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Abstract

In this paper, we study some controllability and observability problems for stochastic
systems coupling fourth- and second-order parabolic equations. The main goal is to control
both equations with only one controller localized on the drift of the fourth-order equation.
We analyze two cases: on one hand, we study the controllability of a backward system where
the couplings are made through first-order terms. The key point is to use suitable Carleman
estimates for the heat equation and the fourth-order operator with the same weight to
deduce an observability inequality for the adjoint system. On the other hand, we study the
controllability of a coupled model of forward equations. This case, which is well-known to
be harder to solve, requires to prove an observability inequality for an adjoint backward
system with initial datum in a finite dimensional space and employ the classical iterative
method introduced in the seminal work by G. Lebeau and L. Robbiano.

Keywords: Null controllability, observability, coupled systems, forward and backward linear
stochastic parabolic equations, Carleman estimates.
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1 Introduction

The stabilized Kuramoto-Sivashinsky system was proposed in [MFKO1] as a model of front
propagation in reaction-diffusion phenomena and combines dissipative features with dispersive
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ones. This system consists of a Kuramoto-Sivashinsky-KdV (KS-KdV) equation linearly coupled
to an extra dissipative equation. More precisely, the model has the form

{ut + YUzrze + Uzzx + ANigy + Ul = Vg, (1)

vy — Dpp + CUp = Uy,

where 7, A are positive coefficients accounting for the long-wave instability and the short-wave
dissipation, respectively, I' > 0 is the dissipative parameter and ¢ € R\ {0} is the group-velocity
mismatch between wave modes.

This model applies to the description of surface waves on multilayered liquid films and
serves as a one-dimensional model for turbulence and wave propagation, see [MFKO1] for a more
detailed discussion.

The controllability of coupled systems like (1) has attracted a lot of attention in the recent
past (see for instance the survey [AKBGBdAT11] and the references within). One of the common
features among such works is the goal of controlling as many equations with the fewest number of
controls. Roughly speaking, it is more difficult to deduce control properties for coupled systems
than for single equations.

System (1) has been studied from the controllability point of view in the deterministic setting
in various papers. In [CMP12], the authors address the boundary controllability when the control
action is applied on both equations. Later, in [CMP15], it is proved that controllability with a
single control supported in an interior open subset of the domain and acting on the fourth-order
equation can be achieved, while [CnC16] studies the analogous problem but with an interior
control acting only on the heat equation. Finally, in [CCM19], the problem is addressed with a
single boundary control but only for a linearization of the system.

In this context, a natural question that arises is to what extent the controllability properties
for the stochastic counterpart of (1) hold. Seen individually, the fourth- and second-order
equations that compose this system have been studied from the control point of view in several
works. We refer to [BRT03, TZ09, Liul4db] for some of the most representative works about the
controllability of stochastic heat and parabolic-type equations, while we refer to [GCL15, Gaol8§]
for some results about the linear stochastic fourth-order equation. Nevertheless, as a coupled
system, to the best of the authors’ knowledge, this kind of problem has not been studied yet in
the literature.

1.1 Statement of the main results

In what follows, we fix T' > 0, D = (0, 1), and denote Dy as any given nonempty open subset of
D. We will denote @ =D x (0,7) and ¥ = {0,1} x (0,7).

Let (2, F,{Ft}t>0, P) be a complete filtered probability space on which a one-dimensional
standard Brownian motion {W(t)};>¢ is defined such that {F;};>0 is the natural filtration
generated by W(-), augmented by all the P-null sets in F. Let X be a Banach space. For
p € [1, 00|, we define the space

L5(0,T;X) :=={¢: ¢ is an X-valued Fi-adapted process
on [0,77, and ¢ € LP([0,T] x ; X)},
endowed with the canonical norm and we denote by L%(Q;C([0,T]; X)) the Banach space

consisting of all X-valued Fi-adapted processes ¢(-) such that E <H¢(')HQC([0,T];X)) < 00, also

equipped with the canonical norm.



1.1.1 Controllability of the backward system

In the first part of the paper, we are interested in studying the null controllability for the
following backward stochastic system

(dY — (VWawee — Yoo + Yua)dt = (2o — 1Y — doZ + xpoh)dt + YAW (1) in Q,
dz 4 Tzppdt = (2 + Y — dsZ)dt + ZdW (1) in Q,
Y=y =0 on X, (2)
z=0 on 3,
y(x,T) =yr, z(x,T)=z2r in D.

In (2), (yr, zr) is the terminal state, (y, z) is the state variable, h is the control variable, and
d;, i = 1,2, 3, are suitable coefficients. As it is common in the theory of BSDE, the additional
processes (Z,Y') are needed for the well-posedness of the system (see Proposition A.1).

The controllability problem we are interested can be formulated as follows.

Definition 1.1. System (2) is said to be null-controllable if for any given initial data (yr, zr) €
L%(Q, Fr; L*(D)?), there exists a control h € L%(0,T; L*(Dy)) such that the solution (y, z) to
system (2) satisfies (y(0),2(0)) =0 in D, P-a.s.

Observe that the control h is applied only on the first equation of the system and acts
indirectly through the coupling y, in the drift of the second equation. As we have mentioned
before, this situation is more complicated than for a single equation and in the stochastic setting
even more difficulties appear. Indeed, there are only a handful of works studying controllability
problems for coupled stochastic systems with less controls than equations, see, [LL12, Liul4a,
LL18]. In particular, in [LL18], for controlling several parabolic equations with few controls,
well-known facts such as Kalman-type conditions that are true in the deterministic setting (see
e.g. [AKBGBdT11, Theorem 5.1]) are not longer valid for the stochastic setting.

Moreover, looking at system (2), we see that the equation is coupled by first-order terms
only. This is of course more difficult than the case where only zero-order terms are used and
classical methodologies for dealing with coupled systems are not longer valid (see e.g. |LL12,
Theorem 1.2] and [LL18, Proposition 4]).

Here, inspired in the proof for the deterministic case (see [CMP15, Theorem 1.1]), we are
able to prove that under suitable conditions for the coupling coefficients d;, system (2) is null
controllable. More precisely, we have the following.

Theorem 1.2. Assume that d; € LF (0, T W?2(D)) fori=1,2 and d3s € L¥(0,T;R). Then,
system (2) is null-controllable.

Using the classical equivalence between null-controllability and observability, the main ingre-
dient of the proof consists in obtaining a suitable observability inequality for the corresponding
adjoint system. Using stochastic versions of well-known Carleman estimates for the fourth-order
operator and the heat equation with non-homogeneous Neumann boundary conditions, we adapt
the methodology in [CMP15] to the stochastic framework.

1.1.2 Controllability of the forward system

Once Theorem 1.2 is established, a natural extension is to study the controllability of the cor-
responding forward equation. As it is known, the controllability of forward stochastic parabolic
systems is a challenging topic and has been explored in different settings, see, for instance,
[BRT03, TZ09, L11].



One of the main difficulties comes from the fact the adjoint of the forward system is precisely
a backward stochastic equation (one can think for instance in (2) with A = 0) and, as remarked
in [BRTO03], it is a very difficult task to establish observability inequalities for such kind of
systems. For the case of the heat equation, this difficulty was overcome in [TZ09] by introducing
two controls (one on the drift and one on the diffusion) for controlling a single equation and the
same ideas were used in [GCL15] to study the controllability of a single forward fourth-order
parabolic equation. The main tool used in those works is a suitable Carleman estimate with two
observation terms.

If we follow this approach, we can obtain an observability inequality with four observations
for the corresponding backward adjoint system. This lead us to have four controls for controlling
just two equations. As we have mentioned, our goal is to control as many equations with the
less number of controls. Therefore, we will focus on studying the controllability of the forward

system
dy + Yyzze At = xpoh dt + (b1y + boz) dW () in Q,
dz — 2z dt = ydt + b3z dW (t) in Q,
Y =Yzz =0 on X, (3)
z=10 on X,
y(,0) =yo, 2(x,0) = 2 in D.

As before, in (3), (y, z) is the state, h is the control variable and (yo, zo) is the initial datum. In
this case, we assume that b; = b;(t) € L¥(0,T;R), i =1,2,3.

At this point, the reader has already noticed that system (3) has a much less general structure
than for instance (2) and the boundary conditions for the fourth-order equation are different.
This comes from the tools employed to obtain our controllability result, which rely on the
Lebeau-Robbiano strategy (see [LR95]) instead of Carleman estimates.

