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Abstract. In this paper, we study the existence of solutions for a broad class of semilinear equations in Hilbert spaces. This
is done by applying the Rothe’s fixed point theorem and a characterization of dense range linear operators in Hilbert spaces.
As an application, we study the approximate controllability of a semilinear control system governed by a semilinear evolution
equation, and a particular case of this is a control system given by a semilinear heat equation with interior control.
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1. INTRODUCTION
In this paper, we study the existence of solutions for the following semilinear equation
Gw+H(w) =z, z€Z, weW, (1.1)

where W and Z are Hilbert spaces, 4 : W — Z is a bounded linear operator (¢ € L(W,Z)) and 77 :W — Z
is a nonlinear function acting as a perturbation of the following linear equation

Gw=z, z€Z, weWw. (1.2)

Definition 1.1. Equation (1.1) is said to be approximately solvable if, for all z € Z and € > 0, there exists
w € W such that

|Gw+ (W) —2|| <e.

Definition 1.2. Equation (1.1) is said to be exactly solvable if, for all z € Z, there exists w € W such that

Gw+ A (w) =z

*Corresponding author.
E-mail address: hleiva@lsu.edu (H. Leiva).

Received August 29, 2017; Accepted December 21, 2017.
(©2018 Journal of Nonlinear Functional Analysis



2 ANTONIO ACOSTA, HUGO LEIVA

Proposition 1.3. Equation (1.1) is exactly solvable (respectively approximately solvable) if the operator
&G + I is surjective (respectively the operator G + 7 has dense range).

Equation (1.1) has been studied in the case that Rang(¥/) = Z and the nonlinear term .7 has relatively
compact range; see [1] and the references therein.
The main results in this paper are as following.

Theorem 1.4. If Rang(¥) = Z and ¢ is a compact mapping satisfying the condition
. H
w120l w3
vl [|wl]
then equation (1.1) is approximately solvable. Moreover, for each z € Z, there exists a generalized

sequence {wg : 0 < a0 < 1} in W such that
lim {Gwy + 7 (we)} =z,
a—0"

where wg = G*(al +99*) " (z — 5 (wq)), € (0,1] and the error sequence of this approximation is
given by
Eqz=o(al +99" ) (z— #(wy)), ac(0,1].

Theorem 1.5. If Rang(¥) = Z and S is a compact mapping satisfying the condition

12090

== [l
then equation (1.1) is exactly solvable. Moreover, for each z € Z, there exists w, € W such that
Gw,+ 7 (w;) =z,
where w, = G*(99*) "1 (z — 2 (w,)).
Remark 1.6. Clearly that every sub-linear function 77 satisfies condition (1.3):
7 (w)] < aolwl|" +bo, 0<n <1
In this paper we will apply the following fixed point theorem to prove our main results.

Theorem 1.7. (Rothe’s Fixed Theorem |2, 3, 4]) Let E be a Banach space. Let B C E be a closed convex
subset such that the zero of E is contained in the interior of B. Let ® : B — E be a continuous mapping
with ®(B) relatively compact in E and ®(dB) C B. Then there is a point x* € B such that ®(x*) = x*.

Finally, as an application, we shall study the controllability of the following semilinear control system

{Z':Az—l—Bu(t)—l—F(t,u(t)), )€z, u(t)eU, te(0,1,

1.4
z(0) = zo, (14

where Z and U are Hilbert spaces, u € L*>(0,7;U), B: U — Z is a bounded linear operator, F : [0,7] x
U — Z is smooth function, and A : D(A) C Z — Z is an unbounded linear operator in Z which generates
a strongly continuous compact semigroup {7 (¢) },>0 C L(Z).

Corresponding to the semilinear system (1.4) we have the linear system

{ 7 =Az+Bu(t), z(t)eZ,

1.5
z(0) = zo, (15)
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We assume the following hypotheses:

(A) The semigroup {7 (¢)},>0 is compact.

