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EXACT CONTROLLABILITY OF INFINITE DIMENSIONAL
SYSTEMS WITH CONTROLS OF MINIMAL NORM

L. MALAGUTI, S. PERROTTA, AND V. TADDEI

Dedicated to the memory of Professor Ioan I. Vrabie

ABSTRACT. The paper deals with the exact controllability of a semilinear sys-
tem in a separable Hilbert space. A bounded linear part is considered and a
linear control introduced. The state space is compactly embedded in a Banach
space and the nonlinear term is continuous in its state variable in the norm
of the Banach space. An infinite sequence of finite dimensional controllability
problems is introduced and the solution is obtained by a limiting procedure.
To the best of our knowledge, the method is new in controllability theory. An
application to an integro-differential system in euclidean spaces completes the
discussion.

1. INTRODUCTION

This paper deals with the exact controllability in infinite dimensional spaces, by
means of linear controls. We consider the semilinear equation

(1.1) y'(t) = Ay(t) + f(t,y(t) + Bu(t), t€[0,T], y(t) € H,

with 0 < T < 400, in the separable Hilbert space H and assume that the control
term u belongs to L?([0,7],U) where U is a Hilbert space. The operators A : H —
H and B : U — H are linear and bounded. We refer to Section 3 for the exact
properties of f: [0,7] x H — H. System (1.1) is said to be controllable if every
initial condition yg € H can be steered at time T to any y; € H, i.e. if y(0) = yo
and y(T') = y1, by some admissible control u (see Definition 3.3).

Let {e4t};cr be the group of continuous operators generated by A. The linear,
bounded operator G : L2([0,7T],U) — H defined by

T
G(u):/ A=) Bu(s) ds
0

is important in the study of the controllability of (1.1). In particular, when (1.1)
is linear, that is f(t,y) = f(¢), the controllability of (1.1) is equivalent to the
surjectivity of G (see e.g. [8, Sect. 4.1]). We refer to [17] for a wide discussion
about controllability in the linear case.

In general it is hard to prove that the nonlinear system (1.1) is controllable. The
study is usually carried out by means of a fixed point technique and the following
equation is introduced

(1.2) y'(t) = Ay(t) + f(t,q(t)) + Bu(t), t€[0,T],

where ¢ : [0,7] — H is any continuous function. Since (1.2) is clearly linear
with respect to y, the operator G is important in this discussion. In particular,
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2 L. MALAGUTI, S. PERROTTA, AND V. TADDEI

when equation (1.2) is controllable, for every yo,y1 € H there exists a control
u € L2([0,T],U) such that

(1.3) Gu) =y — e Tyy — / eMT=9) f(s,q(s)) ds.
0

The usual space of equivalence classes L2([0,T],U)/ ker G is then naturally involved.
Let G be the operator induced by G in L?([0,T],U)/ker G; when G is onto, then G
has an inverse which is again linear and bounded; the property is true in the more
general setting of H and U arbitrary Banach spaces (see e.g. [11] and [15, Sect.
I1.5]). However, the knowledge of G and its inverse is not sufficient, in general,
for the correct implementation of a topological method. It is also necessary to
select a control function, in each equivalence class of L?([0,T],U)/ker G, and some
properties of this selection map are needed. If the control space U is a Hilbert space,
a unique control function with minimal norm, say «, exists in each equivalence class,
and the selection map [u] — @ is linear and bounded (see e.g. Proposition 2.2).
A linearization method can then be correctly implemented and this explains why
we set out the present discussion in Hilbert spaces. Moreover, the controllability
of (1.1) can be obtained by the minimal norm control with respect to the family
of controls that satisfy the necessary condition (1.3). The existence of a unique
minimal norm element in each equivalence class of L2([0,T],U)/ker G is true also
when U is a uniformly convex Banach space but the selection map need not be
linear in general; this topic is discussed in Remark 2.3. An alternative approach
could be to make use of a multivalued analysis in order to account of all the controls
in each equivalence class as suggested in [11].

Controllability can be investigated for a more general system obtained when A in
(1.1) is replaced by a densely defined operator which generates a strongly continuous
semigroup; nevertheless, such a system is never controllable when the associated
semigroup is compact (see [16]). Controllability results can also be obtained for
multivalued systems, occurring when f is a multivalued map, by some additional
techniques proper of the multivalued analysis. Many contributions can be found
about the controllability of semilinear systems in infinite spaces; we refer, in partic-
ular, to [1], [6], [11], [13] and [19]. The topological method is clearly showed in the
first paper published by Magnusson-Pritchard-Quinn [11]; some preliminary results
are also obtained there by the contraction principle or the Schauder fixed point
theorem with a Lipschitzian nonlinear part. The controllability in the multivalued
case is discussed in [6] and [13]. The Lipschitzianity condition is replaced in [13]
by a weaker regularity involving the Hausdorff measure of noncompactness and the
fixed point result for condensing maps (see [10, Chap. 2 and Corollary 3.3.1]) is
used; the use of the weak topology in the state space is exploited in [6]. The dis-
cussion in [19] is based on the fixed point-type application of the Schmidt existence
theorem and it makes use of the Kuratowski measure of noncompactness; one-sided
Lipschitz conditions and some convexity are further assumed; the nonlinearity is au-
tonomous. Several additional papers can be found where the investigation is based
on contradictory assumptions that G is onto and A generates a compact semigroup.
The discussion in other papers is set in some Banach space, but the properties of
the selection map of one control in each equivalence class are not clarified, in some
cases the selection is neither introduced.