Our second main result is the following.

Theorem 1.3. For any given initial data (yo, z0) € L*(Q, Fo; L*(D)?), system (3) is null con-
trollable at time T, i.e, there exists h € L%(0,T;L*(Dy)) such that y(T) = 2(T) = 0 in D,
P-a.s.

1.2 Outline of the paper

The rest of the paper is organized as follows. In Section 2, we prove in a first part the observability
inequality for a suitable adjoint system and then, following well-known arguments, we obtain
the proof of Theorem 1.2. In Section 3, we prove Theorem 1.3 by adapting the Lebeau-Robbiano
strategy to the stochastic framework and following the previous works of Qi Lii [L.11] and Xu
Liu |Liul4a|. Finally, in Section 4. we make some final comments about our work

2 Null controllability for the backward system

The goal of this section is to prove the null controllability of system (2). As already mentioned,
this problem will be reformulated in terms of the observability of the adjoint system, which in



this case is given by

du + (Yugrer + Ugze + Ugy)dt = vpdt + dyudW (t) in Q,
dv — Tvgedt = (vy + ug)dt + (dou + dgv)dW (t) in Q,

u=1u, =0 on X, (4)
v=20 on X,
u(z,0) = up, v(x,0) =g in D.

The main task is reduced to prove the following result.

Proposition 2.1. Under the assumptions of Theorem 1.2, there exists a positive constant C
such that for every (ug,vo) € L*(Q, Fo; L?(D)?), the solution (u,v) of (4) verifies

E (/D (u(T)2 + [o(T)P?) dx) <CE (/QD ]u\Qdmdt> . (5)

To prove (5), we use Carleman estimates in the spirit of [CMP15] and adapt the procedure
to the stochastic framework. As mentioned there, the key point is to have suitable estimates
with the same weight functions allowing to obtain the observability inequality with only one
observation term.

2.1 Preliminaries on stochastic Carleman estimates

We begin by recalling below two global Carleman estimates for the stochastic fourth-order
equation and the stochastic heat equation with non-homogeneous boundary conditions. These
will serve as the basis for obtaining our observability estimate.

Let us consider some D; CC Dy. Similar to [FI96], we show the following known result.

Lemma 2.2. There is a 1) € C*°(D) such that ¢ > 0 in D, ¥(0) = (1) = 0 and || > 0 in
D\ D;.

Following [Gue07], for some positive constants k, m, u, where k > m and m > 3, we define

) g et .
am(2,t) = T — Pm(z,t) = (T —tym (6)

where
c1 =k (%) [Wlle and 2 = k[[¢]|oo- (7)

We define the weights in this way to fulfill the requirement that both estimates must have
the same weight (cf. [CMP15]).

In the remainder of this section, we set § = e’ and in order to abridge the estimates, we
use the following notation

Ixs(p) :=E /Q 0 A (|Paznl? + N0 Da|® + N im [pal® + A968, |p?) dadt, (8)
In(q) == E/QH2)\¢m [lgz]* + A\?¢2,|q|*] dzdt. (9)

The Carleman inequality for the forward stochastic KS system we shall use reads as follows.



Lemma 2.3. Let f € L%(0,T; L*(D)) and F € L%(0,T; H*(D)) be given. There exist positive
constants C, 1 and N, such that for any > po, any X > Xo(u) and any po € L*(Q; Fo; L*(D)),
the solution p to

dp + przardt = fdt + FAW (t) in Q,

p=pz=0 in X,

p(x,0) = po in D,

satisfies

Ixs(p) < CE </ 92|f|2d:cdt+/ 92A4¢§n|F|2dxdt+/ 02 \2 2, | Fp|? dadt
Q Q Q
(10)
+/ 02]Fm\2dmdt+/ 02A7¢7n\py2dxdt>.
Q Qp,

The proof of Lemma 2.3 is essentially given in [GCL15|. Actually, the authors prove inequal-
ity (10) for slightly different weight functions, that is, they take m =1, co = 3 and ¢; = 5 in (6).
However, a closer inspection shows that their proof can be adapted to our case just by consid-
ering that [Jyau,| < C’T(;SH% and |Opag,| < CTQQSH% and changing a little bit the estimates
regarding au¢, Qzet, Qpzet and so on in [GCL15, pp. 487]. It is also important to mention that
we have kept the term containing p,., in the left-hand side of (10) (see eq. (8)) as it will be
useful later.

On the other hand, we have the following inequality for the heat equation with non-homogeneous
boundary conditions.

Lemma 2.4. Let g1,G € L%(0,T;L*(D)) and g» € L%(0,T; L*(0D)) be given. There exist
positive constants py, A1 and C, such that for any p > pi, any A > A\(u) and any qo €
L3(2, Fo; L*(D)), the solution q to

dg — g, dt = g1dt + GAW(t) in Q,
qz = g2 on 27
q(x,0) = qo in D,

satisfies

Ig(q) < CE </ 92)\¢m|gg|2dadt+/ 0°\3¢3 |q|? dadt
by QD (11)

+/ 0% (|g1]* + N*¢2,|G|?) dxdt).
Q

The proof of Lemma 2.4 can be found in [Yanl18]. As for the case of the KS equation, the
proof can be adapted by making the corresponding changes. Notice that in this case, there
are not spatial derivatives of the diffusion term G on the right-hand side of estimate (11). This
comes from the fact that the proof is done by means of a duality argument, instead of a pointwise
estimate technique as used, for instance, in [TZ09].

2.2 Carleman estimate for the adjoint system

Now, we are in position to prove the main result of this section, that is to say, a Carleman
estimate for system (4) with only one observation on the right-hand side. In more detail, we
have the following result.



Theorem 2.5. Assume that d; € L%(0,T;W*>(D)) for i = 1,2, d3 € L¥(0,T;R) and let
m > 3 be given. Then, there exists C' > 0 and two constants pa, Ao > 0 such that for any
p> pa, A > Ao and any (ug,vo) € L2(Q, Fo; L?(2)?), the solution (u,v) to (4) verifies

IE(/ 92A3¢;|vm|2dxdt+/ 92)\7¢Zﬂ|u|2dxdt> < CE (/ 92A23¢$3|u|2dxdt>. (12)
Q Q Q@p,

The outline of the proof follows the strategy of [CMP15]|, but since we are dealing with
stochastic PDESs, some extra arguments are needed to conclude. For clarity, we have divided the
proof in four steps which can be summarized as follows:

e First part: we look for the equation satisfied by v,. As we will see, this equation has not
prescribed boundary conditions, but we can apply estimate (11) to deduce an inequality
with some boundary terms and a local estimate of v,. Using trace and interpolation
estimates, we can get rid of the boundary terms.

e Second part: we apply Carleman inequality (10) to the first equation of system (4) and
add it to the estimate in the previous step. By using the variable A we will absorb the
lower order terms.

e Third part: here, we will estimate the local term of v, by using the first equation (4) and
leading to several local terms depending on w and their spatial derivatives.

e Fourth part: this step is divided in two: first, using the equation verified by u, we estimate
the local term corresponding to the the highest-order derivative coming from the previous
stage. Then, integrating by parts several times, we deduce the desired result.

Proof of Theorem 2.5. Consider sets D; C D, i = 4,5, such that D5 CC Dy CC Dy. In the
following, C' stands for a generic positive constant that may vary from line to line. We also
consider that the initial datum (ug,vp) is smooth enough (as usual, the general case follows
from a density argument).

Step 1. Carleman estimate for v,
A direct computation shows that v, verifies the equation
dvy — I'(v3) zedt = [ugy + (V2)g]dt + [(dow)y + d3v,|[dW () in @,

with no prescribed boundary conditions. Hence, applying estimate (11) (for the set Dy) to this
equation yields

Ig(v,) < CE </ 92)\¢m|vm|2dadt+/ 92>\3¢‘:’n|vx|2dxdt>
%

Qp,
+ CE (/ 02|ty + Vep|* dadt + / 020202, |(dou)y + d3v,|? dxdt) . (13)
Q Q
Observe that

E (/Z 02A¢myvm\2dadt> =E (/OT 02(1,t))\qﬁm(l,t)!vm(l,t)]th)
-E (/T 92(0,t)wm(o,t)yvm(o,t)det) .
0



For compactness, we will maintain the notation in (13).
Using that d3 € LF(0,T;R) and taking A; large enough, we can simplify the above expression
as follows

I (vy) <CE ( / 02 Ay |V |2 dordt + / 62)\3¢f’nlv$]2dxdt>
by

Qp,
+ CE (/ 02]um\2dxdt+/ 62)\2¢%L](d2u)$\2dmdt>.
Q Q

for any A > A;.