(B) The linear system (1.5) is approximately controllable on [0, 7] for 7 > 0.
(C) The function F is continuous and

1
|F(t,u)|lz < allul|T+b, ueU with 3 <n<l (1.6)
A particular case is the following control system governed by the semilinear heat equation
dz(t,
thx) = Az(t,x) + Lou(t,x) + f(t,u(t,x)), t>0,

zZ(t,x) =0, on (0,7)x0Q, (1.7)
z2(0,x) =zo(x),x € Q,

where A denotes the Laplacian operator, Q is a bounded domain in R¥(N > 1), @ is an open nonempty
subset of Q, 14, denotes the characteristic function of the set @, the distributed control u belongs to
L,([0,7]; L>()) and the nonlinear function f : [0, 7] X R — IR is smooth enough such that

|f(t,u)| <aolu|™+by, u€eR, (1.8)

where % <n<l

The controllability of semilinear control evolution equations has been studied recently by Bashirov
and Ghahramanlou [5], Bashirov and Ghahramanlou [6] and Bashirov et al. [7] using the new techniques
that avoid fixed point theorems. The approximate controllability of semilinear evolution equation is also
studied in [1, 8, 9, 10, 11, 12] recently.

2. SOLVABILITY OF LINEAR EQUATIONS

In this section, we shall characterize the solvability of the linear equation (1.2). To this end, we note
that the approximate solvability of equation (1.2) is equivalent to Rang(¥) = Z (respectively the exact
solvability is equivalent to Rang(¥) = Z). In this sense we shall consider the following characterizations
of dense range linear operators in Hilbert spaces.

Lemma 2.1. [1, 13, 14] Equation (1.2) is approximately solvable on if and only if one of the following
statements holds:

a) Rang(¥) =Z,
b) Ker(9*)= {0},
c) (99%2,z) >0,z#0in Z,
d) limg_,o+ ol +94*) 1z =0.
Remark 2.2. Lemma 2.1 implies that
Gwg =z—o(al+99") 'z, VzeZ,
where
wo =9 (al +99") 'z, ac(0,1].

So, limg_,0%ug = z and the error Eyz of this approximation is given by

Egz=oa(al+99") 'z, ac(0,1].
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Also, the family of linear operators I'y, : Z — W defined by
Toz=9*(al+99") 'z, 0<a<l (2.1)

is an approximate right inverse of the operator ¢ in the sense that

lim YTy =1, (2.2)
a—0
in the strong topology.
Proposition 2.3. [1] [fRang(¥) = Z, then
sup|la(al +99*) 7| < 1. 2.3)

a>0

Lemma 2.4. [1, 13, 14] Equation (1.2) is exactly solvable on if and only if one of the following statements
holds:
a) Rang(¥) =Z,
b) Ay > 0 such that (99*7,z) > V||z
c) 99" has right inverse.

2, z€Z7

Remark 2.5. Lemma 2.4 implies that the linear operator I" : Z — W defined by
Iz=9"(99")""z, (2.4)
is an right inverse of the operator ¢ in the sense that

91T =1. (2.5)

3. SOLVABILITY OF SEMILINEAR EQUATIONS

In this section we shall prove the main results of this paper: Theorem 1.4 and Theorem 1.5, stated in
the introduction of this paper. They are concerned with the solvability of semilinear equation (1.1).

Proof of Theorem 1.4. Motivated by Lemma 2.1 we consider for an arbitrary fixed z € Z the following
family of nonlinear operators # * : W — W defined by

H (W) =G (al+99") (z— A (W), ac(0,1].

From the hypotheses of this theorem, we have that

o
N EA]

[wll—ee [Jw]|

=0. 3.1

Claim 1. For all « € (0, 1], the operator .#"* has a fixed point. In fact, for a fixed 0 < p < 1, there exists
R > 0 big enough such that

12wl < plwll, lwll =R.

