closed and convex. One easily
sees Tp(x) = D for every x € D. We consider

1
t) := —sinnt.
fn(t) —sinn
Then fr, — 0 and (Afyn)(t) = cosnt. Thus we see that f, € D(A)ND and since for
such elements g we have Tg(g) =Tp(g) — Ag we get that Tg(fn) =D —cosn-
and Tg(O) = D. Therefore, given an open V := B(0,1), we have Tg(O) NV #0
but Tg(fn) NV =0foralln=1,2,..., and we see that Tg() cannot be Isc.

3. Topological characterization of the solution set

In the section we will prove that if we assume in addition that int D # (), the
set of mild solutions to problem (2) is actually an Rgs-set, i.e. the intersection of a
decreasing sequence of compact absolute retracts (see [13]). To prove this result
we need the following two lemmata.

First we have the following generalization of the Michael selection theorem.

Lemma 5 (see [5]). Let X be a metric space and E a Banach space. Let F : X —
2\ 0 be usc with closed, convex values and G : X — 2F\ () be Isc with closed,
convex values such that F(x) N G(z) # 0 for each x € X. Then, given € > 0,
there exists a continuous map f : X — E such that f(x) € F(B(z,€)) + B(0,¢)
for each x € X and f is a selection of G (i.e. f(x) € G(x) for each z € X).

Similarly as in [6], we will also apply the following simple consequence of the
characterizations of Rg-sets given in [13].

Lemma 6. Let E be a Banach space and let A, C E be nonempty, closed and
contractible such that Ap O Apyq for n > 1 and x(An) — 0. Then the set

A= () An

n>1

is an Rs-set.
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Theorem 7. Let E be a Banach space, D C FE closed, convex and bounded
with int D # () and let A be the generator of a Cy-semigroup {U (t)};>0 such that
U(t)D C D for eacht > 0. Let F : [0, T]x D — 2E\ () be usc with compact convex
values such that ||F(t,z)|| < ¢ on [0,T] x D and (4) holds. Then for each xy € D
the set of mild solutions S(xg) is an Rg-set provided that one of the conditions
(i) or (ii) of Theorem 2 holds.

PrROOF: 1. Let M be given such that |U(t)|o < M for every t € [0,T.

Since D is a closed, convex set the map Tp : D — FE is Isc with closed,
convex values (see [9, p.32]). Thus, by Lemma 5, for each n > 1 there exists a
continuous map gp, : [0,7] x D — X such that gn(t,x) € Tp(x) and gn(t,z) €
F(Bjg1(t, %) x Bp(x, 2)) + Bg(0, +) for each t € [0,7] and = € D.

Now let 21 € int D and D1 := D — {21}. Then 0 € int D; and we find u > 0
such that Bg(0, ) C Dy. In view of the Lasota-Yorke theorem choose a locally
Lipschitz map fp, : [0,T] x D — E such that

sup  |fu(t,2) — gn(t )| < £
[0,T|xD n

and we define
Fa i [0,T) % D — B, folt;2) = fa(t,z) — %(w — ).

Clearly, the map f, is also locally Lipschitz and we claim that in addition fy (¢, z)
€ Tp(z) on [0,7] x D holds. To this end let ¢ € [0,T], x € D be arbitrary and
let * € E* be such that |2*| = 1, Rex™(x) = supp Rez*(z). Then

Rez*(fu(t,z)) < Rex*(fu(t,z) — gn(t,z)) — %Rex*(m — 1)

< [fn(t) = ga(t,2)| = - <0

since z*(z — x1) > p.
Finally let d := 2+ ||D1||. Then it is clear that for each n > 1 the map fy, is a
selection of a multi-valued map F, : [0,T] x D — 25\ (), given by

1 1 d
Fult.a) = P (Boy(t, 1) x Bp(e. ) + B0, %),

Observe also that
(8) F(t,z) C Fpt1(t,z) C Fp(t,z) on [0,7] x D for every n > 1

and all mappings F}, are bounded by ¢ + d. Denoting by S, the set of solutions
of (2) where F is replaced by Fj,, we have also from (8) that Sy (z9) D Sn+1(zo)

and S(zo) C (,,>1 Sn(z0)-
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2. Recall that from up € Sy (zg) for all n > 1 it follows that u,, — u € S(zo)
for some subsequence {uy, : k > 1} of {u, : n > 1}. This implication follows
from standard methods occurring in the existence theory for semilinear systems.