Let us focus now on the first term in the right-hand side of the previous inequality. Observe
that thanks to the properties of the weight function v (see Lemma 2.2), the functions 6 and ¢,,
achieve its minimum at the boundary points, that is

dm(0,t) = om(1,t) = 52%1 Om =: ¢, (1), (15)
0(0,¢) = 0(1,t) = min 0 =: 6*(t). (16)
z€D

Using this notation and employing classical trace and Sobolev embedding theorems, we can
obtain that

T
E (/ (9*)2A¢:n|vm|2dadt> < CE </ (0*)2)\¢;LHszw%E(D)dt) , Ve>0.
% 0

Let us fix 0 < e < 1/2. Applying the classical interpolation inequality in Sobolev spaces

e}

loll e < llollgeg 1ol Ze

where tg,t; € R and t, = (1 — 0)tg + ot1, o € [0, 1], with tg = 3 and t; = 1 we get

*\2 * 2 T *\2 * -0 o 2
B ([0 faoat ) < CE( [ @205 (Il 0150 p)) ot

for some o = a(€) € (0, 1).

We can conveniently rewrite the right-hand side of the above expression as

E (/T [(9*)20()\(75* )7 Illl 7 } [(6*)2_2"()\¢* )1_30HUH2(1—0)] dt)
0 m HY(D) m H3 (D)

and using Young inequality with p = 1/0 and ¢ = 1/(1 — o), we get for any § > 0

E 0* 2)\¢* | 2dod >
< SE (/ (9*)2()\¢* )3H1)H2 ) dt) + CsE </ (9*)2()\¢* )11_—3: Hsz dt)
= ; m H(D) ; m H3(D)

243 ;3 2 T N2/ ok 22T 2
< OF / 02733, v, dedt ) + C5E / (0% (A% 7 0l pydt ) (17)
Q 0

where we have used the fact that v = 0 on ¥ and definitions (15)—(16).
Using estimate (17) in (14) and taking ¢ > 0 small enough yields

T —30
In(v,) < CE ( / (02 (A7) 5 0] 2yt + / e%%wdxdt)
0

Dy

(18)
+ CE </ 92|um|2dxdt+E/ 92A2¢§n|(d2u)x|2dxdt> .
Q Q

8



Now, the task is to absorb the global term containing the H3-norm. To this end, consider the
function

g(t) = A== 0*(0,)2
and define the change of variables v := g(t)v. Then, using It6’s formula, we see that v satisfies
the equation

dv = (TUzy + Uz + grv + gug)dt + (dogu + d3v)dW (t) in Q,
v=0 on X,

v(0) =0 in D,

where we have used that lim;_,o g(¢) = 0. Using classical energy estimates for stochastic parabolic
equations (see, for instance, [Zho92, Proposition 2.1]), we have that v satisfies

sup B (1700 m) +E ([ ) 1700 Byt

0<t<T
T T
ch(/O lgeo + guue s oyt + / rrd29u11z2(p)dt)- (19)

We observe that if we choose m > 1?% then % <1- %, thus, from the definition of v, we

’ 1=3¢ 201,112 E. 2
E( JRCEC HvHHa,(D)dt)SE( / HvHHs(D)dt> (20)

whence we have from (19)

T 1-30 T T
E(/O () <e*>2uvuza(p)dt)gcze(/o lgeo + gutall2p oyt + /0 udzguuipmdt)-
(21)

We remark that choosing m > 1?7(’ with o € (0, %) implies that m > 3 which is consistent with
the construction of the weights (6).
Using once again that v has homogeneous Dirichlet boundary conditions and since

10: (0%[65,)0)] < CA(Gh,)" (0% [65,]9), (22)

for any integer ¢ > 0, we can bound in the right-hand side of (21) as follows
T k=i 201,112
E ; (A@h) = (7)ol 33 (pydt

T 5 T T
sm&(/o NGOl Baoydt+ [ s oyt + [ ||d29u||%2(p>dt>

obtain

T T
< CE (/ )\3—%(;5%02‘%’2 dadt +/ ngfofl(D)dt +/ Hdggqup(D)dt> )
Q 0 0
where we have recalled (15)—(16).

For the last two terms in the above expression, it can be readily seen that since u € HS(D)
and dy € L (0,T; W (D)), we have

T —o0
E( | e <e*>2\|v\|%s<p>dt> < CE ( /Q A32/m¢%92|vm|2dxdt)

+ Cllda||7 52 0 2. () B < /Q AZ2mgRplm2imy, ) dwdt) : (23)




Observe that the power of A in the first term of the right-hand side is lower than its counterpart
in the left-hand side of (18). Hence, combining estimates (23) and (18) and taking A large
enough, we get

Iti(vy) < CE (/ 92A3¢;|vx|2dxdt+/ A =2mg2gl=2/my, |2 dadt
QD4 Q (24)

+/ 92|um|2dxdt+/ 92A2¢;|(d2u)x|2dxdt>,
Q Q
for any A > 1.

Step 2. Carleman estimate for u

Fix m > 3 coming from the previous step. We apply inequality (10) to the first equation of
system (4), note that both estimates have the same weight. We readily see that

Ixs(u) < CRE </ 02|vy — Upy — Ugae|? dzdt + / 02\ |dyuf? dodt
Q Q

+/ 92)\2¢%L|(d1u)x|2+/ 0% |(d1u) g |* dxdt+/
Q Q

02\ |u|* dzdt | .
Qpy

Using that d; € L¥(0,T; W?2%°(D)) and taking A > \g large enough, we can absorb the lower
order terms corresponding to the variable u, more precisely,

Ixs(u) < CE (/ 92|vm|2dxdt+/ 92A7¢Zn|u|2dxdt>. (25)
Q Qp,

Adding up inequalities (24) and (25), we take pu > po = max{pg,u1} and A > Ay =
max{\g, \1}, we can absorb the remaining lower order terms to finally obtain

Ig(vy) + Ixs(u) < O </ 92>\3¢f’n|vx|2dxdt+/ 92A7¢Zn|u|2dxdt> (26)
Q

Dy Qp,

for all A sufficiently large.

Step 3. Local energy estimate for v

The main goal of this step is to estimate the local term corresponding to v,. We follow the
classical methodology introduced in [dT00] but adapted to the stochastic setting.

Let us consider an open set D3 such that Dy CC D3 CC Dy and take a function n € C§°(Ds3)
such that n = 1 in Dy. We define ¢ := A3¢2,0?n and apply [to’s formula to compute d((uv,),
from which we deduce

E </ C’Um’2 d.%'dt) =-E (/ Ctuvx d.%'dt) +E </ C(’Yva:ummarm + VpUgzas + Uxuxx) d.%'dt)
Q Q

< C(Tuvgy + Uligy + UULy) dxdt)
—E < C[dyu(dau), + diudsv,] dxdt)
K;

S

1=

(27)

—_
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Let us estimate each K;, 1 <i < 9. For i = 1, we can use (22) (which is also valid for § and
¢m) and Cauchy-Schwarz and Young inequalities to obtain

2
|K1| < eE ( /Q N33 6%, |? dmdt) +C.E ( /Q DN o ™ 02| dmdt) (28)

for any € > 0.
Integrating by parts in the space variable, we have

Ky =—FE </ ’yn)\?’(bf’néﬂvmuwm dxdt) —E </ ’y)\?’(b?n@sznxuxm dxdt)
Q Q
—E </ YA (63,02) ptiprn dxdt) ) (29)
Q
Noting that

10:(0%01,)| < CApmb?0L,, Vg € Z+, (30)
it is not difficult to see that

| K| < 6 (/ 02X [V |2 dmdt) + 2¢R (/ 02X3¢3, v, |2 dxdt)
Q Q
+Ces | E / 02 X502 || dadt (31)
Qpy
for any d,€ > 0. In this part, we have used that supp 7, C D3 for estimating the second term of