As it is known, every separable Hilbert space has an orthonormal basis (e, )nen-
Starting from this property we define infinitely many simpler controllability prob-
lems settled in the finite dimensional spaces H,, := span{ej,...,e,} (see (P,) in
Section 3). Then we assume that the Hilbert space H is compactly embedded in a
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Banach space (E, || - | g) and obtain the controllability of (1.1) by a limiting proce-
dure. This approzimation solvability method was recently pointed out in [4] for the
study of boundary value problems and extended in [5] to second order equations.
To the best of our knowledge, the technique is new in controllability theory. We
assume that the nonlinear term f(¢, -) is continuous with respect to ||-|| g, for almost
every t, and we do not need to introduce any measure of noncompactness, the only
amount of compactness required being the mentioned compact embedding. Our
main results are Theorem 3.4 and Theorem 3.5. The former requires a strict sub-
linear restriction on f, while the latter deals with a case where f is sublinear and
it is small with respect to the linear part. This discussion is in Section 3. In Sec-
tion 4 we apply our abstract results for the controllability of an integro-differential
equation in R™. Notations and preliminary results appear in Section 2.

There is an increasing interest in the study of solutions of infinite dimensional
systems that satisfy some nonlocal condition; the nonlinear term in these models
may also include some delay. These topics are widely investigated in the recent
book by Burlic-Necula-Rosu-Vrabie [7]. The present controllability discussion can
be extended, with suitable changes, to these models.

2. NOTATIONS AND PRELIMINARY RESULTS

Let H be an infinite dimensional separable real Hilbert space with a scalar product
(+,+). Denote by ||| its norm and by {e, }nen an orthonormal basis, whose existence
is granted by the separability of H. Let H, = span{ei,...,e,} denote the n-
dimensional Hilbert space generated by the first n vectors of the basis, and P,
H — H, the natural projection, P, (z) =Y ;_,(z,en)e,.

Proposition 2.1. Let H be a separable Hilbert space and P, be the natural pro-
jections. Then
1) |1Pu(@)| < |lz|]| VneN, Va € H;
(ii) if z; = « then P,x; — Pz for every n € N;
(iil) if &, — = then P,(z,) — .

Proof. (i) and (ii) are well known results, (iii) is proved, for example, in [5, Lemma 6].
U

The following proposition shows that every surjective, bounded, linear operator
defined in a Hilbert space admits a right inverse of minimal norm.

Proposition 2.2. Let H be a Hilbert space, W a Banach space and G : H — W be
a sur]ectwe bounded, linear operator. Then there exists a bounded linear operator
G~': W — H such that, for every w € W, G o G~ (w) = w and

(2.1) Hé*l(w)H = min {||ul| : G(u) = w}.

Proof. Since G is bounded, K = ker GG is a closed subspace of H and the quotient
space H/K is a Banach space with the norm

(2.2) I Tullll = Jnf) lol,  [w={veH: Gu)=CGu}=ut+K

(see [15, Theorem 5.1]). The bounded linear operator G : H/K — W defined by
G([u]) = G(u) is one to one and onto, then there exists G™1 : W — H/K linear
and bounded.

The weak lower semicontinuity of the norm and the weak compactness of the closed
balls in H imply that the infimum in (2.2) is reached. Moreover, the strict convexity
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of the norm in a Hilbert space implies the uniqueness of the minimum, that is for
every u € H there exist one and only one % € [u] such that

(2.3) el = moin ol =zl

Denote by K= the orthogonal complement of K, then H = K@K+, that is for every
u € H there exist only one k, € K and only one h, € K+ such that v = hy, + ky
and K N K+ = {0}. Moreover |[u||? = ||hy||? + |[kull? > ||hu]|?. For every u € H
G(u) = G(hy) + G(ky) = G(hy),
then h,, € [u]. Moreover, for every v € [u]
v—u=keK = hy—h,=k—ky+k,€ KNK* = h,=h,.
Therefore |||[u]|| = |[Full- .
The function 7 : H/K — K*, n[u] = hy, is an isometry and G~! : W — K=t
defined by G~ = 7 o G~! has the following properties: for every w € W
(a) for every u € G~1(w)
G(GH(w)) = G(x (G~ (w))) = G(x([u]) = G(hy) = w;
(b) since 7 is an isometry, by (2.3)
G~ ()l = [ (G w)|| = |G (w)]]| = mln |v||7

but v € G~(w) if and only if G(v) = w, then

IG= (w) ]| = min {|jv]| : G(v) = w}.
O

Remark 2.3. Notice that, if H is simply a uniformly convex Banach space, for
every G : H — W linear, bounded and onto it is possible to define a function
G~ : W — H such that (2.1) holds, but in general this function is not linear. In
fact, in general, the map 7 : H/K — H such that, for every v € H, 7([u]) € [u]
and

