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We consider a multidimensional semilinear reaction-diffusion equation and we obtain at any arbi-
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1. Introduction

Let n € N, Q be a bounded open subset of R, T' > 0, Q7 := Q x (0,T), and let us
denote by (z,t) the generic element of the Cartesian product Q. Let us consider
the following semilinear parabolic Cauchy-Dirichlet boundary value problem

w = Au+ v(z,t)u + f(u) in Qr=Qx(0,7),
u |BQ: 07 te (OvT)7 (1)
Uu |t:0 = Ug € LQ(Q),

where v € L*°(Qr), and the nonlinear term f : R — R is supposed to be a Lipschitz
function, that is, there exists a positive constant L such that

‘ f('LL1> — f(UQ) ‘ S L ‘ U — U2 ’, Vul,ug c R. (2)

Moreover, we assume that f(0)=0. (3)

In this paper we study the global approximate controllability properties of the semi-
linear problem (1). The control function, that is the variable coefficient through
which we can act on the process, is the reaction coefficient v(z, ), that in literature
is called multiplicative control (see, e.g., [8], [13], [16], and [22]).

Let us recall briefly the classical well-posedness of the system (1). So, we need to
consider the standard Sobolev spaces:

Q) ={o e L*(Q) | ¢, € L*(Q)}
Hy(9) = {p € H'(Q) | ¢|on = 0}
HX(Q) = {¢ € H(Q) | v, € L), i=1,...,n}.
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By classical well-posedness results (see, for instance, [24, Theorem 6.1, pages 466—
467]) problem (1) with initial data uy € L*(2) admits a unique solution

w € LX(0,T; HY(9) N C(0,T); L)),
Furthermore, if ug € H} (), then the solution u of problem (1) satisfies
w e HY(0,T; 13(Q) 1 C([0, T HA() 1 L3(0,T; HY(9).

The above functional spaces are equipped with the standard norms. Moreover, for
simplicity in this paper we will use the following notation || - || and (-,-), for the
norm || - ||~ (@,) and the inner product (-, -)2(q), respectively.

Now, we can present the main result in Theorem 1.2, where we prove that system
(1) is nonnegatively globally approximately controllable in L*(Q2) at any time T > 0,
by means of multiplicative controls v. We will see that the multiplicative controls v
have a simple structure, that is, v are piecewise static functions, in the sense of the
following definition.

Definition 1.1. We say that a function v € L*>°(Qr) is piecewise static (or a simple
function with respect to the variable t), if there exist m € N, vy, = v (x), v, € L>®(Q),
and ty € [0,7T], ty—1 < tx, k=1,...,m with to =0 and t,, = T, such that

U<J:’t) = Ul( X[t(),h] + ka X(tk 1,tk]< ) (4)

where Xy, 4 and X, |4, are the indicator functlon of [to, t1] and (tx_1, tx], respec-
tively. Sometime, for clarity purposes, we will call the function v in (4) a m-steps
piecewise static function.

Finally, we can give the main result.

Theorem 1.2. For any nonnegative up,u* € L*(Q) with uy # 0r2q), for ev-
ery € > 0, and any T > 0 there exists a piecewise static multiplicative control
v =uv(e, T, ug,u*), v € L®(Qr), such that the corresponding solution u(x,t) of (1)
satisfies ||u(-,T) — u*||12(q) < €.

Theorem 1.2 is proved in Section 3. It is useful to have the following remark.

Remark 1.3. We note that, as a consequence of assumptions (2) and (3) on the
nonlinear function f, the following inequality holds

[f(w)] < Llu|,  VueR, (5)
where L is the Lipschitz constant in (2).