(29).
For the third term, we have from Cauchy-Schwarz and Young inequalities

|K3| < €E ( / A3 @3 6% |v,|? dxdt) +C.E ( / N3 0%n|uges | d:cdt) . (32)
Q Q
In the same fashion, we easily have
|Ky| < €E < / 343 0%|v.)? dxdt) +C.E < / A3 63 02U |? dxdt> . (33)
Q Q
For the term K35, we integrate by parts in the space variable to get
Ks=FE ( / TA303 021Uy vp, dxdt> +E ( / IA363 0%, uv,, dxdt)
Q Q

+E ( / TA3n(¢2,60%) puvpy dxdt) .
Q

Using (30) and the properties of the function 1, we get after succesive application of Cauchy-
Schwarz and Young inequalities

|K5| < 3E (5 / A¢m02lvm\2dxdt> + CsE < / N T 62|ul? dwdt)
Q Qpy

+ CsE < / No@d 02|u, |2 dmdt) (34)
Qpy
for any ¢ > 0.
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For the sixth and seventh terms, we have
1 1
| K| < SE ( / nA3¢§ne?\uy2dxdt> +5E ( / 77)\3¢‘:’n92\um]2dxdt> , (35)
Q Q

and

|K;| < OE ( / NAGm 0% V| dxdt> + CsE ( / A @3 02 |ul? dxdt) . (36)
Q Q

The last two terms can be estimated as
|Ks| + |Kg| < €E (/ 77>\3¢f’n<92!v$\2 dmdt) +CE (/ 77)\3(752192(@,2 + ‘ux’2)dmdt> , (37)
Q Q

where the constant C' depends on ||dil| s (0. 7:w200(p)), @ = 1,2 and |[ds|| 32 (0,7;r)-
Summarizing, we collect estimates (28) and (31)—(37), use the properties for n and employ
them on identity (27) to obtain

E </ N3 02|v, |2 dmdt> < 56E </ Apm 02|z |? dxdt) + 6eE </ N33 02 |v,|? dxdt>
Qp, Q Q

+ Cs.E ( / 02X ¢7 |u|? dzdt + / 02A5¢;\uxy2dxdt>
Qpy Qpy

+ Cs E < / 02 X303 |uge|? daxdt + / 02A5¢;\um\2dmdt>.
Qpy QRpy

Then, using the above inequality in (26) and taking e and 0 small enough, we get

Ig(vy) + Ixs(u) < CE </ 92)\7¢,7n|u|2dxdt+/ 92)\5¢f’n|um|2dxdt>
Q

Dy Qpy

(38)
+ CE </ 92A3¢;|um|2dxdt+/ 92A5¢§n|um|2dxdt> .
Qp, Qp,

Step 4: Local energy estimates for u and their derivatives

In the previous step, we have estimated v, in terms of local integrals of u and its derivatives, so
the variable v does not longer appear on the right-hand side.

At this point, estimate (38) looks quite similar to its deterministic counterpart (cf. [CMP15,
Proof of Theorem 3.1]). However, unlike that case, we cannot estimate the local term of .,
just by integrating by parts since we do not have a global term of ., on the left-hand side of
(38).

Instead, we have the following result.

Lemma 2.6. Consider an open set Dy such that D3 CC Dy CC Dy. Then, there exists C > 0

12



such that

E ( / No@D 0% tpe|? dxdt)
@Dy
< 4R ( / A 02 gz dxdt> + 20E ( / A 02 |V |* dxdt>
Q Q
+ pE ( / N3 62|v, |2 dmdt) +CE < / A3 o302 | dxdt)
Q Qp,

+ CE ( / A15¢,{,§>02\u12dxdt> + CE ( / )\7¢Z,L02]um\2dmdt> (39)
@Dy QD,

for any €,6,p > 0.

The idea of the proof is to obtain the differential of a suitable product and argue as in the
previous step. To avoid too much word repetition, we present a brief proof on Appendix B.
Using (39) in (38) and taking €,d and p small enough we get

92)\15¢,1n5|u|2dxdt+/ 92A13¢;§|um|2dxdt>
Dy Qp, (40)

+ CE / 02N A7 |ty |® dadt | .
Qp,

Now, taking Dy with Dy CC Dy CC Dy and constructing a cut-off function 7y € C§°(Dy)
such that 79 = 1 in Dy, we estimate

- (/ 0N Gl dxdt> < ([ 0] e o )
QD2 Q
=-E </ 120 NP7 Ugzptin dmdt)
Q
1
2 \Jo
< €eE < / RN T d:cdt)
Q

+ C.E ( / / 0> N3 p13 || dxdt) . (41)
Qp,

Moreover, taking n3 € C3°(Dy) such that 3 = 1 in Dy, we can argue in the same way to obtain

E </ «92)\13¢,13\ux]2dxdt> <E (/ 773)\13¢71£’]u$\2dmdt>
Qp, Q

<R (/ 02 X33 |tz dxdt)
Q

I (vy) + Igs(u) < CE (/Q

+ C.E / 0222323 |u|? daxdt | . (42)

QD
Putting together (40), (41) and (42) and taking € > 0 sufficiently small, we obtain the desired
result. This ends the proof. O
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2.3 The observability inequality

Once we have obtained the Carleman estimate (12), the observability inequality (5) follows
immediately.

Proof of Proposition 2.1. The proof is classical and follows well-known arguments (see, e.g.,
[FCGO6] in the deterministic setting). For completeness, we sketch it briefly.
Using the properties of the weight functions 8 and ¢, it is not difficult to see that

(Ao )02 < C, Y(z,t) € Q,

(Am)10? > Cj, V(x,t) e Dx (L,3T), j =37,

where the constant C' > 0 only depends on D, Dy, m and T'. Therefore, we get from (12)

E </§/D (Jog]* + [ul?) dxdt> < CE <//QDO |u|? dxdt> . (43)

Using It6’s formula, we compute dv? = 2vdv + (dv)? and using the equation verified by v, we

deduce
t2
E </ \v(tQ)dex> _E (/ ]v(tl)\de> _ 9K (/ / (Pvss + s —|—vx)vdmdt>
D D t1JD
to
+E (/ |dou 4 dsv|? dxdt)
t1 JD
for all 0 < t; <ty <T. Integrating by parts in the space variable, we get
to
E (/ yv(tg)de) + 2T'E (/ / y%\?dmdt)
D t1 JD
to
=F </ |v(t1)|2dx> —2E (/ / (u—v)uvy dxdt)
D t1JD

to
+E (/ |dyu + d3v|? dmdt) . (44)
t1JD

Arguing in the same way for the variable u, we may obtain

to
E(/ \u(tg)\Qdﬂc> +9E (/ / ]um\Qdmdt>
D t1 JD
12 to
=F </ lu(ty)|? dx> +2E </ / Ug Uy dxdt> +2E (/ |t dxdt)
D t1 /D t1 JD
to to
+2E (/ / u%dmdt) +E</ / ydludedt). (45)
t1 JD t1JD

Combining estimates (44)—(45) and using Cauchy-Schwarz and Young inequalities we get

E (/D (Ju(ta)® + [0(t2)?) da:) + %E (/j/p [t |2 d:cdt) + gIE (/:/D |vx|2dxdt>

< CE (/tl /D (Jul* + v]?) dxdt) +CE (/D (Ju(t)]* + |v(t1)]?) dm) , (46)
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where C' > 0 depends on v, I and the norms of d;, i = 1,2,3. Here, we also used the inequality

/ lug|? d < e/ |tz |? da + CE/ |u|?dz, for all € > 0.
D D D

Using Gronwall inequality and then integrating from (%, %), we get from (46)
T 3T
4
Ty / (WD) + [u(T)P) dz ) < CE / / (Jof2 + Jul?) dadt | . (47)
2 D z Jp
The result follows by combining (43) with (47) and employing Poincaré inequality. O

2.4 Null controllability result

The proof is standard and follows well-known arguments, see, for instance, [TZ09, LL12|.

Proof of Theorem 1.2. We introduce the linear subspace of L%(0,7T; L?(Dy))
X = {U|QDOXQ | (u,v) solve (4) with some (ug,vg) € LQ(Q,]:O;LZ(D)Q)}
and define the linear functional on & as
Elulgn, ) =B ( [ (u(Tyr + o(T)er) az).

