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Abstract

We prove rapid stabilizability to the ground state solution for a class of abstract parabolic
equations of the form

u'(t) + Au(t) + p(t) Bu(t) = 0, t>0

where the operator —A is a self-adjoint accretive operator on a Hilbert space and p(-) is
the control function. The proof is based on a linearization argument. We prove that the
linearized system is exacly controllable and we apply the moment method to build a control
p(+) that steers the solution to the ground state in finite time. Finally, we use such a control
to bring the solution of the nonlinear equation arbitrarily close to the ground state solution
with doubly exponential rate of convergence.

We give several applications of our result to different kinds of parabolic equations.
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1. Introduction

In the field of control theory of dynamical systems a huge amount of works is devoted to
the study of models in which the control enters as an additive term (boundary or internal
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locally distributed controls), see, for instance, the books [16], [17] by J.L. Lions. On the other
hand, these kinds of control systems are not suitable to describe processes that change their
physical characteristics for the presence of the control action. This issue is quite common for
the so-called smart materials and in many biomedical, chemical and nuclear chain reactions.
Indeed, under the process of catalysis some materials are able to change their principal
parameters (see the examples in [14] for more details).

To deal with these situations, an important role in control theory is played by multiplica-
tive controls that appear in the equations as coefficients.

Due to a weaker control action, exact controllability results are not to be expected with
multiplicative controls. On the other hand, approximate controllability has been obtained
for different types of initial/target conditions. For instance, in [12] the author proved a result
of non-negative approximate controllability of the 1D semilinear parabolic equation. In [13],
the same author proved approximate and exact null controllability for a bilinear parabolic
system with the reaction term satisfying Newton’s law. Paper [11] is devoted to the study of
global approximate multiplicative controllability for nonlinear degenerate parabolic problems.
In [5] and [6], results of approximate controllability of a one dimensional reaction-diffusion
equation via multiplicative control and with sign changing data are proved.

An even more specific and weaker class of controls are bilinear controls which enter the
equation as scalar functions of time as, for instance, in the following system

u'(t) + Au(t) + p(t)Bu(t) =0, t>0
{ u(0) = up. (1)

A fundamental result in control theory for this type of evolution equations is the one due
to Ball, Marsden and Slemrod [1] which establishes that the system (1) is not controllable.
Indeed, if u(t; p, ug) denotes the unique solution of (1), then the attainable set from uq defined
by

S(UO) = {U(t,p, uO)at Z 07p €L, ([Oa +OO)7R)7T > 1}

loc

has a dense complement.

On the other hand, when B is unbounded, the possibility of proving a positive control-
lability result remains open. This idea of exploiting the unboundness of the operator B was
developed by Beauchard and Laurent in [3] for the Schrédinger equation

{ iug(t, ) + Uy (t, ) + p(t)p(z)u(t,x) =0, (t,z) € (0,7) x (0,1) @)
u(t,0) = u(t,1) = 0.

For such an equation the authors proved the local exact controllability around the ground
state in a stronger topology than the natural one of X = H? N H}(0,1) for which the
multiplication operator Bu(t,x) = p(z)u(t,x) is unbounded. In other terms, the above
result could be regarded as a description of the attainable set from an initial submanifold of
the original Banach space.

Following the same strategy, Beauchard in [2] studied the wave equation

{ U (t, ) — U (£, ) — p(O)pu(x)u(t, x) =0, (¢t,x) € (0,T) x (0,1)
uz(t,0) =u(t,1) =0



showing that for T > 2 the system is locally controllable in a stronger topology than the
natural one for this problem and for which the operator Bu(t, z) = u(x)u(t, z) is unbounded.

In both papers [2] and [3] a key point of the analysis is the application of the inverse
mapping theorem which is made possible by the controllability of the linearized problem.
This is the reason why, for parabolic problems, the above strategy meets an obstruction: the
spaces for which one can prove controllability of the linearized equation are not well-adapted
to the use of the inverse map technique.

We recall that some results of approximate controllability of hyperbolic equations with
bilinear control have been achieved (see, for instance, [8]).

For other nonlinear equations in fluid dynamics, namely the Navier-Stokes equations with
additive controls, the exact controllability to the uncontrolled solution of the equations was
shown by Ferndndez-Cara, Guerrero, Imanuvilov and Puel in [10].

In this paper, we are interested in studying the possibility of steering the solution of
(1), with a bilinear control, to a specific uncontrolled trajectory of the equation, namely the
ground state solution.

To be more precise, let X be a separable Hilbert space, A : D(A) C X — X be a
self-adjoint accretive operator with compact resolvent (see section 2 for more on notation
and assumptions) and let {\;}ren+ be the eigenvalues of A, (A < Apyq, VEk € N¥), with
associated eigenfunctions {@y }ren+. Since it is customary to call ¢, the ground state of A,
we refer to the function v (t) = e %y, as the ground state solution.

Our main result (Theorem 3.4 below) ensures that, if {\;}ren satisfy a suitable gap
condition (see condition (13)) and B spreads the ground state in all directions (see condition
(14)), then system (1) is locally stabilizable to 1, at superexponential rate, that is, one can
find a control p € L? (0,00) such that the corresponding solution u(-) of (1) satisfies

loc
log [|u(t) — 1 (t)]| < C — e, Vit >0, (3)

for suitable constants C,w > 0.

An important point to underline is that our approach — based on the moment method
for the linearized system — is fully constructive. First, we use the gap condition (13) to build
a biorthogonal family {o(#) }ren+ to the exponentials e*!. Then, we apply such a family to
construct a control p(-) that steers the linearized system of (1) exactly to the ground state
solution in finite time. Finally, we repeatedly apply such exact controls for the linearized
system in order to build a control p(-) for (1) which achieves (3).