[[7(fu])|| = min [v]],
vE[u]

is homogeneous but not additive. For example! consider H = R? with the norm

|(z,y,2)|la = Vot + y* + 2%, W = R? with the euclidian norm and the linear map
G : H — W defined by G(z,y,2) = (x —y,y — 2z). G is onto and K = kerG =
{(t,t,t): t e R}. Then [(z,y,2)]={(x +t,y+t,z+1t): t R},

Mz, y, Ul =@ +t,y+t, 2+ =min |z +t,y+t, 2+l

and 7[(z,y,2)] = (x+¢,y+1t,2z+1t). Simple computations lead to

(V2 -1 —1
7T[(170,0)]— <1+\Sﬁ’1+\7§71+\2/§>

—1 2 -1
1+2 1492 14+32

1 1 -2
3. 1,01 = <1+€’/§’ 14327 1+€/§>
then 7[(1,0,0)] + 7[(0,1,0)] # =[(1,1,0)].

7[(0,1,0)] = (

1. Rosenberg, Lectures notes for the course of Functional Analysis, University of Maryland
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In the sequel, for vector valued functions we will consider strong measurability (or
simply measurability) and Bochner integrability. Since H is separable, for func-
tions with values in H measurability is indifferently strong and weak measurability
and the integrals are indifferently Bochner or Pettis integrals (see e.g. [18, Theo-
rem 1.1.3]).

Remark 2.4. If a function ¢ : [0, 7] — H is measurable, respectively integrable, in
H and H is continuously embedded in a Banach space E, trivially ¢ is measurable,
respectively integrable, in E too and the integral in E is equal to the integral in H.

For 1 <p<oo, LP([0,T],H), LP(0,T) when H = R, denotes the Banach space of
equivalence classes of functions y : [0,7] — H such that y is measurable in [0, 7]
and ||y||, < 400, where || - ||, is the usual norm defined by

1

lyll, = ( / |y<t>||ﬁdt> !

[9lloc = ess sup|ly ()]
tel0,T]

when 1 < p < 0o and

when p = co. Since H is a Hilbert space, also L2([0,T], H) is a Hilbert space with
the inner product

T
(y1,y2)2:/0 (y1(t),y2(t)) dt.

C([0,T], H), the space of continuous functions y : [0,7] — H, is a Banach space
with the norm

[Ylloo = max{[ly(t)| : ¢ € [0,T]}.

In the last section we will consider the Sobolev spaces W1P(Q), where € is an open
subset of R™, with the norms

Julh = ( [ @ de+ 3 [ e dx>

when 1 < p < 0o and
[ull1,00 = ess suplu(@)| + ) ess sup |ug, (z))|
zEQ i—1 zEQ
when p = oco. If p = 2, W12(Q) is a Hilbert space endowed with the inner product
(u,v)12 = / u(z)v(z) dr + Z/ Uy, (T) g, (2) da.
Q — Jo

AC([0,T), H) denotes the space of absolutely continuous functions y : [0,7] — H.
Recall that a function y : [0,7] — H is absolutely continuous if and only if there
exists g € L([0,T], H) such that

y(t):y(())—&—/O g(s)ds, te]|0,T].

Moreover y is a.e. differentiable on [0, 7] and y'(t) = g(¢) for a.e. t € [0,T] (see [2,
Chap. I, Theorem 2.1]).

Given a bounded and linear operator A : H — H, the semigroup generated by A
is defined by
oo
APtk
At _
e’ = R t>0.

k=0
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Similarly, — A is a bounded and linear operator generating the semigroup {e‘At}tZO.
It is then well known (see [14, p. 22]) that A generates the group defined as

At _ eAt ift>0
A1) ift <0.

We have that p

At At
DAt _ »
e e
then {eAt}teR is the C° group generated by A.
It is well known (see e.g. [14, p. 2]) that

||eAt|| < el At for all t e R

and, given g € L*([0,T)], H),yo € H, the initial value problem

{ y'(t) = Ay(t) + g(t)

for every t € R,

y(0) = yo

has a unique absolutely continuous solution satisfying the constant variation for-

mula
t

y(t) = eMyo +/ et~ g(s)ds, tel0,T].
0

3. THE ABSTRACT PROBLEM

In this section we consider the control problem

y'(t) = Ay(t) + f(t,y(t)) + Buf(t)
(P) _
y¥(0) = o
where A : H — H is a bounded linear operator, f : [0,7] x H — H, H is a
separable Hilbert space, and B : U — H is a bounded linear operator defined in a
Hilbert space U. Moreover, suppose that H is compactly embedded in a Banach
space (E,| - ||g), therefore there exists a costant A > 0 such that || - ||g < A| - |
In the sequel we will consider the following assumptions on f and B:
(f1) for every y € H the function f(-,y) : [0,T] — H is measurable with respect
to the Lebesgue measure on [0,7] and the Borel measure on H;
(f2) for almost every ¢t € [0,T] the function f(¢,-): H — H is continuous with
respect to the norm in the Banach space F;
(f3) for every bounded set D C H there exists vp € L*(0,T) such that

Ity <vp(t) foreachy e D and for a.e. t €[0,T7;
(B) the linear operator G : L*([0,T],U) — H defined by

T
G(u):/ eAT=%) Bu(s) ds
0

is onto.