Hence, if we denote by B(0,R) the ball of center zero and radius R > 0, we get that #*(dB(0,R)) C
B(0,R). Since # * is compact and maps the sphere dB(0,R) into the interior of B(0,R), we can apply
Rothe’s fixed point Theorem 1.7 to ensure the existence of a fixed point wy, € B(0,R) C W such that

wo =KX %(wq). (3.2)
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Claim 2. The generalized sequence {wq }¢c(0,1] is bounded. In fact, for the purpose of contradiction, let
us assume that {wg }¢¢(0,1) is unbounded. Then, there exits a subsequence {wg, }n>1 C {Wa }ae(0,1] Such
that

lim [ | =<

On the other hand, from (3.1) we know, for all o € (0, 1], that

.| (w
o 1)l
noee|[we, |
Particularly, we have the following situation:
[ (g )|l 14 ()| 11 (uay) | (|21 (uy,) ||
...... =l — (),
H”a, H HMOQH Hua_gH HuanH
%2 (ug )| (|92 (uay )| (|22 (ua) | (12 (g, ) |
...... =l — (),
lluey Il,uas [y I [z
[ (g )| 12 % ()| (| S uay | (|4 % (g, )|
...... = — 0.
lluey Il,u4as [y I [y |

Now, applying Cantor’s diagonalization process, we obtain that

Oy
NPT

nmee |, |

0.

From (3.2), we arrive at
[ % (wa, )|

=1
lwa,l ’

which is a evident contradiction. Then, the claim 2 is true and there exists ¥ > 0 such that
wal <7, (0<o<1).
Without loss of generality, we can assume that the generalized sequence .7 (w,,) converges to y € Z. If

wo =Talz—H(wa)) =G (al +99") " (2~ H (wa)),

then
Gwg = YTg(z—H(wa)) =99 (ol +9G") (z— H(wy))
= (+99" —al)(ad+99*) " (z— A (wa))
= 72— H(wg)— (Al +9GG* ) (z— H(wg)).
Hence,

Gug + H(wg) =z — (ol + 99"V (2= (wy)).
To conclude the proof of this Theorem, it enough to prove that

éig}){—a(al—i—g%*)’l}(z—%”(wa)) =0.
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From Lemma 2.1 d), we get that
lim{a(al+99*) (z— H(wg)) = lima(al+99*)"ly
o—0 oa—0
+ lim a(od +99*) " (A (we) —)
oa—0

= lim —a(al+99") " (A (wa) —y).

a—0

On the other hand, we get from Proposition 2.3 that
loc(ol +99*) 1 (A (wa) =)l < (|15 (wa) — |-
Since . (wq) converges to y, we get that
lim {—a(al +9%*) " (A (wg) —y)} = 0.
o—0
Consequently,
lim{—a(al+9%9*) "' (wg)} =0.
a—0
It follows that
im{Ywq + 7 (Wa)} =z.
o—0
This completes the proof.
Proof of Theorem 1.5. Since Rang(¥) = Z, we shall apply Lemma 2.4 part c) and define for fixed z € Z
the operator
H (W) =G (99*)  (z— A (W), weW.
Clearly that .#” is a compact mapping and satisfies

im w =0. (3.3)

Iwli=e= W]l
Proceeding as in the second claim of the foregoing theorem we get the existence of w, € W such that
wo=D(z—H(w.)) =G (GG") " (2= A (wr)).
Then
Gw, =z—H(w;) <= Gw,+H(w,) =z
This completes the proof.

From the Banach Fixed Point Theorem, it is easy to prove the following theorem that will bee used to
prove the next result of this paper.

Theorem 3.1. Let H : W — W be a Lipschitz function with a Lipschitz constant h < 1 and consider
F(w) =w+H(w). Then F is an homeomorphism whose inverse is a Lipschitz function with a Lipschitz
constant (1 —h)~".