We point out that our method applies to both cases \; = 0 and A\; > 0, giving an even
faster decay rate in the latter case.

The above stabilizability result can be used to study several classes of parabolic problems,
for which checking the validity of the assumptions on A and B is usually straightforward.
For instance, we can treat the heat equation with a controlled source term of the form

Up — Ugy + p()p(z)u =0
with Dirichlet or Neumann boundary conditions, as well as operators with variable coefficients

wy — (14 2)%ug)e + p(t)u(z)u = 0,



or even 3D problems with radial data symmetry such as
ur — Au+ p(t)p(lz|)u = 0.

Furthermore, we believe that the method we develop in this paper has potentials to be
adapted to more general problems, such as a possibly unbounded operator B and a degenerate
principal part A.

The outline of the paper is the following. In section 2, we introduce the notation and the
preliminary assumptions on the data. Section 3 is devoted to our main result and its proof.
Finally, in section 4 we give applications to several examples of parabolic problems.

2. Preliminaries

Let (X, (-,-)) be a separable Hilbert space. We denote by || - || the associated norm on X.
Let A: D(A) C X — X be a densely defined linear operator with the following properties:

(a) A is self-adjoint,
(b) A is accretive: (Az,z) >0, Vo € D(A), (4)
(¢) 3> 0such that (A\[ + A)~' : X — X is compact.

We recall that under the above assumptions A is a closed operator and D(A) is itself a
Hilbert space with the scalar product

(‘r‘y>D(A) = <$,y> + <AI7Ay>7 vay S D<A)

Moreover, — A is the infinitesimal generator of a strongly continuous semigroup of contractions
on X which will be denoted by e *4. Furthermore, e~*4 is analytic.

In view of the above assumptions, there exists an orthonormal basis {¢y }rens in X of
eigenfunctions of A, that is, ¢r € D(A) and Apr = A\ VE € N, where {A;}rens C R
denote the corresponding eigenvalues. We recall that A\, > 0, V& € N* and we suppose —
without loss of generality — that {\g }ren+ is ordered so that 0 < Ay < Apy1 — 00 as k — 0.
The associated semigroup has the following representation

(p, orye Moy, Vo € X. (5)
1

etAy —

o]
k=

For any s > 0, we denote by A® : D(A®) C X — X the fractional power of A (see [18]).
Under our assumptions, such a linear operator is characterized as follows

D(AS):{xEX ’ > ken )‘%S|<x,80k>|2<00} )
6
A =3 o Nl o)k, Vo € D(A?).

Let T' > 0 and consider the problem

(tgzaomso oo

where ug € X and f € L*(0,T; X). We now recall two definitions of solution of problem (7):
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e the function u € C([0, 7], X) defined by

t
u(t) = e g + / e_(t_S)Af(s)ds
0

is called the mild solution of (7),

e wis a strong solution of (7) in L?(0,T; X) if there exists a sequence {ux} € H'(0,T; X)N
L*(0,T; D(A)) such that

up — u, and uj, — Auy, — f in L*(0,T; X),
uk(0) = up in X, as k — oo.

The well-posedness of the Cauchy problem (7) is a classical result (see, for instance, [4]).

Theorem 2.1. Let ug € X and f € L*(0,T;X). Under hypothesis (4), problem (7) has a
unique strong solution in L?(0,T; X). Moreover u belongs to C([0,T]; X) and is given by the
formula

¢
u(t) = e g + / e~ DA f(s)ds. (8)
0
Furthermore, there ezists a constant Co(T) > 0 such that
sup [u(t)|] < Co(T) (Iluoll + [ fllz20.r:x)) (9)
te(0,7)

and Co(T') is non decreasing with respect to T.

Given T > 0, we consider the bilinear control problem

{ u'(t) + Au(t) + p(t)Bu(t) =0, t€[0,T]

(0) = uo (10)

where u is the state variable and p € L?*(0,T) is the control function and the bilinear stabi-
lizability problem
u'(t) + Au(t) + p(t)Bu(t) =0, ¢t >0
(11)
u(0) = uyg

with p € L2 ([0, +00)).
We recall that, in general, the exact controllability problem for system (10) has a negative

answer as shown by Ball, Marsden and Slemrod in [1].

3. Main result

We are interested in studying the stabilizability of system (11) to a fixed trajectory. Let
X be a Hilbert space equipped with the scalar product (-, -). We denote by ||-|| = y/(-,-) the
associated norm and by Bgr(y) the open ball of radius R > 0, centered in ¢ € X. Given an
initial condition uy € X and a control p € L? ([0, +00)), we denote by u(+;ug, p) : [0, +00) —
X the corresponding solution of (11).



Definition 3.1. Given an initial condition ug € X and a control p € L} ([0, +00)), we say

that the control system (11) is locally stabilizable to u(-; ug, p) if there exists 6 > 0 such that,
for every ug € Bs(ty), there exists a control p € L2 ([0, 4+00)) such that

loc

lim ||u(t; uo, p) — u(t; ug, p)|| = 0.

t—+o00

Definition 3.2. Given an initial condition iy € X and a control p € L2 ([0,+00)), we
say that the control system (11) is locally exponentially stabilizable to u(-; ug, p) if for any
p > 0, there exists R(p) > 0 such that, for every uy € Bpgy(Uo), there exists a control

p€ L2 ([0,+00)) and a constant M > 0 such that
||u<t’u07p) - ﬁ’(t’amﬁ)H < Me_pt7 vt > 0.

Definition 3.3. Given an initial condition iy € X and a control p € L2 ([0,+00)), we
say that the control system (11) is locally superexponentially stabilizable to u(-; g, p) if for
any p > 0 there exists R(p) > 0 such that, for every ug € Bpgy,)(to), there exists a control

pe L2 ([0,+00)) such that

loc
||U(t,U0,p) _a(t’ﬂmp)H S Me—pEWt’ vt > Oa
where M,w > 0 are suitable constants depending only on A and B.