Note that £ is a bounded linear functional on X'. Indeed, by means of Cauchy-Schwarz inequality
and Proposition 2.1, we have

1/2 1/
[L(ulgp,xa)l < VC (E/ Jul? dxdt) <E/ (lyr|* + |ZT|2)dl“> :
QD D

where C' is the constant appearing in (5). Using Hahn-Banach theorem, £ can be extended
to a bounded linear function of L%(0,T;L*(Dy)) and, for the sake of simplicity, we use the
same notation for the extension. From Riesz representation theorem we can find a random field
h € L%(0,T; L*(Dy)) such that

E ( /D (u(T)yr + v(T)zr) dm) ~E ( /Q . hu dmdt) . (48)

We claim that this A is exactly the control that drives the solution of (y, z) to zero. Using
It6’s formula, we compute both d(yu) and d(zv) and after integration by parts, we get

E (/D yru(T) dm) _E (/D y(0)ug dm) ) (/Q(zgg —dyZ + hxpo)udxdt> —E (/Q VYa dxdt)

and

E (/D 2r0(T) d:c> _E (/D ~(0)vo d:c> _E (/Q Yot dxdt) +E (/Q(ng ) d:cdt) .

Adding the previous expressions, we obtain

E ( /D (yru(T) + 2rv(T)) dx) —E < /D (y(0)ug + z(0)vp) dx) =F < /Q . hu dxdt) (49)
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and comparing (49) and (48) yields

E ( /D (y(0)uo + 2(0)vo) d:c> = 0.

Since (ug,vg) can be chosen arbitrarily in L%($, Fo; L%(D)?), we have (y(0),z(0)) = 0 in D,
P-a.s. This ends the proof. O

3 Null controllability of the forward system

3.1 An observability inequality in a finite dimensional space and some aux-
iliary results

This section is devoted to prove Theorem 1.3. The proof is based on the Lebeau-Robbiano
method and the first step is to prove an observability inequality for the adjoint system in a
finite dimensional space. The results below are inspired and follow the presentation of [L11] and
[Liulda).

We consider the linear operator A in L?(D)

Az = —2,0, Yz € H*(D)N H(D).

Let {\;}22, be the eigenvalues of A and {¢;}>°; be the corresponding (normalized) eigenfunc-
tions. The family {p;}22, is an orthonormal basis of L?(D). Also, in this simple case, one can
see that \; = (im)? and ; = v/2sin(irx).

According to [LRR19], if A%u := uggee on D together with the boundary conditions u =
Ugzy = 0 on {0, 1}, the family {p;}52; is actually composed of eigenfunctions of A% associated to
the eigenvalues p; = )\22. Moreover, this operator satisfies the following spectral inequality.

Lemma 3.1. Let Dy be an open subset of D. There exists C > 0 such that for any r > 0 it
holds

C 1/4
2llz2py < Ce™" " [|2]| L2 (py)
for every z € span{;},,<,.

Remark 3.2. As we anticipated in Section 1, we are using here the boundary conditions u =
uge = 0 on {0, 1} to exploit the facts that both operators share eigenfunctions and that p; = )\22,
which is not the case for the fourth-order operator with clamped boundary conditions, i.e.,
u=1u,; =0 on {0,1}. We refer the reader to [AE13, Gaol6, LRR19] for variants of Lemma 3.1
corresponding to the clamped boundary conditions.

Now, for any 7 > 0, consider the the following backward stochastic system

(du — Uppepdt = (—v — bi@)dt +TAW () in Q,
dv + vppdt = (=bot — bsT)dt +TAW (1) in Q,,

U= Uy =0 on X, (50)
v=20 on X,
u(t) =ur, (1) =0 in D.

For any terminal data (u,v,) € L*(Q, F,; L?(D)?), we know thanks to Proposition A.2 and
Remark A.3 that system (50) has a unique solution

(u,v,7,7) € [L_QF(O,T;HQ(D) x Hy (D)) () L? (Q;C([O,T];LQ(D)Q))] x L%(0,7; L*(D)?).
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For each r > 0, consider the space &, = span{y;},.< o and denote by II, the orthogonal
projection from L?(D) to X,.. The first result of this section is an observability inequality with
only one observation for system (50) with final data in X,. The result reads as follows.

Proposition 3.3. There exists a positive constant C independent of T such that for any /r > A\
and (ur,v;) € L?(Q, Fr; (X,)?), the corresponding solution (u,v,u,v) of (50) satisfies:

eCVT T
—E (// |u|2dxdt> , (51)
T 0 /Dy

1) if2)0 >0

E (Ju(0)B2(p)) +E (10(0)32(p)) < €
2) otherwise

ea’r—l—C’\/? T
E <|u(o)|§2(p)) +E (|v(0)|§2(p)) <C——E (/O /DO |u|2da:dt> , (52)

. 3
where 0 : =144 < i=1 HbiH%jTO(QT;R)))'

Proof. For the sake of clarity, the proof has been divided in several steps. In what follows, C'
denotes a generic positive constant independent of 7 that may vary from line to line.

Since we are assuming that (u,,v,) belongs to the space L?(2, F,; (X,)?), we have that in
fact the initial data can be written as

Ur = Z uT,i(Pi(x)a Ur = Z UT,i(pi(x)’
Xi<VT Xi <V

for some sequences {ur;};, {vr;}i of Fr-measurable random variables, whose elements can be
computed as ur; = (tr, SDi)LQ(D) and vy ; = (vr, %’)L2(D)~

In this case, it is not difficult to see that system (50) can be reduced to a backward system
of SDEs. Indeed, the solution (u,v,w,v) to (50) can be expressed as

pi<r HiSr
v = Z vl(t)gpl(x), U= Z Ul(t)gpl(x)’
i</ Xi</r

where u;,v; € L%(;C([0,T))) and w;,v; € L%(0,T;R) verify

du; = (,uzul —V; — blﬂi)dt + u; dW(t) in (0, 7'),
dv; = ()\Z’UZ — bow; — bgﬁi)dt +v; dW(t) in (0, 7'), (53)

u,(T) = um', UZ'(T) = Ufm'.

Here, we have used that

A%y = Z wipiug, Av = Z AiPiUs, (54)

wi<r XSV

with u;(t) = (u, i) L2(py and vi(t) = (v, i) L2(p).-
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Step 1. First estimates

The first step is to obtain a suitable estimate for the solution to (50). We concentrate on
the estimate needed to prove case 2). For the case 1), the proof follows almost by the same
procedure. We give a brief comment in Remark 3.4.

Using Ito’s formula, we compute d(e’"u?) and obtain

E(/De"t]u( ]2dm> _ (/ (0 \de>+E<// a\u!z—i-]u])dxds)

) / s Z pilui(s))?ds | — 2E (// (uv + ubiw) dxds)

wi<r

Here, we have used (54) and the orthogonality of the functions ¢;.
Applying Cauchy-Schwarz and Young inequalities on the last term of the previous expression,
we obtain

E </D e"t|u(t)|2dx> >E </D |u(0)|2dx> +E </Ot/p ¢ (olul? + [af?) dxds)
+2E / €™ Y pilui(s)[*ds —E<// (lu]® + [v]?) d:cds)

wi<r

-E (/Ot/D <e|b1u|2 + @) dxds) (55)

for any € > 0 and any ¢ € (0, 7).
Applying the same tricks to d(e?v?), it can be readily seen that

</ e“tu(t) |2dx>>E</ (0 |2d:c>+IE<// 0|v|2+|v|)dxds>
+2E /0 e’ > Aifvi(s)[Pds —E<// <e|bv|2 ||2> dxds)

<A

2
—-E <// <e\b3vl2 + —) dxds) . (56)
Adding up (55) and (56) and taking € = 4 yield
E(/ e“tu(t )\de+/ et )\2dx>
> E(/ lu(0 ]2dm+/\v ]2dx>+E<// U\U\Q—i-a]v])dxds)
3 t
+ —E <// e?*[a)? dxds) +-E <// 7 []? dxds) —4E <// e‘”]blu]deds>
2 \JoJp 4 \JoJp
t ¢
—4E <// 7% |byv? dxds) —4E <// 7% |bgv|? dxds) — <// (Jul* + |v[?) dxds)
0/D 0/D

+9E / e 3" pilui(s)Pds | + 28 / e 37 Mfui(s)ds | (57)

wi<r A</
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Dropping the positive terms in the above expression and recalling the definition of o (see
Proposition 3.3), we get

7R (/D\u(t)\de—l—/D\v(t)]Qdm) ZE</D yu(0)12dx+/p\v(0)12dx> (58)

for all t € (0, 7).