Now we need to show the measurability of f(-,q(+)): [0,T] — H when g € C([0,T], H).
This property is trivially satisfied if we replace assumption (f3) with

for almost every t € [0, T] the function f(¢,-): H — H is continuous with
respect to the norm in H.

The following proposition contains the proof of such mesaurability under condition

(f2)-

Proposition 3.1. Let conditions (f1), (f2), (fs) hold and let ¢ € C([0,T], H).
Then the function f(-,q(-)) : [0,T] — H is measurable.
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Proof. For every n € N consider the piecewise constant functions

JaEG-1) ifLi-1)<t<Lii=1,.,n
an(t) = {q(T) itt=T

and
fa(t) = f(t.qn(t), t€[0,T], neN.

From condition (f1) we get that f, is measurable in H, hence in E (Remark 2.4).
Since ¢ is continuous, gy (t) M q(t), therefore the compact embedding and (fs)
imply that f,(t) Il f(t,q(t)) for every ¢t € [0,T], i.e. f(-,q(-)) is measurable as
function from [0, 7] to E.

Moreover, for every n € N and ¢ € [0,77, ||¢gn(t)]| < ||¢|lco- From condition (f3) we
get that {f,}, is weakly relatively compact in L'([0,T), H), hence there exists a
subsequence, still denoted as the sequence, weakly converging to g € L*([0,T], H).
Mazur’s lemma then implies that there exists a sequence of convex combinations
{fn}n converging to g in L([0,T), H). We can then conclude that, eventually
passing to a subsequence, f,,(t) I g(t) and f,(t) Il g(t) for a.e. t € [0,T] and
the uniqueness of the limit implies that f(-,q(-)) = g € L*([0,T), H), hence it is

measurable.
O

By Proposition 2.2 the linear operator G admits a right inverse of minimal norm.

Proposition 3.2. If G is the linear operator defined in (B), then there exists a
bounded linear operator G=* : H — L*([0,T],U), Go G~ (w) = w for allw € H,
with the property that

(3.1) H(;—l(w)H2 = min {||ull> : G(u) =w}, Ywe H.

Recall that, by Remark 2.3, this result in general does not hold if U (and then
L3([0,T],U)) is not a Hilbert space, even if U is a uniformly convex Banach space.

Definition 3.3. We say that problem (P) is controllable on [0,T)] if for all yo, 41
in H there exist u € L?([0,7],U) and a solution y € AC([0,T],H) to (P) such
that y(T) = y1.

We will give two controllability results by assuming more restrictive growth as-
sumptions instead of (f3). In both proofs the idea is to approximate the original
problem by a family of problems in finite dimensional spaces: for every n we obtain
the finite dimensional control problem

y'(t) = Py Ay(t) + Py f(t,y(t)) + P, Bul(t)
y(O) = PnyO

where P, : H — H,, is the natural projection.

(Pn)

Theorem 3.4. Let conditions (f1), (f2) and (B) hold. In addition suppose that
for every N € N there exists o € L*([0,T],[0,+00)) such that

1 T
lim inf — ds =
) im inf N/o en(s)ds =0,
S If(t,2)ll < en(t)  forae t€0,T].
z||<N

Then problem (P) is controllable.
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Theorem 3.5. Let conditions (f1), (f2), and (B) hold. In addition suppose that
there exists o € L([0,T],[0,400)) such that

Nf@, )| < a@) X+ |z|) forae te]0,T], for every x € H,
2
Us) ) edimaly (1+ bV BIIG) < 1.

Then problem (P) is controllable.

Remark 3.6. Both (f1) and (f2) imply (f3).

Proof of Theorem 3.4. We have to prove that for all yo,y1 € H there exists u €
L?([0,T],U) and a solution y(-) € AC([0,T], H) to (P) such that y(T) = y;.

Step 1. For every n € N we will prove that there exists a solution y,, : [0,T] — H,
to (Py) such that y,(T) = P,y
For N > 0 consider the subset of C([0,T], Hy) defined by

Qx ={qeC(0,T], Hn): l¢) <N, vt e[0,T]}

and the integral operator 7, : Q% — C([0,T], H,,) defined by

t
T(@)(t) = Poc?tyo + / Paet0=9) £ (s, q(s)) ds
0

t
—l—/ Petlt=*)B (G_l(pq)(s)) ds te[0,T],
0
where G~ is the right-inverse of G defined in Proposition 3.2 and

T
pg=y1— e Tyo— / eMT=9) (s, q(s))ds € H.
0

In order to apply Schauder’s fixed point theorem, we have to prove that for every
neN

Claim 1: for every N > 0, 7,(Q%) is relatively compact;

Claim 2: for every N >0, T, : Q% — C([0,T], H,) is continuous;