For any j € N* we set ¢;(t) = e %'p; and we call ¢; the ground state solution. Ob-
serve that 1); solves (11) with p = 0 and uy = ¢;. We shall study the superexponential
stabilizability of (11) to the trajectory ;.

We observe that if there exists v > 0 such that (Az,z) > v||z||?, for all z € D(A), then
the semigroup generated by — A satisfies

le )| <e™,  Vt>o0.

If we consider any initial condition ug € X, then the evolution of the free dynamics with initial
condition ug can be represented by the action of the semigroup, u(t) = e~*4uy. Therefore,
one can prove easily that, when A is strictly accretive, choosing the control p = 0, system
(11) is locally exponentially stabilizable to the trajectory 1. Indeed,

[lu(t) = w1 (B)]] = lle™uo — e™ || < e™[Jup — 1| (12)

and this quantity tends to 0 as ¢ goes to +oc.

On the contrary, in the general case of an accretive operator A, we do not have a straight-
forward choice of p to deduce any stabilizability property of system (11) to the ground state
Y.

The novelty of our work is the construction of a control function p that brings w(t)
arbitrary close to 11(t) in a very short time. Namely, we prove that (11) is locally superex-
ponentially stabilizable to the ground state solution. This can be seen as a weak version of
the exact controllability to trajectories.

Let B: X — X be a bounded linear operator. From now on we denote by C'sz the norm
of B

Cp= sup |[|Byl
PEX, [lpl|=1
and, without loss of generality, we suppose Cg > 1.
We can now state our main result.



Theorem 3.4. Let A : D(A) C X — X be a densely defined linear operator satisfying
hypothesis (4) and suppose that there exists a constant a > 0 such that the eigenvalues of A

fulfill the gap condition
\ >\k+1 — 1\ )\k Z a, vk S N* (13)
Let B : X — X be a bounded linear operator and let 7 > 0 be such that

(Boy, o) # 0, Vk € N*,

—2AgT (14)

(&
E — < $00.
2
keN* ‘(B(p17gpk>‘

Then, system (11) is superexponentially stabilizable to 1.
Moreover, for every p > 0 there exists R, > 0 such that any vy € Bg, (1) admits a
control p € L} ([0, +00)) such that the corresponding solution u(-;ug,p) of (11) satisfies

loc
[lu(t) = i (]| < Me™ @10 > 0, (15)
where M and w are positive constants depending only on A and B.

To prove Theorem 3.4 we first start assuming that the first eigenvalue of A is zero, A\; = 0,
and we prove the local superexponential stabilizability of (11) to the trajectory ;. Then,
we will recover the general case from this one.

The proof of Theorem 3.4 will be built through a series of propositions. The first result
is the well-posedness of the problem

{ u/'(t) + Au(t) + p(t)Bu(t) + f(t) =0, te[0,T]

u(0) = up. (16)

We introduce the following notation:
1|20 = I fllz207:x), VfeL*0,T;X)

1 f o0 := [ flleqoryx) = supiepy @), Vf e C([0,T]; X).
Proposition 3.5. Let T > 0. Ifuy € X, p € L*(0,T) and f € L*(0,T;X), then there
exists a unique mild solution of (16), i.e. a function u € C([0,T]; X) such that the following
equality holds in X for every t € [0,T],

t
u(t) = e~y — / e~ 0=940p(6) Bu(s) + f(s)]ds. (17)
0
Moreover, there exists a constant Cy(T) > 0 such that

[lulloco < CLT)([fuoll + [[f]]20)- (18)

Hereafter, we denote by C' a generic positive constant which may differ from line to line
even if the symbol remains the same. Constants which play a specific role will be distinguished
by an index i.e., Cy, Cp, ....



The proof of the existence of the mild solution of (16) is given in [1]. For what concerns
the bound for the solution u of (16), it turns out that if Co(7)Cp||p||L2(0,r) < 1/2, then we
have inequality (18) with C} = Cy defined by

Otherwise, to obtain (18), we proceed subdividing the interval [0, 7] into smaller subintervals
for which Co(T)Cp||p||r2 < 1/2 in all of them, and in this case the constant C; of inequality
(18) is defined by

Cy = (1+ N)(2Co(T/N))™, (20)

where N is the number of subintervals.
Consider the system

{ Z’(((;&)) J:r Zloq,f(t) +p(t)Bu(t) =0, t€0,T] 21)

and the trajectory ¢; that is a solution of (21) when p = 0, up = ¢ and A\; = 0. Set
v = u — 1, we observe that v is the solution of the following Cauchy problem

V'(t) + Av(t) + p(t)Bu(t) + p(t)Ber =0, t € [0,T]
{ v(0) = vy = ug — 1. (22)

Remark 3.6. Applying Theorem 2.1, we find that v € C([0,T]; X) is a mild solution of
(22), that is

oft) = ¢~ [ pls)eCIB0(s) + p)ds = V) + Vi), (23)
0
where
Vo(t) := ey,
Va(t) = — JE plo)e 9 Blu(s) + pr)ds.
Since p(-)B(v(-) + ¢1) € L*(0,T; X), we have that Vi € H*(0,T; X) N L*(0,T; D(A)), while
Vo € CY(0,T]; X) N C((0,T7; ( )). Therefore, for every e € (0,T), v € H'(¢,T; X) and

for almost every t € [, T the following equality holds
V' (t) + Av(t) + p(t)Bu(t) + p(t) Ber = 0. (24)

Showing the stabilizability of the solution u of (21) to the trajectory ¢; is equivalent to
proving the stabilizability to 0 of system (22): we have to prove that there exists 6 > 0 such
that, for every initial condition vy that satisfies ||vg|| < 6, there exists a trajectory-control
pair (v, p) such that lim; . ||v(¢)|| = 0.