Step 2. A weighted energy inequality

Assume without loss of generality that 7 < 1 and introduce the function £(t) = 2(7 — t)? for
t € (0,7). Note that by construction 0 < £(t) <1 and

§(0) =¢(r) =0, (59)
é‘/

Ve

Applying It6’s formula to compute d({uv) and using (59), we obtain

E </OT/D§|U|2dxdt> =E (/OT/; uv dxds) +E (/OT/ngdxdt>
—-E </OT/D(b1ﬂv + bouiu + b3vu) dxdt)
K —y
=: ZI (61)

Now, we estimate each I;, i = 1,...,4. For the first one, using (60) and Cauchy-Schwarz

< 4. (60)

and Young inequalities, we easily get

g ([ e Se ([ up
|Il|§2IE </O/D£|v| dxdt>+EE</0/l)|u| dxdt), (62)

for any 0 < € < 1. In the same way, we have

T 1 T
L] < <E // 2o dadt | + —E // Y2 [a)? dzdt ) . (63)
2 0Jp 2¢ 0Jp
For the third term, applying successively Cauchy-Schwarz and Young inequalities, we get
|I3] < R (// §]v[2dxdt> + ¢E (// 53/2\6]2dxdt>
0JD 0JD
c o122 ! 2
+—E &4 ul” dedt + |u|*dzdt |,
€ 0JD 0JD

where the constant C' > 0 depends on L°°-norms of b;, i = 1,2,3. In this step, we have used
repeatedly that 0 < £(¢) < 1 to adjust the powers of £ appearing above.

(64)
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Let us see the term 1.

([ (€urmes — cousy asat)

E </OT§ ((AQU,U)LQ(,D) + (Av,u)Lz(D)) dt>
/ Z piug (t)v;(t) + Z Aivi (B)u;(t) | de

Wi ST A<y

1,

Using that pu; = )\ZZ and applying Cauchy-Schwarz and Young inequalities we readily obtain
| <E / &7 3 Mui(pPat + C/ % i+ ADlu(t)Pdt | . (65)
0

i <\/T A<V

Putting (61) and (62)—(65) together, we get

(//gyvadmdt>
< ¢E (// {\U\dedt> +€E // 53/2\0\2dxdt—|—/ 237 Nlui(t)Pdt

A<V

| [ asaes [ [ ermasae s ["er 3T e AP | (o0
0JD 0JD 0

X<\

for any 0 < € < 1 and where C depends only on HbiH%m(O ~ry 1 =1,2,3.
F b )

Step 3. Estimates for v and u

In this step, we estimate some of the terms in the right-hand side of (66). The idea is to use the
parameter ¢ to absorb all the terms except the one containing |u|?.
Computing d(£%/?v?), one can obtain

( / / £3/2%? dxdt) = —( / / e12¢0? dxdt) +2E ( / / &3/2 vvmdtdt>
+2E ( /O /D 53/ngvﬂdxdt> +2 (E /0 /D 53/263v6dxdt>.

Using property (60) on the first term of the right-hand side and arguing as before, we get

IE// 3272 dxdt<6E<//€|v|2dxdt>—2 IE/ &2 %7 Niluit)Pdt
0JD N </

0P . 0Jp
! 3/21—12 Hb3||%00(0 iR) T 421 1
+5E<//§/|E| dxdt>+#E<//£/|v| dxdt)
0JD ) 0 Jp
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for any § > 0. Therefore, using that £(¢) < 1 and taking § small enough, we get

// 53/2v2dmdt—i—2/ 23" Nfui(t)Pdt

A<V

< CE (/OT/Df|v|2dxdt+/O/D£1/2|ﬂ|2dxdt> (67)

where C' > 0 only depends on the norms of by and bs.
We proceed to estimate the last term of the above expression. We compute d(&l/ 24?) and
thus we obtain

E ( / / 122 d:cdt) _ ! <IE / / &2 dxdt> —2E < / / ST dxdt>
0JD 2 0JD 0JD
+ 2 (E// 51/2uvdxdt> + 2E (// 51/2b1uﬂdxdt>.
0JD 0JD

Following the arguments above, we can obtain by means of Cauchy-Schwarz and Young inequal-
ities the following

// 51/2]u\2dmdt+2/ §23 7 pilui(t)Pdt

i <r

<2E (/T/ \u!dedt> +E (;;// §]v[2dmdt+l/T/ \u!dedt>
+5E (//51/2|u|2dxdt> H HL —LFOnR <//|u|2d:cdt>

for some constants p,d2 > 0 and where we have used that £(¢) < 1 in the last term. Choosing
09 small enough, we get

// 51/2]u]2dxdt+2/ 2N il () Pdt

i <r

<c< > <// \u!dedt>+pE <//§\v\2dxdt> (68)

for some positive constant C and some p > 0 to be chosen.
Noting that (A\; + A?) < 2y/rp; for all \; < /7, we obtain from estimate (66)

E (/OT/DQW dmdt)
< ¢E <//§\v\2dmdt> + €E // 53/2\0\2dmdt—|—/0 23" Nlui(t)Pdt

A<V

+ E(//|u|2dxdt>+ —E \/_//51/2|u|2d:cdt+2\/_/ &N ilus(t)Pde |

wi<r

where we have used that /r > 1 in the second to last term.
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Multiplying by € on both sides of (67) and using the result in the second term of the right-
hand side of the above inequality, we get

E </OT/D5|U|2 dxdt>
<e(l+O)E <// £|v|2dxdt>+ E<// |u|2dxdt>

+C’<e+%> <\/_//£1/2|u|2dxdt>+—E f/ 2N pilui(t)[Pde

wi<r
< eCE Ev|*dedt ) + —E |u|” dzdt
0J/D € 0J/D

+— \/_IE // 51/2|u|2dxdt—i—/ 51/2Z:,uz|uZ (t)[2dt

wi<r

where we used that e < 1.
Finally, multiplying by /7 in both sides of (68), setting p = ¢2//7 and after a straightforward
computation, we get

E(// £|v|2dxdt> < —E (// |u|2dxdt> + ¢CE (// £|v|2dxdt>
0JD
and taking € > 0 small enough, we get
E(// §]v[2dxdt> < CrE (// \uPdmdt)
0JD 0JD
< 'R ( / / yuPdmdt>, (69)
0JD

for some C' > 0 uniform with respect to r and 7. In the last line we have used that = < 2ot/

for all z > 0.

Step 4. Last arrangements and conclusion

Now, we are in position to proof (52). Integrating inequality (58) in (%, ?jf) and using that

)7t < (%)4 for t € (3, 2F), we obtain
37
4
E / / |u|? dzdt
 Jp

E(/D |u(0)|2dx+/p|v(0)|2dx> <%
+ 26:7 <§>4E (/I%/Davﬁdxdt) :

Then, applying estimate (69) to the last term of the above equation, we have

IE(/D |u(0)|2dx+/p|v(0)|2dx> < 2"’7 E</OT/D|u|2dxdt>
T Cf; "y ( /O /D ]u\dedt> . (70)
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Finally, applying Lemma 3.1 to u, the solution to the first equation of system (50) we have

B ([ luleyat) < e 8 ([ ulfpat)
0 0

and combining it with (70), we obtain the desired result. O

Remark 3.4. To obtain the observability inequality (51), we just need to change a little bit
Step 1 in the above proof. We have to prove an estimate similar to (58) but with ¢ = 0. To do
this, it is enough to compute d(u?) and d(v?) and arrive to an estimate similar to (57) and then
notice that the only way to absorb the negative terms is by considering the hypothesis 2A\; > o.
The rest of the proof can be followed exactly.

Once we have proved the observability inequalities in Proposition 3.3, we can establish the
following controllabiliy result.

Proposition 3.5. For each \/r > A1 and any T > 0, there exists a control h, € L%(0,7; L*(Dy))
such that the corresponding controlled solution (y,z) to (3) satisfies

I (y(7)) =, (2(r)) =0 in D, P-as.

Moreover, we can estimate the control cost and the size of the controlled solution as

1) if 2\1 >0
eCr1/4
HhrH%_%_-(O,T;LQ('Do)) S CTE <\y0!%2(p) + ‘ZO’%2(D)> (71)
and
602r1/4
E (Jy(r) 20 + 12()E2a) ) < Co—5—E (Iuol3e(p) + 20l32(p)) (72)
2) in the general case,
607—}—07’1/4
HhrH%Q}-(O,T;LQ(DO)) = 5 K <|ZO|%2(D) + |y0|%2(p)>

and

aoT T /
E 2 2 <t et 1) e R 2 2
(P72 + 12(D)12) ) < | C2 5 +1lje Yol z2(p) + 20|22 (p) ) -

The arguments needed to prove this proposition are similar to those presented in the proof
of Theorem 1.2 and only minor adaptions are required, see Section 2.4. For brevity, we omit the
proof.