Claim 3: there exists N > 0, which does not depend on n, such that
T (Q%) € Q%

Proof of Claim 1. Since H, is finite dimensional, by Ascoli-Arzela theorem we
have to prove that continuous functions in {7,(¢q) : ¢ € Q%} are bounded and
equicontinuous. For every ¢ € Q% and t € [0,T], consider z(t) = 7,,(¢)(¢). Note
that

T
/0 AT f(s q(s)) ds

A
lpq | < llyoll + e yoll +

T
< il + e'A'T[won + [ onto) dt]
0

and set C; = ||ly1]| + el |lyo|l + |lon|l1]. Analogously, by (i) of Proposition 2.1,

t
ety + / P9 f(s, q(s)) ds|| < 1,
0
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and, by Cauchy-Schwarz inequality in L%(0,T),

T
‘ </ GlAlls
0

<cmyp) [ Y6 o), ds < M BIVE |6 ),

/Ot P.e**B (é_l(pq)(s)> ds ds

)]

< AT BIVT (|G| Ingll < Crel 41T BIVT (|G|
Finally, by the very definition of 7T,
(3:2) l#(0)]l < €1 + Crel AT BIVT || G

therefore 7,(Q7%) is bounded.
By the same arguments, and recalling

y(t) = ety + / A £ g(s)) ds + / Cetnp (G pa)(s)) ds

0

)

is the absolutely continuous solution of y/(t) = Ay(t)+ f(t,q(t)) + BG~(p,)(t) and
P, is linear and bounded, for every 0 < t; <ty <T

lz(ty) — 2(t)ll = [ Pry(tr) — Pay(t2)ll < lly(tr) — y(t2)|| < / 2 ly"(s)llds

ty

< |4 {cl +clelAlT|B||\/THc?1H] (ts — t1)

)

+ /t2 on(s)ds+ 01||B|‘mHéil’

t1

then the functions in 7,(Q%) are equicontinuous.
Proof of Claim 2. Let {q;}; be a sequence in QF; uniformly convergent to ¢ € QR;.
We have to prove that 7,(¢;) — Tn(q) as j — oo uniformly on [0,7]. From
Claim 1 we know {7,(g;)}; is equicontinuous. To conclude it is sufficient to prove
that 7, (¢;)(t) — Tn(q)(t) as j — oo for every t € [0, T].
Fix t € [0,T] and s € [0, ] such that, by (f3),

15, q5(s)Il < on(s).
Then, for every subsequence {f(s,q;,(s))}r there exists w(s) € H and a subse-
quence {f(s,qgj,, (s))}n such that

f(s:45,, (s)) = w(s) in H
which implies that

lI-lle
f(s, 45, (s)) == w(s).
Since ¢; — ¢ in C([0, T, H), (f2) implies that
£(5,05()) 5 £(s.q(5))
i.e. w(s) = f(s,q(s)). Thus each subsequence of { f(s, ¢;(s))}; admits a subsequence
weakly converging to f(s,q(s)). We get that

f(s,45(s)) = f(s,q(s)) in H
for a.e. s € [0,]. On the other hand, the boundedness of e4(*=%) then yields
(3.3) M) f(s,q5(s)) = e f(s,q(s)) in H,
therefore, by Proposition 2.1 (ii)
Pre f(5,45(5)) = Pue ) f(s,4(s))
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for a.e. s € [0,t]. Since

1Pae =) (5,45 ()| < el 41T (s),

we can conclude that
Pre ) f(q5()) = Pae® T f (- ()
in L1([0,t], H,) by the dominated convergence theorem. In particular
t t
(3.4) / PneA(t_s)f(s,qj(s))ds —>/ PeMt=9) £(s,q(s))ds.
0 0
Now we want to prove that p,, — p, in H. Setting

9i(s) = e T f(s,q;(s)) and g(s) = e* T f(s,q(s)), s€[0,T],

we have to prove that fOT gj(s)ds — fOT g(s)ds. By (3.3), for every w € H and for
a.e. s € [0,T]

(w,g;(s)) = (w,g(s)) asj— oo,
moreover
|(w, g5 ()] < [lw]le! 1T on (s),
then, by dominated convergence theorem, for every w € H

<w,/0ng<s>ds> = [ wpenas [ wgtenas= <w,/OTg<s>ds>

as j — oo, proving that py, — pq-
Let us show that, for every ¢ € [0,7],

t t
35) [ AIB (G ) ds— [ OB (G p)(6) ds
0 0
in H. Consider ¢ € H and define the linear functional ¢ : H — R as
t
d(w) = <¢,/ A= B (é_l(w)(s)) ds) , we H.
0

By continuity of B and G~! and by Cauchy-Schwarz inequality in L?(0,T), for
every w € H we have

S| < ol | [ -9 (67 wi) s

Therefore ¢ is bounded and ¢~>(qu) — &(py), then (3.5) follows. As before we can
show that

(3.6) /0 tPneA(t_s)B(G’_l(qu)(s)) ds — /0 t PneA(t_S)B(G_l(pq)(s)) ds.