For this purpose, we consider the following linearized system

{ ggf)))/ii?(m p(t)Bpy =0, t€[0,7] (25)

For this linear system we are able to prove the following null controllability result.
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Proposition 3.7. Let T'> 7 and let A and B be such that (4), (13), (14) hold and further-
more we assume \y = 0. Let vg € X. Then, there exists a control p € L*(0,T) such that
o(T) = 0.
Moreover, there exists a constant C,(T) > 0 such that
1Pl 220,y < CalT)Ar||vol| (26)
where Ar is defined in (28) and a > 0 is the constant in (13).

Let us recall the notion of biorthogonal family and a result we will use to show the null
controllability of the linearized system (25).

Definition 3.8. Let {(;} and {0} be two sequences in a Hilbert space H. We say that the
two families are biorthogonal or that {(;} (resp.{ox}) is biorthogonal to {o}} (resp. {(;})
if

<Cjagk>H = 5j,k7 vja k Z 0

where 0, is the Kronecker delta.

The notion of biorthogonal family was used by Fattorini and Russell in [9], where they
introduced the moment method. Such a technique was developed later by several authors.
We recall below the result proved in [7].

Theorem 3.9. Let {wy.}ren be an increasing sequence of nonnegative real numbers. Assume
that there exists a constant o > 0 such that

VEeN, wpr1 —Vwr > a.

Then, there exists a family {o;} >0 which is biorthogonal to the family {e“*' }x>o in L*(0,T),
that s,

T
Vk,] S N, / O'j(f)(?wktdt = Ojk-
0
Furthermore, there exist two constants Cy, Co(T) > 0 such that
llojl1320m) < Ca(T)e e v@il®  vjeN. (27)

Remark 3.10. For all T € R we define the quantity

1/2
=2\ T pCa/Ax
Ap = (Z (28)
keN*

(B, o) |2

and we observe that if there exists T > 0 such that (14) holds then, for every T > T,
AT < +400.
Furthermore, if Ay > 0 then Ar — 0 as T — +o00.

Thanks to Theorem 3.9 and Remark 3.10 we are able to prove Proposition 3.7:



Proof (of Proposition 3.7). For any vy € X and p € L*(0,T), it follows from Proposition 3.5
that there exists a unique mild solution v € C°([0,T], X) of (25) that can be represented by
the formula

t
o(t) = e —/ e~ =94)(s) By ds. (29)
0

We want to find p € L?(0,T) such that #(T) = 0, thus the following equality must hold

T
> (wo, pr)e o = / p(s) > (Ber, gr)e gy ds. (30)
0

keN* keN*

Since {@gtren+ is an orthonormal basis of the space X, the equality must hold in every
direction and it follows that

(00, 1) = / Ap(s)(Ber, o1} ds (31)

for every k € N*. Therefore, proving null controllability of the linearized system reduces to
finding a function p € L*(0,T) that satisfies

s = s )

for all £ € N*. Thanks to assumption (13), there exists o > 0 such that the gap condition
\/ Aki1 — VA > a holds for all £ € N*. Then, Theorem 3.9 ensures the existence of a family
{0k }ren+ that is biorthogonal to {ekks}keN* Taking p(s) = > en- ck0k(5) one finds that the

coefficients ¢, are given by ¢, = Avosn) , Vk € N*. Thus, in order to show that
& Y (Bo1,on)

p(s) = <<“0’—¢’f>ak(s) (33)

LEN* BSOI) §0k>

is a solution of (32), it suffices to prove that the series is convergent in L?(0,T). Indeed,

1/2
o172 0,7
1Pl 201y < Z > ‘—)

2
keN* keN* Ber, o)

an Sﬁk
By, 90

H0k||L2(0T < HUOH (

and we appeal to estimate (27) for {oy }ren+, with wy = A for all £ € N*| to obtain that

oo ll2 12 T Cavi/a | 2
(Z M) <lcxn) Y St )| =CaD)Ar
keN*

S (B, or) P [(Ber, on)|?

that is finite thanks to hypothesis (14) and Remark 3.10. Thus, the following bound for the
L?-norm of p holds true:

pllz20,m) < Ca(T)Az|[vo]]-

10



In Proposition 3.7 we have found a control p that steers the solution of the linearized
system to 0 in time 7. We use such a control in the nonlinear system (22) to obtain a
uniform estimate for the solution v(t).

Proposition 3.11. Let A and B satisfying hypotheses (4), (13), (14) and furthermore we
assume A\; = 0. Let p € L*(0,T) be defined by the following formula

o)=Y <<”°’—9”’“>ak<t> (34)

LEN* BSDD Spk>

where {0y }ren- s the biorthogonal family to {e*!}en- given by Theorem 3.9.
Then, the solution v of (22) satisfies

sup [[o()|* < eCOATIMICRT (1 4 Cy(T)AR ol (35)
telo,

where Cg > 1 is the norm of the operator B, Cs(T) = 2/TCCL(T), and Cy(T) :=
CpC2(T).

Proof. We consider the equation in (22). Thanks to Remark 3.6, since (24) is satisfied for
almost every t € [g,T], we are allowed to take the scalar product with v:

(V'(t), v(t)) + (Av(t),v(t)) + p(t){Bu(t) + Ber,v(t)) = 0. (36)
Thus, using that B is bounded, we get
57 @O + (Av(t), v(1)) < Cp (el + [p@)lleallll@)]])

< G (InONOI + 3lp(0 + 311o0)1?)