We also need a dissipation result for the uncontrolled solution. We present the following.

Proposition 3.6. Assume that h = 0 in system (3). For any (yo, 20) € L%(Q, Fo; L*(D)?) with
II), (yo) =1, (20) = 0 in D, P-a.s., the corresponding solution (y,z) satisfies

E <\y(t)‘%2(p) + ’Z(t)’%m))) < e WH'E (’yo\%mv) + ’ZO‘%Q(D)) , Vtelo,T],

where Y11 = 2X\g41 — 0 where o is defined in Proposition 3.5.
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The proof of this proposition is standard and can be done by following almost the same
procedure as in [LL11, Proposition 2.3] and [Liul4a, Proposition 4.1].

Using the above results, we prove the following corollary, which will be of interest during the
proof of Theorem 1.3.

Corollary 3.7. Assume that 2Ny > o. For each /7 > A\, 0 < 7 < T and (yo,20) €
L%(Q, Fo; L%(D)?), there exists a control h, € L%(0,7; L*(Dy)) such that

CT‘I/4
2 € 2 2
”hr”L%_-(Oﬂ';[?(Do)) S C 7_5 E <‘yO’L2('D) + ‘ZO’LQ('D)>

and

C VrT
_2€CQT1/4*TE

E (Jy(r) 2o + 12 Ee) < = (190220 + 120132() ) -

Proof. The proof is straightforward. Use Proposition 3.5 in the interval (0, %), this will give a
control w, such that II,(y(7/2)) = II,(2(7/2)) = 0 together with the estimates (71) and (72),
but with 7 replaced by 7/2. Set

L for t € (0,7/2),
"o forte(r/2,7).

Clearly, h, and w, have the same norm.
Now, note that there exists k& € N* such that Agyq > +/r. We can apply Proposition 3.6 in
the interval (7/2,7) to deduce

E (ly(r)Bam) + 1272y ) < e 3E (ly(r/2)Bap) + 127/ 2 ) (73)

since I, (y(7/2)) = II,(2(7/2)) = 0 implies that the first k¥ modes of the equations have been
killed. Using that Ag1q > 2A; for any k£ € N*, we get

Vi1 > M1 + 201 — 0 > /T

where we have used the hypothesis 2\; > ¢. Combining this with estimate (73) and (72) (with
7 replaced by 7/2), we obtain the desired result. Thus, the proof is complete. O

3.2 Null controllability result

Here, we are going to prove Theorem 1.3. We follow the spirit of [Boy20, Section IV.2] and [LI11].
Without loss of generality, we can always suppose that we are in the case 1) of Propositions
(3.3) and (3.5). Indeed, since A\; — oo as i — oo, there exists some k£ € N* such that 2\, > o.
Thus, we split the time interval in (0,7) U (T, T) and design a control h such that IIy, (y(T)) =

II,, (2(T)) = 0. This is possible, thanks to the general case 2) in Propositions (3.3) and (3.5).

Proof of Theorem 1.3. The idea is to split the time interval (0,7") into subintervals of size 7;,

j> 1, with
(o.0]
> =T
j=1

and apply successively a partial control as in Corollary 3.7 with a cut frequency r; tending to
infinity as j — oo. We set
T 2054
T =55 and r; = [°(27) (74)
for some 8 > 0 to be determined.
Let T = Zizl Tg, for j > 1. We proceed as follows.
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1. During the interval (0,71) = (0,77), we apply a control h,, as given in Corollary 3.7 with
r = ry, in such a way that

1/4
e 124 0122 < cCS E (1v0l32(p) + 20l32(0
and
E <|y(T1)|%2(Q) + |Z(T1)|%2(Q)> = %€C2T}/4_@E (|y0|%2(7>) + |Z0|%2(D)) :
with

I, (y(Ty) = 0) =11, (2(T1)) = 0, P-as.

2. During the interval (71,7 + 72), we apply a control h,, once again given by Corollary 3.7
with » = 79 in such a way that

crli/t
et T2
Hhrz ||%3,_.(T1,T2;L2(D0)) < C 7_5 E (|y(T1)|%2(D) + |Z(T1)|%2(D)>
2
and
2 2 022 02(7"1/4—1—7"1/4)_@_\/572 9 )
E <|y(T2)|L2(Q) + |Z(T2)|L2(Q)> < 7_57_56 1 2 ) R (|y0|L2(D) + |Zo|L2(D)) ‘
1'2

with
II,,(y(T2) = 0) =1I,,(2(T2)) =0, P-as.

3. By an inductive procedure, we can build a control h,; on the time interval (T} _1,T}) such
that

2 eCTJW 2 2
Wy 22y 2 (mg)) < CT—fE <‘y(Tj—1)’L2(D) * ‘z(Tj‘l)‘LQ(D)> (75)
and
E (10(T3) 2oy + 15T
Cj J 7"1/4 —Lsd TkA/T
< ﬁ602< k=1"Tk ) 22k:1 k\/TcE <|y0|%2(’D)+|ZO|%2(D)) .
-
k=1 "k
with

M, (4(Ty) = 0) = T, (:(T3)) =0, P-as, (76)
4. By definition (74), we have

J

J J J
3 DU SUAV I EAV/:D P ShL
k=1 k=1 k=1 k=1
- (sz —~ §T> (271 —2)

and choosing ( sufficiently large so that

s _ B

B = §T—02\/B>0
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we can obtain the estimate

E (Jy(T)) 2oy + (1) o))
9i(i+1)/2
T5i

5. Using estimate (77) in (75), we obtain

 [osititi-ny2
<0005 | g

2 2 2
HhrjHLQI(Tj,l,Tj;LQ(DO)) |y0|L2(D) + |Z0|L2(D)> )

] o(CVB-B)2 <

and increasing the value of 3 to ensure that
Bi=p—C\B>0
we obtain

955 +iGi-1)/2] -

< CCgCgil 55 ] 6762JE <|y0|%2(p) + |Z0|%2(D)> . (78)

2
||th HL;(TFI,Tj;LQ(Do))

6. Estimate (78) shows that

o0

2
D Mor W oy 2200y < ©
j=1

and in particular the control h that comes from gluing together all the (h;;)jen+ is an
element of L%(0,T;L*(Dy)). Moreover, from (76) and (77) and since T; — T as j — oo,
we conclude that

y(T)=2(T) =0in D, P-as.

This concludes the proof. O

4 Further remarks and conclusions

We conclude our work by presenting some concluding remarks and two open problems regarding
the controllability of fourth- and second-order parabolic systems.

1. On the nonlinear system. In the context of Theorem 1.2, we have presented a stochastic
model that resembles very much the stabilized Kuramoto-Sivashinsky system (1). Never-
theless, system (2) is linear and therefore it would be interesting to treat the nonlinear
case. However, as far as the author’s knowledge, this is a difficult problem to treat in the
stochastic setting (even for the simple case of the semilinear heat equation) due to the lack
of compactness in the functional spaces where the equation is posed (see [TZ09]).

2. Controlling from the heat equation. The main results we have presented deal with the
case where the systems are being controlled from the fourth-order equation and thus a
natural question that arises is the possibility of controlling from the second-order parabolic
equation. In this direction, it seems that Theorem 1.3 can be adapted without major
modifications, since we have at hand a spectral inequality for the heat equation (see, e.g.
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A

[LR95]) and the same methodology for proving Proposition 3.3 still applies. Nonetheless,
a rigorous proof is still needed.

However, the case of the backward equation (2) requires a more delicate analysis. In
the deterministic setting, this question was answered in [CnC16]| by proving a Carleman
estimate for the fourth-order equation with non-homogeneous boundary conditions (see
Theorem 3.5 in the aforementioned reference). The proof is based on duality arguments
and requires to define the solution of the corresponding equation by transposition. In
this regard, we think that the results from [Gaol8| to define the solution of a fourth-
order stochastic equation by transposition can be combined with the well-known duality
analysis of [Liul4b]| to deduce the analogous result in the stochastic framework. This will
be analyzed in a forthcoming paper [Per20].