Now observe that the above mentioned fact shows that

S(a0) = () Su(xo).

n>1

but, moreover, we also obtain xo(Sn(zg)) — 0, where xo denotes the Hausdorff
MNC on C([0,T], E); notice that we get

on = sup d(v,S(z0)) — 0,
Sn(zo)
and thus Sp(x9) C S(z¢) + B(0, on), which implies xo(Sn(z0)) < on — 0, since
S(zg) is compact by Corollary 3.
3. We show that for each n > 1 the set Sy (xg) is contractible. Observe that
in this case the proof is finished in view of Lemma 6. Let f := f;, be the locally

Lipschitz selection of F, which exists by step 1. Then, for each tg € [0,7] and
xo € D let us denote by v(t;tg, xg) the unique solution of the integral equation

t

(9) W%ﬂw—m%+/UWﬂﬁ@mw%-

to
Define a homotopy A : [0,1] x S, — S;, by the formula
, if s€0,T],
(e i= { 1 i€ 0,271
v(s; A u(A)), if s e [A\T,T].

Since the semigroup U(t) is strongly continuous and fy, is locally Lipschitz it
is easy to see that the solution of equation (9) depends continuously on ¢y and
xo and therefore h is continuous. We also have h([0,1] x S,) C Sp and thus,
from the continuity of h we infer, h([0,1] x S,) C Sy. Finally observe that

h(0,u) = v(;0,20) and h(1,u) = u for every u € Sp, i.e. Sy, is contractible. O

4. Periodic solutions of the semilinear system

Let F : [0,00) x D — 2P\ () be T-periodic, which means that F(t,z) C
F(t+T,x) for every t € [0,00) and every z € D. We will be concerned with the
existence of T-periodic, mild solutions to

(10) o' (t) € Ax(t) + F(t,x(t)),

i.e. continuous, T-periodic maps z : [0,00) — D such that

t
(11) x(t) = U(t)z(0) + /0 U(t — s)f(s)ds for each t € [0, 00)
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with f € Llloc([O,oo),E) such that f(s) € F(s,z(s)) ae. on [0,00) (by
L}OC

E)

([0,0), E) we denote the set of all locally Bochner integrable maps [0, 00) —

Recall that a semigroup {U(t) };+>¢ is said to be of type (C,w) for some constants
C >0,we R, if |[Ut)|o < Cexp(wt) for each ¢t > 0. In the sequel, we will only
consider semigroups of type (1,w). However, this does not seem to be a serious
restriction since there is an equivalent norm on F such that C' = 1 holds. Our
assumptions will be such that they remain valid under equivalent renorming.

In order to apply the results of the previous section to the periodic problem
(10), we shall take advantage of the following fixed point result.

Proposition 8 (see [3]). Let D C E be closed, convex and bounded and let
D' C E' be a closed, convex subset of a Banach space E'. Let ¢ : D — 2D’ \ 0
be an usc map such that p(x) is an Rg-set for each x € D and let f : D' — D be
a continuous map. Finally let ® := f o ¢ be a k-set-contraction for k < 1. Then
the mapping ® has a fixed point, i.e. there exists xg € D such that xg € ®(xg).

We start with the following result.

Theorem 9. Let E be a Banach space and D C E closed, convex and bounded
with int D # (). Let A be the generator of a Cy-semigroup of type (1,w) such that
U(t)D C D for eacht > 0. Assume that F : [0,00) x D — 25\ () is usc, T-periodic
with compact, convex values such that |F(t,z)|| < c on [0,T] x D and (4) hold.
Then the periodic problem (10) has a mild solution in each of the following cases:

(i) condition (i) of Theorem 2 holds, t — U (t) is continuous with respect to
the norm in L(E) for t > 0 and wT + 4|k|; < 0;
(ii) condition (i) of Theorem 2 holds, E is separable and wT + |k|; < 0;
(iii) {U(t)}+>0 is a compact semigroup.