(37)

and therefore, since A is accretive, we have that

5 1o < o (1) + 3 ) IOI + 5Calpto)

We integrate the last inequality from ¢ to ¢:

[ iwtsiias <26 [ (1no)+ 3 ) lots)Pas + Co [ o

and by Gronwall’s inequality, we obtain

T
@I < (||v<s>||2 +Cn | |p<s>|2ds) 205 110172 4

and taking the limit ¢ — 0 we find that
T t
o0l < (11l + Cor [ p(s)s ) e2om B2,
0

11



Thus, taking the supremum over the interval [0, 7], the last inequality becomes

sup [ < VT2 00 47) (llug] 2 + Cillpl B0 (38)
S ’

and finally, recalling the estimate (26) for the L?*-norm of p from Proposition 3.7, we get
sup [[o(t)]|? < eCr (VTN (1 4 0pOUT)AG) [fuol (39)
te[0,7

[]

We want now to measure the distance at time 7" of the solutions of the nonlinear system
and the linearized one when using the same control function p built by solving of the moment
problem in Proposition 3.7.

Therefore, we introduce the function w(t) := v(t) —o(t) that satisfies the following Cauchy
problem

{ w'(t) + Aw(t) + p(t) Bo(t) = 0, t€0,T] (40)

(0) = 0.
We define the constant K2 := CpCy(T)A2eC M+ Co+DT (1 4 Oy (T)A2).

Proposition 3.12. Let A and B satisfy hypotheses (4), (13), (14), and furthermore we
assume \y = 0. Let T > 7, p be defined by (34), and let vy € X be such that

Krl||lvl| < 1. (41)

Then, it holds that
|w(T)[] < Krl|vo|[* (42)

Proof. Observe that w € C([0, T]; X) is the mild solution of (40). Moreover w € H'(0,T; X)N
L*(0,T; D(A)) and thus w satisfies the equality

w'(t) + Aw(t) + p(t)Bu(t) = 0 (43)
for almost every ¢ € [0, T].
We multiply equation (43) by w(t) and we obtain
5= w1 < [p@1IBe(O)]][[w ()]

1 1 (44)
< SllwOIP + Co5 @) Plle @]

Therefore, applying Gronwall’s inequality, taking the supremum over [0,7] and using (35)
and (26), we get

sup |[w(t)|[* < Cge™lIplli20.0) sup |[v(t)]?
te[0,T] te[0,T]

< OO MATIwI+CTHT (1t Oy (T)AZ)| oo ||pl 220 (45)
< GO (T)AZECH ATl HCot0T (1 4 0, (TYAZ) o[
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We can suppose, without loss of generality, that C,(7") > 1. Thus, from (41), we obtain that
Ar||vo]| < 1. Therefore,
sup_|[w(t)|[* < K| |vo|[*,

t€[0,T]
that implies
lw(T)]] < Krlvol* (46)
O
Recalling that v(7") = 0, we deduce from (42) that

lo(D)I] < KrllvolI*, (47)

and, moreover,
Erllo(T)|| < (Kr|lvl])* < 1. (48)

We observe that we can apply Proposition 3.12 to problem (22) defined in the interval [T, 27].
Indeed, vy := v(T") that was computed by solving (22), is the initial condition of the problem

{ v (t) + Av(t) + p(t)Bu(t) + p(t)Ber =0, t e [T,27T] (49)
u(T) = vr.

We shift this problem to the interval [0, 7] by introducing the variable s := ¢t —T in the above
system. If we set 0(s) :=wv(s+T) and p := p(s + T'), then ¥ solves

{ 0i(s) + Av(s) + p(s) Bo(s) + p(s) By = 0, s € [0,T]

3(0) = vy (50)

Here the control p is given by Proposition 3.11, with initial condition vy, that is:

) = X e 1)

LEN* ngla (Pk>

where {01 (s)}ren- is the biorthogonal family to {e**}ren+ in [0, 7). Thus, it is possible to
bound the L2-norm of p by
1Bl L2007y < Ca(T)Ar||vz| (52)

thanks to the estimate for {ox(s)}xen+ given in Theorem 3.9. Therefore, for the control p of
the linearized system associated to (49), it holds that

Pl z2r2r) = [1Pll20.m) < CalT)Ax||vrl].

Finally, thanks to (48), the hypotheses of Proposition 3.12 for problem (49) are satisfied
and we obtain that ||v(2T)|| < Kr||v(T)||?. Furthermore,

Krllw(2D)|| < (Krllvol)* < 1, (53)
and we can repeat this argument for the next intervals [27", 3T, 3T, 477, ..., [(n—1)T,nT},....
Therefore, we deduce that

Krllv(nT)|| <1, Vn € N, (54)

Now, we want to obtain an estimate as (47) for the solution v of problem (22) defined in
time intervals of the form [nT, (n + 1)T], with n > 1.

13



Proposition 3.13. Let A and B satisfy hypotheses (4), (13), (14) and furthermore we as-
sume A\; = 0. Let vg € X be such that

Then, the following iterated estimate holds:
1 n
()| < 2 (rllooll*, Vo >0 (56)
T

Proof. We proceed by induction on n. For n = 1, the formula has been proved in Proposition
3.12. We suppose that (56) holds and we prove the estimate for v((n + 1)T'): iterating the
construction of the solution v of (22) in consecutive time intervals of the form [kT, (k+ 1)T]
until £k + 1 = n, we come to the following problem

{ V'(t) + Av(t) + p(t)Bu(t) + p(t)Bpy =0, te [nT,(n+ 1)T1,

v(nT') = vur. (57)

where v,7 is the value assumed at time n7T’ by the solution of the same problem solved
in the interval [(n — 1)T",nT] with initial data vg,_1)r. We shift this problem in the time
interval [0, 7] by introducing the variable s := t — nT and the functions 0(s) = v(s + nT),
p(s) = p(s +nT). Then, v is the solution of the following Cauchy problem
U(s) + Av(s) + p(s)Bo(s) + p(s)Bypr =0, s€[0,T]
- (58)
0(0) = vpr.
The control function p is defined in [0, T] by solving the null controllability problem for the
associated linearized system and its L?-norm can be bound by

1P| 22(0,7) < Ca(T)Arp||vnr|].