. More general coupling for the forward equation. For the case of Theorem 1.3, we can

consider the more general coupled system

79
dz — zgp dt = (agy + asaz)dt + bgzdW () in Q, (79)

{dy + Yzzze At = (a1y + a2z + xp,h)dt + (b1y + bez) dW(t) in Q,
where a; € LF(0,T;R) and as(t) > do or az(t) < —do for some positive constant dy and
for all t € [0,T]. Indeed, we just need to change the definition of o to

4 3
c=1+4 (Z H%HL;O(O,T;R)) +4 <Z ||bi||%;°(0,T;R))>
i=1

i=1

which can be readily identified from Step 1 of the proof of Proposition 3.3. The rest of the
proof can be followed exactly.

It is important to mention that here we are still considering only time-dependent coef-
ficients. It is known that for general coupling coefficients, the problem is much harder
to solve and very few results are known. In this direction, it would be interesting to see
if the newer approach used in [DL19], which relies on Malliavin Calculus tools (see, e.g.,
[Nua06]) can be used to prove a Kalman-type condition for testing the partial-approximate
controllability (in the spirit of [DL19]) for system (79).

Well-posedness results

We devote this section to present some results and make some comments about the well-
posedness of systems (2), (3), (4), and (50). For conciseness, we assume that the coefficients d;
and b; have the same regularity as in Theorems 1.2 and 1.3.

We begin with the forward system. We have the following general result.

Proposition A.1. Assume that ug,vy € L*(Q, Fo; L2(D)) and f;, g; € LQf(O,T; L*(D)),i=1,2.
Then, the system

du + (Yugzzr + Ugzr + Ugz)dt = (f1 + v2)dt + (g1 + dyu) AW (t)  in Q,
dv — Twgdt = (fy + vy + ug)dt + (g2 + dou + dzv)dW (¢) in Q,
u=1u, =0 on X, (80)
v=20 on X,
u(z,0) = ug, v(x,0)=wvg in D,
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has a unique solution (y,z) € L%(0,T; H3(D) x H(D)) (N L?* (Q; C([0,T]; L*(D)?)). Moreover,
there exists some C > 0 only depending onT', I, v and d;, i = 1,2, 3, such that

T T
supE(HuHLmH!vHLzm)+E</ ()11t + / Hv(twifg(p)dt)

0<t<

sCE<||uouiz<D>+||vouLz +Z{ / i)yt + / ||g@-<t>||%z(p)dt})-

Sketch of the proof. Seeing individually, the existence and uniqueness of the solutions to the
stochastic parabolic equation have been studied in [KR77] (see also [Zho92| for a more accessible
reference), while the analysis of the fourth-order PDE has been made in [GCL15|.

Adapting [Zho92, Proposition 2.1], we can obtain for the second equation of system (80)

t
E (Hv(t)H%z(D)) +E (/0 Hv(s)y@é(p)ds>
t t
<CE (uvorr%2w>+ /0 12(5) 12 pyds + /0 ngsm;(mds) s
t ) ) )
4 CE ( [ (1) + 1y + o)) ds> |

for some C' > 0 only depending on T'; v, da and d3.
In the same way, following [GCL15, Proposition 2.3] and using the interpolation inequality

/ ‘Ua:’2d.%' < 5/ ‘ua:a:Ide + 05/ \u]de, for all 6 > 0, (82)
D D D

to handle the term ug,, (up to some integration by parts), we can derive
2 ! 2
E (Ju0lx) +E [ 1))
t t t
< CE (Junlla + [ IAIExyds + [ In()Exeyds) + 8 ( [ o) Eas)
t
+CE </0 Hu(s)H%z(D)ds>

where C' > 0 only depends on 7', I and dy, and valid for any € > 0.
Adding up (81) and (83) and taking e small enough we get

t t
E (0(t) 22y + (@) 220y ) +E [ 10 myds + | l(s)l2z s
(D) (D) ; R 3D)
t t
< CE, <\|vo||%2(p)+ 1) s+ [ ||gz<s>uiz<p)ds>

t t
L CE (mnimw L 1O R mds + [ ||gl<s)||%2w)ds>
t ) , )
HeE </0 (H%(S)HLQ(D) +u(s)llz2 @) + ”U(S)HLQ(D)> ds> :

Using the definition of the HZ-norm and the interpolation inequality (82) we can absorb he term
corresponding to u,. Finally, employing Gronwall inequality and following classical arguments
yields the existence of a solution in the class L%(0,T’; H3 (D)x H{ (D)) () L* (€; C([0, T]; L*(D)?)).
The uniqueness also follows by classical arguments. O

(83)
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In the same spirit, we can prove a general result for the backward system (2). The result
reads as follows.

Proposition A.2. Assume that yr,zr € L*(Q, Fr; L*(D)) and F; € L%(0,T; L*(D)), i = 1,2.
Then, the system

Ay — (VWewer — Yaze + Yoo )dt = (2o — 1Y — doZ + Fy)dt + YdAW (t) in Q,

dz + Tzypdt = (24 + Yo — dsZ + Fo)dt + ZdW () in Q,

Yy=y>=0 ony,  (84)

z=0 on 3,
(y(z,T) =yr, 2(z,T)=2r in D,

has a unique solution (y,z,Y,Z) € [L%(0,T; Hi(D) x Hg(D)) (N L* (2;C([0,T]; L*(D)?))] x
L%_-(O,T; L?(D)?). Moreover, there exists some C > 0 only depending on T, T, v and d;, i =
1,2,3, such that

T T
Og%EMWBwuwwp@Q+E(A\wwmwma+4 wwmwm&)

T T
VB ([ IOt + [ 170150
T T
<CE (HyTH%?(D) + |21 2(p) +/0 171 ()] 2yt +/0 ||F2(t)\|%2(p)dt> :
The proof is totally analogous to the one of Proposition A.1. In fact, we just need to change
the existence and uniqueness result for each individual equation, that is, we need to consider
[Zh092, Theorem 3.1| for the parabolic equation and [GCL15, Proposition 2.4] for the fourth-

order one. We omit it here.
We conclude this section by making the following comment about systems (3) and (50).

Remark A.3. Besides the coupling terms, the only difference with respect to systems (80) and
(84) is the boundary condition, instead of having w, we have to replace with wu,,. This can be
handled without any problem by adapting the proofs of [GCL15, Proposition 2.3 and 2.4] for
the forward and backward fourth-order systems (we just need to change the eigenvalue problem
and the basis employed for the Galerkin method) and then argue as above. Therefore, roughly
speaking, Propositions A.1 and A.2 are also valid for (3) and (50) by replacing the space H3 (D)
for H?(D) and taking the appropriate couplings.

B Sketch of the proof of Lemma 2.6

Since most of the arguments are similar to those in Step 3 of the proof of Theorem 2.5, we proceed
briefly. Let us consider an open set Dy such that D3 CC Dy CC Dy and take 7 € C§°(D2)
satisfying 7 = 1 in D3. Using [t6’s formula, we compute d((uuy,), where ¢ := HA5¢D> 62. After
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a long, but straightforward computation we get
2/E ( /Q Clttzaa” dxdt) =—1E ( /Q [3Cartatians + Craatitinrs — 2ealtizs dxdt)
[ et G+ G — o] )
P ([ [ennee + Gt = G~ o] )

+E (/ —26‘%9@’2 — g:umvx] dxdt)
Q L

+E (/Q _6\(d1u)$]2 - %ﬁmydluﬁ] dmdt) . (85)

Using the definition of ¢, and 6, we can see that
|0L(0%¢R)| < CiN'gbF0?, i =1,2,3,
0(6268,)] < CAGET 702, Vp e N,
from which we deduce
Gl < Ot e,
L0) < COPHGTIR Y (0dn), i =1.2.3 o

=0

for all (z,t) € Dy x (0,T).
Using Cauchy-Schwarz and Young inequalities together with (86) and taking into account
the properties of the function 7, we can obtain from (85) the following estimate

E ( / No@d 0% uppe|? dxdt)
Qpy

< 4R ( / A |tzae|? dxdt) + 20E ( / Ay 02|V d:cdt)
Q Q

+ pE ( / N3 0%|v,)? d:cdt) + CE < ABL3621, )2 dxdt)
Q Qp,

+ CE (/ A15¢3392|u|2dxdt> + CE </ )\7¢,7n92|um|2dxdt> ,
Qp, Qp,

for any positive constants €, d, p and where C' > 0 depends on ”dl”L%O(O7T;W2,m(D)). This con-
cludes the proof.
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