ProOOF: From Corollary 3 and Theorem 7 we know that the solution operator
S: D — 20(0T].D) \ @ defines an usc map with Rg-sets as its values. Next, let
er : C([0,T],D) — D be the evaluation map, i.e. ep(u) := u(T) and consider the
operator of translation along trajectories given by P := e o S. In view of the
results of [4] it follows that in all three cases P is a k-set contraction with k < 1.
Hence, by Proposition 8 we see that P has a fixed point, i.e. there is a continuous
map z : [0,7] — D satisfying (3) such that z(0) = z(T"). Clearly, = can be
extended to a continuous T-periodic map 7 : [0,00) — D and, by T-periodicity of
F, we see that 7 satisfies also (11) with a map f chosen in the obvious way. O

Observe that the assumptions in the cases (i) and (ii) above imply w < 0. In
the next result we consider also the case w = 0.

Theorem 10. Let the suppositions in front of Theorem 9 be fulfilled. Then the
periodic problem (10) has a solution provided

0€ D, w<0, F is compact and 1 € o(U(T)).
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PROOF: For ¢ > 0 we consider ¢/ € Ay — ey + F(t,y). Then the Cp-semigroup
Uc(t) := e~ 'U(t) generated by A — eI satisfies Uc(t)D C D since 0 € D. By
Theorem 9 we thus get the existence of a periodic solution z. to the perturbed
equation. Since the resolvent set o(U(T')) is open we have invertibility of I—U,(T')
for € > 0 sufliciently small. Thus the following representation holds:

T t
(12)  zc(t) = U(t)(I — UE(T))_l/O U(T — s)fe(s) ds +/O Ue(t — s)fe(s) ds
for each ¢ € [0,T] with some fe € Np(xe).

Let €, — 0. Since F' is compact, we get from (12) that {z¢,(t) : n > 1},t €
[0, 77 is relatively compact and, since equicontinuity is then also clear, it follows
w.lo.g. x,, — 2 € C([0,T],E). Finally, applying arguments as in the second
step of the proof of Theorem 7, we see that z is actually a solution of (10). O

7

In [8] there is an example showing that without the assumption “1 € o(U(T))
the theorem may be false (in this example there is actually A = 0).

We now consider the case where F' is defined on the whole Banach space E.
The above given results allow us to relax the growth condition on the nonlinearity
F from results given in [4] and [14].

Corollary 11. Let E be a Banach space, A the generator of a Cy-semigroup of
type (1,w). Assume that F : [0,00) x E — 2F\ 0 is compact, T-periodic with
compact convex values. Assume also that there is ¢ > 0 such that

1
(13) —inf{|z] : z € F(t,x)} — ¢ uniformly int € [0,T] as |z| — oc.

]
Then the periodic problem (10) has a solution if ¢ < —w.

ProoOF: It is clear that the translation operator along trajectories P associated
with (10) is an e“7-set contraction (w < 0 by our assumptions). Now let B :=
A —wI and G(t,z) := F(t,z) + wz. Since a solution to 2’ € Bz + G(t, ) is also
a solution to (10), it follows that Py — the translation operator associated with
the latter system — is also an e“T-set contraction. In view of (13) we now may
choose R > 0 such that for || > R and t € [0,T] there exists z € F(t,z) such

that % < —w. Now let D := B(0, R+ 1). Then our choice of R assures that
G(t,x) NTp(z) # O for every ¢t € [0,T], x € D and we have V(¢)D C D where V

is the semigroup generated by B. Thus by arguments as in Theorem 9 we see the
existence of a periodic solution. O

Recall that already scalar examples show that our assumption “c < —w” cannot
be replaced by “c < —w” (e.g. let Az := wz and f(z) := |z| + 1; then ¢ = 1 and
for w = —1 there is no periodic solution).

Let us again consider the case w = 0. Recall that ||A|| = sup{|z|: z € A} for
aset ACE.
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Corollary 12. Let E be a Banach space, A the generator of a Cy-semigroup of
type (1,w). Assume that F : [0,00) x E — 2F\ () is compact, T-periodic with
compact convex values and

1

14 —||F(t,z)|| — 0 wuniformly int € [0,T] as |z| — oc.
||
T

Then the periodic problem (10) has a solution if w < 0 and 1 € o(U(T)).

PrOOF: Let € > 0. Then Corollary 11 shows the existence of a periodic solution
Te to the system 3y’ € Ay — ey + F(t,y). From the representation (12) it follows
that there exists a > 0 such that |z¢(0)] < afOT |fe(s)|ds where fe € Np(ze).
Then by formula (11), growth condition (14) and an application of the Gronwall
inequality we see that there are b,d > 0 such that |zc(¢)| < b|zc(0)| + d for each
te€0,T].