Therefore, coming back to the original time interval [nT, (n + 1)T| we find that

Pl 2o, nsyry = 1Pl 2200, < CalT) Az [|var|]- (59)
Moreover, since it holds that

Kr|lvar|] <1 (60)

we can use Proposition 3.12 for problem (57), obtaining

2 1 on 2 1 2n+1
lo((n + 1)T)|| < Krllo(nT)||” < K | 7= (Kz[lwl])™ | = = (Kz||vol]) (61)
Kr K

and this concludes the induction argument and the proof of the proposition. O]

The last step that allows us to prove Theorem 3.4 consists in showing the rapid decay of
the solution u of our initial problem (11) to the fixed stationary trajectory ;.

Proposition 3.14. Let 0 € (0,1) and ||vg|| < KLT. Then, under the hypotheses (4), (13),

(14) and Ay = 0, there exists a constant Cp > 0 such that

CT ot/T—1

u(t) — 1] < K—T9 vt > 0. (62)
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Proof. We have supposed that ||vg|| < KLT, with 6 € (0,1). Thus, (56) becomes

on

0
lo(nT)]| < o8 (63)

Consider now the time interval [T, (n + 1)7T]. From estimate (18) for the solution of the
control system in the time interval [nT, (n + 1)7T] and from the bound (59) for the control p,
we deduce that there exists a constant C'r > 0 such that

@] < Crllo(D), ¢ € nT,(n+1)T]. (64)

Therefore, using (56) in (64), we obtain that

o]l < Callotur)]| < 2o = 22 (027 . (65)
Since n < £ < (n+ 1) and 6 € (0,1), it holds that
ol < G () < S8 () = S (66)
By definition, v(t) = u(t) — ¢1. So, we get
lu(t) - ill < 2267, ez (67)

We are ready to prove Theorem 3.4.

Proof of Theorem 3.4. We first consider the case in which the first eigenvalue of A is zero.
Let 6 € (0,1) and let p > 0 be the value for which § = e~?’. Then, from Proposition 3.14,
there exist a constant R, > 0 such that if |jug — ¢1|| < R,, then

lu(t) = @1]] < Mpe ™" Wt > 0.

where Mr,wr > 0 are constants that depend only on 7. With the notation of the previous
propositions, we have that
e 2 Cr log 2

Mp = — = .

R, = (68)

Now, in order to deal with a general operator A satisfying (4), we introduce the operator
Al = A - )\1[ (69)

We observe that A; : D(A;) C X — X is self-adjoint, accretive and —A; generates a strongly
continuous analytic semigroup of contraction. Its eigenvalues are given by

L = A — A1, Vk € N* (70)
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(in particular, g; = 0) and it has the same eigenfunctions as A, {¢x}ren+. Moreover, the
family {j}ren- satisfies the same gap condition (13) that is satisfied by the eigenvalues of
A. Indeed, it holds that

Akl — Ak Akl — Ak
- = > = VA1 — VA > Q, Vk € N*.
Vi = Vi Ve HyIe T N/ A Vg Vi = Ve 2

Thus, the operator A; satisfies the hypotheses that are required in Theorem 3.4.
We observe that if we introduce the function z(t) = eM®u(t), where u is the solution of
(11), then z solves
2'(t) + A1z(t) + p(t)Bz(t) =0, t>0,
{ 2(0) = uy.

So, we can apply the previous analysis to this problem and deduce that there exist My, wr > 0
such that, for all p > 0 there exists R, > 0 such that, if |jug — ¢1|| < R,, then

(71)

|2(t) — @1l < Mpe ™", vVt > 0. (72)

We claim that the local superexponetial stabilizability of z to the stationary trajectory
1 implies the same property of u to the ground state solution ;. Indeed, it holds that

[u(t) = ()] = lle™2(8) — e ]| = e [2(t) — @n]] < Mpe™ 0yt >0
and this concludes the proof also in the case of a strictly accretive operator A. n

Remark 3.15. Even in the case when A : D(A) C X — X has a finite number of negative
eigenvalues, we can define the operator A; := A — M\ 1. Ay has nonnegative eigenvalues and
we can perform the proof of Theorem 3.4 and deduce the superexponential stabilizability of
the solution u of the problem with diffusion operator A to the ground state solution. In this
case 1 (t) = eMto; blows up ast — oo since \; < 0, and the same occurs for the controlled
solution u.

4. Applications

In this section we discuss examples of bilinear control systems to which we can apply
Theorem 3.4. The first problems we study are 1D parabolic equations of the form

u(t, ) — Uge(t, z) + p(t)Bu(t,z) =0, (t,x) € [0,T] x (0,1)

in the state space X = L?(0, 1), with Dirichlet or Neumann boundary conditions and with
B the following multiplication operators:

Bu(t,z) = p(x)u(t, ).