Then (3.4) and (3.6) imply that 7,,(g;)(t) = Tn(q)(t) for every t € [0,T] and the

claim is proved.
Proof of Claim 3. By (3.2), for every n € N

(3.7) sup | Tu()lloe < Ca (llnll + €17 [lyo | + llewIn])
q€Qy

< ol 1T BIVT |G| wll.

with Cy = 1 + el4I7||B||vT HG—1H Recall that, by (f1),

1 T
i inf 1200 i N/ on(s)ds =0,
0

N —oc0 N —oc0
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then

o gl + el ATy ajrlenl)
lﬁlglof ( N +e N )= 0.

Therefore, there exists N > 0 (indipendent of n) such that

| il + T goll e sl
L sup 7@l < cz< _ L anrlexln) g
NqEQN N N

and the claim is proved.

Finally, applying Schauder’s fixed point theorem we prove that for every n € N
there exists a fixed point y,, of 7;,. The function y, : [0,T] — H, with the control
u= Gt (py,) is a solution to (P,) such that y,(T) = P,y;.

Step 2. We shall prove that the sequence {y,, }, found in the previous step, verifying

t
Yn(t) = Pne*‘“yoJr/ Poe ) f (s, yn(s)) ds
(3.8) 0

t
+/ Pt p (Gil(pyn)(s)> ds,
0

admits a subsequence converging to a function y : [0,T] — H such that

(3.9)  y(t) = eMyo + /t A9 f(s,y(s)) ds + /t eAt=9p (G“l(py)(s)) ds

0 0

and y(T) = y1. Then y is a solution to (P) and u = G~'(p,) is the associated
control.
For every N > 0, let Qx be the subset of C([0,T], H) defined by

Qv ={qeC([0,T],H): |lgt) <N, Vt€[0,T]}.
By Claim 3, for every n € N, y,, € Qx then, setting g,(t) = f(t,yn(t)),
lon(s)ll < px(s)  forae. s€[0,T].

Hence {g, : n € N} is relatively weakly compact in L*([0,7],H) (see [9] Theo-
rem 1, p. 101) and there exists a subsequence {g,, }» and g € L'([0,T], H) such
that g,, — g in L1([0,T], H). Fix t € [0,T]. A fortiori, g,, — ¢ in L*([0,t],H)
and, as in the proof of (3.5) , it follows that

¢ ¢
/ eAt=9g, (s)ds — / eAt=%g(s)ds in H.
0 0

By Proposition 2.1 (iii)

(3.10) P, e™yq I eyo

and
t t

(3.11) Pnk/ eAt=9g, (s)ds —\/ et g(s)ds in H, for every t € [0,T],
0 0

then

T
Py, =y — € Ty — / M=) f (s, yn, () ds —
0

T
—~p=y —e Ty, — / eA(T_S)g(s) ds.
0

in H. Reasoning as in the proof of (3.5) we get that for every t € [0, T

/Ot eAt=9)p (éil(pynk)(s)) ds — /Ot eAt=sp (éfl(p)(s)) ds in H
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and, by Proposition 2.1(iii),

(3.12) / t P, eAt=9p (é_l(pynk)(s)> ds — / feAu-ap (é—l(p)(s)) ds

0 0
in H. Finally, by (3.10), (3.11) and (3.12) for every ¢ € [0,T] we have

Ynio () = y(t) = eMyo + /Ot e g(s) ds + /Ot M) p (@‘1(19)(8)) ds

lI-lle

in H and, by compact embedding, y,, (t) —— y(t). Therefore, by (f2), for almost
every s € [0, 7],
Fls.9(s)) = JimF(s,3,(5)
—o0

and, by (f3),

e = FCyn () — f(y())  in LY([0,T], E).
Since the dual space of L'([0,T], E) is continuously embedded in the dual space
of L1([0,T], H), a fortiori

Iny. :f(aynk())éf(vy()) in Ll([OaT]aH)'

Then, by the unicity of the weak limit of {gn, }x, g(t) = f(¢,y(t)) for almost every
t€10,7T] and

T
p=y1 —e Ty — / A=) f(s,y(s)) ds.
0

Therefore (3.9) is verified, moreover

y(T) = e*Tyo + /OT e f(s,y(s)) ds + /OT MR (@_1(1%;)(5)) ds

T
— ATy + / AT {5 y(s)) ds + G (py)
0

T
=e Ty + / AT f(s,y(s)) ds + py = y1.
0

d

Proof of Theorem 3.5. In the proof of previous theorem the strictly sublinearity

condition
1 (T

lggiglof N/o on(s)ds =0
plays a role only in the proof of Claim 3. Then we can repeat all the proof (except
Claim 3) with pn(t) = a(t)(1 + N).
It remains to prove that there exists N > 0 such that T.(Q%) € QF, for every
n € N.
Suppose, by contradiction, that for every N € N there exist 77 = (V) € N and

gy € QY such that T5(gn) ¢ Q- By (3.7) and Tr(gn) ¢ Q' we have that
N < [ Talan)lloo < Co (gl + I ol + (N + Dllalla])

with Cy as in the proof of Theorem 3.4. Now dividing by N the first and the last
term in the previous inequality and passing to the limit for N — oo we obtain

L+ ellAlr .
1< (Pl g (L) o) - Goet4Tal.