We observe that the nonnegative control result, given in Theorem 1.2, is consistent
with the constraints given by the PDE in (1). Indeed, from (5) it follows that

T ¢ 1~qn),

Thus,we can extend the strong maximum principle from linear parabolic PDEs (see,
e.g, [21, Chapter 2, page 34]) to the semilinear parabolic problem (1), since the
terms v(x,t)u + f(u(x,t)) can be written as v(x,t)u(z,t), where

—v+f( )ELOO(Q ).
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So, the strong maximum principle implies that system (1) cannot be steered any-
where from uy = 0, and if ug(z) > 0 in €2, then the corresponding solution to
(1) remains nonnegative at any time, regardless of the possible choice of the mul-
tiplicative control v. Hence, system (1) cannot be steered from any nonnegative
ug € L*(Q) to a target state u* € L*(2) which is negative on a nonzero measure set
in the space domain.

To prove Theorem 1.2 we need an intermediate and crucial controllability result given
in Theorem 1.4, obtained under further regularity assumptions and constraints on
the initial and target states.

Theorem 1.4. Let ug, u* € C*(Q) be such that ug(z) # 0 for every x € Q, and
u* ()

uo ()

J>0:1v< <1 Vze. (6)

Then, for every € > 0 and any T > 0 there exists a piecewise static multiplicative
control v = v(e, T, ugy, u*) € L>®(Qr) such that

[u(-,T) = ()2 < e, (7)

where w is the corresponding solution to (1) on Qp. Moreover, for T > 0 small
enough the multiplicative control v is the following static function
v (@)

v(x,t) = OT

V(.CI?, Zf) € Qr,

with v (z) = In (m) , for every x € Q.
u()

Remark 1.5. Theorem 1.4 includes also the case of both uy and u* strictly negative

on € because of condition (6). So, for this result it is only necessary that both initial

and target state have the same sign.

Structure of the paper

We prove the main result, that is Theorem 1.2, in Section 3. The proof of Theorem
1.2 needs the intermediate and crucial result given in Theorem 1.4, that is proved
in Section 2 together with some useful PDE estimates.

State of the art

The nonnegative approximate controllability results for reaction-diffusion equations
are consistent with the strong maximum principle constraints. In the literature, for
this kind of results we refer to the pioneering papers by A.Y. Khapalov, contained
in the book [22], where nonnegative approximate controllability is obtained for re-
action diffusion equations via multiplicative controls, first in large time and then in
small time under very strong assumptions on the initial and target states. In this
paper, we are able to remove those strong constraints on the data in our general
Theorem 1.2. Moreover, the main result of this paper permits us to obtain nonneg-
ative controllability first in arbitrary small time, then at any time by an iterative
argument.
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This proof is inspired by the recent paper [14] of the author, where a similar result
is proved in the unidimensional setting for degenerate reaction-diffusion equations.
About nonnegative controllability results for degenerate parabolic equations we also
mention [13]. Moreover, in [25] Vancostenoble proved a nonnegative controllability
result in large time for a linear parabolic equation with singular potential, following
the approach of [5] and [6].

For completeness, we recall some recent results about approximate multiplicative
controllability of unidimensional reaction-diffusion equations between sign-changing
states, see [8], by the author with Cannarsa and Khapalov regarding a semilinear
uniformly parabolic system, and [16], by the author with Nitsch and Trombetti,
about degenerate parabolic equations.

Recently, results of exact controllability for evolution equations via bilinear controls
have been obtained. See, e.g., [1] and [2] by Alabau-Boussouira, Cannarsa and
Urbani, [10] by Cannarsa and Urbani, and [12] by Duprez and Lissy.

Finally, an interesting work in progress, related to this paper is the problem of the
approximate controllability via multiplicative control for nonlocal operators, applied
to the fractional heat equation studied in [4] by Biccari, Warma and Zuazua. For
other problems related to PDEs and applications see also [3], [5]-[9], [15]-[20] and
[23].

2. Some PDE estimates and proof of Theorem 1.4

We prove the crucial intermediate result given by Theorem 1.4 in Section 2.2. For
the proof of Theorem 1.4 and Theorem 1.2, we need some general PDE estimates
for the solution of problem (1), that we present in Section 2.1.