Then, we prove the superexponential stabilizability of the following one dimensional equa-
tion with variable coefficients

u(t, v) — (14 2)*us(t, 7))o + p(t) Bu(t, z) = 0

16



with Dirichlet boundary condition.
Finally, we apply Theorem 3.4 to the following parabolic equation

uy(t,x) — Au(t,z) + p(t)Bu(t,z) =0, (t,x) €1[0,T] x B?

for radial data in the 3D unit ball B3.
In each example, we will denote by { g tren< and {pg }rens, respectively, the eigenvalues
and eigenfunctions of the second order operator associated with the problem under investi-

gation. We will take (@, ) = (¢1,0) as reference trajectory-control pair, where ¢, = e 1,
is the solution of the uncontrolled problem with initial condition «(0,z) = ¢;.
4.1. Dirichlet boundary conditions.
Let Q = (0,1), X = L*(Q) and consider the problem
ur(t, ) — uge(t, ) + p(H)p(x)u(t,z) =0 z € Q,t >0
u=>0 redt>0 (73)

u(0,x) = ug(x) x € (),

where p € L*(0,T) is the control function, u the state variable, and j is a function in H3((Q).
We denote by A the operator defined by

d*p
D(A) = H*NHy(Q), Ap= 5 (74)

A satisfies all the properties in (4): in particular, it is strictly accretive and its eigenvalues
and eigenvectors have the following explicit expressions

e = (km)?, op(x) = V2sin(krz), Vk e N*.
It is straightforward to prove that the eigenvalues fulfill the required gap property. Indeed,

Vs = Vae=(k+)r—kr=n,  VkeN-.

So, (13) is satisfied.
In order to apply Theorem 3.4 to system (73) and deduce the superexponential stabiliz-
ability to the trajectory v, we need to prove that there exists 7 > 0 such that:

o (B, pr) #0, for all k € N*,

e the series

is finite.
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For this purpose, let us compute the scalar product (Byp1, o) = (ue1, ¢r)

(pr, o0) = V2 / () () sin(kra)da

cos(kmz) "

= V2 [~ (u(x)p1 ()

0

+f <u<x>w1<x>>'%dx)

! ,sin(krz)
0—/0 (1(x)p1()) Wdﬂﬂ)

oo - | <u<x>¢1<x>>"'—cof,§iff)dw)

()’
S [u’<1><—1>'f+1—u'<o>]—(£3 / (1)1 ()" cos(kz)da.

,sin(kmx)

= V2 | (u(x)pr(2))

0

k32

Observe that the last integral term above represents the k'-Fourier coefficient of the inte-
grable function (u(z)ei(x))” and thus, it converges to zero as k goes to infinity. Therefore,
if we assume

(1) £p4'(0)#0 and  (upr, ) #0 Yk €N (75)
then, we deduce that (i1, @) is of order 1/k3 as k — oo.

Remark 4.1. An example of a function which satisfies (75) is p(x) = z?. Indeed, in this

case .
@ k22,
<172%01;90k>=
T, k=1

and so (x%py, pr) # 0 for all k € N* and furthermore
2r* =31  w(27*-3) 1

o e Vk € N,
We conclude that, under assumption (75),
3 C > 0 such that |(Bey, )| > ck™ = CA\*?, Vk e N* (76)
and thanks to the polynomial behavior of the bound, the series
o~ 2T
2 (Bpr, pr)[?

keN*

converges for all 7 > 0.
Therefore, all the hypotheses of Theorem 3.4 are satisfied and system (73) is superexpo-
nentially stabilizable to the trajectory ;.

Remark 4.2. Assumption (76) for problem (73) is not too restrictive. In fact, it is possible
to prove that the set of functions in H3(Q) for which (76) holds is dense in H3(Q2). For a
proof of this fact, see Appendix A in [3].
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4.2. Neumann boundary conditions
Now we look at an example with Neumann boundary conditions: let = (0,1) and
consider the following bilinear stabilzability problem
uy(t, ) — Pu(t,z) + p(t)pu(z)u(t,z) =0 =€ Q,t >0
U, =0 xedt>0 (77)
u(0,z) = up(x). r e
Let X = L*(Q). When we rewrite (77) in abstract form, the operators A and B are
defined by
2 / d*p
D(A) ={¢p € H*(0,1) : ¢' = 0 on 00}, Agpz—ﬁ
x
D(B) =X, By = up.
where p is a real-valued function in H?((2).
Operator A satisfies the assumptions in (4) and it is possible to compute explicitly its
eigenvalues and eigenvectors:
)\0 = O, Yo = 1
Mo = (k)% op(z) = V2cos(kmz), Vk > 1.
Since the eigenvalues are the same of those in Example 4.1 for k£ > 1, the gap condition
is satisfied for all £ > 0.
Let us compute the scalar product (o, ¢x) to find, if it is possible, a lower bound of the
Fourier coefficients of Byy:

(g0, 1) = V2 / () cos(kmz)da
s (M@—Sinﬁjr”) - / u’<x>—sm§€’jf’”>dx>

_ 3 (M,(x)co(s(kmx) 0 _/0 u,,(m)co(sk(;i;x)dx)

k)?
\/§ ’ k / \/§ ! "
— em)? (1 (1)(=1)F — p/(0)) — W/o p (x) cos(kmx)de.

Thus, reasoning as Example 4.1, if (Byo, ¢x) # 0 Vk € N and /(1) &1/ (0) # 0, then we have
that

3 C > 0 such that [(Bgg, pi)| > Ck™2 = CN,!, Vk e N* (78)
and therefore the series in (14) is finite for all 7 > 0.
Remark 4.3. An example of a suitable function p for problem (77) that satisfies the above
hypothesis, is u(x) = 22, for which

2v/2(—1)*
(km)2 > ]{ZZ 1’

<.I'2Q00, @k) =
3 k= 0.

Applying Theorem 3.4, it follows that system (77) is superexponentially stabillizable to
Y1
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4.3. Dirichlet boundary conditions, variable coefficients

In this example, we analyze the superexponential stabilizability of a parabolic equation
in divergence form with nonconstant coefficients in the second order term.
Let Q = (0,1), X = L*(Q) and consider the problem

w(t,z) — (14 2)%u,(t,2))e + p()p(x)u(t,z) =0 z€Qt>0
u(t,0) =0, wu(t,1)=0, t>0 (79)
u(0,x) = up(x) x €

where p € L?*(0,T) is the control and y is a function in H?({) with some properties to be
specified later.
We denote by A the operator

A:D(A) C X — X, Au=—((1+z)%uy),

where D(A) = H?> N H}(Q) and it is possible to prove that A satisfies the properties in (4).
The eigenvalues and eigenvectors of A are computed as follows

1 kr\? 2 1 km
i Al — .= 1240 ( 22
Ak 4~|— (an) : Ok 1n2(1+:17) sin <1n2ln(1+a:)> .