Choose 6 > 0 such that abTé < 1. Then, again by (14), there exists 5 > 0
such that

|E'(t, z)|| < B+ d|x| for each t € [0,T],x € E.

Thus it follows for a.e. t € [0, 7]
[fe(D)] < B+ dlae(t)] < 5+ 6(blze(0)] + d) = B+ dd + 6blze(0)]

and hence
|ze(0)] < aT(B + dd + 6blzc(0)]).
From the latter we infer

a(TB + Tdd)
|ze(0) < T _alob

which shows that {z¢(0) : € > 0} and therefore also {z¢(t) : € > 0} is bounded.
Now, using arguments as in the proof of Theorem 10 we see that x converges to
a solution x of (10) as € — 0. O

In the remaining results we would like to dispense with the assumption int D #
(). Explicitly, we can replace this assumption by the condition that the metric
retraction on D exists, i.e. there is a continuous map r : £ — D such that
|r(z) — z| = d(z, D).

Theorem 13. Let E be a Banach space and D C E closed, convex, bounded and
let the metric retraction r exist. Let A be the generator of a Cy-semigroup of type
(1,0) such that U(t)D C D for eacht > 0. Assume that F : [0,00) x D — 25\ () is
usc, T-periodic with compact, convex values such that | F(t,z)|| < ¢ on [0,T] x D
and (4) holds. Then the periodic problem (10) has a solution in each of the
following cases:

(i) {U(t)}¢>0 is a compact semigroup;

(ii) 0 € D, F is compact and 1 € o(U(T)).
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PROOF: Let 6 > 0 and consider a closed, convex and bounded subset Ds := {x €
E :d(z,D) < 0} with nonvoid interior. Extend F to an usc map Fj : [0,T]x D5y —
2E\ 0 by Fs(t,z) := F(t,r(x)). Clearly, we have that Fs(t,z) N Tpy(x) # 0
and U(t)Ds C Dg since w < 0. Hence, an application of Theorem 9(iii) and
Theorem 10 yield the existence of a periodic solution x5 to v’ € Ay + Fs(t,y) in
both cases.

Now let 6, — 0. The usual compactness argument shows that w.l.o.g. =5 —
xz € C([0,T], E). Clearly, x(t) € D for every ¢t € [0,T] and one shows that = is in
fact a solution to (10). O

Let us note that in case X is uniformly convex each closed, convex and bounded
set possesses the metric retraction.

Finally we turn to the case where D is compact.

The following lemma gives a positive answer to open problem 13.1 in [9].

Lemma 14. Let E be a Banach space, D C E compact, convex and let F :
[0,T] x D — 2E\ 0 be usc with compact, convex values such that (4) holds. Then
the periodic problem z'(t) € F(t,x(t)), z(0) = z(T) has a strong solution.

PROOF: The relevant sets D and K := F([0,T] x D) are compact and thus Eg :=
span D U K is a separable subspace of E. Therefore this subspace can be given an
equivalent strictly convex norm and, hence, we may assume that F is a strictly
convex Banach space. But then recall, that the metric retraction r on D exists
and we can define Ds and Fjs as in the proof of Theorem 13. Denote for yg € D
by Ss(yo) the set of strong solutions to y' € Fy(t,y),y(0) = yo. Then S5 : D —
2C(I0.T1.D5) \ () is an usc map with Rg-values. Let g := roeq : C([0,T], Ds) — D.
By Proposition 8 there exists a fixed point of the map g o Sy, i.e. there exists a
function 5 : [0,T] — Ds having 245(0) € D, xj5(t) € Fs(t,z5(t)) a.e. on [0,T] and
and roxs(T) = x5(0). Letting 6, — 0 we obtain w.l.o.g. z5, — x € C([0,T], E).
Then z(t) € D for every t € [0,7] and z is a strong solution to y' € F(t,vy).
Moreover, z(T') = r(z(T)) = r(limx;, (T)) = limr(zs, (T)) = limzs, (0) = 2(0)
which proves the lemma. O

Theorem 15. Let E be a Banach space and D C E compact, convex and let A
be the generator of a Cy-semigroup such that U(t)D C D for eacht > 0. Assume
that F : [0,00) x D — 2E\ () is usc, T-periodic with compact, convex values such
that (4) holds. Then the periodic problem (10) has a solution.