2.1. Some PDE estimates

Let us start this section by the statement of Proposition 2.1 that we prove immedi-
ately below.

Proposition 2.1. Let T € (0, 17|, where L is the Lipschitz constant in (2). Let

L
ug H3 (), v € C*(Qr) with v(z,t) <0 on Qr, and let u be the corresponding unique
solution to (1). Then, we have

f(u) € C([0,T]; L*(2))
and the following estimates hold:
1) Nulleqoaey < vV20uollzae),

) [If@lleqorsrz@) < V2L||uol 29,
(3) ||Au||L2(QT) S C(L>T7U)||UOHH3(Q)7

e

where C(L,T,v) := \/1 + 27 max |Av| + 21T .

Proof. We start by estimating ||u||c(o,17;22(0))- Since v(x,t) < 0 for a.e. (z,t) €Qr,
multiplying by u the equation in (1), integrating by parts and using (5) yields
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1 t t
= (u?),dxds = uugdzrds
2
0o Jo 0o Jo
t t t
://uAudxds+/ /vu%xds%—//f(u)udxds
0o Jo 0o Jo 0o Jo
¢ T T
—/ /|Vu|2da:ds+L/ /qumdtSL/ /quxdt,
0o Jo o Jo 0o Jo

where L is the Lipschitz constant in (2). Then, since T' € (0, 1-) we deduce

ar
T
/uQ(x,t)de/ug(x)dm—i-QL/ /u2dxdt
Q Q o Jo

< / W (2)dz + 2LT||ul2 o rzo(en)
2 1 2
< ||U0||L2(Q) + §||u||c([0,T};L2(Q))v te(0,T).

Thus lulleqor;e@) < \/§HUOHL2(Q)> (8)

proving the first estimate in the statement of Proposition 2.1.

Now, we estimate || f(u)||c(o,;22(0))- From (5) and (8) it easily follows that
f(u) € C([0,T]; L*(%),
and, thanks to (8), the following estimate holds
1F @ lleqoryrz@y < Lllulleqoryzzwy < V2L|uol 2, (9)

that proves the second estimate in Proposition 2.1.

Finally, we estimate || Aul|z2(g,). Multiplying by Au the equation in (1), integrating
over )7, and applying Young’s inequality we obtain

T T T
I Au 1720, :/ /utAudxdt—/ /vuAud:cdt—/ /f(u)Auda:dt
o Jo o Jo o Jo
T T
§/ /utAudxdt —/ /vuAudxdt
o Ja
/ /f Ydzdt + — / /|Au| dxdt .

Thus, integrating by parts, keeping in mind the boundary condition in (1), taking
into account that the reaction term v is such that v(z,t) < 0 for every (z,t) € Qr,
and using the estimates (9) and (8) it follows that

||AU||L2 ) < 2/ /UtAUdJUdt — 2/ /vuAudxdt + / /f Ydadt
<~ [ [vuryaca + 2 [ [vupaa
0 Ja 0o Ja

T
4 / / Vo V()drdt + T f(w)|2 e,
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T
< /\Vu0\2d:c — / /A’uquxdt +2L2THu0H%2(Q)
Q0 o Ja
T
S/[Vu0\2dx+mm<|Av|/ /u2dxdt+2L2T||uoHiz(Q)
Q z€Q 0 JQ
T
< HVuoHig(Q)ereag\Aﬂ/o [ellE 0,222 @t + 2L7T (|uoll 720

- (1 2T o]+ zLQT) ol =

In the following Proposition 2.2, we generalize the first estimate in Proposition 2.1
to the case of a general reaction coefficient v € L>(Qr).