From (f7) and the definition of Cy it follows
1< Ty (14 dAITVT)BY |61 ) < 1,
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a contradiction. |

4. APPLICATIONS

As an application of the previous results we will prove the controllability for a
control problem of the form

(4.1) it a) = /Qk(x,g)z(t,g)dg +glt,x,2(t, @)+ b@)ult, z),

t €[0,T], z € Q, where Q C R™ is open, bounded with Lipschitz boundary. It is
not restrictive to suppose that €2 is connected. The nonlinear evolution equation
obtained by (4.1) in the absence of control term, is frequently used for describing
the spatial dispersal of organisms (see e.g. [3] and references therein) where z is the
density of a single species which is considered in an n-dimensional habitat.

Using the previous notations, the Hilbert space U = H = W12(Q) is compactly
embedded in the Hilbert space E = L%(Q). In order to rewrite problem (4.1)
in abstract form, we identify z and u respectively with functions ¢ — z(t,-) and
t — u(t,-). We look for solution z € AC([0,T], W2(£)) associated to the control
we L2([0,T]), WhH2(Q)).

Suppose that b € Wh>(Q), |b(x)| > by > 0 for every z € Q, and consider the
following assumptions on functions k: 2 x Q@ > Rand g: [0, 7] x @ x R — R:

(k) ke CHQ x Q);

(91) 9(-,x,p):[0,T] — R is measurable for a.e. z € Q and for every p € R;

(g92) g(t,-,p) : @ — R is weakly differentiable for a.e. t € [0,7] and for every
peR;

moreover there exist four non-negative functions 3,~,d,n € L*(0,T) such that

(93) lg(t,z,0)] <n(t) for a.e. t € [0,T] and x € Q;

(g94) lg(t,z,p1) — g(t,z,p2)| < 6(t)|p1 — p2| for ae. t € [0,T], x € Q and for
every p1,p2 € R;

(95) |ga; (t,z,p)| < B(#)|p| +7(t) for a.e. t € [0,T], x € Q and for every p € R,
t=1...n.

Remark 4.1. Condition (gs) implies that for every ball B, C Q
(4.2) lg(t,z1,p) — g(t,22,p)| < Vn[B(H)lp| + ()] |21 — 22]|,
for a.e. t € [0,T], for every x1, 22 € B, and p € R.

In order to apply Theorem 3.5 we have to define A, f and B. The bounded and
linear operator A : W12(Q) — Wh2(Q) is

Ay(o) = [ ko OO ds, 2 ey e W),
the function f : [0, 7] x W2(Q) — WL2(Q) is
Ftn)@) = g(t,oy@),  teD,T),aeyeW2(Q)
and the linear operator B : W2(Q) = W12(Q) is
(By)(@) = bla)y(a),  weQye W)

First of all we have to show that A, f and B are well defined.
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The operator B is obviously linear and maps W12(€) in itself since b € W1>°(Q).
Moreover B is bounded and ||B|| < \/§||b||1,oo. In fact, for every u € W12(1)

[1Bull1,2 = <IIbUI§ + Ié’xi(bu)H%)

i=1
1

n 2
< <IIbII§OIUII§ + 3 |lbeu + bug, ||§>

i=1

3+ lIbua,

1
n 2

< (IIbII?mIUII%HE [z, u 3])
i=1

1
2

< <IIbII§OIUII§ +2) [l1be, 1% ull3 + IIbIIZ‘;oIIumII%O
i=1

1
n 2

< <2llbI§OIIUII?,2+2ZIbei §OUII§>
i=1

< V2Jbl1 00 llully2.

Now we have to show that for every ¢ € [0,7] and y € W12(Q), f(¢,y()) is in
Wh2(Q), hence that for almost every fixed ¢ € [0,77:

() f(E,9)()=g(t, () € L*(Q);
(i) for every i = 1,...,n there exists 0,,g(t,-,y(-)) € L*(Q).

(i) By (4.2) and (g4), for every ball B, C Q, for a.e. t € [0,T], 1,22 € B, and for
every p1,p2 € R

(4.3) lg(t,@1,p1) — g(t,x2,p2)| < 6(t)|p1 — p2| + Vn [B(t)pa| + ()] |21 — 2,

therefore g(¢,-,-) is continuous (locally Lipschitz) in ©Q x R, then g(¢,-,y(-)) is
measurable. Moreover (g3) and (g4) imply that

(4.4) lg(t, - y( )] < 8@ |y()| +n(t) € L*(Q).
(ii) g(t,-,-) is locally Lipschitz, y is absolutely continuous on segments of almost

all straight lines that are parallel to coordinate axes, then also g(t,-,y(-)) is abso-
lutely continuous on the same segments and the weak derivatives coincide with the
classical ones ([12, Theorem 1 p. 4 and Theorem 2 p. 6]). If {e; : 1 < i < n} is
the standard basis in R™, then by (g2), (g4) and (gs), for a.e. ¢ € [0,T], x € Q and
every h sufficiently small

lg(t,z + he;,y(z + he;)) — g(t, =, y(x))]
<|g(t,z+ he; ,y(x + he;)) — g(t,x + he; , y(x))]
+ 19tz + he; ,y(z)) — g(t, z, y(z))]
< 0(t)|y(z + he;) — y(z)| + [R[B(H)|y(2)] + 7(t)]

for every i = 1,...n. Therefore

(4.5) 100:[9(t sz, y(@)]] < 6@y, ()] + B |y(x)| +~(t) € L*(9),
that is 9,,9(t,-,y(-)) € L3(Q) for a.e. t € [0,T] and every y € W12(Q)