PrOOF: For A > 0 sufficiently small the Yosida approximation Ay = A71((1 —
AA)~1 — 1) is well-defined and Ay € L(E). Let G : [0,T] x D — 2F\ () be given
by Gy(t,x) := Ayz + F(t,x) and consider the periodic problem

2'(t) € GA(t, (1)),

e { T S

z(0) = z(T).
We wish to show that G (t,x) N Tp(z) # 0 for each t € [0,7] and x € D. By
(4) there is y € F(t,x) such that y € Tp(x). Now Ayx +y € Gi(¢,x) and given
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x* € E*, |z*] = 1 and Re :1:*( ) = supDRe:Z: (z), we see that Rez™(Ayz +

y) < Rea*(Ayz) = Rez™ (A~ (( M)tz —2)) = A (Rex* (I — ANA)12) —
Rez*(z)) < 0 since (I — AMA)"lz € D by Lemma 1. Hence, it follows from
Lemma 14 that problem (+)) has a strong solution uy in D. Clearly u) is then
also a mild solution and we have

t
(15)  uy(t) = exp(tAy)xo + /0 exp((t — s)Ax) fa(s) ds for every t € [0,T],

where f\ € Np(uy).

Let Ap — 0 and let x, be a solution of (+),). Taking into account that
exp(TAy, )r — U(7)x uniformly on compact subsets of E and 7 € [0, T it follows
from (15) that {z), : n > 1} is equicontinuous. Hence, w.l.o.g. x) — x and z is
a mild solution to (10). O

5. Existence of equilibria

Let F: D — 2E\ ). In this section we will consider the autonomous system
(16) 2! (t) € Ax(t) + F(z(t)).

A stationary solution to (16), i.e. a point g € D(A)ND satisfying 0 € Azg+F (o)
is called an equilibrium of (16).

Theorem 16. Let E be a Banach space and D C E closed, convex and bounded.
Let A be the generator of a Cy-semigroup of type (1,w) such that U(t)D C D for
eacht > 0. Assume that F : D — 2F \ @ is usc with compact, convex values such
that

(17) F(z)NTp(z) # 0 for each z € D

holds and consider the conditions
(a) int D # {;
(b) the metric retraction on D exists and {U(t)};>0 is Co-semigroup of type
(1,0).
Then (16) has an equilibrium provided
(i) (a) or (b) holds and {U(t)}s>0 is a compact semigroup,
(ii) (a) or (b) holds, 0 € D, w < 0, F' is compact and there exists tg such that
1eo(U(t)) foreach0<t<t0,
(iii) (a) holds, F is a k-set-contraction, t — U (t) is continuous with respect to
the norm in L(E) for t > 0 and wT + 4k < 0,
(iv) (a) holds, E is separable and wT + k < 0.
PrOOF: Choose 0 < T < tg. It follows from the results of the previous section
that in all cases we get a T),-periodic solution z;, to (16) for every n > 1, where
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Tn = 27"T. The usual compactness argument shows that w.lo.g x, — = €
C([0,T],E), zis a solution to (16) and it is easily seen that x(t) = zg € D. Thus
we have obtained

t
(18) zo =U(t)xo + /0 U(t — s)yods

with some yg € F(zg). From (18) we get for ¢ > 0 that

(U(t)r0 — o) = - G /Ot Ut - s)o ds) _ G /Ot U(s)vo ds) .

Hence, letting ¢t — 0,t > 0, we see that zg € D(A) and Azg = —yo showing that
xg is a solution to (16). O

An evaluation of Theorem 15 gives:

Theorem 17. Let E be a Banach space and D C E compact, convex and let A
be the generator of a Cy-semigroup such that U(t)D C D for eacht > 0. Assume
that F : D — 25\ () is usc, with closed, convex values such that (17) holds. Then
(16) has an equilibrium.

6. Application to a problem of controlled heat transfer in an isotropic
rigid body

We will be concerned with a periodic control problem described by a semilinear
parabolic equation.

Let the quantity z(¢,y) describe the temperature in the point y € [0,1] at
time ¢t. The following differential system expresses the controlled process of heat
transfer in an isotropic rigid body (see [2], [7]):

2 a(t,y) —ay[@)a%x( W]+ 2 wi) Ay, 2(t.y)).