Proposition 2.2. Let T > 0. Let ug € Hi(Q), v € L>®(Qr), and let u be the
corresponding unique solution to (1). Then, we have

lulleqoara@y < eI g || 2y,
where L is the Lipschitz constant in (2) and v (x,t) = max{v(z,t),0} is the positive
part of v.
Proof. Proceeding as in the proof of Proposition 2.1, that is, multiplying by u the
equation in (1), integrating by parts and using (5) we obtain

// dwds-//uAudxds+//vu2dxds+//f Yudxds
—/ /|Vu\2da:ds+/ /v+u2dxds+L/ /u%zg;dt
0 Ja 0 Ja 0 Ja

t
g(L+Hv+||oo)/ /u2da:ds, vt € (0,7).
0 Jo
t
Hence, /uz(x,t)dxg/ug(x)dx+2(L+Hv+||oo)/ /u%lacals7 Vte (0,7).
0 Q 0 Ja

Thus, applying Gronwall’s inequality we deduce
’U+ oo
lu( )22y < 1T g F2q, ¢ € (0,7),
from which it follows the conclusmn of the proof. ]

From Proposition 2.2 we can easily obtain the following Corollary 2.3.

Corollary 2.3. Let T > 0. Let u?, u§ € H}(Q), v € L=(Qr), and let uy and uy be
the unique solutions of (1) corresponding to u{ and u3, respectively. Then, we have
lur — uslleqorizz@) < €(L+HU+H°°)THU(1) - U%HL?(Q)
where L is the Lipschitz constant in (2) and v (z,t) = max{v(z,t),0} is the positive
part of v.
Proof. Let us set w := u; — uy. We note that w satisfies the following Cauchy-
Dirichlet problem
= Aw+ v(:c,t)w + f(u1>_f<u2) in QT:QX<07T)7
w |go= 0, t e (0,7), (10)
w =0 = u) —ud € HL(Q).
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Following the same idea of the proof of Proposition 2.2 we get

1 1 !
—/w2(x,t)d:c :—/wz(x,O)dm+/ /wAwd:cds
2 Ja 2 Jo 0 Jo

+/0t/QUw2d$d3+/0t/Q(f(u1)—f(uQ))wdde

1 t
<ol — ey + (L4 0t) [ [ whdeds, vee 0.)
0 Ja
and therefore, applying Gronwall’s inequality, we obtain
Jur (1) — UQ('vt)H%?(Q) < 2T — Ug”%%ma vt € (0,7,

from which the conclusion follows. OJ

2.2. Proof of Theorem 1.4
u* ()

uo(x)

Let us set vg(x) :=1In ( >, for every x € Q.

From (6) we get vg € L>°(2) and, moreover, the static multiplicative control v satisfies

*

v(x,t) = 007(3:) <0 for every (z,t) € Qr. (11)

The solution u of (1) at time T, with v defined as in (11), can be written as

(T—t)

T (Au(z,7) + f(u(x,7)))dt, VYaeQ. (12)

T
u(z, T) = u*(z) +/ €% (@)
0

Formula (12) is obtained in the following way: for every fixed Z € €2, consider the
non-homogeneous first-order ODE
v ()

/_t:

w(z,t) + (Au(z,t) + f(u(z,t)) te(0,T),

associated to (1). Then, the solution u of the above equation can be represented by
the Duhamel’s formula

u(z,t) = @ Tyy(z) + /t b (@) 7 (Au(z, 1)+ f(u(z,7)))dr, ¥(x,t) € Qr.
0

Taking t = T" we obtain (12). From (12), using (11) and Holder’s inequality, and
applying the estimates in Proposition 2.1, we deduce the following inequalities

7)== | ( / " @5 (Au(a, ) + f(U(:B,T)))dT)2d9; (13)

< T8+ f(0)2any < 27 (180030 + 17 ) a0 )

<2T [(1 + 2T max | Av| + 2L2T> + ZLQT] ||u0||§{3(9).

e

=2T (1 + 2{?58% |Avg| + 4L2T) Huong(Q) : (14)
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We note that in the last equality we replaced v = v§/T in the constant C'(L, T, v)
of Proposition 2.1. For the sequel it is crucial that the constant C'(L, T, v) remains
bounded, as ' — 0T, despite our “singular” (in T) choice of the reaction coefficient v.