The gap condition holds true because

Vi =V z =, VkeN:

Now, we check the hypotheses on the operator By = up needed to apply Theorem 3.4.
We recall that we want to prove that:

e (By1,pr) #0, for all k € N*|

e there exists 7 > 0 such that the series

e—ZAkT
2 Borol (80)

keN*

is finite.
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Let us compute the Fourier coefficients of By :

orind = 2 / peor @)1+ ) sin (5ma+o)d
= \/EII?: (— (@)1 (z)(1 + )2 cos (1]:; In(1 + x)) 1

N
# [ (@ -+27) cos (5 e+ x>)0dx)
2 (1;;3) ((W)%(xm #02) o) sin (P n o))+
-/ 1 ((srera+02) a4+ x>)/sin (5 ma+o) dx)
ENE ) (((M@W)a #a) (4 (o eos (Epma )| +
- / 1 (((umm(x)(l +a)?) (14 w>)/ (1+ x>> (l’fj; In(1 + m>) dm)
- i (B2 ( 22T o)1)~ 0) +
[ (((y(x)@l(x)(l o) ) 04 x)) (ma+o) dw)

Observe that, for the same reason of Example 4.1, if 24/(1) £ ¢/(0) # 0 and (uep1, pr) # 0,
Vk € N* then, there exists a constant C' > 0 such that |(Byg, ¢)| is bounded from below by

C/\,ZB/Q, for all £ € N*. Thus, series (80) is finite for all 7 > 0.

1

1

Remark 4.4. As an example of a function p that verifies the lower bound [(By, pr)| >

C/\,;?’/ ? one can consider again p(x) = x: indeed, it satisfies the sufficient condition 2/(1) +
1'(0) # 0 and the Fourier coefficients of By, = x¢; are all different from zero:

<x(1017 Spk> =
22(-1)F+ 1) @ﬁ+k+1+%ﬂ?—12” ) k> 2
=12 (15555 ) (15 Ve k2
1 (-2 ()’ 2 B
In2 < 1+(1%r2)3 ) k =1

This concludes the verification of the hypotheses of Theorem 3.4, that imply the super-
exponential stabilizability of (79) to .

4.4. 3D ball with radial data
In this example we consider an evolution equation in the three dimensional unit ball B3
for radial data. The bilinear stabilizability problem is the following

u(t,r) — Au(t,r) + p(t)pu(r)u(t,r) =0 re[0,1],t >0
ult, 1) =0, t>0 (81)
w(0,7) = up(r) r € [0,1]
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where the Laplacian in polar coordinates for radial data has the form

Aglr) = OPplr) + 20rp(r).

The function y is a radial function as well in the space H3(B?), where the spaces H¥(B?)
are defined as follows

X = LX(BY) = {p € L2(B*)| 3 : R » R, p(x) = (Je])}

HM(B?) .= H*(B*) n L2(B®).
The domain of the Dirichlet Laplacian A := —A in X is D(A) = H>*NH}(B?). We observe

that A satisfies the hypotheses required to apply Theorem 3.4. We denote by {\g}ren+ and
{¢k tren+ the families of eigenvalues and eigenvectors of A, Apy, = \gpr, namely

_ sin(k7r)
Pk \/%7’ ’

Vk € N* see [15], section 8.14. The family {¢ }ren+ forms an orthonormal basis of X.

In order to prove a superexponential stabilizability result to the trajectory 11, we need to
verify the remaining hypotheses in Theorem 3.4 regarding the gap condition of the eigenvalues
of A and the properties of the operator B : X — X, By = up.

Since the Laplacian in the 3D ball for radial data behaves as a one dimensional operator,
the analysis is very similar to the previous cases. Indeed, since the eigenvalues of the operator
A are actually the same of the 1D Dirichlet Laplacian, we have

VN1 — Ve =7, Vk e N

In order to compute a suitable lower bound for the Fourier coefficients of By, we recall
the following property of radial symmetric functions f = f(r): the integral over the unit ball
B™ C R" of f = f(r) reduces to

Ap = (k)2 (82)

1
fdV = |Sn_1|/ f(r)yr™tdr (83)
B 0

where [S™71| is the measure of the surface of the sphere S™~1.
Therefore,

1 sin(7r) sin(kmr)

(uepr, pr) = / S=H(r)

B3 2T r r

0 /1 iu(r)sin(m’) Sin(fmﬁ)ﬁdr
0

av

21 r

= /01 2p(r) sin(7r) sin(kwr)dr (84)

= s (PO ()

_ (kfr):s/o (p(r) sin(mr))"” cos(kmr)dr.
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Following the same argument as in Example 4.1, if all the coefficients (g1, i) are different
from zero and, moreover, /(1) + 1/(0) # 0 then, there exists a constant C' > 0 such that

(o, i) > CAY? Yk e N
and thus the series in (80) is finite also in this case, for all 7 > 0.

Remark 4.5. An example of a function u € H3(B?) with the aforementioned properties is
u(r) = r? In this case the Fourier coefficients of By, are defined by

_1\k+1
G k22

<B§017 (Pk> =

272 -3 —
s k=1

Finally, applying Theorem 3.4, we deduce that, fixed T" > 0, there exist constants
Mrp,wr > 0 such that, for all p > 0, there exists R, > 0 such that, if the initial condi-
tion ug satisfies ||ug — ¢1|| < R, then

w(t) — v (8)|| < Mpe= @™m0 e > 0.
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