(19) [ 1] te [O,CL],
x(t,0) = x(t, 1)=0, t€][0,al,

z(0,y) ==z(a,y), ye€[0,1].

We assume that the coefficient of heat conductivity p : [0,1] — (0,00) is
continuously differentiable and the functions A; : [0,1] xR - R i=1,...m
which model the densities of the m heating sources, satisfy conditions as in [7],
ie.

(A1) Ai(2) :
(A2) |Aq(y, 2
(A3) [Ai(y,

[0,1] — R is measurable for all z € R,
i(y) for all z € R where a; € L2([0,1]),

0
< o
— A;(y,22)| < Bilz1 — 22| for all 21,29 € R.

)|
z1)
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The control functions w; : [0,a] — R, i =1,...m, are supposed to be measurable
and subject to the feedback condition

(w1 (t),. .., wm(t)) € W(t,x(t,-)), t €10,al,

where W : [0,a] x L2(]0,1]) — 2¥"\ ). Here V C R™ is compact and in order to
avoid trivialities let us put 0 ¢ V.
We have the following

Theorem 18. Let W : [0,a] x L2([0,1]) — 2V \ @ be usc with compact, convex
values and such that for every t € [0,a] and u € L?([0,1])

m
(20) W(t,u)n{veR™: Zvi =1landwv; >0 foreachi=1,... ,m} #0.
i=1
Let for each i = 1,... ,m the conditions (A1), (A2) and (A3) hold and assume
also that there exists C' > 0 such that

(A4) Ai(y,C) <0, Ay(y,—C) > 0 for every y € [0,1].

Then problem (19) has a mild periodic solution, i.e. there exist measurable con-
trols w; : [0,a] — R, i = 1,...m, satisfying (w1 (¢),... ,wm(t)) € W(t, z(t,-)),
t € [0,a], and z is a mild solution to (19).

In case W is independent of t we obtain the existence of controls wy, ... ,wpy €
V such that (19) has an equilibrium.

PROOF: Let E denote the Hilbert space L2([0,1]) and define on D(A) := {f €
E : f, f' are absolutely continuous, f(0) = f(1) = 0, f” € E} the differential
operator Af := (pf’)’. It is well-known that A is the generator of a compact,
analytic semigroup {U(t)}s>0 in E (see [15, p.305]). Next consider f; : £ —
E, i=1,...,m, given by Bl

fi(u)(y) == Aiy, u(y)), y €[0,1].

Clearly, in view of our assumptions (A1), (A2) and (A3), the maps f; are well-
defined and continuous.
With these definitions we arrive at the abstract formulation of problem (19)

o {710 = () + 2y w0/,
2(0) = 2(a),
where we look for a measurable w : [0,a] — R" such that w(t) € W (¢, z(t)),
t € [0,a], and z is a mild solution to (21).
In order to solve (21) let us introduce the set-valued map F : [0,a] x E — 2F\(,

F(t,u) := {veE:v:Zwifi(u) where w = (w1, ... ,wm) EW(t,u)}.

i=1
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It follows that F' is an usc, bounded map with compact convex values. Moreover,
let us also introduce the closed, convex and bounded subset D :={v € E: -C <
v(s) < C for a.e. s €[0,1]} of E.

One easily shows that U(t)D C D for all ¢ > 0 and that, in view of our
assumption (A4), fi(u) € Tp(u) for each w € D and ¢ = 1,... ,m. The latter
implies F(t,u)NTp(u) # 0, since, by (20), take w € W (¢, u) such that >/, w; =
1, w; >0fori=1,...,m, and then Y} /" w;fi(u) € Tp(u) follows from the
convexity of Tp(u).

We are in a position to apply Theorem 13 (i) and we see that 2/ € Az + F(t,z),
2(0) = z(a) has a mild solution, i.e. there exists « : [0,a] — E, x(0) = x(a) and
such that

t
x(t) = U(t)z(0) —|—/0 U(t—s)g(s)ds, te]0,a

where g € Np(x). But from the latter we infer by Filippov’s theorem (see [1,
p.316]) the existence of a measurable map w : [0,a] — R" such that w(t) €
W(t,z(t)), t€[0,a], and g(t) = > 1" w;i(t) fi(z(t)) a.e. on [0,al, i.e. x is a mild
solution to (21). O
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