Theorem 3.2. [fRang(¥) = Z and the following condition holds
[ (w2) = A (W) < Llwz —will, wi,war €W,

and ||9*(99*)7'||L < p < 1, then equation (1.1) is exactly solvable and a solution. The solution is
given by

w, =9 (99*) {4+ 01" (2),
where T = G*(994*)~ 1.
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Proof. Define the operator F =% + .77 :W — W. Then FolI'=1+ 7 oI and
(A oT)(z2) = (A o) ()|l < [Ul[Ll|lz2—21ll, V1,22 €Z,

and ||T||L < p < 1. From Theorem 3.1, we find that F oI" = [+ J# oI" is a homeomorphis Lipschitizian
whose inverse is a Lipschitz function with a Lipschitz constant ﬁ. It follows that

Fo(To(I+0T) ) =1
Hence, w, = (o (I+ 2 oT')~1)(z) is an exact solution of (1.1). In fact,
Gw, = (I+H o) (2) <= (I+HoD)Gw, =7 < Gw,+H(TGw,) =z

So, 9w, + .7 (w;) = z. The proof is completed.

4. AN APPLICATION TO SEMILINEAR CONTROL SYSTEMS

In this section, we shall prove the approximate controllability of semilinear control system (1.4). To
this end, for all zg and u € L?(0,7;U), the initial value problem

7 =Az+Bu+F(tu(t), z€Z, ueclU, t>0,
4.1)
2(0) = 2o,
admits only one mild solution z given by
t
z2(t) = T(t)zo —I—/O T(t —s)Bu(s)ds 4.2)
t
+ / T(t — 5)F (5, u(s))ds. 4.3)
0

Definition 4.1. (Approximate Controllability) The system (1.4) is said to be approximately controllable
on [0, 7] if for every zg € Z, 7' € Z, & > 0 there exists u € L*>(0,7;U) such that solution z(z) of (1.1)
corresponding to u satisfies:

|z(t) — 2!z < &.

Definition 4.2. For systems (1.4) and (1.5), we define the following operators. The controllability maps
G,Gr : L,(0,7;U)) — Z defined by

Gu = /OT T(t—s)Bu(s)ds, u € Ly(0,7;U), (4.4)
Gru = /T T (7t —s)Bu(s)ds+ /T T(t—s)F(s,u(s))ds=Gu+H(u), uecL0,7;U), 4.5)
0 0
where .
H(u) = /O T(—5)F (s, u(s))ds. 4.6)

Proposition 4.3. The linear system (1.5) is approximately controllable on [0, 7] if and only if Range(G) =
YA

Proposition 4.4. The semilinear system (1.4) is approximately controllable on [0, T] if and only if Range(GF ) =
YA
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Proposition 4.5. Let (X,X, 1) be a measure space with (X) < eoand 1 < g <r <eo. Then L,(it) C
Ly(1) and
r—q
1Fllg < mX) = \Ifllr, f € Le(1). 4.7)

Proof. The proof of this proposition follows from Theorem 1.V.6 from [15] by putting p = ; > 1 and
considering the relation

Jryan= [ \frdu, e e L),
X X
U

Theorem 4.6. Under conditions (A) and (C), the semilinear system (1.4) is approximately controllable
on [0,1].

Proof. Since we assume that system (1.5) is approximately controllable on [0, 7], the operator G satisfies
all the statements from Lemma 2.1. On the other hand, since the semigroup is compact and the map H
given by (4.6) is compact, we have the following estimate:

|H (u ||</ T (T —s)F(s,u(s) |ds<M/ (allu( ]n+bds<a/ l|u(s)||"ds + b.

Applying Holder inequality yields that

1

2 ~ ~
Il < ave ( [ luts)lPras ) +5=avelully +
Since % <n <1, we find that 1 <21 < 2. From proposition 4.5, we get that

L>(0,7:U) € Lop (0,7:U)  and  |Jullay < Klull2, u € La(0, ;).

Therefore,
1 ()] < av/TK" [lull3 +D,
and
H
o IH@I
e a2
Using Theorem 1.4, we conclude the proof immediately. O
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