Finally, fixed € > 0, since the right-hand side of (13) goes to zero as T'— 07, there

exists Ty € (0, 1), Ty = Tg (e, v§) such that for every T' € (0, T;] we obtain

||u(, T) — u*||L2(Q)< g,

that is, the approximate controllability of system (1) at any time 7" € (0, 7y].

Furthermore, if 7" > Tj we can prove the approximate controllability at time T
using an iterative argument introduced by the author in [14, proof of Theorem 1.4]
for unidimensional degenerate reaction-diffusion equations. So, we first obtain the
approximate controllability at time 7. Then, we start at time 7} from a state close
to u*, and we stabilize the system into a neighborhood of u*, applying the above
strategy overall N times, for some N € N, for N time steps of lenght T;\,Tg. From
(11) it follows that the multiplicative control is chosen v = 0 in any interval after
T¢. This iterative method find its origin, in a more complex setting, in [8, Proof of

Lemma 3.1, see in particular the iterative inequality (18)]. O

3. Proof of the main result

Let us prove the main result of this paper. In the proof of Theorem 1.2 for simplicity
we will use || - || for the norm || - || z2(q)-

Proof. (Proof of Theorem 1.2). Let us fix ¢ > 0. Since ug, u* € L*(Q2), there exist
us, uf € C*(Q2) such that:

. ug, ur > 0 on €2, and the quotient function u!/ug is bounded on €, that is,
M. = M(e,up,u*) >0 : 0< “g(x) <M., VreQ, (15)
uj(z)

without loss of generality, we can choose M, > 1;

° u? and ug satisfy the following approximation conditions
* * € 9
Juz =l < 5 and o= wl < oy (16)

where L is the Lipschitz constant in (2).
For every z € 2 and any p > 0, let us define dist(x,0) := yie%fQ |z —y| (> 0) and
Q, = {z € Q:dist(x,00) > p}.
Let 7 > 0 be such that €2, is a not empty open set, so that €2, C Qg C Q.
From (15) we deduce that

0< min{u‘E(x)} < uz (x) < M., Vo e
xeﬁg ug ()

(SIS

1 *
Then, there exists v(n) > 0 (V(n) = A xrgg; {Zgg; }) such that
) < 59 g e Q. (17)
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Let us note that (17) has the same structure of assumption (6) in Theorem 1.4.
Therefore, we proceed with the following two control actions: first, we drive the
system from the initial state uy to the intermediate target state M.ug. Then, we
steer the system from such intermediate state to u* applying Theorem 1.4.

We consider a further approximation of u*: indeed there exist n = n(¢) > 0 and
uy,vg € C*(Q), with 0 < u;; < u} and vy <0 on Qn, such that:

{ U:(I‘), S an and

0, T € (Q\Qg),

*

[y, — uZll2(0) <

1 ( u; (z) ) Q.
(ii) vg(x):{ P\ w5 (@) TEl

, (18)

=1 M

0, HARS (Q\Qg) .

Now, keeping in mind that M. > 1, we can select the positive constant reaction
coefficient

log M. —
vy = og} >0, V(zx,t)eQx(0,7y), forsome T} > 0. (19)
1
Then, we define the piecewise static (see Definition 1.1) multiplicative control as
V1, (x,t) eﬁx (O,Tl),
v(z,t) = vi(x) (20)

(z,t) € Qx (T}, T),

T-T,
where T} and T will be determined below.

Let u be the solution to (1) corresponding to the above choice of the multiplicative
control v and to the initial state ug.

Step 1: Steering the system from ug to M.ug, at time T} > 0.