Finally we have to prove that Ay € W12(Q), for every y € W2(Q). From (k)
we get that for every i = 1,..,n, there exists d,, Ay(x) = [, ko, (2,8)y(§) d€ and,
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denoted by K = /[[k[%, + 321, [k,

Javizs = [ | [ ke dg} dm+z i [t (f)dﬁrd:n

< [kl Iyl + Z ke,

i=1
Thus A is bounded and ||A4|| < K|Q].

We shall show that hypothesis (f1), (f2), (f2) and (B) hold.

(f1). We have to prove that, for every y € W12(Q), the map f(-,y) : [0,T] —
W12(Q) is (weakly) measurable, that is that for every w € W12(Q2) the function
L(f(-,y)):[0,T] — R defined by

2., it follows that

Syl

L(f(t,y)):/ﬂg(t z,y(x dx+2/8 (t,z,y(2)w,, () da

is measurable.

By (4.3) and (g1), g is a Carathéodory function, then it is globally measurable in
the set [0,T] x € x R. Moreover, for every measurable y : Q@ — R, g(t,z,y(x)) is
measurable too. Since J,,[g(t,z,y(z))] is a.e. limit of measurable functions, it is
measurable. Then the funcion h : [0,7] x © — R defined by

h(t,z)=g(t,z,y(x +Z&rl (t,2,y(x)))we, ()
is globally measurable, hence, by Fubini’s theorem, also L(f(-,y)) is measurable in
[0,T].

(f2). For a.e. t € [0,T], the function f(t,-) is continuous with respect to the L2
norm. Indeed, from (g4) it follows that, for every yi,y2 € W12(Q)

||f(t7y1)—f(t7yz)||22=/ lg(t, @, y1(x)) = g(t, 2, y2(2))* da

<t /lyl ) dz = 682 |1 — yalla?.

(f2). In order to verify condition (fZ) we have to prove that, in our hypothesis,

there exists a € L1(0,T) such that ||f(¢,y)|l1.2 < a(t)(1+||ly|l12) for a.e. t € [0,T]
and for every y € W12(Q). By (4.4)

£, )l < 0@)llyll2 + V[Q2In(t),
whereas by (4.5)

102, £, 9)ll2 < BO)lyll2 + v VIR + @)y, ll2,  i=1,...n.
Therefore, for every y € W12(Q),

n

<18()llyllz + /1RO + D180 lyllz + () v/ 192] + () 1y, 12

i=1

<[25(t)? + 3nB(t)?]||yll3 + 35(t Z [P

Hf(t7y) %2

+[21920n(t)* + 3ny()*]2]

)2

<[38(t)* + 3nB(t)°]llylI% » + IQI[Zn( 4 3n7(1)%] < a(t)*(

where o {\/35 24+ 3nB(t)2, /1Q|12n(t)% + 3nv(t)?] }
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(B). The linear operator G : L%([0,T], W2(Q2)) — W2(Q) is defined by

T
Gu:/ A=) [bu(s)] ds.
0

Since b € WL>(Q), |b(z)] > by > 0 and {e*'};cg is a group, we have that
ATy ¢ Wh2(Q) for every w € WH2(Q) and s € [0,T] and the function
s —u(s) = % € L%([0,T],W2()). In fact, similarly as for || B]|, it follows
that, for every s € [0, T,

(), H ~
Sbe 1

HeA(s—T)w

A
g

1
ol el

AT =s) Hw||1,2

then u is in L2([0,T], W12(£2)). Morever, since A generates a group,

T
G(u):/ AT =9 [bu(s ds-—/ A(T=s)gAls= T)wds——/ wds = w,
0

then G is onto.
As to |G|, for every w € W2(Q) the very same calculations yield

T
G w)l < s = ( / ||u<s>|%,2ds>
VAR T aalr—s) :
_ H ) ( / . ds| |

Q2AIT _q

2||Afl

2

:ﬁHl

[wl],2-
1,00

Finally we can apply Theorem 3.5.

. 1. . . b .
Since r — e—rl is increasing and ||%HLOO < I ‘L%"’C, if

o ar 1bl17 o0 K197 —1
K ol 1+ S e ) < b
0

with o and K defined above, then (f2) holds and we can conclude that for every
Yo, yr € WH2(Q) there exist @ € L2([0,T], WH2(Q)) and z € AC([0,T], WH2(Q))
such that for x € Q

a(t,x):/g (2,€)2(t, €)de + g(t ., 2(t,2)) + b@yalt,z), e[0T

(46) 0 2(0,2) = yo(x),

Z(T,x) = yr(x).
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