Let us denote by u®(x,t) the solution of (1) with initial state u§. Thus, the solution
u(z,t), at some time 77, is represented in Fourier series in the following way

w2, Ty) = €Y e ud o) on(a) + Fu(z, Th) (21)
k=1
[ee) Ty
with Fo(z,Th) Z_Z[/ MO (4 1)), pr)dt | pp()
k=1 /0

where {—M\; }ren are the eigenvalues of the Laplacian operator Agu := Au (we note
that Ay > 0 and Ay < Mgy, for every k£ € N, and Ay — 400, as k — +0o0), and
{¢k }ren are the corresponding eigenfunctions that form a complete orthonormal
system in L?(Q2). We observe that the eigenvalues of the operator Au := Au + vju
are the values {—M\; + v1 }ren and the corresponding eigenfunctions are the same of
the Laplacian operator {pg }ren.

By the strong continuity semigroup property of the heat equation, we deduce

Ze—,\k:n (ug, or)pp(r) — v in L*(Q) as Ty — 0.
k=1
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So, there exists a small time 7] € (0,1), 77 = T7(e, up, u*), such that, keeping also
in mind that e"'T* = M, by (19), we deduce

3
Il (1) = Mg (Ol < g5 +IEC T VT (0.7], (22)

Using Holder’s inequality, Parseval’s identity, inequality (5), a2nd Proposition 2.2 we

[e.9]

YA
@mﬂmmw=2/ewwwwww»mw (23)
k=110
0o T Ty
< > (/0 ez(m—xk)(Tl—t)dt) . (/0 |<f(u8(.’t))7(pk)|2dt)
<oty [S ). i = en [ eGP
= 0 pa ) ) € 0 ’

T
< M, [ (0P < DMETEE o gy
0

From (22) using (23) it follows that there exists 77 € (0,77], T} = 15 (e, ug, u*),
such that
£

lu( Th) = Meug ()] < 55

E *
HIECTON < 45 VT € (0,T7].  (24)
Using Corollary 2.3 and the inequaity (24), keeping in mind (19) and (16), for every
Ty € (0,TY], we obtain

[ul Th) = Meug ()| < flul, To) = v Tl A+ [Jut (5 Th) = Meug ()] (25)

e
— <ol

R L
16 — 16elM. 16 8

< eI o) T gy — €| +

Let us set 0°(z) := u(z, T1) — M.uf(z). Then, from (25) we have
€
Gl < —=. 26
1551 < 7 (20

Step 2: Steering the system from M.u§ + 65 (at time Ty > 0) to u* at time T for
T > T;.

Now, we start at time 77 from M.ug + 0°, and our goal is to steer the system
arbitrarily close to u*.

Let us consider the following semilinear Dirichlet problem

_ w(@) e
u — Au = T—T1u+f(u) in Qr:=Qx (1T1,T) @)

U |aQ: 0, t e (Tl,T) ,

and we denote by (z,t) the unique solution to (27) with the initial condition
t(z,Ty) = Mug(z). Of course, the restriction on Q7 of the solution u of (1), corre-
sponding to the multiplicative control v, given in (20), and to the initial state wo,
solves (27) with the initial state u(x,T}) = M.ug(x) + 0°(x).
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Since the inequality (17) holds we can apply Theorem 1.4 to steer system (27) from
Meug to the approximation u;. Thus, for 7" > T} we have
- . €
.7~ w0l < -
Then, using Corollary 2.3 (see also Proposition 2.1), from (28), (18), (16), and (26),
for any T such that T — T7 > 0 is sufficiently small, we have

[u(-T) = ()] < flul T) = uy () + lJug, — ]

(28)

< Jul,T) = al, T+ [[al, T) = ug (I 4 lug — uZll + flul — o]
3
< V2| Moug 4 0°F — Mg +Z€ <e.

From which it follows the conclusion and the approximate controllability at any time
T > 0, using the same approach of the end of the proof of Theorem 1.4. Il
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